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ABSTRACT

An inner-shell electron vacancy in atomic or molecular 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 coulombic interaction be-
tween two electrons of lower binding energy than the inner-shell vacancy.
Usually the initial state, an inner-shell vacancy, is created Without
additional excitation. If this vacancy is filled with an Auger transi-
tion, the process is referred to as normal. An Auger readjustment to an
initial state with additional excitation other than a hole in the K-level
results in satellite processes. The normal processes result ordinarily
in the most intense lines and their characterization is the main interest
to the Auger spectroscopist.

If the K- and IL~shell electrons are involved in the Auger transi-
tion, the interaction is referred to as a K-LL Auger process. The high
resolution K-LL Auger spectra of some simple gaseous molecules were
recorded and analyzed. The molecules that were studied are: Ng, 02, Co,
NO, H.O, 002, CHM’ CH,F, CH,F,, CHF
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was excited by electron impact. In addition to electron excitation, some

4o CF),, SiH) and SiF,. ‘Each spectrum

portions of each spectrum were induced by x-ray irradiation. Alsc, the
ls-photoeiectron spectra in a few cases were recorded.

In the analysis of an Auger spectrum that was excited by electrons
four different energy regions were located. The division of a spectrum
inlfour regions was accomplished by using a very simple shell model. By

0

incorporating auxiliary experiments, i.e., the ls-photoelectron and Auger
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spectra that were excited by photons, the normal and some of the satel-
lite Auger processes in each spectrum céuld be distinguished. The satel-
lite processes that were considered in the analysis are (1) Auger elec-
trons that resulted from the decay of (a) autoionization and (b) monopole
excited énd ionized states and (2) Auger lines that appear from ibniza-
tions and excitations by the normal Auger electrons.
From the identification of the normal lines in the Auger spectra,

ehergy valﬁes were calculated for: (1) the minimum energy required for
~double electron removal for the ground state of a neutral molecule and

(2) the second ionization energy for a given molecular orbital.
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CHAPTER T
INTRODUCTTON

In the past century qualitative and quantitative chemical analysis
and the nature of the chemical bond have been increasingly exploréd by
many spectroscopic techniques (see Figure 1). One of these techniques,
which in the last few years has proven to be a powerful and exciting
instrumental tool with greét potentialities, is high resolution electron
spectroscopy. This technique measures the kinetic energy of electrons.
The four main divisions of electron spectroscopy stem from the manner 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 process
of the form A¥ + M - A + M+ + e  in which the target gas M interacts with
A*, an excited atom and often a metastable species; photoelectron spec-
troscopy (PES) - photoelectrons from the photoelectric effect; and Auger
spectroscopy (AS) - secondary electrons from the Auger effect. EIS is
useful for studying normally empty electronic levels and particularly for
studying "forbidden" transitions of optical spectroscopy. The results of
PIS studies yield information concerning filled valence levels of a mole-
cule and the intermediate states of the A* + M interaction. When applied
to molecules, PES can be subdivided into measurements depending on whether
the ejected electrons originated from the "inner" or "valence" shell of
the atom. Since inner shell electrons are highly localized on a particu-
lar atom of a molecule, inner-shell binding energy measurements give

1
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information for each atom in a molecule. Changes in the chemical environ-
ment about an atom, such as a change in the oxidation state, are réflected
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 theory, 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, 5, 6, respectively.

The last main division of electron spectroscopy, Auger spectroscopy,
has been used for surface studies on solids, such as surface composition
and contamination, particularly for the identification of low atomic num-
ber elements.T Also the Auger technique has been used to study gaseous
molecules where the Auger data can be related to the final electronic
states of the resulting positive :|'.ons.8"ll This division of electron

spectroscopy will now be discussed in detail.

A. History of Auger Phenomenon - The Auger Effect

In 1925 while studying the photoradiation of inert gases, Augerl2

reported paired tracks as seen in a Wilson expansion chamber. The two ob-
served tracks were the result of lonization caused by the inner-shell
photoelectron and the secondary Auger electron. The longer of the tracks
was ascribed to the photoelectron which depended on the magnitude of hv

and satisfied equation (1-1). Ee‘ is the energy of the photoelectron
E-=h - b (1-1)

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



L

the cloud chamber and, therefore, to the length of the fog track; hv is
the energy of the impinging monochromatic photon; and b is the binding
energy of the electron being ejected. The shorter track was aésigned to
the Auger electron whose path length was independent of the energy of the
hv beam. Auger supposed correctly that the shorter track electrons were
associated with the decay of an excited atom following the ejection of
the photoelectron from an inner shell.

An inner-shell vacancy can be created in an atom by photons, as in
the case of Auger's experiments, or by charged particles, such as elec~-
trons. Within ~ lO—lu second this vacancy will be filled by one of two
modes: characteristic x-ray emission or Auger electron emission. The
Auger electron results from the Auger process which can be described’as
an electron-electron coulombic interaction between two electrons of lower
binding energy than the initial inner photoelectron. This interaction is
regarded as a perturbation under the action of which a transition takes
place where one of the electrons fills the inner-shell vacancy and the
other is raised into the continuum outside the atom. Consequently, the
Auger process can simply be described as a non-radiative readjustment to
an inner-shell vacancy. Figure 2a represents the interaction of a mono-
chromatic photon with a K-electron of a Ne atom. The results of this in-
teraction are (1) a K-photoelectron and (2) the formation of a singly posi-
tive iom, NeK+. Figure 2b shows the two modes of de-excitation of NeK+.

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

M, where M is described by equation (1-2).%3
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M = % aﬁé' <Hf(rarﬁ--- ry) Ira' } TB'| Hi(rars°" rT)> (1-2)
Ef describes the raw eigenfunction of the final electronic state derived
from a given coupling scheme (L-S, j=3), and Hi describes the eigenfunc-
tions of the initial vacancy plus the Auger electron, again coupled.

r(ra,rﬁ---) is the radial coordinate for an electron (Q,B,++:) which in-
1
| %o - 78l
lated to the coordinates of the initial and final states.

corporates the Auger transition. is a coulombic operator re-~

B. Different Types of Auger Processes

Usually the more intense lines that appear in an Auger spectrum are
the result of "normal" Auger processes 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 excitation. If
this vacancy is filled with an Auger transition, the process is referred
to as normal. However, there is a high probability, for neon at least 20

15

percentlu’ and probably higher for molecules, for the occurrence of ini-
tial excitation via promotion of one or more less tightly bound electrons
either into the continuum causing multiple ionization or into discrete
levels. Initial ionization or excitation is caused by monopole transi-
tions resulting from a sudden change in the shielding as the inner-shell
electron is being ejected. Initial monopole ionization has been referred

16,17

to as the "shake-off" process, and a non-radiative readjustment to a
state formed by the shake-off process results in the formation of low

energy satellite Auger electrons. Initial monopole excitation has been




referred to somewhat awkwardly as the '"shake-up" process,LL and readjust-
ments to shake-up states usually result in high energy satellite lines.
Additional high energy satellite processes can occur as the result
of an autoionization process. An autoionization state is formed by the
resonance absorption of an inner-shell electron into an unoccupied molecu-
lar orbital. With electron excitation the inner-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 autoionization state by
a non-radiative transition results in high energy Auger satellite electrons.
Additional low energy satellite electrons can occur from sudden mono-
pole excitations and ionizations ("double-Auger" processes)l8 when the
Auger electron is ejected. These satellite lines do not in general éaﬁse
confusion in identifying the normal line, as will be seen later in(the
analysis section, Chapter III, page 87.
Also characteristic of each of the different processes is the charge
on the resulting ion following the Auger transition: mnormal processes,
a + 2; high energy satellite processes, a + 1 from autoionization and
a+ 2 from monopole excitation; low energy satellite processes, a + 3 or

greater from monopole ionization and a + 3 from the double Auger process.
C. Nomenclature for the Auger Electron

For atoms, normal Auger processes that result in the formstion of
doubly charged ions are labeled K-LL, K~IM, IL-MM, etc. The first letter

indicates the main energy level where the initial hole was made in the
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atom, and the last two letters refer to the original levels of the two
loosely bound electrons that are involved in the Auger process. Roman
numeral subscripts are provided to denote the sublevels involved in the
transition, i.e., K-LILI or LIII-MIMI' The Auger electron shown in
Figure 2b, page 5, has been labeled K_LILIII’ signifying one electron
each from the LI and LIII sublevels were involved in the Auger transiticm.
Also included with each Auger electron, if known, will be the final elec-
tfonic state of the charged iom.

The nomenclature for high and low energy satellite Auger electrons is
similar. A KL-LLL satellite electron would indicate an initial XL ioniza-
tion, formed by a shake-off process, followed by a transition promoted by
the coulombic interaction of three L-shell electrons. A KM+1~ML 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
dissertation follows the general scheme used for atoms. The normal Auger
processes involving only weakly bonding electrons, w, will be labeled
ls-ww (like K_LII,IIILII,III for neon). Those processes involving one
weakly and one strongly bonding electron, s, will be labeled ls-ws;
processes involving two tightly bound electrons will be labeled ls-ss.

An autoionization process, for example one which involves an electron in
the excited orbital, e, and a weakly bonding electron, will be labeled
lse+l-ew. Satellite processes that result from the decay of multiply
charged ions, such as XEKL++, will be labeled lsw-www.

In this dissertation atoms in molecules with atomic number of less

than 11 are studied (except for the two silicon-containing molecules which
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will be given special attention later, page 139); therefore, Auger pro-
cesses involving only the K and I, shells are of interest. From an atomic
and L levels for these elements can be considered

L1 11
degenerate. Table I lists the six possible normal K-LI Auger lines that

point of view,

can result from a neon atom. The final electronic states 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 diatomic molecules to derive the different
possible final electronic states. These final states will be given in

the discussion of the spectra of individual molecules.
D. Energy of the Auger Electron for a Normal Auger Process

The kinetic energy of the electrons resulting from K-LL Auger pro-

cesses are approximately directly proportional to Z2, and the normal pro-

19

A is the Auger electron

cesses for atomc are given by equation (1-3).

E, = B - B - B (1-3)

energy, EK and EL are the binding energies of the K and L shells, respec-

tively, and E_' is the binding energy of an L-shell electron appropriate

L

to an element singly ionized. Since EL and EL' are small compared to EK’

B, is the same order of magnitude as EK. Table I lists the calculsted

A
Auger electron energies that result from a free atom of each element from
carbon through neon as taken from Appendix 4 of reference 4. These Auger

electron energies were obtained as a difference between separate calcula-

tions on the total energy of an atom with a hole in the X-shell and the

total energy of the final doubly charged ion. TFor these calculations

relativistic, self-consistent wave functions were used.



TABLE T

AUGER ELECTRON SYMBOILS, ENERGIES AND INTENSITTIES
FOR DIFFERENT TRANSITIONS IN A FREE ATOM

Final Electronic Auger Energies Experimentally
State of the General from Free Atom Determined
Possible Normal Doubly Charged "sp" Calculations (eV)P Intensities
Auger Electrons Ion® Formalism C N 0 F  Ne from Neon
K-L L 's, 1s-2s2s 243 356 L7h 610 T6L 1.00°
c
- - *
5 lPl 1s-282p 252 362 486 627 781 2.87 + 0.05
_ : 3 _ + c
K-LLor 177 Po,1,2 1s-2s2p 258 369 k95 638 o4 1.06 + 0.05
1 c
- - +
K-Loo_ prrlrTo171 5o 1s-2p2p 265 373 504 650 808 1.5 +0.1
c
- - +
K-Lpo rrrlrro11T lD2 1s-2p2p 266 375 507 654 813 10.00 % 0.18
3 d
K-Lrr 17 r1o17T Po,1,2 1s-2p2p 267 37T 509 657 816 < 0.02%

aThese states are derived from L-S coupling assuming the I

degenerate.

bValues were taken from reference L.

C

Values were taken from reference 15.

e whiash is se-t

WiLa Il

anie

b I N
cyual uwuU

P e Ta)
Wulll

A

dValues were taken from reference 20.

I

T and LIII levels to be

The intensities are related to the K-ITIT(lSO)
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Auger energies, E,, for normal Auger lines in molecules can be de-
scribed as the difference in the binding energy of the ls shell, Els’ and
the total energy of an electronic state of the doubly charged lon relative

to the ground electronic state of the neutral molecule, E,ip (equation 1-4).
E, =E _ - E2 (1-4%)
However, EX+2 values are generally unknown and have been calculated ohly

in a limited number of cases;gl’22

therefore, to estimate the Auger tran-
sition energies for different elements in molecules, equation (1-3) and/or

Table I are often used.
E. Selection Rules - Transition Rates

Intensities of peaks or bands obtainable in spectroscopy are gener-
ally governed by selection rules. Mehlhorn has listed the rules for Auger

23

processes for atoms and for molecules.8 For atoms: (1) Ji =dJ

f’

(2) S; = 8, and (3) L, = Ly, where S, L and J are quantum numbers defin-

f t

ing the initial, i, and final, f, states involved in the Auger process.

