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ABSTRACT

High resolution x-ray photoelectron core level spectra for a variety of
transition metal complexes and metalloproteins are presented and related
to questions of surface reactivity, electronic structure and metal ion

valency. Core level spectra of VOSO VBZ’ V203, V205, V, VN, Na_VO

4° 37747
BZOS’ B, HSBOS’ NaZB4O710H20, Au,Laccase, Stellacyanin, Plastocyanin,
Hemocyanin, Spinach Ferredoxin, High Potential Iron Proteéin, Fe4S4(SEt)42',
FeZ(SCHZCHZS)42‘, Fe(SPézN Pézs)z, Fe(SP¢2NP¢20)3, Fe(SP¢2NC(NC4H8)S)3,
Cu(BuSCHZCOZ)z, CuS(SC(CHS)ZCH(NHZ)COZ)

,» Cu(0,CCH,S(CH,),SCH,CO,)

CuClz(n—Bu S(CHZ)ZS-n—Bu), Cu(n-Pr(C4H4N20H)5) are reported.
Electron binding energies correlated by internal referencing are tabulated

for the species studied.

Charging effects in insulating chemical species are quantified and used
to examine the electronic and chemical properties of the compounds
studied. It is demonstrated that charge neutralization in electron
spectroscopy is primarily due to capture of secondary electrons in the

sampie chamber with average kinetic energies below 6 eV,

Data handling methods for noise removal based on Fourier methods are
presented. Treatment of the observed photoelectron line shape is given

and spectral deconvolution is employed in data analysis.

Passivation reactions on vanadium diboride in carboxylic acid attack are
attributed to the formation of surface vanadium oxides. Quantitative
aspects of the electron spectra are developed, together with observed
charging phenomenon, to show the unperturbed cbservation of adsorbed species

on catalytic vanadium oxides.
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The valency of copper in Laccase is studied by means of new copper
sulfo-complexes and the well-defined proteins Stellacyanin and Plasto-
cyanin. Type 1 and Type 2 copper is observed and Type 3 copper is described

by a Cul-S-S-Cul model. Oxyhemocyanin is also studied and assigned in

terms of a cupric model.

The Fe4S4(Set)42‘ cluster complex is examined and the mercaptyl and
sulfido sulfurs are assigned. Only one iron state is observed, FeIII,
supporting the delocalized model of this species. It is suggested that
the oxidized and reduced cluster species can be stabilized in the electron
spectrometer, By comparison of the photoelectron spectra, the cluster
complex is shown to be a reasonable model for 2-Fe and 4-Fe Ferredoxins

and a discussion of the spectral differences is given.

The experimental parameters necessary for the successful study of metallo-
proteins by photoelectron spectroscopy are developed in terms of elemental
sensitivity, decomposition pro

standards, sample preparation and thermal effects.



iI.

I1I.

vi

TABLE OF CONTENTS

INTRODUCTION

GENERAL THEORETICAL CONSIDERATIONS

A. Theory of Photoelectric Emission

1. General Einsteinian Equation
2. Work Function Treatment
3, VC Effects

B. Core Electron Binding Energy Shifts

1. Free Atom Description

2. Approximate Molecular Models
3. Solid State Complications

4. Reference Level

C. Second Order Effects

1. Multiplet Splitting
2. Electrostatic Splitting
3. Satellite Transitions

D. Quantitative Aspects

i. Transition Probabilities
2. Empirical Relationships

EXPERIMENTAL METHODS

A. General Experimental Description

. Basic System
Vacuum Requirements
X-ray Contributions

AR N

B. Instrumental Characteristics

1. USU Spectrometer
a. Vacuum Level
b. Magnetic Shielding
¢, Multiple Image Processes

Observed Line Width Contributions

Page

i1

14

22

25



vii
2. McPheérson ESCA 36

a. High Resolution Analyzer
b. Sample Chamber Configuration

C. Voltaic Potential Effects 31

1. Flood Gun Experiments
2. Bias-Potential Method

D, Sample Preparation 40

1. Observational Depth

a. Surface Effect
b. Contamination
¢. Oxidation-Reduction
d. Success of Anaerobic Conditions
e. Reproducibility
2. Mounting Methods 43
a. Metals
b. Solids

1. Powders on Adhesive Tape :
Powder Pellatizing on Graphite Substrates
Physical Abrasion on Soft Coarse Metal Substrates
Compression on Metal Grids
Slurry Deposition
. Thin Films from Solution Deposition
a. Amorphous
b. Single Crystals
¢, Liquids
1. Frozen Solutions
a. Freeze Drying
B b. Thermal Variation of Work Function with
Temperatures
2. Liquid Beams

AUV LW

3. Particle Size Effects 45

iv. DATA ANALYSIS

A. Description of Data Characteristics 46
1. N(E) Distribution
2. Channel Sampling
3. Time-Averaging
4, Observed Line Widths



viii

B. Standard Smoothing Methods

1. Moving Average
2., Triangular Weighting Functions
3. Least Squares Convolution Functions

C. Fourier Noise Filtration Methods

Frequency Analysis of Signal
Power Spectral Density of Noise
Frequency of Instrumentally Generated Noise
Truncation of Higher Order Terms
a. Sin (x)/x Convolution in real domain
b. Ringing Oscillations
5. Optimal Resolution Filtration
a. Estimation Methods - Wiener Filter
1. Derivation '
2. Application
3. Noise/Signal Sample
b. Detection Methods - Matched Filter

B BN e

D. Deconvolution

1. Experimental Basis
2, Instrumental Broadening Functions
3. Preliminary Results

A, Introduction

1. Preparation of Vanadium Carboxylate Dimers
2., V,0g Catalysis
3 Cﬁarging Effect Experiments

B. Experimental

1. Source of Vanadium Compounds
a. VB, Samples
b. Vanadium Model Compounds
2. Mounting of Samples
a. Graphite Pellets
b. Abrasion into Coarse Al Plate
3. Flood Gun Experiments
4, Bias Potential Results

50.

51

55

72

74

75



ix

C. Results and Discussion 81

. 1. Spectral Analysis of VB, spectra
a. Charging Experiments
b. Oxidation Effects
c. Passivation Differences
d. Quantitative Analysis of Surface Composition
e. Differential Analysis of Sample Charging Behavior

2. Model Compound Studies : 93
a. This work
1, Oxide Overlayer
2. Charging Variations
b. Previous Studies - 113

VI. COPPER METALLOPROTEINS 120

A. Introduction 124

1. General Problem of Valency in Metalloproteins
2. Previous ESCA Protein Studies

B. Experimental 128

1. Sample Source

[« N3, B - R ¥

a.
b.

Buffered Solutions
Freeze-dried Specimens

ESCA Sample Preparation

a.
b.
c.
d.

Air Dried Thin Films
Frozen Solutions
Variable Temperature
Charging

Radiation Decomposition
Photo Reduction

Energy Reference Standards
Curve Analysis

Results and Discussion

1.

Model Complex Studies

a.
b.
c.

Binding Energies
Satellite Observations
Photo Reduction

Model Copper Proteins

a.
b‘
c.

Stellacyanin
Plastocyanin
Reference Energy Charge with Internal Standard

147

160 -
165



3. Laccase 172
a. Binding Energies

b. Quantitative Analysis of Photo Reduction Products
c. Satellite Observation
d. Decomposition of Protein
e. Sulfur Electron Spectra 183
f. Difference Analysis of Model Complex Data
g. Valency Assignments
4., Hemocyanin 187
a. Binding Energies
b. Satellite Observations
c. Copper Spectra
d. Oxygen Spectra
e. Valency Assignments
D. Conclusions , ; 188

VII. STUDIES OF THE IRON-SULFUR MOIETY IN 2-IRON AND 4-IRON FERREDOXINS

A. Introduction . 192

1. Iron in Proteins ,
2. Electron Spectroscopy of Sulfur Containing Compeunds

B. Experimental © 196
1. Sample Sources
2. Anaerobic Preparation
3. Energy Reference Standard
4, Curve Analysis

C. Results and Discussions _ 201

1. Model Complex Studies
a. Cluster Complexes
1. Holm's Compound
2. Other
3. Oxidation Effects
4. Difference Analysis
b. Iron-Sulfur Complexes ‘ 225
1. Fe Spectra
2. Sulfur 2p Region
3. Other Spectral Regions
2, Ferredoxin Spectra 252
a. Iron Spectral Region
1. Binding Energies
2, Multiplet Splitting
3. Magnetic Broadening



Xi

b. Sulfur Spectra 258
1. Oxidation Effects

-y

2. Labile Sulfur Assignments
D. Conclusions 263
1. Iron Spin State

2. Sulfur Protein Environments
3. Future work

VIII. CONCLUSIONS 266

A. Application of ESCA to a Variety of Fundamental Problems
B. Experimental Design Criterion
C. Passivation Studies of VB
D. Valency in Copper Metalloproteins
E. Studies of Sulfur Environments in Proteins )
F. 1Iron Cluster Complexes as Models of Iron-Sulfur Proteins
G. Data Handling Methods
IX.  APPENDICES
A. 1Index of Spectra 280
B. Electron Energy Diagrams 283
C. General ESCA Data Analysis Program 289
X.

PROPOSITIONS 301




I. INTRODUCTION

The application of spectroscopic techniques, which profile the interaction
of electromagnetic radiation with matter has yielded information about
the electronic structure. Generally, these techniques measure relation-

ships between species in the ground state and in the bound excited states.

A few years ago, K. Siegbahn's ESCA monograph1 excited new interest in a
spectroscopic method which made possible the direct study of the energy

distribution of bound electrons in atoms, molecules and solids.

This method required the illumination of a sample with electromagnetic
radiation and the analysis of the kinetic energy or momentum distribution
of the photoelectrons emitted. A considerable number of reviews of the

. ‘

theory2,3,%, experiment®,® and application’,® of electron spectroscopy

have appeared since the pioneering work of the Uppsala group.

1. Siegbahn, Kai; Nordling, Carl; Fahlman, Anders; Nordberg, Ragnar;
Hamrin, Kjell; Hedman, Jan; Johansson, Gunnilla; Bergmark, Torsten;
Karlsson, Sven; Lindgren, Ingvar; Lindberg, Bernt; Electron Spectros-
copy for Chemical Analysis - Atomic, Molecular and Solid State Studies
by Means of Electron Spectroscopy, Almqvist & Wiksells Boktryckeri
AB, Stockholm, Sweden, 1967,

Hollander, J.M., and Shirley, D.A., Ann. Rev. Nuci.Sci., 20, 435 (1970j.

3. Siegbahn, et. al., ESCA Applied to Free Molecules, North Holland,
Amsterdam, 1965.

4. Gelius, U., Molecular Orbitals and Line Intensities in ESCA Spectra
Uppsala University, Institute of Physics, Publication #753, November
1971.

Fadley, C.S., Thesis, University of California, Berkeley, 1970.