For mclecules: (1) I = Jp (2) no change in the symmetry properties of

the initial and final states, i.e., + — + allowed, but + — - not allowed,

(3) in the case of homonuclear molecules p —p and g — g are the only

transitions allowed, (L) S; = 8, and (5) A; = Dpy Ay % 1 where A refers

to total angular momentum of an initial or final state. In using these

selection rules, the final states, f, are derived from electronic states

of the doubly charged ion, and the initial state, i, evolves from the A-S

coupling between the inner-shell vacancy and the emitted Auger electron.
‘The relative Auger intensities have been calculated for K-LL processes

for a large number of atoms. Generally good agreement is found between
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the calculated and experimental transition rates except for light
elements.24 The addition of configuration interaction into the theo-
retical calculation by Asaad25 seems to lead to better agreement with the
experimental values, but the situation is still far from satisfactory.26
A rough intensity distribution can be obtained from the statistical occu-
pation of the different orbitals involved in the Auger transition, e.g.,
1s-2p2p processes are more probable than a ls-2s2s process. Table I,
page 10, gives the experimental relative intensities for the normal K-ILI,

15

Auger process in neon.
F. Instruments Used and Compounds Studied by Auger Spectroscopy

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 resclution machines usable for detail analysis of gases and solids.
Three companies, Varian, Veeco and Physical Electronics, make low resolu-
tion instruments for surface analysis of solids. Two companies, Varian
and Picker, have on the market high resolution dispersion type spectro-
meters which in principal are capable of achieving detail Auger structure.
Thus far all the high resolution spectra have been taken on non-commercial
dispersion spectrometers. Table IT lists some of the gas and solid
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 Iaboratory (ORNL) and in
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TABIE IT

MOLECULES WHOSE K-LL AUGER SPECTRA HAVE BEEN STUDIED
BY HIGH RESOLUTION ELECTRON SPECTROSCOPY

Sample Phase Reference Sample Phase Reference
Ne Gas 4, 15, 20, 23 Mg Solid 29
Ar Gas 11, 27 K Solid 30
0, Gas 11, 28 Cu Solid 31, 32, 33
, Gas 8, 11 Cu,0 Solid 33
co Gas 11 Cuo Solid 33
CH), Gas L, 11 Ge Solid 31
CF), Gas 11 KC1 Solid 34
Celig Gas 11 K550, Solid 3k
C He Gas 11 Ne,5,04 Solid 35
NaCl Solid Ly
NaF Solid 36
MgF, Solid 36
LiF Solid 36
Ti0 Solid L
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the design and construction of its excitation sources, this authér became
interested in Auger spectroscopy largely through the prior endeavors of
Drs. Thomas A. Carlson and Manfred O. Krause at ORNL. Under the direction
of Drs. G. K. Schweitzer 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 N,, 02, Co, NO, CO,, H,O, CHM’ CH

5 F, CH.,F,, CHF3, CFh’

27 2 3 2

SiHh and SiFh. The first four were chosen because they are simple homo-
nuclear and heteronuclear diatomic molecules. The additional spectra of
CO2 and. H20 allowed for the study of the Auger spectra of triatomic mole-
cules and, in addition, permitted the comparison of the oxygen X-LL Auger
spectrum in different chemical environments. The recording of the spectra
in the flucromethane series allowed one to observe the overall change in
the spectrum of a given element in avhomologous series. In order to
elucidate some of the initial states available for Auger processes, the

photoelectron and the Auger spectra excited by AlKa x-rays of a few of

the above listed compounds were recorded.




CHAPTER IT
INSTRUMENTATTION AND TECHNIQUES
A. Electron Spectrometer

Figure 3 displays the electron spectrometer that was installed at
ORNL. The heart of the spectrometer is exhibited in Figure 4 and is
illustrated by a schematic diagram in Figure 5. The latter two figures
show: (1) the target chamber, where the x-ray or electron beam from the
excitation source interacts with the sample; (2) the two spherical sector
plates (contained in an aluminum housing) where electrons are analyzed
according to their kinetic energies; and (3) the detector. In brief, the
Auger electrons produced in the target chamber are separated according to
their kinetic energies by the electrical fields applied to the plates and
then counted by the detector.

The region where interaction of the electron beam and the sample gas
occurs 1ls shown as an insert of Figure 5. Also shown in the same figure
are the entrance slits used to define the resolution of the spectrometer.
The slits are adjustable and Table III gives the spectrometer resolution
for the various slit sizes.

The ejected Auger electrons produced in the target chamber enter the
region of the two aluminum electrostatic 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 sawtooth is kept in synchronization

with the channel advance of a RIDL 400 channel analyzer. Thus, for a given

15
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Figure 3. High resclution electrostatic
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Figure 4. Heart of electron spectrometer.
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TABLE ITT

SLIT SYSTEMS USED FOR DIFFERENT
SPECTROMETER RESOLUTIONS

Dimensions of Slit Observed
Defining Slit Baffle Percentage
(mm {(1m ) Energy Resolution
1.0 x 10 1.5 x 15 0.39
0.5 x 10 1 x 15 0.17
0.2 x 10 0.6 x 10 0.09
0.1 x 10% 0.5 x 10 0.06

8 The defining slit that was used to obtain 0.06
percent resolution was curved to a 20 cm radius.

bThe percentage resolution was obtained by
measuring the full width at half maximum (FWHM) of
the most intense line (1D2 line at 804.15 eV) in the
neon K-LL Auger spectrum. Loss of resolution was
noted at higher target chamber pressures and higher
intensities of the excitation beam.



20

voltage: on the plates, only electrons of specific kinetic energy are
allowed to fall on the Mlillard Model No. B419BL electron multiplier. The
signal is amplified prior to reaching the multichannel analyzer. A block
diagram of the experimental apparatus is shown in Figure 6.

While traveling in the region between the electrostatic platés, the
electrons move through a magnetic field free space (< * 2 x 10-4 gauss).
To obtain this field free.space the earth's and stray magnetic fields were
cancelled with three pairs of Helmholtz coils. The reader is referred to
reference 37 for more detailed information on the spectrometer, such as
the type of voltage supplies used and the dimensions of the aluminum

electrostatic plates.
B. Excitation Sources

Two excitation sources were used to excite Auger processes: (1) an
electron gun and (2) an x-ray tube. The electron gun produced approxi-
mately fifty times the activity in a peak as the x-ray tube but with four

times the background compared to peak intensity.

l. Electron Gun

The electron gun is shown in Figure 7. The main structure of the gun
consists of a Tektronix cathode-ray tube which is mounted to flange A via
glass stand-offs. The cathode-ray tube consists of four metal electrodes
labeled (1), (2), (3) and (4). A tungsten filement taken from a General
Electric No. 1630 light bulb sits inside electrode (1). When the electron
gun is in operation these four electrodes are at negative, ground, nega-

tive and ground potentials, respectively. For example, to excite 3 keV
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electrons a negative 3 kV would be applied to the filament and electrode
(1). Electrons are emitted by passing either alternating or direct cur-
rent through the filament wire. The electrons leaving the negative fila-
ment are accelerated through a one-eighth inch hole in electrode (1) to
ground potential of electrode (2). Then they pass into electrode (3)
where they are de-accélerated and focused into a beam source. Electrode
(3) is operated at 2.4 kV (approximately 80 percent of the filament
voltage). The focused beam is again accelerated by the ground potential
of electrode (4). The resultant electron beam is one-eighth inch in
diameter and 1 to 100 microamperes in intensity. The maximum kinetic
energy of the electron beam obtainable from the gun was 5 keV.

The inner structure of the electron gun attached to flange A can be
inserted into its housing via flange B. The housing contains baffles and
portholes for differential pumping, three adjustment screws; and bellows
for electron beam alignment. The differential pumping allows for minimal
pressure in the electron gun, which in turn increases the life of the
filament and increases the maximum operating voltage. The adjustment
screws allow for alignment of the electron beam with the entrance slit of
target chamber in order to obtain maximum detectable Auger processes. The
electron gun assembly is mounted to the target chamber of the spectrometer
Xigiflange C.

For some of the later experiments a BTI (Brad Thompson Industries)

38

model T80 electron gun was installed. The Pierce geometry is used in
the cathode-anode design. By employing this geometry no external focusing
of the electrons into a beam source is required. The gun was operated at

5to 6 kV and 30 to 100 microamperes emission, although it is capable
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of obtaining 9.6 kV and 800 microamperes. Compared to the electron gun
described previously, where two stages of differential pumping were used,
the BTI gun employs one additional stage to aid in obtaining higher operat-

ing voltages.

2. X-ray Tube

An x-ray tube consists of a cathode electron source whose electrons
bombard an anode to produce x-irradiation. The x-ray tube used in this
study is shown in Figure 8. The cathode end of the tube qonsists of a
tungsten filament (General Electric No. 1630), & vanadium window shield,
leads for filament heating, high voltage pyrex glass stand-offs, and a
water jacket for cooling. An aluminum anode, that was hollowed, beveled
and insulated from ground, was used. The copper cylindrical housing of
the x-ray tube has a window to allow for the x-ray beam passage into the
target chamber.

Under normal operating conditions the cathode and anode are at a nega-
tive and positive voltage, respectively. Two amperes current are applied
to the tungsten filament resulting in 20 milliamperes emission. The elec-
tron beam strikes the aluminum anode and x-radiation is produced. The alu-
minum Kd radiation is allowed to pass througha 0.07 mm aluminum window.
The thin aluminum window removes low energy Brehmsstrahlung from the x-ray
beam and allows for aminimal amount of high energy Brehmsstrahlung. The
aluminum X line appears as en unresolved doublet (Kd = 1.48670 keV, K

39 11 L "2
= 1.48627 keV)~’ with a FWHM of 0.9 eV. Other detectable lines are Kfs
of 1.557h kev3? and K,  satellite of 1.1960 kv at 6.5 and 13.0 per-
3,4

cent abundance, respectively, of the main Kd line. The vanadium window
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shield decreases 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 kV. For this work a 12 kV high-voltage Sorenson

supply was utilized.
C. 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 chamber
and approximately ZI_O-5 mm pressure in the spectrometer housing. Indepen-
dent pressure studies, Chapter III, page 56, suggest that contributions to

the observed Auger spectra from inelastic scéttering are negligible.
D. Energy Calibration of Spectrum

1. Sweep Calibration

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, i.e., the increase in the sawtooth voltage‘
over the 400 channels of the analyzer. Differences in energy between the
Auger electron peaks in Ne K-LL and Ar L-MM spectra are accurately known;
therefore, these were chosen to calibrate the energy sweeps. The Ne K-LL
on a 68 eV and Ar I-MM on a 30 eV sweep are shown in Figures 9 and 10,
respectively. The peak energies and differences are given in Tables IV
and V. Figures 1lla and 11b give the known peak energies versus the channel
number for the 68 eV and 30 eV sweeps from which the energy per channel

was determined.
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TABLE IV

K-LL AUGER ELECTRON ENERGIES OF NEON

AE From

Absolute
Transition Energy (eV)23 1D2 Line (eV)
1
K-Lp L (78,) Th8.1 £ 0.65 56.1 + 0.1
K-Ly ITI,III(lPl) TTL.5 32.7
3
K-Lg LII,III( Po,l,g) 782.0 22.2
1

K-Lpy 171 Lrr,rrrlS0) 800.5 3.7

L (lD2) 80k.15 0.0

K'LII,III TI,III




TABLE V

L-MM AUGER ELECTRON ENERGIES OF ARGON

AE From
Transition Enﬁ?;",l‘(ﬁ@)eff Irr-Y11, 111 (f%, rr1l 3Po, 1,2)

Lyp-My MI(lSo) 179.93 + 0.25 27.08 + 0.02

LIII'MIMII,III(lPl) 187.16 19.85

Ly My MII,III(]?l 189.30 17.71

Lo MII,III(3P0,1,2) 190.76 16.25

L MII,III(3P0,1,2) 192.90 1411

LoprMr1, 171 MII,III(lSo) 200.87 6.1k4

LrrrMir, 111 MII,III(1D2) 203.26 3.75

Lrpr My 11r MII,III(3Po',1,2) 204.81 2.20

L1, 111 MII,III(1D2) 205.40 1.61

Lop-Mrp 117 MII,III(3P0,1,2) 207.01 0.00

o€
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2. Energy Calibration of Sample

Energy calibrations for the peaks of the sample under investigation
were made by using a Ne, Ar, and sample mixture. Under a constant pres-
sure and electron beam intensity, the spectra of the individual components
in the mixture were taken on a 12 eV sweep for 400 channels. The results
for an oxygen calibration are shown in Figure 12. Prior to the recording
of each spectrum, the voltage on the plates was determined. At this indi-
cated plate voltage the minimum kinetic energy electron is detectable in
chammel zero of the analyzer. The relationship between the kinetic energy
of the electron at channel zero, Eo’ to the predetermined plate voltage, P,

is given by equation (2-1).

E =P +V_ (2-1)
Vo is constant for each calibration, but is dependent upon the components
of the gas mixture, the pressure of the mixture and the intensity of the
ionizing electron beam. Alpha (o) is a proportionality constant whose
value is dependent upon the energy sweep and the number of analyzer chan-
nels that were used.

In the oxygen calibration (Eo)Ne and (Eo)Ar
ing the energy of the peak, the channel at which the peak appears, and the

are determined by know-

sweep calibration. Alpha (&) can be found from equation (2-2). For the

(Bolye = (Bo),_
a = (2-2)

oxygen calibration of Figure 12, @ was determined to be 4.056. By know-
ing PO2’ (EO)O can be calculated from equation (2-3). Then by knowing
2

(EO)02 = (Eo)Ne - APy, - Poe) (2-3)
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Figure 12. Calibration of molecular oxygen K-LL Auger electron
peaks using neon, argon and oxygen mixture.
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the sweep calibration, the channel at which the oxygen peaks appear, and

(Eo)O , the energy of the Auger electrons in the oxygen peaks can be found.
2

E. Chemical Materials

Table VI lists the gaseous materials studied and their percentage

purities.
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TABIE VI

GASEOUS MATERIALS STUDIED AND THEIR

PERCENTAGE PURITIES

Gas Percentage Purity
a

0, 99.99

N, 99.999%

co 99.9%

NO 99.8%

co, 99.995"

Hy0 re-purified®

CH), 99.99°
(¢

CH,F 99noc

CH,F, 99..0c

CHF 98.0

CF43 99.7°

SiH), 99«9999a

SiF), 99.6%

8The 1isted percentage purity is the

purity specified by the manufacturer.

bDissolved gases were removed from the
distilled water by heating the liquid water to
approximately T70° C in vacuo.

compounds .