6. Pollak, R.A., Thesis, University of California, Berkeley, 1972.

Bremser, W., Xray Photoelectron Spectroscopy, in Topics in Current
Chemistry, 36, *Springer-Verlag, Berlin, 1973.

8. Hercules, D.M,, Analytical Chemistfy;pfz, 20A, 1970.
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The electrons of interest escape from a depth of 4 to 120 R inside the

solid sample and are not perturbed by collision. The observed energy of
the photo-emitted electron is related to the atomic number of the emitting |
atom as well as the principal quantum number of the bound electron, the

- angular momentum and the chemical environment. The discovery of the
chemical shift of the core electron binding energies promised considerable

information about chemical structure.

Initial enthusiasm for this new form of spectroscopy was dampened because
of experimental and instrumental difficulties: (1) The chemical shift is
small in relation to the natural X-ray line widths and instrumental
resolution. (2) Surface contamination of samples gave rise to data which
was not representative of the bulk material. (3) The sample often
deoomposed in the vacuum or suffered radiation damage. (4) Charge built
up on the sample altered the energy of emitted electrons in a non-repro-

ducible mannezx.

Because of the great potential of this method as an analytical tool, the
author decided to overcome these difficulties and to study.the electronic
structure of transition-metal complexes.v Also, it seemed important to
apply ESCA to bio-inorganic chemistry, incorporating transition metals.
Here enzymatic activity at specific sites? (often called active sites)

can be studied, especially as regards oxygen and electron transport.

9. Gray, H.B., Structural Models for Iron and Copper Proteins Based on
' Spectroscopic and Magneétic Properties in Bioinorganic Chemistry,
Advances in Chemistry, 100, American Chemical Soc., Washington, D.C.,
1971,
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Model complexes have been developed, which approximate the metal-protein
environment. To such systems standard spectroscopic techniques as well

as magnetic and electrochemical methods have already been applied?;10-11 .

Metal ions at active sites of enzymes have unusual ligand configurations
probably as a result of their unique electronic structure. To devise
a model requires knowledge of the identity of ligands, their coordination,

and their physical accessibility.

The present work has concerned itself with a series of copper and iron
metalloproteins for which well-characterized model complexes were avail-
able. The valency and site environment of the metal were determined in
laccase and hemocyanin. Concurrently, sulfur environments in metallo-
proteins were studied. A similar study of the iron-sulfur clusters in

ferredoxins was carried out.

In this thesis emphasis is placed mainly on the experimental aspects as
regards ESCA and metalloproteins. Radiation damage, dehydration in
vacuum and thermal decomposition were monitored. An energy referencing
system was devised for the comparison of model complex and protein

spectra.

10, Tsibris, J.C.M., and Woody, R.W., Coordination Chemistry Reviews,
Elsevier Publishing, Amsterdam, 1970.

s
e
.

Williams, R.J.P., Role of Transition Metal Ions in Bioclogical
Processes, R.I.C. Reviews, 1, 13 (1968),
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Special sections of this thesis are devoted to the description of

experiments concerning charging effects and to removal of noise through

data-handling methods.

X-ray photoelectron spectroscopy is limited to the examination of only
the first few angstroms of the surface of a solid and seems to be an
ideal tool for the study of the passivation of vanadium diboride. 1In
this case, the study of charging effects leads to increased structural
information. The results of this study are compared with data recently
obtained elsewhere on catalysts consisting of vanadium oxide and vanadium-

molybdenum oxides.
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11, GENERAL THEORETICAL CONSIDERATIONS

A. Theory of Photoelectron Emission

The work reported in this thesis concerns the interpretation of photo
emission spectra resulting from X-ray adsorption by core levels. Several
detailed reviews of theoretical aspects of electron spectroscopy are
given in the literaturel,2,%,8  The recent treatment by Fadley!? is

the most rigorous one. The energy conservation equation for a free atom

or molecule is

hy + EL = By * efgyr e
where

hv = photon energy

Ei = total initial energy of the adsorber

EKIN = Kinetic energy of the photo-electron

Ef(k)' = total final energy of the adsorber after the

ejection of an electron from the Kth orbital
as a photo-electron

For atomic states, the index k stands for the quantum numbers nl or nlj.
For molecules, k is determined by the overall symmetry of the adsorbing
molecular orbital. E' and Ef(k)' may include contributions from

electronic, vibrational, rotational and translational energies.

The energy perturbation caused by factors other than X-ray adsorption
{thermal excitation, secondary electron collision) are small compared to
the resolving power of the instrument, which is 0.55 eV. Thus E' is

assumed to be unique or single-valued.

12. Fadley, C.S., Iggoretical Aspects of Electron Spectroscopy, NATO
Conference on Electron Fmission, Ghent, 1973,
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Relaxation processes can lead to uncertainty in the final energy of

the state (Ef(k)). The photoelectron velocities arising from irradiation
by soft X-rays are approximately non-relativistic. Considering momentum
conservation Ef(k)‘ can be written as the sum of a recoil energy Er plus
a term containing the energies corresponding to all other»modes of

motion Ef(k)

!
efag’ - B+ ef ) . (2)
For a given hv and EKIN’ Er increases with decreasing atomic or molecular
mass!. The recoil energies for different atoms calculated by Siegbahn

are: H - 0.9 eV, Li - 0.1 eV, Na - 0.04 eV, K - 0.02 eV, Rb -~ 0.01 eV
(AlKa, EKIN = 1486 eV). Er can be neglected with respect to instrumental
resolution, and equation (1) reduces to

hvt B = B+ BTG (3)

The binding energy of an electron is defined as the positive energy -
required to remove it to infinity with zero kinetic energy. Representing
the binding energy of the kEb- electron by Eb(k), this relationship is

B, (K) = fag - B! (4)
and equation 3 can be rewritten as

hv = EKIN + Eb(k) . (5
Since equation (5) refers to an atom or molecule in free space, this
binding energy is referenced to the vacuum levei, and applies only to
gases. As shown in Figure 1 , solid specimens are electrically connected

to the spectrometer and rest at a fixed potential.



FIGURE 1 hu

Specimen : Spectrometer
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Energy-level diagram for a metallic specimen electrically
connected to an electron spectrometer. The closely spaced
levels near the Fermi level E_, represent the filled portion
of the valence bands. The deeper levels are core levels.

An analogous diagram also applies in principle to semi-
conducting or insulating specimens, with the only difference
that E_, lies somewhere between the filled valence bands and
the empty conduction bands above.
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At absolute zero, the Fermi level, EF’ for a metal is the highest
occupied level. This interpretation of EF is approximately correc§

at room temperatures. The work function, ¢, for a solid is defined as
the energy separation between the vacuum and the Fermi levels. When
the specimen and spectrometer are in thermodynamic equilibrium, the two
Fermi levels will rest at the same potential. The respective vacuum
levels need not be equilivant; see Figure 1. When the photo eiectron
passes from the sample to the analyzer, it will experience a potential

equal to ¢S - ¢ where ¢s is the work function of the sample.

spectrometer

The kinetic energy, E N’ of the electron inside the analyzer is related

K1
to the escaping kinetic énergy, EkIN’ at the sample surface by

= 1 -
EKIN E KIN ¢s ¢spectrometer : (6)

Binding energies in a metallic solid can be measured easily relative to
the Fermi levels of sample and spectrometer. For solids, equation (5)
becomes

hv = E + B (K3 + ¢ (7

spectrometer’

where the superscript F refers to referencing at the Fermi ievel.
In semiconductors and insulators, the Fermi level is not easily defined,
since it lies somewhere between the valence bands (predominately filled)
and the conduction bands (predominately unoccupied)!3. Thermodynamic
equilibrium does not occur when the specimen impedes replenishing of the

ejected electrons.

13. Kittel, C.K., Solid Staté Physics, Wiley, (1968) 2nd Edition, 1973.
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Charging effects result in a net retardation of the photoelectrons
before they enter the spectrometer. The magnitudes of these effects
vary from 1 to 100 electron volts and are observed for both solids® and
gases3, The charging shift depends upon the photon flux, the secondary
electron flux from spectrometer surfaces, the temperature, and the

surface and bulk conductivities of solid samples.

If the charge is uniformly distributed over the surface of the sample
(of magnitude, V.) then, equation 7 becomes
F
hv=Eyy + B () + Vo + ¢spectrometer : (8)
If VC is presumed to be zero, the binding energies would appear to be
higher than they actually are. A non-uniform charging potential would

result in a broadening and distortion of the photoelectron peaks.

B. Shifts in Binding Energy of Core Electrons

Molecular formation and reaction causes redistributions of valence
electrons compared to the free atom. These redistributions affect the
potential of the inner electrons and result in changes in their binding

energies.

In Siegbahn's model! for predicting chemical shifts, the valence electrons

are represented by a spherical shell of negative charge. The potential

exerted by this shell on the core electrons within it is given by
v=selr, (9)

where § is the number of valence shell electrons and r is the raaius

of the shell., If one electron is lost, the screening potential seen by

the core electrons is reduced by |

AE = ez/r s (10
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which is equivalent to the chemical shift. This model correctly pre-
dicts the order of magnitude of the chemical shift but overestimates

the extent of charge transfer.

The chemical shifts of all core levels should be the same by this free
atom model. Fadley, et al.l", in an investigation of iodine compounds,
found that the shifts in the 251/2, 2p1/2, 2p3/2, 3d3/2’ 3d5/2’ 451/2,
and 4p3/2 levels of iodine were equal within experimental error. Oxida-
tion number was the first empirical quantity used to predict the chemical
shift. This parameter, however, gives a poor illustration of the actual
charge distribution in molecules., Here, the distribution is better
approximated by a number of other models. The most important of these
are:

1. The Pauling Valence Bond (PVB) model

2. The extended Huckel Molecular Orbital model

3. The CNDO molecular orbital method.
The PVB method empirically correlates bond lengths and electronegativitieé
to estimate the distribution of atomic chargel!3. The atom~charge is
the sum of the formal charge on atom A and the charge transferﬁed from
bonds of partial ionic character, Expressing this algebraically,

q = QA * ZB#API s (113

where

14, Fadley, C.S., Hagstrom, S.M.M,, Klein, M,P., and Shirley, D.A.,
J. Chem. Phys., 48, 3779 (1968).

15. Pauling, L., The Nature of Chemical Bond, Ithaca, New York, Corneli
Univ. Press, 3rd edition, 1960,
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QA = formal charge on covalently bonded atom A
I £ summation over all bonds to atom A
n = average bond number

i

partial ionic character of bond

I{

i

: 2
1 - e~0.25 (xA-xB)

and Xp = Xp= electronegativity difference between A and B.