“Mass spectral data were taken on these



CHAPTER ITII
ANATYSES OF A K-LL AUGER SPECTRA 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 preliminary steps in
order to identify the normal processes: (1) divide the spectrum into dif-
ferent energy regions according 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 satellite lines found in the photoioniza-
tion spectrum of the K-shell or the comparison of the Auger spectrum
excited by different energy sources). By following the above procedure,
one can ascertain information that is unattainable by other physical
methods, such as the energy of different electronic states of doubly
charged ions. With emphasis of interpretation placed on nitrogen, the

Auger spectra of four diatomic molecules, N 0., CO and NO, are discussed

2° "2
in detail. Also, the high resolution K-LL Auger spectra of more complex
molecules are presented and analyzed in a similar fashion. All of the

spectra were taken with at least a tenth of a percent resolution.
A. Diatomic Molecules

Shown in Figures 13-18 are the K-LL Auger spectra of each element in
N2, 02, CO and NO. The identified peaks are shown in each spectrum by
arrows, and Tables VII-XII list the energies of the peaks associated

with each figure. Each spectrum is divided into four energy regions.

Basically, from highest to lowest electron kinetic energies, the main

36
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TABLE VII

ELECTRON PEAK ENERGIES IN K-LL AUGER
SPECTRUM OF MOILECULAR NITROGEN

Absolute Energy

Peak® (eV)

A-1 384.7 £ 0.4
A-2 383.8 £ 0.2
A-3 378.6 = 0.5
A-4 376.7 £ 0.6
A-5 378.3 £ 0.5
A-6 375.0 £ 0.5
A-T 371.7 £ 0.6
B-1' 367.0

B-1 366.5 + 0.2
B-2 365.0 £ 0.4
B-3 363.5 * 0.5
B-4 362.5 + 0.5
B-5 360.2 £ 0.2
B-6 358.7 £ 0.2
B-T7 356.9 + 0.3
B-8 35L.7T £ 0.6
B-9 352.5 £ 0.6
B-10 350.4 + 0.6
B-11 347.8 £ 0.6
c-1 3424 £ 0.4
Cc-2 339.1 * 0.5
c-3 337.k £ 0.6
c-4 332.7 £ 0.7
D-1 315.0 * 0.9

8711 peaks except A-5, A-6 and A-T
were identified in the electron excited
spectrum, Figure 13. A-5, A-6 and A-T
were seen in photon excited spectrum,
Figure 21, page 54. The onset of a peak
is indicated by a primed number.
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TABLE VIII

ELECTRON PEAK ENERGIES IN K-LI AUGER
SPECTRUM OF MOLECUIAR OXYGEN

a Absolute Energy
Peak (ev)

A-1 519.4
A-2 518.2
A-3 517.1
A-k 512.8
A-5 511.6
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aAll peaks except A-9 were identified in
the electron excited spectrum, Figure 14. A-9
was seen in the photon excited spectrum, Figure
26, page 64. The onset of a peak is indicated
by a primed number.
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TABLE IX

ELECTRON PEAK ENERGIES IN CARBON K-LL AUGER
SPECTRUM OF CARBON MONOXIDE

Absolute Energy

Peak (ev)

A-1 273.0 * 0.2
A-2 ' 272.7 £ 0.2
A-3 ' 270.8 + 0.2
A-k 270.6 + 0.2
A-5 270.4 + 0.2
A-6 270.2 * 0.2
A-T 267.4 £ 0.2
A-8 264.3 £ 0.3
A-9 262.1 £ 0.3
A-10 259.7 £ 0.2
A-11 259.0 * 0.3
B-1' 256.0 * 0.3
B-1 254.0 £ 0.2
B-2 252.5 * 0.h4
B-3 250.4 * 0.2
B-6 2464 + 0.4
B-T 245.3 + 0.4
B-8 ook + 0.4
B-10 239.3 * 0.5
c-1 ' 230.3 * 0.8
c-3 220.9 * 0.9

8A11 peaks were identified in Figure 15.
The onset of a peak is indicated by a primed
number.
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TABLE X

ELECTRON PEAK ENERGIES IN OXYGEN K-LL AUGER
SPECTRUM OF CARBON MONOXIDE

———

Absolute Energy

Peak® (ev)

A-3 516.6 + O.L
A-8 510.1 £ O
A-10 505.7 * 0.5
B-1' 501.6

B-1 500.4 * 0.2
B-k 4o6.1 + 0.4
B-5 hoh.5 + 0.4
B-T L91.5 + 0.3
B-9 4L87.6 £ 0.3
B-11 485.1 + 0.3
B-12 481.5 + 0.7
c-2 469.4 £ 0.5
c-4 459.1 + 0.7
D-1 W4T.2 £ 0.6
D-2 437.4 £ 0.9

%a11 peaks were identified in Figure
16. The onset of a peak is given by a
primed number.
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TABLE XT

ELECTRON PEAK ENERGIES IN NITROGEN K-LL
AUGER SPECTRUM OF NITRIC OXIDE

Absolute Energy

Peak® (ev)

A-1 389.8 + 0.6
A-2 388.5 + 0.6
A-3 , 382.5 £ 0.4
A-k ' 381.2 £ 0.4
A-5 - 377.6 £ 0.6
B-1' 376.1

B-1 374.8 £ 0.k4
B-2 373.1 £ 0.4
B-3 37TL.7 £ 0.2
B-5 370.0 + 0.3
B-6 367.6 £ 0.5
B-T 366.9 + 0.3
B-10 362.7 £ 0.3
B-11 361.5 = 0.5
B-12 360.0 + 0.6
B-13 357.1 = 0.6
B-14 355.8 £ 0.3
c-2 346.6 £ 0.5
C-3 339.1 +* 0.5
c-k4 334.2 + 0.9
c-5 325.5 * 0.9

Sa11 peaks except B-1 and B-2 were
identified in the electron excited spectrum,
Figure 17. B-1 and B-2 were characterized
in the photon excited spectrum, Figure 33,
page 80. The onset of a peak is indicated
by a primed number.
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TABLE XTI

ELECTRON PEAK ENERGIES IN OXYGEN K-LL
AUGER SPECTRUM OF NITRIC OXIDE

Absolute Energy

Peak™ (ev)

A-L . 514.6 + 0.k
A-6 509.9 £ 0.6
B-1' 508.9

B-1 507.2 + 0.k
B-L 503.3 0.2
B-5 _ 502.9 * 0.2
B-8 499.2 + 0.6
B-9 496.0 £ 0.2
B-10 495.5 £ 0.6
B-11 hol,0 £ 0.6
B-12 koo .5 £ 0.6
B-13 489.8 £ 0.6
B-14 488.3 £ 0.k
B-15 485.0 + 0.5
B-16 L8 .4 + 0.5
c-1 480.1 + 0.3
c-3 L71.5 + 0.9
c-k 466.1 + 0.9
c-6 456.0 £ 0.9
D-1 il ,5 + 0.8

, &p11 peaks were identified in Figure 18.
B-1 was estimated from Figure 33, page 80.
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contributions to the four divisions are: (1) A - readjustments to a 1s
vacancy by an Auger process involving electrons in molecular orbitals
from autoionized and monopole excited states; (2) B - readjustments to a
1ls vacancy by an Auger process involving weakly bound electrons, w;

(3) ¢ - readjustments involving both weakly, w, and tightly, s, bound
electrons; and (4) D - readjustments involving essentially only tightly
bound electrons, s. PFor the location of the Auger electron energies
found in region A, ls-absorption and lé-photoelectron data are used. The
absolute magnitude of the energies in regions B, C and D can be located
by employing equation (1-4) or Table I, pages 10-11. In practice,
however, region B is the only region 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, page 88.

1. Analysis of Region A ~ High Energy Satellite Lines

Auger electrons produced in region A result mainly from the decay of
autoionized and monopole excited states by an Auger transition. As will
be recalled from Chapter I, page T , an autoionized state is formed by
resonance excitation of a ls (or K) electron into an unoccupied molecular
orbital; a monopole excited state is formed by the excitation of a valence
electron into an excited molecular orbital due to the sudden formation of
an inner-shell vacancy. If monochromatic photons greater than the 1ls
binding energy are used to excite the K-LL Auger spectrum, resonance ab-
sorption will not occur. 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 states 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
identified and in some cases characterized, which in turn aids in the

identification of the highest energy normal Auger process.

a. Nitrogen. The electron configuration of nitrogen is (lscrg)2
(1sou)2(250g)2(2scu)2(2pﬂu)u(2pcg)2. The molecular orbital diagram is
given in Figure 19. From the ls-absorption data of Nakamura, et al,ul
using synchroton irradiation, eight unoccupied molecﬁlar orbitals are
filled by resonance gbsorption giving rise to eight initial autbioniza—
tion states of 400.2, 405.6, 406.5, 4L06.7, 407.7, 407.9, 408.2 and 408.5
eV. The 1ls to 2png(lﬂu) absorption at 400.2 eV, represented in Figure 20a,
is the strongest in intensity (by a factor of ten above any of the other
transitions). If we assume similar autoionization states can be formed
by using a high energy electron beam, Auger electron energies would be
expected at 383.5, 388.9, 389.8, 390.0, 391.0, 391.2, 391.5 and 391.8 eV.

These energies are calculated by using equation (3-1), where EA(A) is the

E,(A) = E - Ex2-+1 (3-1)

Auger electron energy found in region A, E* is the resonance absorption
energy -- the energy available for the Auger transition -- and EX2+1 is
the energy of the electronic state of the singly charged ion. In the
above calculations the energy of the 2§mu orbital, 16.7 eV, was used.
Because of the absence in Figure 13, page 37, of high energy Auger elec-
tron energies above 385 eV, there appears to be only one autoionization

electronic state, lI[u,.appreciably populated by resonance absorption.
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*
The autoionization states will be represented as X2K , i.e., for

. X* K* s s .
nitrogen, N by autoionization, shown

2 2

in Figure 20b, are classified as to whether or not~the electron in the

The two decay modes of N

excited molecular orbital, 2pﬂg in the case of NE’ participates in the
transition. For example, for nitrogen, when the excited molecular orbi-
tal participates in the Auger transition the process will be labeled
ls(2png)+l - (2pﬂg)w and will be referred to as an "outer-excited" auto-
ionization transition; and, a process in which the 2png electron remains
as a "spectator" will be labeled ls(2png)+l - ww and will be referred to
as an "inner excited" transition (again, w signifies the weakly bonding

1,9 "inner-

electrons). As pointed out for nitrogen by Carlson, et a
excitedﬁ autoionization transitions are basically normal K-LL Auger pro-
cesses occurring under the electrostatic shell of thebspectator 2png
electron (see Figure 20b).

The data points designated by (+) in Figure 21 are derived by repro-
ducing Figure 13, page 37, without its background. The Auger electron
energies A-1 through A-4 and the shaded area of Figure 21 have been .
assigned to autoionization transitions. Table XIII compares the energles
of the resultant singly charged ion EN +1» @s calculated from equation
(3-1), with known values. Qualitatively, the general appearance of the
"inner-excited" structure A-3 and A-4 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-i through A-4 and the shaded area of
Figure 21 are correct, the processes that result in this structure should

be absent if the energy for resonance absorption (ls —>2pﬂg) is not avail-

able. Therefore, if monochromatic photons of energy above the 1ls binding
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TABLE XIITI

ASSIGNMENTS OF THE PEAKS APPEARING IN THE HIGH ENERGY SATELLITE
REGION OF THE K-LL AUGER SPECTRUM OF MOLECULAR NITROGEN

EN2+1 from EN2+1 from EN2+1 from
Initial This Work Other Auger Other Sources
Peak®  StateP (ev)© Data (eV) (ev)d Assignment®
K* : + 42 Outer-
A1 N, 15.5 15.576 (Xzzg ) ins
K* 8 11 2 (ke Outer-
A-2 N, 16.4 16.5,  16.0 16.693 (A I[u) excited
. 20. 743
K L +.44 Inner-
A-3 N, 21.6 21.1 (uzu L)m excited
21.9 ( 8, )
. 23.0 ( X )M*
X Inner-
A=k N2 235 23.8 ( I )4 excited
oly,6 (D°1)"*?
25.0 (c*r )11,45
K+* u
A-5 N,

_ K+%
A6 W,

- K+*
A-T N,

ga11 peaks appear in Figure 21. Peaks A-1, A-2, A-3 and A-lL also
appear in Figure 13, page 37.

bNéK is the autoionization state of nitrogen populated by reso-
nance absorption of the lg electron into an excited molecular orblta%
In the case of nitrogen apparently only the 2pn, is populated. N2K+
is an excited state of a nitrogen ion with a hole in the 1s level.

CEN +1 is the energy of the nitrogen positive-one ion relative to
the ground electronic state of a neutral nitrogen molecule. The differ-
ent Ey,+l values were calculated from equation (3-1), page 50.

d'The final electronic state is given in parenthesis.
®peak A-1 probably results from a ls(2pn§)+ — 2pn 2 pci(XEZ *)

transition. Peak A-2 results from & 1ls(2pn,) l-—-gpﬁgQPﬂu( Hu) transi-
tion. DPeaks A-3 and A-4 are assigned to 1s 2pﬁg)+ -WW processes.
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energy of nitrogen are used to excite the K-LL Auger spectrum of nitrogen,
the peaks attributed to autoionization should disappear. The high energy
portion of the aluminum Ea excited molecular nitrogen Auger spectrum
(0 - data points) of Figure 21 with background removed is superimposed on
the electron excited spectrum (+ - data points). The reader is directed
to obvious disappearance of A-~1 and A-2, the "outer-excited" peaks, and
to the decrease in the intensity of the "inner-excited" structure between
A~3 and 370 eV.

The remaining peaks, A-5, A-6 and A-T7, apparently do not result from
resonance absorption, but rather from a readjustment to a ls-vacancy of an

*
K+
Ny

by an Auger process are represented in Figure 22. Knowledge of N

*
. The decay modes of N2K+

K+*

2

states can be obtained from the ls-photoelectron spectrum of nitrogen

excited nitrogen ion, the monopole excited

given in PFigure 23. The peaks on the low energy side of the ls-photoelec-
tron peak can be attributed to the formation of monopole excited states.
In addition, structure due to excitations in neutral nitrogen molecules
can be found. Excitations of neutral nitrogen in the ls-photoelectron
spectrum 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'as that used in the photoelectron
run. The two pressure investigations gave consistent results. The pres-
sure correction for collision losses in neutral nitrogen is represented

in (2) of Figure 23. By subtracting contributions for these collision
losses different N2K+* states could be ascertained. The contribution of

monopole excited states in nitrogen is represented in (3) of Figure 23.