The predictability of these models was evaluated by Hollander and ShirleyZ2,
The CNDO method gave the best correlations with experiment, while the
empirical PVB model gave better results than the extended Huckel treat-
ment.,

C. Second Order Effects

if the initial state has a non-zero angular momentum J, then the hole
created by the ejection of a core electron can couple to J to form

two or more final states. This effect has been termed multiplet split -
ting®. Unrestricted Hartree-Fock calculations!® predict splittings of
up to 12 eV, The free-atom model predicts that thé relative intensities
of the multiplet peaks are given by the statistical weight of the two

final states.

For example, in the spectrum from the Mn2+ ion, (ds high spin)
the final state spin (J) can be 5/2 * 1/2 and the multiplet intensities
would be in the ratio of 2J + 1 or 7:5. The splitting observed for a

series of iron compounds® was 6 eV or about half the splitting predicted.

16, Bagus, P.S. and Liw, B., Phys Rev., 148, 79 (1966)
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Processes involving moré than one electron were first sfudied in detail
by Kraus, Carlson and co—workersl7:18’19; These studies of neon and
argon used photon energies of 270 eV to 1.5 keV. Two and three-electron
transitions were predicted in photon adsorption with prbbabilities as

high as 20% for each adsorbed photon.

Two types of two-electron transitions can be distinguished depending on
whether the second electron is excited to a higher energy bound state
(shake-up) or to an unbound continuum state (shake-off). These transi-
tions can be written
Shake-up: ' o (12)
(1) g m'19P B 01)9° 1 (1P 1mniny 4 Photoelectron
Shake-off: a3

m1) @'19P ¥ Tt 1Pl n3nye+ photoelectron,

KIN
where (n'l’)p represents some outer subshell from which the second elec-

tron is excited.

Both processes lower the kinetic energy of the primary photoelectron,
which leads to sateilite structure on the low-kinetic emergy (high

binding energy) side of the peak.

17. Kraus, M.O.; Vestal, M.L.; Johnston, W.H.; and Carlson, T.A.;
Phys Rev, 133, A385 (1964)

18, Carlson, T.A., and Kraus, M.0O., Phys Rev, 137, Al655 (1965)

19, Kraus, M.O., Carlson, T.A., and Desmukes, R.D., Phys Rev, 170,
37 (1968)
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Initial work also demonstrated that for AlKq photons shake-off structure

should be seen for binding energies less than 500 eV.

Multiple-electron transitions have been predicted for metals20,21,

These processes are complicated by plasmon excitation.

D.  Spectral Lines and Irntensity Distributions

X-ray photon adsorption can result in the stimulation of four different

processes as detailed in Fig. 28,

The initial X-ray capture results in promotion of an electron to either
a bound state (X-ray adsorption) or to the vacuum continuum (X-ray
photoelectron emission). In either case, a K state vacancy

is created.

Part of the energy of the photon stored in the system is dissipated by
electron relaxation which can result in either X-ray fluorescence or
Auger-electron emission. The potential emission of Auger electrons
complicates the interpretation of the observed kinetic enmergy distribu-
tion,N(E) ,because the apparent binding energies corresponding to the

peaks are independent of the energy of the incident X-ray photons.

In general, photoelectron and Auger-electron lines can be separated if
appropriate target materials are used (thus selecting the most suitable
characteristic radiation). In most cases it requires substantial effort

to change the target.

20. Hedin, L., and Lundqvist, S., Solid Stdte Physics, 23, 1 (1969)

21. Doniact, S., Phys Rev, B2, 3898 (1970)
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TABLE 1

PHOTOELECTRON AND AUGER LINES

(Al Xrays)

(A = Auger line; 1 = sub 1/2; 3 = sub 3/2; 5 = sub 5/2; 7 = sub 7/2)

18 * Hf4f 63 * Nals 110 Tedp 180 * Tmdad 271 Gdap3
26 * Tadf 65 HfSs 111 * Bels 181 Geds 273 * 0s4d5
29 * Ge3d 66 PtS5pl 111 * Rb3d 182 * Br3p3 274 Re4d3
31 Hfsp3 66  V3s 111 * Cedd 182 ThSp3 279 * Ru3d5
32 * Sbad 67 Cd4p 112 Ni3s 183 Zr3d3 280 Sr3pl
34 K3s 68 * Nilp 114 * Pr4d 184 * Ybad5 284 Ru3d3
34 * W47 70 * Br3d 118 * Al2s 186 I4s 284 Eudpl
35 Wsp3 71 * Pt4f7 118 * Ndad 118 * Bls 284 * C(ls
37 W4£s 71 Ta5s 118 BiSpl 189 * P2s 289 Gd4pl
37 TaSp3 72 AuSpl 118 * T14f7 189 Br3pl 290 Ce4s
38 Hf5pl 73 * Al2p 120 Cu3s 192 Badpl 290 05443
38 * Vip 74 Pt4f5 120 HgSs 193 La4p3- 290 ThSs
38 Stds 74 Cr3s 122 In4s 195 * Lud4d5 294 * K2p3
40 * Tedd 74 * Cu3p 122 * Ge3p3 197 Yb4d3 295 * Ir4ds
41 * As3d 75 Ruds 122 T14f5 200 * Cl2p 297 K2pl
43 * Cr3p 76 TiSp3 123 = 1I4p 204 As3s 301 * T3p3
43 Rudp 77 W5s 129 Ge3pl 205 Lud4d3 305 Pr4s
44 Ca3s 77 Indp 130 * Sm4ad 205 * Nb3d5 306 Ho4p3
45 TaSpl 78 * Cs4d 134 * Sr3d 206 Ladpl 307 * Rh3dS
46 * Reaf 81 Rh4s 134 * Eu4d 208 Nb3d3 311 Thapl
46 Yas 81 . "HgSpl 135 * P2p 208 . Cedp3 312 Rh3d3
46 Wspl 83 Re5s 137 Zn3s 214 * Hf4d5 312 Ir4d3
46 Re5p3 84 Os5s 137 Snds 218 Pr4p3 313 Y3pl
48 Rhdp 84 * Audf7 137 T15s 224 Cedpl 314 * Pt4ds
49 * Mn3p 84 Mn3s 138 * Pb4f7 224 Hf4d3 316 Nd4s
50 * 1I4d 86 Pd4s 141 * Gd4d 225 Nd4p3 320 Erdp3
51 * Os4f 86 PbSp3 141 * As3p3 227 * Mo3d5 322 Rb3s
51 Os5p3 87 Audfs 143 Pb4f5 = 229 * SZs 322 GeA
51 . Pt5p3 87 * Zn3p 147 As3pl 229 ThSpl 324 USs
51 Pdap 89 * Mgls 148 = Tb4d 230 Mo3d3 331 * Zr3p3
52 * Mg2p 89 Snép 148 Pb5s 230 * Tad4ds 331 Pt4d3
52 Zrds 90 * Ba4dS 149 * 8iZs 231 Cs4s 332 Dy4pil
52 irsp3 93 Ba4d3 152 Suds 232 Se3s 334 *  Audds
54 Sc3s 93 BiSpl 154 * Dy4d 237 Prapi 335 * Th4f£7
54 Au5p3 95 Fe3s 158 Ga3s 235 * Rb3p3 335 * Pd3ds
55 * Lils 95 Agas 158 * Bidf7 242 Ta4d3 337 Tmdp3
56 * Felp 96 IrSs 159 * Y3d 224 Nd4pl 340 Pd3d3
56 Agdp3 99 Sb4p 160 BiSs 246 * W4dS 343 Ho4pl
S7 * Se3d 99 * Ladd 161 * Hodd 248 Rb3pl 343 Yb4p3
58 Nb4s 99 * Hg4f7 162 * Se3p3 249 Smdp3 344 Th4fs
58 Re5pl 100 * Si2p 162 Cs4p3 253 Bads 345 Zr3pl
58 HgSp3 100 T15pl 163 Bi4fS 257 Br3s 347 Smds
59 Ti3s 101 - Co3s 165 * S2p 257 Eudp3 347 * Ca2p3
60 * Co3p 102 Pt5s 168 Se3pl 259 w4d3 350 Ca2pl
60 * Ird4f7 103 * Ga3p3 168 Teds 260 Uspl 352 Audd3
62 MO4s 103 Hgdf5 168 * Erd4d5 260 * Red4d5 354 * GeA
62 Agdpl 105 Pb5pl 172 Cs4pl 267 Sm4pl. 358 Sr3s
63 Irdafs 107 Ga3pl 177 Erdd3 269 * Sr3p3 359 Ludp3
63 Os5pl 108 Cdds 180 * Zr3ds 270 * Cl2s - 360 Euds