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

RELATTIVE ENERGIES AND INTENSITIES OF THE OBSERVED PEAKS IN
THE 1s-PHOTOELECTRON SPECTRUM OF MOLECULAR NITROGEN

Energy
from aP Intensity
Peak™ (eV) Relative to aC Assignmentd

a 0.0 100. N2K+
b -10.0 * 0.3 0.9 N2K+*
c -13.2 % 0.5 N,
d -16.3 + 0.k b6 £ 1.2 N2K+*
e -19.8 * 0.4 0.8 NéK+*
£ -23.3 £ 0.3 1.9 | NEK**
g -24.9 + 0.3 2.2 N2K+*
n -25.9 % 0.5 1.3 N2K+*
i -28.7 + 0.4 1.2 NéK+*
3 -31.1 * 0.5 0.8 | N2K+*

a
Peeks were observed in Figure 23.

bPeak ¢ is pressure dependent.

“The peak intensities were corrected for unelastic
scattering from neutral nitrogen.

dN2K+ reErgsents a nitrogen ion with a vacancy in the
Nt

ls-level. represents a monopole excited state of N2K+,
1\T2 represents an excited nitrogen neutral molecule.
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illustrates the elastic and inelastic scattered electrons from neutral
nitrogen, and Table XV gives the results of the scattered electron

_ *
measurements. From the analysis of Figure 23, states of N2K+ appear at

-10.0, -16.3, -19.8, -23.3, -2h.4 and -25.9 eV above N.5T with the peak

2
at -16.3 of greatest intensity.

K+*

Since the charge on the resulting ion from readjustments to N2

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 eV, etc. to Higher energy at 0.9,
4.6, 0.8, 1.9, etc. percent of their original intensity. The apparent
shift of B-1 through B-T some 10.0 and 16.3 eV is consistent with the
observed structure, A-5, A-6 and A-T7, excited by x-rays (see dashed lines
in Figure 21, page 54, for curve fitting following the shift of B-1

through B-T to higher energy).

b. Oxygen. The electronic configuration of neutral oxygen is
(lsUg)g(lSOu)e(ES0g)2<250u)2(2p0g)2(2pﬂu)u(2pﬂg)2. Figure 25 gives the
molecular orbital diagram of oxygen with the associated binding energies
of the different orbitals. ©Since the 2erg level is half filled and no
ls-~absorption data is available, the formation of the initial autoioniza-
tion state (or states) is not clear in the case of oxygen. Any assign-
ments of the autoionization 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 outer-excited autoionization
transitions 1s considered.

The points (+) of Figure 26 are obtained by expanding Figure 1k,
page 38, and subtracting thevbackground. If A-1, A-2 and A-3 are

attributed to outer-excited autoionization processes in which the excited
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TABLE XV

RELATIVE ENERGIES AND INTENSITIES OF THE INELASTIC
SCATTERED ELECTRCNS FROM NEUTRAL NITROGEN
AT APPROXIMATELY 5 MICRONS PRESSURE

Energy Intensity Known Energy
From a Ratio From a
Peak" (ev) Relative to a {eV)
a 0.0 100.
b -9.1 + 0.3 0.3 -9.16
c -12.8 + 0.4 3.4 -12.93
il -13.8 £ 0.4 3.0
e -16.0 * 0.4 1.8
£ -18.8 £ 0.7 1.4
g -22.6 + 0.4 1.1
h -29.2 * 0.7 1.0

®Peaks were observed in Figure 24,

Prme -9.16 and -12.93 eV were the most intense in-
elastic scattered peaks that occurred in the spectrum
measured by Lassettre et al, reference 46. Other peaks
of lower intensity were observed at -12.26 and -13.21 eV.
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Figure 25. Molecular orbital diagram for oxygen.

(a), obtained from reference 47; (b), obtained from reference 1l.
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molecular orbital participates in the transition, A-4 through A-8 could
result from immer-excited transitions. Since the inner-excited transi-
tions can be imagined as normal Auger processes occﬁrring under an occu-
pied excited shell, a comparison of the likeness of B-4, B-5 and B-6
(the normal lines) to A-5, A-6 and A-T7 (which are shifted on the order
of 10 &V higher in energy) assists in the above assignment.

The Auger data excited with aluminum Ka radiation is shown in
Figure 26‘(0 - points) superimposed on the electron excited spectrum
(+ - points). A-4 through A-T have disappeared with x-ray excitation,
but the disappearance of A-1 and A-3 could not be determined because
the statistics were not sufficient. Table XVI summarizes the results
of the autoionization structure seen for oxygen.

Figure 27 illustrates the ls-photoelectron spectrum of oxygen
excited by aluminum Ka radiation, and Table XVII gives the energy re-
sults of the observed structure. Three peaks, -8.5, -10.5 and -22.3 eV
of 5.7, 7.6 and 2:7 percent relative intensity to the 1ls line, could be
identified with monopole excited states of oxygen. The expected decay
of these three states to different electronic states of 02+'2 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 O - points. However, the excited molecular
orbital can remain occupied, and more tightly bound 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,2o have demonstrated for neon that processes’

involving the spectator electron in the Auger transition account for
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TABLE XVI

ASSIGNMENTS OF THE PEAKS APPEARTING IN THE HIGH ENERGY
SATELLITE REGION OF THE K-LL AUGER
SPECTRUM OF MOLECUILIAR OXYGEN

Energy From A-1

Peak" (eV) Assignment

A-1 0.0 Outer-excited
A-2 -1.2 Outer-excited
A-3 -2.3 Outer-excited
A-k -6.6 Inner-excited
A-5 -7.8 Inner-excited
A-6 -9.0 Inner-excited
A-T -9.4 . Inner-excited
A-8 -11.6 Inner-excited

®peaks were obtained from Figures 14 and 26,
pages 38 and 64, respectively.
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TABLE XVII

RELATIVE ENERGIES AND INTENSITIES OF THE OBSERVED
PEAKS IN THE 1s PHOTOELECTRON SPECTRUM
OF MOLECULAR OXYGEN

Energyb Intengity
From a Relative
Peak’™ (ev) to af Assignmentd
a 0.0 100. 0" |
b -1.2 £ 0.3 02K+
c 8.5 + 0.k 5.8 0 K+
d -10.5 * 0.h 7.6 02K+*
e -15.8 % 0.6 02*
£ -22.3 * 0.6 2.7 02K+*

®peaks were observed in Figure 27.

bPeak e was pressure dependent.

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

dO K+ represents an oxygen ion with a vacancy
in the Is-level. 02K+* represents a monopcle ex-
cited 02K+. 02* represents an excited neutral
molecule.
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only 20 percént for the frequency of filling the K-vacancy with a mono-
pole excited state. Thus, the remaining Auger structure of Figure 26
can be accounted for by reducing the dashed lines by one-fifth of theilr
intensity.

The'origin of the structure B-1l and B-2 is still questionable; i.e.,
they could result from the decay of monopole excited states by an "inner-
excited" Auger process. The first excited state of molecular oxygen with
an electron paired in the 2png orbital lies approximately 4.5 eV above the
ground state.u8 Shifting the dashed structure of Figure 26 by this amount
does not coincide with B-1 and B-2. Calculations on neonzL9 indicate that
the decay of monopole excited states by "inner-excited" transitions will
lie 20 eV lower in energy to the decay involving the electron in the
excited molecular orbital. Apparently B-1 and B-2 result neither from
the decay of autoionization nor monopole excited states but from the

decay of O K+, by - and %2 initial states.

2

¢c. Carbon monoxide. The electronic configuration of neutral carbon

monoxide is (130)2(lsc)2(2scb)2(280*)2(2pnb)u(2p§b)2. Figure 28 gives the
molecular orbital diagram 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 4O, excited by electrons (+ - points) and
aluminum Kd photons (0 - points). The absolute energy and energy separa-
tions observable in the carbon spectrum offer a unique opportunity to
study vibrational structure by'Auger spectroscopy. The region in which the
vibrational structure can be determined has been seen in more detail by

Siegbahn.ll Table XVIII compares the data obtained from Figure 29 with
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Figure 28. Molecular orbital diagram for carbon monoxide.

(a), obtained from reference 37; (b), obtained from reference 11.
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TABLE XVIII

ASSTIGNMENTS OF THE PEAKS APPEARING IN HIGH ENERGY
SATELLITE REGICON OF THE K-LL AUGER
SPECTRA OF CARBON MONOXIDE

Energy From Results
A-1 in Energy from of e
., Carbon Spectrum A-8 in Siegbahn g
Peak (eV) Oxygen Spectrum (ev) Assignment
A-1 0.00 —— 0.00 " Outer-excited
A-2 -0.28 £ 0.3 ---- -0.26 * 0.02 Outer-excited
A-3 -2.20 £ 0.07 (;2'2) ———— - Outer-excited
(0.00) )
- - + — -
A-L 2.40 = 0.06 2.51 + 0.0p Outer-excited
A-5 -2.60 + 0.06 ——— (-0.19 + 0.01) Outer-excited
A-6 -2.80 * 0.06 ——— (-0.38 £ 0.01) Outer-excited
A-T -5.60 * 0.06 ——— -5.65 * 0.0k Outer-excited
(-8.7) .
A-8 -8.7 + 0.3 0.0 -8.7 % 0.3 Inner-excited
A-9 -10.9 * 0.3 ——— -10.9 * 0.3 Inner-excited
A-10  -13.3 t 0.2 (-13-2) -13.3 + 0.3  Immer-excited
A-11  -1k.0 % 0.3 ———- -13.9 * 0.3  Inner-excited

aPeaks were observed in Figure 29.

bEnergy of peaks obtained from insert of Figure 29. Dashed line
indicates no peak observed in the oxygen spectrum.

cData were obtained from Reference 11.
Cpeaks A-1 and A-2 probably result from a ls (e)+l -e2 xxt
o Do é =)

transition, peaks A-3, A-4, A-5 agd A-6 from lsc(e)+l - e 2pn %A ),
and A-7 from 1s,(e)™ - e 2s0, (B %), A-8 through A-11 are %robably
inner-excited autoionization transitions where the excited e orbital re-
mains occupied during the transition, although the delay of a monopole
excited state might account for the peak A-9.
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Siegbahn's results.ll The observance of vibrational structure with peaks
of 0.19 eV FWHM allows one to set an upper limit on the lifetime of the

excited autoionized state of 2 x lO"15 sec.,

By comparing the x-ray with the electron excited spectrum, peaks
A-1 thrbugh A-11 disappear; therefore, they are assumed to result from
autoionization. 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-4 (A-4 through A-6)
and A-T7 most probably result from the removal of 2p0b, 2pﬂb and 2s0™
molecular orbitals in forming the different final X%1+, A?H and BQZ'j+
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-U4 and between A-1 and A-7 agree well with the

spectroscopic differences between the X22+ - A2H (2.57) and X22+ - B2

50

Z+

(5.69) states. A-8, A-9 and A-10 could result from "inner-excited"
Auger transitions taking place under an occupied 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).

It has been observed in both our andeiegbahn'sll experiments a
small peak above the v = 0 state of the A?H electronic state. The
appearance of the vibrational peak A-3 could result from the decay of a
vibrationally excited initial excited state to the ground vibrational
state of the A2H electronic state of CO+l. This is analogous to a "hot"

band.51
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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 given in Tables XIX and XX. Since monopole excited states do
form, one would expect some contributions from the decay in the region A
of the Auger spectrum to occur. However, results due to the decay of

monopole excited states are inconclusive.

d. DNitric oxide. The electron configuration of nitric oxide is
(lsO)E(lsN)g(Esob)Z(Qpcb)2(2pnb)u(2pﬂ*)l. Figure 32 gives the molecular
orbital diagram of nitric oxide éccompanied by the binding energies of
the different orbitals. Figure 33 illustrates the high energy side of
the K-ILL Auger spectrum of nitric oxide (Figures 17 and 18, pages 41 and
42) excited with electrons (+ points) and x-rays (O points). Table XXI
lists the possible assignments of the observed peaks. As in the case of
molecular oxygen, there are many possible initial and final states; and,
because no ls-absorption data is available, assignment involving final
states of the plus one ion is impossible. If A-1 and A-2 which are
present in the nitrogen spectrum are assigned td outer-excited transi-
tions, then A-3 through A-7 would arise from inner-excited transitions.

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

52

molecular orbital which has been shown by SCF calculations

o3

and photo-
electron spectroscopy’~ to have approximately 64 percent nitrogen character.
Since peaks B-1 and B-2 do not disappear in the x-ray excited spectrum,

their origin is other than the decay of an autoionization state. B-1 and B-2
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Figure 30. The carbon ls-photoelectron spectrum of carbon monoxide.

l, raw data; 2, pressure correction for collision losses in neutral
molecule; 3, cK+*0 states.
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Figure 31. The oxygen ls-photoelectron spectrum of carbon monoxide.