63 Ir5pl 108 AuSs 180 Badp3 271 Lad4s 360 * Hgads

an
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TABLE 1
PHOTOELECTRON AND AUGER LINES (CONTINUED)
363 * Nb3p3 469 Os4p3 608 Pt4pl 779 * CO2p3 978 * Nd3dSs
366 Erdpl 472 Tmds 609 T14p3 780 U4d3 981 * C(CA
367 * Ag3ds 479 Cua 617 * (Cd3p3 781 * Ba3ds 984 * IA
374 Ag3d3 480 ZnA 620 * 13d5 782 CoA 998 Cs3p3
376 Gd4s 483 Ru3pl . 625 Reds 784 FeA 1000 Nd3d3
377 * KZs 485 * Sn3ds 627 Rh3s 794 Co2pl 1001 OA
379 Nb3pl 487 Ybds 628 V2s 796 Ba3d3 1005 * TeA
379 Hgad3 492 Wapl 629 CuA 797 * PrA 1006 Te3s
380 Hf4p3 493 GaA 631 13d3 800 Hgas 1007 CrA
381 * U4f7 494 Sn3d3 632 Ladd 806 Bidpl 1007 Ni2s
386 Tmdpl 495 Ir4p3 640 Cua 812 Sb3pl 1015 * TeA
386 * Ti4ds 496 * Rh3p3 640 * NiA 819 Te3p3 1020 Va
392 V4£5 500 * Sc2s 641 * Mn2p3 826 In3s 1021 * In2p3
393 * Mo3p3 500 * NaA 644 Audpl 827 * CeA 1032 Sha
395 Y3s 503 * ZnA 645 Pb4p3 832 * La3d5 1040 * Sba
396 Yb4pl 505 ~ Mo3s 648 CuA 835 * FA 1044 Zn2pl
398 Thds 506 Luds 651 Cd3pl 838 CoA 1045 Udp3
399 * Nls 511 GaA 652 Mn2pl 843 CoA 1055 SnA
400 GaA 513 * V2p3 655 Os4s 845 Tl4s 1060 * VA
402 * Sc2p3 518 Redpl 664 * In3p3 845 * FeA 1063 * SnA
404 * Cd3ds 519 Pt4p3 670 Pd3s 846 Fels 1063 Ba3p3
405 Tadp3 520 V2pl 675 * SmA 848 La3d3 1065 Cs2pl
407 Sczpl 521 Rh3pl 677 Hgdpl 855 * Ni2p3 1072 I3s
407 Ti4d3 522 GaA 677 * Th4d5 861 FA 1072 * Nals
410 Mo3pi 528 * 5b3ds 679 Bidp3 865 * LaA 1077 TiA
410 Ludpl 531 * Pd3p3 686 * Fls 870 Te3pl 1080 InA
411 Cd3d3 532 * Ols 690 Irds 873 Ni2pl 1081 * Sm3dS
413 * Pb4ads 537 Sb3d3 695 Cr2s 875 13p3 1087 * 1InA
416 Dyds 538 Hf4s 702 In3pl 884 Sn3s 1096 Cu2s
423 cA 540 NaA 710 * Fe2p3 884 * (e3d5 1107 Sm3d3
426 Wap3 546 Audp3 712 CuA 890 BaA 1107 * Na
427 * GaA 547 Osdpl 712 NiA 894 Pb4s 1109~ CdA
431 Zr3s 547 CuA 714 Th4d3 896 FeA 1113 * TiA
435 Pbad3 559 Pd3pi 715 * Sn3p3 902 Ce3d3 - 1116 * CdA
436 Hods 564 * Tils 715 CoA 903 * BaA 1116 * Ga2p3
437 Hf4pl 566 Tads 717 Ag3s 908 * MnA 1124 La3p3
438 * C(als 567 ZnA 722 Tiipl 915 CsA 1131 AgA
440 * Bi4d5 568 * CuA 723 Fe2pl 926 Co2s 1131 * Eu3ds
443 * 1In3d5 571 Hgdp3 724 Ptds 927 * CsA 1136 * Agh
444 GeA 571 * Ag3p3 726 * (Cs3ds 931 I3p1 1137 Ba3pl
445 Redp3 572 * Te3d5 738 * U4dS 931 * Pr3d5 1143 Ga2pl
449 Erds 575 * Cr2p3 740 Cs3d3 931 * Cu2p3 1157 * ScA*
451 In3d3 577 Irdpl 755 * NdA 939 Bi4s 1158 * PdA
454 GeA 581 ZnA 757 Sn3pl 544 Sb3s 1190 * RhA
455 * Ti2p3 582 Te3d3 759 Auds 951 Cu2pl 1198 * CaA
461 Ti2pl 584 Cr2pl 764 Pb4pl 951 Pr3d3 1215 * RuA
461 * Ru3p3 585 Ru3s 766 Sb3p3 952 MnA 1230 * CA
464 Bi4d3 590 ZnA 769 Mn2s 967 * CrA 1239 * KA
465 Tadpl 595 W4s 770 Cd3s 968 Th4p3 1307 * ClA
469 Nb3s 602 Ag3pl 778 NiA 972 IA 1315 * BA
1333 * SA

* Strongest Auger Line or one of the two strongest photoelectron lines in the
element spectrum, not including minor lines of spin doublets.
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Figure 2b PRINCIPAL AUGER ELECTRON ENERGIES
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The Hewlett-Packard 5950A spectrometer has no provision for changing

the target. As most photoelectron spectra presented in this thésis were
taken with this spectrometer, observed x-ray photoelectron lines and major
Auger-electron lines have been catalogued for analysis of this data

(Table 1). The strongest photoelectron and Auger lines are marked by an
asterisk (*). The energies given in that table are compiied from obser-

vations by Siegbahn!, and Wagner?2?,

The intensity of the photoelectron line is proportional to the concentra-
tion of the element to be studied in the region of observation. Henke?23
has given a phenomenoloéical model for the intensity of a photoelectron
line originating from a homogeneous sample with a smooth surface. For °

very thick samples, his equation reduces to

?. = QA T TN (14)
where

¢, = intensity of the photoelectron line

Q = photon flux

A = effective sample area

w = solid angle of acceptance for ;he spectrometer

T z  photoelectric cross section

Ni =  number density of emitting atoms

Ai =  mean free path for i photoelectrons in the sample.

When a parameter for the electron emission of surface contaminants is

included, the intensity becomes

= i 15
¢.= QA sin T NAT (15)

22. Wagner, C.D., Anal Chem, 44, 967 (1972)
23. Henke, B.L., X-ray Optics and X-ray Microanalysis, Academic Press,
New York, N.Y., 1963, pp. 157-72.
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after simplifying for the uniform intensity of the exciting photons over

the illuminated region,

Regrettably, experimental values for xi and T, are lacking, and only
relative correlations can be made within the same sample. An extensive
series of photoemission sensitivities have been given by Wagner2“, These
are referenced to the Fluorine 1ls line (AlKa excitation). Additional

data have appeared recentlyz“a’Z“b. These provide relative estimates of
photoelectric cross-sections, scattering coefficients and mean-free
photoelectron paths for a series of elements and their major photoelectron
lines. Plotting the data on Log Log scale has permitted enhanced esti-
mation of true sensitivities by linear regression. This empirical
correlation of elemental sensitivities is displayed in Figure 3 to

facilitate reduction of data given in this thesis.

24. Wagner, C.D., Anal Chem, 44, 1050 (1972)

24a. Jorgensen,C.K., and Berthou, H., Farad. Disc. Chem. Soc., 54

269 (1972). -’

24b. Nefedov, V.I., Sergushin, N.P., Bond, I;M., and Trzhaskovskaya,
M.B., J. Elec Spec, 2, 383 (1973).
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II1I. EXPERIMENTAL METHODS

A. General Expérinmental Description

The experiments described in this thesis are based on an analysis of
the kinetic energy distribution of electrons photo emitted from solid
specimens upon irradiation with X-rays. The basic experimental arrange-
ment consists of a sample chamber, a mechanism for sample introduction,
x-ray photon source, electron kinetic energy monochromator, electron

pulse detector, magnetic-field compensator, and supporting vacuum

system,

Low pressures, <10—5 torr, are required to avoid line broadening other-
wise caused by collisions with gas molecules. In commercial electron
spectrometers, the vacuum is produced by diffusion pumps, turbo-molecular

pumps or ion pumps. Each of these gives rise to specific problems.