1l, raw data; 2, pressure correction for collision losses in neutral
molecule; 3, COK+*¥ states.
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TABLE XTX

RELATIVE ENERGIES AND INTENSITIES OF THE OBSERVED PEAKS IN THE
CARBON 1s-PHOTOELECTRON SPECTRUM OF CARBON MONOXIDE

Energy from a Intensity
Peak® (ev) Relative to a Assigment”

a 0.0 100. %o
b -8.5 1.8 K+
c -11.6 co”

d -12.9 0.6 &+
e -1k.9 2.9 K+
£ -18.0 2.4 K+
g -19.8 2.0 K+
h -23.0 2.0 K+
i -23.8 2.0 Ko
j -25.0 1.2 . &K+
K -27.5 1.5 oK+

aPeaks were observed in Figure 30.

bCK"'O represents a carbon monoxide molecule with a vacancy
in the carbon 1ls level without any additional excitation.
cKt+o represents a carbon monoxide molecule with a carbon 1ls-
vacancy but with additional excitation of valence electrons.
CO" represents a neutral excited carbon monoxide molecule.
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TABIE XX

RELATIVE ENERGIES AND INTENSITIES OF THE OBSERVED PEAKS IN THE
OXYGEN 1s-PHOTOELECTRON SPECTRUM OF CARBON MONOXIDE

a Energy from a Int?nsity . b
Peak (ev) _Relative to a A351gnment

a 0.0 100. oot
b -8.6 0.6 cok+*
c -11.9 oo

a -14.0 cor

e -15.9 7.5 ook
£ -18.0 3.8 cok+"
g -23.7 1.5 cok+*
h -26.h 1.2 cok+*
i -28.5 1.2 ‘ ook

8peaks were observed in Figure 31.

bCOK+ represents a carbon monoxide molecule with a vacancy
in the oxygen ls level without any additional excitation.
cOK+ represents a carbon monoxide molecule with an oxygen ls-
vacancy but with additional excitation of valence electrons.
co* represents a neutral excited carbon monoxide molecule.
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Figure 32. Molecular orbital diagram for nitric oxide.

(a), obtained from reference 54; (b), obtained from reference 11.
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TABLE XXT

ASSTIGNMENTS OF THE PEAKS APPEARING IN HIGH ENERGY SATELLITE
REGION OF THE K-LL AUGER SPECTRA OF NITRIC OXIDE

Energy From Energy From
A-1 in Nitrogen A-L in Oxygen
a Spectrum Spectrum
Peak (eV) (ev) Assignment
A-1 0.0 -——- Outer-excited
A-2 -1.3 * 0.4 _——— Outer-excited
A-3 -T.3 £ 0.4 -———— Inner-excited
A-L -8.6 £ 0.4 (_g'g) Inner-excited
A-5 -12.2 £ 0.7 ———— Inner-excited
A-6 ——— (_12'3) Inner-excited

aPeaks were oObserved in Figure 33.
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could arise from normal Auger processes or from the decay of monopole
excited states, although their origin has not as yet been determined.
However, by recording the nitrogen ls- and oxygen lé-photoelectron sﬁectra
of NO, the energy of thé monopole excited states can be found. Position-
ing of these monopole states into Figure 33 could aid in the identifica-

tion of B-1 and B-2.

2. Analysis of Regions B, C and D - The Diagram Lines

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 K vacancy that
has been formed without excitation of any of the other orbitals. In the
case of nitrogen this state is designated as N K+ K+

2 2

the Auger process results in the formation of "normal" or "diagram" lines.

. The decay of N by
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 ionizations, e.g.,
N2KL++ initial states. Readjustments to N2KL++ result in low energy
"satellite" electrons to the diagram lines. Still smaller contributions
due to the excited processes resulting from transitions involving

(1) autoionized states, (2) monopole excited states, (3) excited states
caused by the Auger electron and (4) "double" Auger processes can occur
in these three regions. The processes involving autoionized and monopole
excited states ((1) and (2) above) normally occur in region A, but when
the excited molecular orbital remains occupied, and more tightly bound

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

energy under the diagram line structure.
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a. Nitrogen. The decay of N2K+ and N2KL++ states by Auger processes

involving weakly bound 2pcg, 2pnu and Escu electrons are illustrated in
Figures 3l4a and 3hb, respectively. Such transitiohs result in most of the
structure seen in region B between 348 and 368 eV of Figure 13, page 37.
The more intense lines B-1 thrpugh B-T are attributed to normal ls-ww
processes. Since these processes result from the formation of 1\T2+2 ions,

the energy of the different electronic states of the doubly charged ionm,

EN2+2, can be calculated by use of equation (3-3).
By 42 = E,(B) - E, (X)) (3-3)

This is equation (1-4), page 11, rewritten. EA(B) is the Auger electron

energy for the ls-ww process, Els(x2) is the ls-binding energy of the

molecule X2, and EX2+2 is the energy of the doubly charged ion (for nitro-
_ . . 2,

gen EX2+2 = EN2+2). The possible electronic states for N2 with ww

vacancies are:

(2p0g)'1(2p0g)—l - 12g+
(EPUg)—l(2pﬂu)—l - lﬂu, 3Hu
(QPHu)-l(2pﬂu)-l _ lzg+, 3Zg_, lAg
(2pﬂu)-l(280ﬁ)_l - ng"3Hg

(po,) H(eso ) - TE Y, Im
(250 ) H(eso )T - 1Zg+

The EN +2 values obtained from equation (3-3) by using the Auger data
2
from Table VII, page 43, and Els(N2) = 409.9 eVl are listed in Table

XXIT along with other experimentalS’ll and calculated values.22
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TABLE XXII

ASSIGNMENTS OF THE PEAKS IN DIAGRAM LINE REGION OF THE MOLECULAR NITROGEN K-LI. AUGER SPECTRUM

Possible Results Results
Probable Final a of of
Initial Electronic EN2+2 Stalherm Siegbahnll Calculations®
Peak® Stateb State® (ev) (ev) (ev) (ev)
B-1' A 42.9 < k2.7 >
1, (0.0) (-0.1)
B-1 w5 XlZg+ 43.3 (0.0) 43.3 (0.0) (0.3) 42.73 (0.0)
l -
Kz, (1.0)
B-2 RS blﬂu 4.9 (1.5 + 0.3) (1.8) (1.3)
B-3 N2K+ At 35 T w6 (3.0 £ 0.3) (2.9) (3.1) (2.5)
B-L w K+ A3I[g 474 (4.0 £ 0.3) (3.9) (k) (3.5)
B-5 1\12K+ clng 49.7 (6.3 + 0.1) (6.4) (6.8) (5.9)
B3Hg (7.9)
B-6 N2K+ d]Eu+ 51.2 (7.8 + 0.1) (7.9) (8.1) (7.9)
B-T N2K+ elzg+ 53.0 (9.6 + 0.1) (9.5) (10.0) (9.8)

B-8

B-9 .

<8



TABLE XXIT (continued)

- Possible Results Results

Probable Final a of 8 of 11 o

Initial Electronic By 2 Stalherm Siegbahn Calculations
Peak® StateP StateC (ev) (ev) (ev) (ev)
B-10
B-11

K+

c-1 N,
c-2
C-3
c-4
D-1 N5 lzg* ok.9 (451.5 + 0.8)  (453.0)

L
a'I'he electron energies of these peaks are listed in Table VII, page 43. B-1 is the onset
of the normal Auger line B-1.

bN K+ signifies a molecular nitrogen ion with a hole in ls-level. Peaks with corresponding
blank spaces in this column probably arise from decay of NZKL++ initial states, although these
peaks could result from excitations caused by the normal Auger electrons.

cThese are final electronic states of a doubly charged molecular ion of nitrogen.

dEN +2 are the energies of the electronic states of doubly charged nitrogen ion relative to
the ground electronic state of neutral nitrogen. These values were determined from equation (3—3),
page 83. The values given in parenthesés are relative to the B-1 line. The value of 42.9 eV rep-
resents the minimum energy required for double electron removal from the ground state of a neutral
nitrogen molecule. The value listed in brackets, L42.7 eV, was obtained for the appearance poten-
tial of N2+2 from electron impact studies (reference 55). Another double ionization was witnessed
at 43.8 eV by Dorman and Morrison.

S R S I
rnese ve 5
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Although the peaks B-8 through B-11 of Figure 13, page 37, could

, one suspects these lines to be due

+
to satellite lines, probably from Auger readjustments to NQKL +. However,

result from processes involving N2K+
this structure could result from other excited processes, i.e., (1)
thrbugh (4) 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
NeK+ ion;18 however, they will appear as a continuous distribution of
energy below the normal Auger lines (i.e., at lower Auger electron ener-

49

gies than oceur in region D). Calculations on atomic systems show that
(1), (2) and (3) will occur in the three regions B, C and D although,
from experimental results in the K-ILL Auger spectrum of neon, such transi-
tions appear to be low in intensity.eo

Use of an excitation source, either electrons or photons whose
energy 1s close to the binding energy where the initiai vacancy occurred,
has been shown to be useful in reducing the percentages of initial

17,56,57 56

miltiply charged ions in neon and argon. Thus, choice of a
source just above the 1s bindipg energy of molecular nitrogeh could aid
in the identification of not only the strqcture B-8 through B-11, but
also substantiate the assignment of B-1 through B-T.

The regions C and D have been designated as the regions in which
one would expect ls-ws and ls-ss normal Auger processes to occur, respec-
tively. Calculations as to where ls-ws and ls-ss processes would appear

relative to the main diagram lines in region B can be related to the dif-

ference in energy of the various ways of removing two electrons from a
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neutral molecule. Consider an atom or molecule with shells 1, 2... where
1 represents the least tightly bound orbital, 2 the next tightly bound,
etc. If coupling in the final states of the doubly charged ion are
ignored, the position of the Auger lines resulting from vacancies in the

first two orbitals may be taken as

El - E2 =€, - el (3-4)
E) - By =2(ey - €q) +eley - €y) (3-5)
where El’ E2 and E3 are the Auger lines or bands with El representing the

highest kinetic energy Auger process, and c is a factor which is related
to changes in the configurations as electrons are successively removed.
¢ may be obtained empirically or from a model. For example, if one con-
siders an atom to be a series of rigid, concentric, negativelybcharged
shells of radius r about a central potential of positive charge, c is
given by

c = (a/r) - q/re)/e2 -y (3-6)

where g is the charge of an electron and r, and r, are the radii of shells

1 2

1 and 2 in the neutral atom.
The above considerations can be applied to neon as an example where
= 48.3 eV for the 2p and 2s orbitals,ll respectively.

58

By using the radii listed for the lartree-Fock solutions of neon, one

E, = 21.6 ?V and E,
obtains from equation (3-6) a value of 0.086 for c. In Table XXIII the
energy values obtained from the simple model are compared with experi-
ment, where the experimental values are the weighted average of the term

values for the Auger transitions 1s-2p2p, 1s-2s2p and 1s-2s82s in neon.



89

TABLE XXTTT

COMPARISON OF DIFFERENCE IN AUGER ELECTRON ENERGIES BETWEEN
REGIONS B AND C AND BETWEEN B AND D FOR NEON

a Theoryb , ExperimentC
Region (eV) (ev)
E, - E, 26.7 2T.5
El - E3 55.T 56.1

aThe highest kinetic energy Auger process that appears
in region B is represented by E;. E> and E3 represent the
kinetic energy of Auger processes that are present in regions
C and D, respectively.

bThese values were calculated by using equations (3-4)
and (3-5). A value for c of 0.086 was used in the calcula-
tions.

“The experimentally determined values were ascertained
from the neon K-I1I Auger spectrum by using intensity-weighted
term values for El’ E2 and E,.

3
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For the molecular studies, c¢ is arbitrarily chosen to be 0.1 in the
calculations, which is consistent with what one would expect for the remov-
al of electrons from orbitals made up of atomic 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, 2pog, 2pﬂu and 2sou, molecular orbi-
tals and shell 2 the 230g orbital, the binding energies of 17.1 and 37.3
eV, respectively, were found. By using equations (3-4) and (3-5), E) -

E2 and El - E3 are calculated to be 21 and 40 eV. Table XXIV lists the
energies where regions C and D (relative to region B) would appear for the
other studied diatomic molecules.

In the nitrogen K-LL 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
C and D. The assigmment of the bands as to dlagram or satellite lines is
difficult. Most likely C-1 arises from ls-250g2p0g or ls-2scg2pﬂu pro-
cesses and D-1 is probably due to ls—QchEch(lZg+) process. The elec-
tronic states of N 2 that arise from sw and ss configurations are listed

2

below: for region C,

(Esog)-l(2pcg)_l - 12g+, 3Zg+

(Qch)—l(2pﬂu)-l - lﬂu, 3Hu

(ZSGg)-l(ESGu)_l - lZu+, 32u+
for region D,

(2scg)-l(2scg)-l - lZg+
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TABLE XXIV

LOCATION OF REGIONS C AND D RETATIVE TO REGION B IN THE
0,, CO AND NO

K-LL AUGER SPECTRA OF N,, O,
Energy Energy

Shell 1°  shell 2°¢ E,; -E,% e

Spectra® ~ (ev) (eV) %eV)2 % )3
N, 17.1 38.3 21.2 40.3
0, 18.8 40.6 21.8 L1k
Carbon of CO 17.3 38.3 21.0 39.9
Oxygen of CO 17.3 38.3 21.0 39.9
Nitrogen of NO 17.1 42.0 2k.9 47.3
Oxygen of NO 17.1 h2.0 2Lk.9 L7.3

The K-LL Auger spectra of N, Oo, CO and NO are
illustrated in Figures 13-18, pages 37-L2.

The molecular orbitals used in computing the
energy of shell 1 for the different molecules are as
follows: for No, 2po,, 2px,; and 250ﬁ, for O 2pﬂ
2pmy, 2po and 2s0 5 %or Co, 2pc ) 2pmb and 250 H gnd
for NO, 2pﬂ ) QPﬂb 2pob and 2so”. Figures 19, 25, 28
and 32, pages 51, 63, 70 and 79, give the values of
the different molecular orbitals. The energy given for
shell 1 is computed from the weighted sum of the elec-

trons in the different orbitals.

®The molecular orbitals used for computing the
energy of shell 2 for the different molecules are as
follows: fgr No, 2scg, for Op, 2sog, for CO, 2sob;
for NO, 2sg¢

dEl-E2 values were calculated from equation (3-4),
page 88.

eEl--E3 values were calculated from equation (3-5),

page 88,
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If the analysis of D-1 in the nitrogen spectrum to the process is
correct, an estimate for the second ionization energy of the orbital can
-2 ,
be made. In calculating the second ionization energy, I(X) =, for a given

orbital X, equation (3-7) is used:
1(x)72 = B, (%) - E,(P) - 1(x)7" (3-7)
1ls''2 A ‘

where Els(XE) is the binding energy of the 1ls electron for a molecule Xe,
EA(P) is the Auger electron energy for a given peak P, and I(X)_l is the
first ionization energy for the orbital X. For P = D-1, EA(D-l) = 315.0

. _ s -l_ . T Y -
eV; for X = QSog orbital, I(ESdg) = 37.3 €V; and for X, = N, Els(Né) =
409.9 eV. Substitution of the above energies into equation (3-T7),

-2

I(Ech) was calculated to be 57.6 eV.

By substitution of EA(B—l) into equation (3-3), page 83, one is
allowed to estimate the minimum energy required to remove the two least
bound electrons from a neutral nitrogen molecule EN2+2(min). This value
was calculated to be 43.4 eV. Dorman and Morrison”? have measured two
+2

final electronic states of N,

;" of b2.7 £ 0.1 eV and 43.8 + 0.1 eV by

electron impact studies. Perhaps a better value for comparison with k2.7
eV would be the onset of the highest normal Auger peak B-1l. This is
labeled B-1' in Figure 13, page 37, and has an Auger electron energy of
367.0 eV. Substitution of this value into equation (3-3) gives an esti-

mate of L42.9 eV for EN2+2(min).

b. Oxygen. The diagram line region of the molecular oxygen K-LL

Auger (Figure 1k, page 38) lies between L42 and 508 eV. The two possible

K+ 4

initial states of O2 , & and 22_ are separated by 1.2 eV and -are formed

in an approximate two to one intensity ratio. A few of the final elec-

tronic states for 02+2 have been calculated by Hurley.22 Since the
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splitting of some of the final 02+'2 electronic states have approximately
the same energy separations as the initial two states, the explanation of
the K-LL Auger spectrum of molecular oxygen is more difficult than in the
analysis of nitrogen. The energy spacings between B-1 énd B-2, B-4 and
B-5, B~-8 and B-9, B-10 and B-1l are approximately the splitting of the 1s
level in oxygen; and, each set is approximately in a two to one intensity
ratio. Therefore, these peak combinations have been assigned to the

decay of the hZ' and =" of 0 K+, respectively.

2

Using the observed Auger data from Table VIII, page Ly, and equation
(3-3), page 83, energies for the electronic states of 02+2, E02+2, can be
computed. EO2+2 values are listed in Table XXV, and assignments are made
and compared with the theqretical calculations of Hurley22 and the experi-
mental results of Mehlhorn.28

Experimentally, four bands (C-1 through C-4) are observed in region
C. Characterization of these bands is difficult. C-1 1s probably due
to a ls-2scg2pﬂu process although a ls-2s0ﬁ2s0u transition might also
arise in this region. The ls-2sog230g proéess apparently is not seen in
our molecular oxygen spectrum elther because of its low probability of
occurrence or because of the large span of the peaks observed in region C.
The arrow at 445 eV in Figure 14 indicates approximately where the
ls—280g2scg process would be expected to appear.

If the assignment of B-1 and B-2 is correct, then the second loniza-
tion energy of the 2p¢rg orbital can be computed. By substituting Els(OE)
= 543.1 eV and E,(B-2) = 504.0 eV and I(2png)'l = 13.1 eV into equation
(3-7), page 92, I(2jp:1g)-2 was calculated to be 26.0 eV. The value ob-

tained by substitution of B-1 into equation (3-7) is 25.2 eV; therefore,



TABLE XXV

ASSIGNMENTS OF THE PEAKS IN THE DIAGRAM LINE REGION OF THE
MOILECULAR OXYGEN K~LL AUGER SPECTRUM

Possible ’ Results
Probable Final a of
. Initial Electronic : Egyt2 " Mehlhorn28 Calciilations®
Peak StateP State® (ev) (ev) (ev)
B-1 37.% < 36.5 >
B-1 0 K+ (%) xlzg+ 38.3 (0.0) (0.0)
0.0 35.48 (0.0
B-2 02K+ (3c7) xlzg’“ 39.1
B-3
B-k 05" (%) At k2.8 |
Ke Dm 3. 4 (k.1) (4.3) (4.5)
B-5 0, (°z7) AT 42.8
B-6 02K+ (L‘z') 434 (h.7)
B-T
B-8 02K+' (%) 48.6
(9.9) (9.5)
B-9 02K+ (%z7) 48.5
B-10 0, ) o, 52.5)
(13.7) (12.5) (13.0)
B-11 02K+ (%z7) c3nu 52.&}

B-12

16




TABIE XXV (continued)

Possible Results
Probable Final E. 404 of 8
a Initial Electronic Op Mahlhorn' Calculations®
Peak StateP StateC (ev) (ev) (ev)
B-13
B-1k4
c-1 o f ()
Cc-2
C-3
c-L

%The electron energies of these peaks are listed in Table VIII, page 4b. B-1' is the
onset of the normal Auger line B-1.

b02K+ (uff) and 02K+ (22_) are the initial states and denote an oxygen molecular ion
with a hole in the ls-level. Peaks B-12 through B-14 and C-2 through C-4 probably arise
from the decay of OQKL++ initial states, although they could arise from decay of O2K*, 0o
or excitations caused by the Auger electroms.

K+*

cThese are the final electronic states of the doubly charged oxygen molecular ion.

dEO +2 are the energies of the electronic states of 02+2 relative to the ground elec-
tronic s%ate of neutral oxygen, as determined from equation (3-3), page 83. The values
given in parentheses are related to the B-1 line. The value of 37.4 eV represents the mini-
mum energy required for double electron removal from the ground dtate of a neutral oxygen
molecule. The value listed in brackets, 36.5, was obtained by Dormann and Morrisonm,
reference 60, for the appearance potential of the doubly charged ion of molecular oxygen.

e .
These values were obtained from reference 22.

g6
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an average value of 25.6 €V can be estimated for the second ionization

1
energy of the 2pﬂg orbital. The beginning of B-1, B-1, appears at 506.8
eV in the Auger spectrum. By using the value of B-1' and Elﬂ(OQ) in

equation (3-3), page 83, E, +2(min) was computed to be 37.k eV.
2

c. Carbon monoxide. In Figure 35, the carbon and oxygen K-LL Auger

spectra 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.ll This difference in energy should correspond to the difference in
energy between the initial states CK+O (a carbon atom with a hole in the
ls-level) and cott (an oxygen atom with a hole in the ls-level) involved

in the Auger transitions. The final electronic states of CO+2 expected

for the different regions B, C and D are listed below: for region B,
(2pa”)Hepa™) ™ - 12t
(2p0”) H(2px®)™ - 3, n.
(epﬂb)-l(gpﬂb)-l‘_ lA, 32— lZ+
(280*)-1(2P0b)-l _ 3t g+
(2sc*)_l(2pwb)_l -,3H, I

%, - -
(2s0 ) 1(230*) 11+

for region C,
(2pab)-l(280b)_l - 3Z+, 15+

(2pnb)_l(256b)'l - 3n

1
™
I_\’f—'
+

(250*)-1(280b)_l 35t
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for region D,
- by-1 +
(2s0b) l(2so ) 1
Since the final electronic states of CO+2 for Auger transitions are
CK+ K+

the same regardless of whether the initial state was O or CO , one
might expect some similar calculated ECO+2 values to result from both the

carbon and oxygen spectra. The E values can be computed by using the

cot
observed Auger data in Tables IX and X, pages 45 and 46, and equation
(3-3), page 83. The binding energies of the 1ls level were taken from
Siegbahn's results.ll The calculated ECO+2 values are listed in Table
XXVI. Since only a few peaks match in the carbon and oxygen Auger spectra,
the probability of filling a ls vacancy in carbon with a given Auger
‘transition to a particular final electronic state of CO+2 is different
than for the filling of a ls-vacancy in oxygen by the same process.

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

Neumann and Moskowitz59 have calculated the percentage character of the
valence molecular ofbitals in CO and have found the percent carbon charac-

*
L 33, 2s0 ~ 20 and

ter in each orbital to be as follows: ,2pob— 92, 2pn
2s6b- 33. Auger transitions involving the least bound 2po‘b molecular
orbital might result in a large transition moment for a readjustment to
a carbon ls-vacancy. The first three peaks; B-1, B-2 and B-3, in region
B of the carbon spectra 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 2;00'b electrons in the Auger process. In the K-LL

oxygen spectrum of CO the strongest peaks occur between B-5 through B-T
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TABLE XXVI

ENERGIES OF THE FINAL ELECTRCONIC STATES FOR THE DOUBLY
CHARGED CARBON MONOXIDE MOLECULAR ION

Eppte Ego*2
(Carbon Data)P (Oxygen Data)®

Peak® ev eV Assignment
B-1' 39.9 40.2 < 41.8 >

B-1 1.9 b1.7 1s-2po 2pn®
B-2 L3k ls—2p0bw
B-3 45.5 ls-2p0bw
B-L4 46.0 1s-ww

B-5 47.6 ls-ww

B-7 50.6 50.6 ls-ww

B-9 | v 54.5 lé-WW

B—ll 5T7.0 ls-ww

Cc-1 65.6 1s-280%W
Cc-2 2.7 ls—zscbw
D-1 9.9 1s-280°280°

8peaks were observed in Figure 35. B-1' is the onset
of the normal Auger line B-1.

bECO+2 values are the energies of the final electronic
states of the doubly charged carbon monoxide molecular ion.
These values were calculated by using the carbon Auger data
of Table IX, page 45, and equation (3-3), page 83.

®These values were calculated by using the oxygen Auger
data of Table X, page 46, and equation (3-3). The value
given in brackets, 41.8 eV, was obtained by Dorman and
Morrison, reference 60, for the appearance potential of co*e.
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and apparently involve the 2pnb, 230* and 2sc5‘b molecular orbitals. The
intensity of the first peak, B-1l, in both the carbon and oxygen spectra
of CO is strong, suggesting that this peak arises from a ls-?pnbEPGb
transition. Also consistent with the atomic population of the 2pob orbi-
tal is the assignment of peak D-1 to the ls—2s0'bEst'b processes. This pro-
cess 1s present in the oxygen but absent in the carbon spectrum of CO.

If one assumes the assignment of D-1 to be correct, the second ioniza-
tion energy of the 2scrb orbital can -be calculated similarly to that de-
scribed for nitrogen on page 92. I(2sob)—2 was ascertained to be 56.6
eV. The onset of B-1, B-l', can be used with equation (3-3) to calculate
a value of 40.1 eV for ECO+2(min). This value was calculated to be 39.9
eV from the carbon data and 40.2 eV from the oxygen data, for an average
value of 40.1 eV. Dorman and Morrison6O have measured the appearance

potential of 41.8 eV for co™e.

d. Nitric oxide. Figure 36 compares the nitrogen and oxygen K-LL

Auger spectra in the diagram line region. The two spectra are related to
each other by the energy difference between the initial 3H states of nitro-
gen and oxygen in NO. From the Auger data that were given in Tables XI
and XII, pages 47 and 48, and equation (3-3), energies 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.22 Also, the assignments for 1\TO+2 are given in
Table XXVII.

A double hole vacancy in nitric oxide of 2pn*2p6b gives rise to. a

*
X22+ final electronic state, and a 2pn 2pnb combination forms a A?H state.
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TABLE XXVIT

ENERGIES OF THE FINAL ELECTRONIC STATES FOR THE DOUBLY
CHARGED NITRIC OXIDE MOLECULAR ION

Eyo+2d Eyo+ed

Final Nitrogen Oxygen ) e

Initial Blectronic Data Data Calculations
Peak® Stateb State® (ev) (ev) (eV)
B-1' 35.7<39.8> 35.1
B-1 I xext 37.0 36.1 38,10
B-2 3y @zt 37.2
B-3 3 A°T 38.6 38.72
B-4 I Bert 40.0 L2 ,87
B-5 31 By * 40.3 Lok 42,87
B-7 31 3.k
B-8 3 M1
B-9 I 47.3
B-10 3 k7.6 L7.8
B-1k 3 54,5
c-2 63.7
c-3 T1.2 T1.8
c-L T6.1 T7.2
D-1 98.8

aEnergies of the peaks were obtained from Figures 33, page 80,
and 36, page 10l. B-1' is the onset of peak B-1.

b3 and 1 are the initial states for NSO (an NO molecule with
a ls vacancy in the nitrogen atom) and for NOXt (an NO molecule with
a ls vacancy in the oxygen atom). For MO the initial singlet and
triplet states are separated by 1.5 eV. TFor NOK* the initial singlet
and triplet states are separated by 0.7 eV.

CThese are the final electronic states of NO*2.

dENO+2 are the energies of the electronic states of NO*2. relative
to the ground electronic state of neutral NO. These values were cal-
culated by using the Auger data in Tables XI and XII, pages 47 and 48,
and equation (3-3), page 83. The values of 35.7 and 33.9 eV are the
calculated values from the nitrogen and oxygen Auger data for the min-
imum energy required for double energy of NO (Eyp+2(min)). The value
listed in brackets, 39.8, was obtained by Dorman and Morrison, refer-
ence 60, for the appearance potential of Not2,

eThese values were obtained from reference 22.




103

Atomic populations of the different molecular orbitals for neutral NO

52

have been theoretically obtained by Brion et al. They arrived at the

following percentages of nitrogen character: 2pﬂ*- 64, 2pﬂb- 33, 2pcb:\80\
and 250*- 50. From the above percentages, one might expect (1) the
ls-2pﬂ*2pcb(X22¢) transition to have a large intensity in the nitrogen
spectrum and a smaller one in the oxygen spectrum and (2) a transition to
the A?I[electronic‘state of 1\TO+2 to appear with equal probability in both
spectra. Peak B-3 in the nitrogen spectrum does not have a counterpart

in the oxygen spectrum, suggesting that B-3 could have originated from a
ls-2pﬂ*2pcb(X2£ﬁ) transition. Likewise, the large intensity of B-5 in
both spectra suggests that B-5 resulted from a lS-2pn‘.*2pT[b(A2H) transition.
These lattér assignments are possible with the observed Auger data from
two additional considerations: (1) there is some doubt about the origin
of B-1 and B-2 -- they have not been conclusively shown to have formed
from normal Auger processes (these low intensity peaks could have formed
from the decay of monopole excited states - see page 82) and (2) the ex-
perimentally determined value for ENO+2(min), the minimum energy for
double electron removal from neutral NO, from the Auger data would be
closer to the appearance potential measured from electron impact studies
(39.8 eV).60 By using the energy of B-1 and equation (3-3), an average
value of Em:.m(l\TO)ﬂL'2 was calculated to be 35.4 eV.

In addition to the 3H initial states of NK+O and NdK+ (as mentioned
in the first paragraph of this section), there exists a singlet initial
state, lﬂ; for each NK+O and NOK+. As shown by Siegbahn et al,ll the
triplet and singlet states are separated by 1.5 eV for nitrogen and 0.7 eV

in oxygen. The relative population of the triplet to singlef states 1s
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three to one. Some evidence for the splitting of the initial state is
seen in both the oxygen and nitrogen spectra. In the nitrogen spectrum
B-1 and B-2 are separated by 1.7 eV in approximately a three to one ratio;
and, in the oxygen spectrum splittings of 0.4 eV between B-4 and B-5 and

of 0.5 eV between B-9 and B-10 are seen.
B. Triatomic Molecules

1. Water

The electron configuration of water is lsolalelbeeéalglblz. The
molecular orbital diagram of water, accompanied with the orbital energies,
is presented in Figure 37. The K-LI, Auger spectrum of water is shown in
Figure 38. Compared to other oxygen spectra, such as molecular oxygen and
nitric oxide (Figures 14 and 18, pages 38 and 42, respectively), the water
gspectrum is exceedingly simple. Of the eight bands visible in the water
1 2al and

‘lb2) in the Auger process, the two lying in region C involve w and s

spectrum, the four lying in region B involve w orbitals (w = 1b

electrons (s = lal); and the remaining two appearing in region D probably
involve s electrons. Four of the bands, B-1, B-2, C-1 and D-1, probably
arise from normal Auger transitions, and the remaining four from low
energy satellite processes.

Since the lbl orbital of water has the lowest binding energy, one
might expect the first normal Auger line, B-1l, to have resulted from a
ls-lbllbl process. From calculations,6l the lbl orbital can be simply
written as the EPX atomic orbitgl of oxygen, indicating that the lbl_ofbi-

tal is 100 percent localized on the oxygen atom in the water molecule.

It also seems reasonable to assign the most intense Auger line, B-1, to a
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Figure 37. Molecular orbital diagram for water.

(a), obtained from reference 62; (b), obtained from reference 11.
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transition involving the maximum use of this orbital, i.e., the ls—lbllbl
transition. The energies of the different peaks &nd their assignments
are given in Table XXVIIT.

If the assignments of B-1 at 498.6 + 0.3 eV and D-1 at 457.4 £ 0.6
eV are correct, the second ionization energy of the lbl and la:L orbitals
can be ascertained by using equation (3-7), page 92. I(lbl)“2 and
I(la.l)-2 were calculated to be 28.5 ahd 50.1 eV, respectively. By using
equation (3-3), page 83, and the onset of B-1, B-1', an estimate of 39.2

eV is made for EH20+2(min), the minimum energy required for removing the

two least tightly bound electrons from an unexcited water molecule.

2. Carbon -Dioxide

Carbon dioxide has a 1s “ls 2(lo +)2(10 +)2(20 +)2(20 +)2ln ulﬂ k
o e g u g’ ‘"u ug

electron configuration. Figure 39 shows the molecular orbital diagram
of 002. The carbon and oxygen K-LL Auger spectra of carbon dioxide are
shown in Figures 40 and 4l, respectively. Each spectrum is divided into
regions A, B, C and D. The Auger electron energies for the observed
peaks in each spectrum are given in Table XXTX.

The relati#e positions of the Auger lines in the carbon and oxygen
spectra are compared in Figure 42 as to the difference in the two ls
binding energiles of carbon and oxygen in CO2 (for a similar comparison
see CO and NO, pages 96 and 100). The peaks in region A have been
attributed to high energy satellite lines. ©Six peaks in region B have
been assigned to normal Auger lines. Energies of six possible final
states of C02+2 can be calculated by using equation (3-3) and the cor-

responding energy for each of the identified normal lines. By using
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TABLE XXVIII

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

Absolute 42
Energy EH>0 o
Peak (ev)a (ev)P Assignment
B-1' 500.5 * 1 39.2
B-1 498.6 + 0.3 1.1 1s-1b;1b,
B-2 493.8 + 0.h 45.8 1s -ww
B-3 486.8 + 0.4 satellite®’d
B-L 482.2 + 0.4 satellite®
c-1 L7h.6 £ 0.k 63.1 1so-lalw
c-2(sh) 469.2 + 0.6 satellite®
D-1 hs7.4 + 0.6 82.3 lso-lallal
D-2(sh) LYT7.6 £ 1.0 satellite®

aThe absolute energy of the peaks listed in
column 1 were obtained from Figure 38, page 106.

bEH ot2 is energy of the different electronic
states of the doubly charged water ion. The Ey o+2
values were calculated from equation (3—3), page 83,

CRefers to a low energy satellite line.

dB-3 could also result from a ls\v--lbelb2
transition. °©

s
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Figure 39. Molecular orbital diagranri for carbon dioxide.

(a), obtained from reference 63; (b), obtained from reference 6h;
(c), obtained from reference 1l. -
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TABLE XXTX

ELECTRON PEAK ENERGIES IN THE CARBON AND OXYGEN
K-LL AUGER SPECTRA OF CARBON DIOXIDE

Ep(C-COp) E,(0 - CO5)

Peak® (ev)P (ev)©
A-1 272.6 + 0.5

A-2 268.2 + 0.5 511.3 + 0.3
B-1' 259.7 503.54

B-1 258.3 + 0.2 501.9 + 0.3
B-2 254 .2 + 0.4 498.3 + 0.5
B-3 497.0 = 0.3
B-4 251.7 £ 0.2

B-5 249.6 + 0.3 493.3 + 0.3
B-6 24L.1 + 0.5 488.6 + 0.4
B-T 485.6 + 0.5
B-8 240.2 £ 0.6

c-1 479.7 + 0.5
c-2 235.2 + 0.5

C-3 231.5 * 0.5

c-4 412.6 £ 0.5
Cc-5 228.4 + 0.6

c-6 469.8 + 0.8
c-7 466.6 + 1.0
c-8 h63.4 + 1.2
D-1 214.1 £ 0.7

D-2 450.8 + 0.8
D-3 hhs,1 £ 1.0

aThe onset of a given peak is indicated by
a primed number.

bEA(C- 002) represents the electron ener-
gies of the different Auger lines measured in
the carbon K-LL Auger spectrum of COo (Figure
40).

cEA(O- COp) represents the electron ener-
gies of the different Auger lines measured in

the oxygen K-LL Auger spectrum of COo (Figure
41).
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the value for B-1 and equation (3-3), the minimum ionization energy
required to remove the two least bound electrons of 002 was estimated to

be 37.6 eV. Table XXX summarizes the above results.

C. Polyatomic Molecules

1. Methane and the Fluoromethanes

The K-LL Auger spectra of the carbon and fluorine elements in CHh’

CH,F, CH,F,, CHF.

XXXIX give the peak energies indicated by the arrows in each of the

and CF& are shown in Figures 43-51; and,Tables XXXI-

figures. Figure 52 gives an orbital energy diagram for the above listed

compounds.,

a. The carbon spectra. A composite of all the carbon spectra of

the fluoromethane series is illustrated in Figure 53. This figure indi-
cates an increase in the complexity of the spectra from CHM and CH2Fé
and then a leveling-off to CFh' This observation of the increasing
complexity parallels the number of non-degenerate molecular orbitals
available to form different electronic states of the final doubly charged
ion. As the number of molecular orbitals increases, the number of pos-
sible double hole combinations also may be expected to increase, thereby
enlarging the complexity of the resulting Auger spectra.

In the methane spectrum a broad maximum occurs at 250.0 eV. This can
bekassigned to transitions involving t2 electrons, i.e., ls-t.t,. process.

272
37 the appearance of a broad band has been

In photoelectron spectroscopy
attributed to (1) transitions to several unresolved vibrational states of

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

ASSIGNMENTS AND ENERGIES OF THE FINAL ELECTRONIC STATES FOR
THE DOUBLY CHARGED CARBON DIOXIDE MOLECULAR ION

Eqo,+2 E002+2
o (Carbon Data) (Oxygen Data) .
Peak eV eV Assignment
B-1' 37.8 37.5 < 36.L4 > 1s-ww
B-1 39.2 39.0 ls-ww
B-2 43.3 2.6 ls-ww
B-3 43.9 1s-ww
B-4 45.8 ls-ww
B-5- 47.9 47.6 . ls-ww
B-6 53.4 52.3 ls-ww
c-2 60.5 1s-ws
c-3 67.3 1s-ws
c-L 68.3 ls-ws
D-1 81.6 ls-ss
D-2 90.1 ls-ss

8peaks were observed in Figure L2.

bEC +2 values are the energies of the final electronic
states o%gthe doubly charged carbon dioxide molecular ion.
These values were calculated by using the carbon Auger data
of Table XXIX and equation (3-3), page 83.

®These values were calculated by using the oxygen data
in Table XXIX. The value given in brackets, 36.4 eV, was
obtained by Dorman and Morrison, reference 60, for the ap-
pearance potential of C02+2.
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TABIE XXXI

ELECTRON PEAK ENERGIES IN THE K-LL
AUGER SPECTRUM OF METHANE

Absolute Energy

Peak™ | (ev)
B-1' 255.5

B-1 250.0 + 0.5
B-2 i3z £ 1.1
c-1 237.3 * 0.8
D-1 209.6 + 0.7

®peaks were observed in Figure U43.
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TABLE XXXTI

ELECTRON PEAK ENERGIES IN THE CARBON K-LIL AUGER
SPECTRUM OF METHYL FIUORIDE

Absolute Energy

Peak” (ev)
B-1' 258.3

- B-1 256.1 + 0.k4
B-2 2k7.2 + 0.8
c-1 ' 2h2.3 + 0.5
c-2 238.1 + 0.5
D-1 231.5 + 0.4
D-2 : 223.2 * 1.0
D-3 217.1 + 1.2

a
Peaks were observed in Figure Lbk.
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- TABLE XXXTITI

EIECTRON PEAK ENERGIES IN THE FLUORINE K-LL AUGER
SPECTRUM OF METHYL FLUORIDE

Absolute Energy

Peak (ev)
B-1' 657.8
B-1 655.1 = 0.4
B-2 651.0 * 0.5
B-3 648.1 £ 0.4
B-4 6hs5.h £ 0.4
B-5 , 643.0 £ 0.5
B-6 638.4 = 0.8
B-T 635.3 = 1.0
B-8 631.6 + 0.8
B-9 626.8 £ 0.7
c-1 , 618.1 + 0.6
c-2 610.6 + 1.0
D-1 599.6 + 0.7
1.2

D-2 | 589.7 *

8peaks were observed in Figure 45.
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TABLE XXXTIV

ELECTRON PEAK ENERGIES IN THE CARBON K-LL AUGER
SPECTRUM OF DIFLUOROMETHANE

Absolute Energy

Peak” (eV)
a 260.2 * 0.7
b 255.2 * 0.5
c 252.2 + 0.7
a 248.9 + 0.6
e ' 246.9 £ 0.7
f 243.9 £ 0.6
g 239.2 * 0.7
h 23k.7 £ 0.8
i 229.8 + 1.0
J 225.0 £ 1.0
k 216.6 * 1.2

®Peaks were observed in Figure 46.
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TABLE XXXV

ELECTRON PEAK ENERGIES IN FIUROINE K-LL AUGER
SPECTRUM OF DIFLUOROMETHANE

Absolute Energy

Peak’™ (ev)

B-1' - 658.8

B-1 656.4 + 0.7
B-2 651.2 * 0.5
B-3 . 64Tk £ 0.6
B-L 6hl. T + 0.5
B-5 6u42.h £ 0.5
B-6 637.6 £ 0.5
B-T 631.8 £ 0.9
B-8 625.6 * 0.9
c-1 618.1 £ 0.5
c-2 . $11.3 + 1.2
D-1 598.0 + 1.0
D-2 » 588.7 + 1.2

8peaks were observed in Figure 4T.
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TABLE XXXVI

ELECTRON PEAK ENERGIES IN THE CARBON K-LL AUGER
SPECTRUM OF TRIFIUORCMETHANE

Absolute Energy

Peak (eV)
a 265.8 £ 0.5
b 260.0 * 0.7
c 255.5 = 0.4
a 253.0 £ 0.5
e 249.8 + 0.4
f 24T7.6 * 0.4
g 2L45.0 + 0.5
h 240.3 + 0.6
i 229.5 = 1.1
i 225.9 + 1.1
k 217.7 £ 1.5

aPeaks were observed in Figure L48.
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TABLE XXXVITI

ELECTRON PEAK ENERGIES IN THE FLUORINE K-LI AUGER
SPECTRUM OF TRIFLUCROMETHANE

Absolute Energy

Peak (eV)
B-1' 657.5

B-1 654.0 + 2.3
B-2 650.4 + 0.4
B-3 648.9 + 0.4
B-k4 646.8 £ 0.6
B-5 6kl .6 = 0.4
B-6 643.4 + 0.5
B-7 641.2 £ 0.6
B-8 636.2 £ 0.6
B-9 631.6 + 0.8
B-10 624 .b £ 0.7
c-1 617.0 * 0.6
c-2 605.6 £ 0.9
D-1 597.4 + 1.7
D-2 | 587.8 + 2.3

8peaks were observed in Figure 49.
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TABLE XXXVIII

ELECTRON PEAK ENERGIES IN THE CARBON K-LL AUGER
SPECTRUM OF TETRAFLUOROMETHANE

Absolute Energy

Peak® , (ev)
A-1 278.9 * 0.5
A-2 268.1 + 0.5
A-3 266.7 = 0.5
B-1' 259.0

" B-1 258.5 + 0.5
B-2 255.2 + 0.5
B-3 253.8 + 0.4
B-k 250.8 + 0.3
B-5 248.2 + 0.7
B-6 245.9 + 0.5
B-T 240.9 + 0.7
c-1 - 230.2 + 0.8
c-2 227.1 £ 0.7
c-3 218.5 + 1.1

8peaks were observed in Figure 50,




133

TABLE XXXTIX

ELECTRON PEAK ENERGIES IN THE FLUORINE K-LL AUGER
SPECTRUM OF TETRAFLUORCMETHANE

Absolute Energy

Peak" (ev)
B-1' 657.5

B-1 ' 655.9 + 0.8
B-2 . 651.0 £ 0.4
B-3 648.0 £ 0.4
B-4 645.5 £ 0.5
B-5 . 643.9 * 0.5
B-6 642.3 £ 0.4
B-T . 640.3 £ 0.6
B-8 634.8 £ 0.6
B-9 631.0 £ 0.9
B-10 623.8 + 0.6
c-1 615.7 * 0.6
c-2 , 604.3 + 1.0
D-1 ' 596.8 + 1.3
D-2 587.1 * 2.0

aPeaks were oObserved invFigure 51.
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or (3) transitions which involve pre-dissociation. Siegbahn et alll

have suggested that the broad band in methane results from the rapid pre-
dissocigtion of CHM+2' To support their suggestion they measured the dis-
sociation eﬁergy of CH4+2 (-13 eV), or C2H6+2 (-8 ev), and of C6H6+2
(+1.3 eV); and,they relate the cbservation of the sharp peaks in the ben-
zene Auger spectrum to the stability of C6H6+2' However, the t24 elec-
tronic configuration of CH);'2 would exhibit Jahn-Teller distortion. The

degeneracy of the t, state would be expected to be split and, consequently,

2
Auger transitions to these different states might also be the reason for
the observed broad band. Thus far, no calculations on the electronic
states of CHM+2 have been attempted. If Jahn-Teller distorted final
states are the cause of the observed broad band for the ls-t2't2 process

in the methane spectrum, one might expect a decrease in the FWHM (full
width at half maximum) of the peak attributed to this process, as one pro-
ceeds from CHM to SiHu to CFM where the amount of splitting of the elec-
tronic states is known to decrease. This supposition is made by analogy
to the band widths observed upon the removal of a t2 electron in the
photoelectron spectrum of CHA’ SiHu and CFh' The FWHM of the peak in the
Auger spectrum resulting from the ls-t2t2 process does, indeed, decrease

in this series.

The strongest peak appears at 249.2 eV for CH.F, 248.9 eV for CH

3 ofos
249.8 eV for CHF3, and 250.8 eV for CFh; and, the FWHM decreases from a
broad band of 6.7 eV for CH), 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 previously with the diatomic molecules (Section A of
Chapter III), analyses of the peaks in a K-LL Auger spectrum are assisted
by the division of the spectrum into different regions. For example, in
the methane spectrum (Figure 42, page 113) peaks B-1 and B-2 most likely

involve the t2 electrons in the Auger process, C-1 most likely originates

from ls-alt2 processes, and D-1 from a ls-alal process.

The carbon Auger spectrum of tetrafluoromethane (Figure 50, page 123)
is also divided into different regions according to the electrons involved

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

C

ltl; le) involves essentially all fluorine-like electrons. These transi-

tions appear low in intensity compared to the ls_~ww processes in the

F
fluorine spectrum (see Figure 51, page 124). 1In Figure 50, the strongest

peak at 250.8 eV possibly results from a lsc-2t23t2 process, and the peak

at 230.2 eV originates from a ls -lt23t2 process. This assignment is

c

formulated from the large 2p-carbon character in the lt2 and 2t2 orbitals.

Peaks A-1l, A-2 and A-3 are probably due to autoionization.

11

Division of the carbon spectra of mono-, di- and tri-fluoromethane
into different regions is difficult because there are many electrons with
different energieé avallable to fill the 1s carbon vacancy. However, some .
tentative assignments are given to the methyl fluoride spectrum (see
“I'able XL).

If we assume that the first peak in each spectrum results from a
lsc—ww process to lowest energy electronic state of the doubly charged
ion, then estimates of ECHX

move the two least bound electrons from a neutral molecule, can be made.

+2(min), the minimum energy required to re-
FY

E (min) values of 35.2, 35.2, 36.9 and 40.3 were ascertained by

CH,F,+2
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TABLE XL

SUMMARY OF THE RESULTS OBTAINED FROM THE K-LL AUGER SPECTRA
OF METHANE AND THE FLUOROMETHANES

Compound  Spectrum® Process E(CHxEy)+2b 1(x)-1¢ 1(x)-24
CH), c ls-toto (35.2) 12.8 22.4
C 1s-apt, 53.4
C 1s-aja] (61.1) 23.1 38.0
CH3F c 1s-mgTe (35.2) 12.5 22.7
o ls-ajaj 62.0 23.h4 38.6
C ls-alal(F) 70.3 7
CHSF F 1s-ay(F)ay (F) 92.8 39.7 53.1
CHF3 F (36.9)
CF), c 1s-3tp3t, (42.8) 16.2 26.6
C 1s-2t53ts 51.0
C ls-1tp3t, TL.6
CF), F (37.9)

%C and F represent the carbon and fluorine K-LL Auger spectra,
respectively, of the compound listed in column 1.

bE(CHXFy)+2 represents the energy of the final doubly charged
ion of CH.F,*2. x and y can vary from O to L4, such that x + y = k,
The values {isted in parentheses represent the minimum energy re-
quired for the process listed in column 3.

°I(x)~1 is the first ionization energy for a given orbital X.

d‘I(X)'2 is the second ionization energy for a given orbital X.
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1
using: the onset of the first peak, B-1 ; the ls binding energies of

carbon in CHh’ CH_F, CHF. and CFM; and equation (3-3), page 83. These,

3 3

along with some additional calculations from the observed carbon and

flucrine data, are summarized in Table XL.

b. The fluorine spectra. Figure 54 shows a composite of all the

fluorine K-LL Auger spectra of the fluoromethane series. The main peaks
in each spectrum appear at approximately the same energy; however, small
differences in structure appear in the processes that reflect differences

in the chemical bonding, i.e., the ls_-ww processes. If the first peak

F

is due to the removal of the two least bound electrons, then E.., o +o(min)
Xy

can be estimated (see Table XL).

2. Silane and Silicon Tetrafluoride

Thus far, ﬁe have discussed the Auger spectra of molecules with only
the K and L shells occupied. The inclusion of silicon-containing com-
pounds in the list of materials studied allows for the study of Auger pro-
cesses involving the M shell. Also the two silicon compounds allowed one

to study Auger processes of molecules occurring beneath the valence level.

a. The silicon I-MM spectra. Figures 55 and 56 illustrate the

silicon I-MM Auger spectra of SiHh and SiFh, and Tables XLI and XLII list
the energies of the observed structure. In the silane spectrum, Figure 55,
there exists a broad maximum at 73.7 eV of approximately 2.7 eV FWHM.

Also, some sharp peaks are observed at 77.T7, T7.0 and T6.h4 eV. 1In the
silicon tetrafluoride spectrum, Figure 56; there exists little strucﬁure
superimposed on a high background. The main band appears at 66.3 eV of

approximately 3.0 eV FWHM.
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TABLE XLI

ELECTRON PEAK ENERGIES IN THE SILICON
L-MM AUGER SPECTRUM OF SILANE

a Absolute Energy
Peak ‘ (eV)

8Lk.h4 + .5
81.8 + .5
TT.7T £ .k
TT7.0
6.1
T3.7
T1.0
68.0
63.3
58.5

o ®
H+

+

I+

+

3
3
6
.8
6
8
0

5 R H 0O A0
+

I+

1=
I+

l‘

[N%
I+

8peaks were observed in Figure 55.




1hk

TABLE XLII

ELECTRON PEAK ENERGIES IN THE SILICON L-MM
AUGER SPECTRUM OF TETRAFIUOROSILANE

Absolute Energy

Peak" (ev)
a 66.3 + 1.1
b 58.5 £ 1.1
c 55.7 + 1.k
d 46.0 £ 1.6

8peaks were observed in Figure 56.
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Comparison of SiH), with CH) Auger spectre (Figure 55, page 141, and
Figure 43, page 116) presents a narrower main peak in the case of SiH),
suggesting (1) a greater stability of SiH)_:"2 compared to CHM+2’ or (2) a
smaller‘splitting of Jehn-Teller distorted electronic states with SiHu+2.

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

b. The silicon K-LL spectra. Silicon K-LL Auger processes take

place beneath the valence M level. The K- and L-shell electrons are
localized on the silicon atom; thus changes in the K-LL Auger line ener-
gies result mainly from a changebin electron density surroundingAthe
silicon, such as may occur with changes in the oxidation state. These
changes or chemical shifts have been thoroughly exploited in the case of
photoionization and have proved to be a powerful tool for chemical analy-
sis. A chemical shift of 5.5 * 0.7 eV was witnessed in measuring the K-LL
Auger spectra of SiHu and SiFh (Figures 57 and 58). Tables XLIII and XLIV

give the energies of the lines observed in the SiHu and SiFu spectra.

c. The fluorine spectrum of tetrafluorosilane. The fluorine K-LL

Auger spectrum of SiFu is similar in appearance and energy +to that ob-
served with fluorine spectra of the fluoromethanes and for this reason is
included in Figure S4, page 140. Also, the spectrum is presented in

Figure 59 and Table XLV lists the energies of the observed peaks.
D. Tabulation of Results

The identification of the normal lines in the Auger spectra allows
for the calculation of (l) the minimum energy required for double elec-
tron removal from the ground electron state of a neutral molecule (Table
XIVI) and (2) the second ionization‘energy for a given molecular orbital

(Table XIVII).
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TABLE XLITI

ELECTRON PEAK ENERGIES IN THE SILICON
K-LL AUGER SPECTRUM OF SILANE

Absolute Energy

Peak”™ (ev)
a 1599.8 £ .3
b 1592.7 £ .bL
c 1591.0 * .4
d 1586.5 £ .6
e 1583.8 = .5
£ 1579.2 * .5
g 1571.8 + .6
h 1558.8 + .4
i 1549.7 £ .6
J 1542.0 = .3
k 1533.0 + .k
1 1521.4 + .8
m 1497.7 + .6
n 1489.6 + .8

@peaks were observed in Figure 5T7.
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TABLE XLIV

ELECTRON PEAK ENERGIES IN THE SILICON K-LL
AUGER SPECTRUM OF TETRAFLUOROSILANE

Absolute Energy

Peak (ev)
a 1593.8 £ .3
b 1587.2 + .4
c 1585.5 + .4
a 1582.0 + .4
e 1579.1 = .6
f 1575.5 = .5
g 1571.0 = .8
h 1553.3 £ .4
i 1545.2 £+ .8
J 1537.0 = .L

8peaks were observed in Figure 58.
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impact. :
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TABLE XIV

ELECTRON PEAK ENERGIES IN THE FLUORINE K-LL
SPECTRUM OF TETRAFLUOROSILANE

Absolute Energy

Peak” (ev)

B-1 651.6 £ 1.0
B-2 643.2 £ 0.4
B-3 641.8 + 0.4
B-4 637.9 £ 0.4
B-5 633.6 £ 0.7
B-6 630.2 * 0.4
B-7 62L4.5 + 0.k
c-1 615.9 = 0.k
c-2 608.1 £ 1.5
D-1 596.3 £ 0.5
D-2 589.0 + 1.5

a .
Peaks were observed in Figure 59.
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TABLE XIVI

MINIMUM ENERGY REQUIRED FOR DOUBLE ELECTRON REMOVAL
FOR A NUMBER OF SIMPLE MOLECULES AS MEASURED
BY AUGER SPECTROSCOFPY

EX+,2(min)a
Molecule (eVv)
N2 42.9
0o 37.4
co ho.2
NO 35k
H,0 39.2
002 37.6
CH& 35.0
CHBF 35.0
CHF3 36.9
or, | 40.k

aEX+.2(min) is the minimum energy required to
remove the two least bound electrons from the ground
state of a neutral molecule, as determined from the
onset of the normal Auger lines.
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TABLE XIVIT

SECOND IONIZATION ENERGY OF A MOLECULAR ORBITAL FOR

SCME SIMPLE GASEOUS MOLECULES AS MEASURED
BY AUGER SPECTROSCOFY

Process 1(x)-2
Molecule. (1s-xx) e

’N2 1s-280250, 57.6
02 lS-2pﬂg2pﬂ 25.3
co 1s o-2scb2s§b 56.6
H20 lso-lbllbl 26.6
CH), 1s-tpt, 22.1
ls-aq8q 37.8

CH3F _ lsgo-m g 22.7
CH3F lsF-al(F)al(F) 53.1
CF), 1s,-3t53t, 26.6

aI(X)'2 is the second ionization energy for a
given orbital X that is involved in the transition
ls-xx in column 2.
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CHAPTER IV
SUMMARY

Auger electron emissions have been examined from some simple gaseous

molecules (N2, 0,, CO, NO, H,0, CO,, CH),, CH3

and SiFu). An attempt has been made to separate each spectrum into

F, CHyF,, CHF, CF), SiH)

regions so as to distinguish the normal Auger processes from the satel-
lite processes. After analyzing the Auger spectrum for high energy satel-
lite contributions a simplified shell model (ignoring any coupling schemes )
was used in determining for some of the molecules the molecular orbital
occupancy and the final electronic states of the doubly charged ion in-
volved in the Auger transition. Besides obtaining information about

doubly charged ions, high resolution Auger spectroscopy affords one a

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

ing initial excitation processes that can occur in molecules.
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