The diffusion and turbomolecular pumps prodﬁce cracking products of pump
oils that may deposit on the sample surface. The composition of these

products are ill-defined, although they appear to be oxidation products?®

The ion pump/vac sorb method results not only in lower pressures but also
in a hydrocarbon-free environment, containing essentially CO, COz and
HZO {at 10_8 torr). With these lowered pressures, the signal strength

is increased significantly.

Virtually each modern electron spectrometer has an electrostatic energy
analyzer?®, of the kind first described by Purcell2? in 1938. This

analyzer consists of concentric spherical segments with the outermost

25. Riggs, Wm, M,, Private Communication

25a. Brundle, C.R., and Roberts, M.W., Proc R Soc Lond, A 331, 383 (1972)
26. Luccesi, C.A., and Lester, J.E., J. Chem Ed, 50, AZ05 (1973) °

27. Purcell, EM., Phys Rev, 54, 818 (1938) :
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sphere negatively charged. Potentials are adjusted to giQé aV = 0 plane
along the central radial dimension. The use of inlet and-exit slits,
placed at 180° separation, to govern electron pathways through‘the mono-
chromator results in maximum transmission through the analyzer. The
analyzer resolution is determined by the radius of the spheres and relative
slit widths. Commercial spectrometers employ central radii ranging from

15.5 cm. to 36.0 cm,

the choice of a source of X-ray photons. Siegbahn's initial work
described a demountable X-ray tube which used an aluminum or magnesium
target, These sources emit considerable energy in the Kal , doublet.
Additional X-ray energy is emitted as Bremstrahlung, which’is plotted in
Figure 4, as a function of accelerating voltage. In addition to the
characteristic emission (Kd), a series of satellites are generated. The
strongest of these is the Kd3’q line, which gives two peaks in the
photoelectron spectrum at lower binding energy. Magnesium radiation
gives separations of 8.412 eV at 9.48% primary peak iﬂténsity for the o
line and 10.142 eV at 4.54% relative intensity® for the aq transitiéns.
The linewidth of the Ka doublet is 0.8 eV for magnesium and 1.0 éV

for Aluminum,

An x-ray monochromator offers an alternative to the "raw'" x-ray source.
It reduces the net linewidth to 0.1 eV and eliminates the complications
of peaks due to satellite transitions. ~Bénfvcr&Sfﬁi'iQ%aytmonééhrémétéfg"
have been described in the monograph of the Uppsala groupl. This approach -

results in reduced x-ray flux and electron counting rates.
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The electron detectors are usually discrete electron multipliers.
Spectrometers using monochromated sources employ multi-channel detectors
to recover lost intensity. The combination of electron multiplier arrays

with a phosphor videocon can provide 128 element detectors (MCA).

The line width in an electron spectrum is generally represented as the
full width of the observed peak at half the maximum intensity (FWHM).

The contributions to the line width can be summarized as

Az = a2 o+ a2 o+ D2+ L (16)
where

AB = the natural line width

Ax = width of the exciting x-ray line

AK =z ‘broadening by the analyzer

AW = broadening due to solid state effects in the sample.

With a non-monochromatized x-ray source, AX predominates, whereas AB and

Aw are dominant when monochromated x-rays are used.

B. Instrumental Characteristics

Several spectrometers were employed in this work:
1. The Jet Propulsion Laboratory-Utah State University
spectrometer
2. The McPherson ESCA 36 spectrometer
3. The Hewlett-Packard 5950A spectrometer

4. The DuPont 650 electron spectrometer.

The JPL-USU spectrometer and the McPherson ESCA 36 are based on the
electrostatic instrument described by the Uppsala group1»3, These
employ 36 cm. mean radius spheres machined to an accuracy of 0.5 parts

per 10,000. Both use turbo-molecular pumps but the McPherson
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unit?8 also uses a supplementary cryopump for still lower chamber

pressures.

During the development of the JPL-USU spectrometer, we experienced that
a very high degree of accuracy and superb workmanship is reﬁuired for
the construction of the electron analyzer. Misalignment of the analyzer
spheres by parts per thousand gave multiple images and broadenings of

gold 4f7/2 spectra to 2.2 eV from 1.6 eV FWHM22,

The JPL-USU spectrometer is shielded against the earth's and other
magnetic fields by means of Helmholtz coils. In addition, the analyzer
section is surrounded by a paramagnetic shield. The McPherson ESCA 36
spectrometer employs a series of three concentric paramagnetic shields
to prevent inhomogeneities in the residual field.

® t0 1077 torr and gave about

The JPL-USU spectrometer was operated at 10~
2 x 103 counts per second (cps) for a freshly cleaned gold sampie {Au 4f7/2
line, FWHM ranging from 2.0 to 1.6 eV). The McPherson ESCA 36,opeiated
at a gauge reading of less than or equal to 10-8 torr, gave about 2 X 104
cps with the same sample in place (FWHM 1.0 to 1.5 eV). In both cases,

a single-channel detector and Mg.Ka radiation was used.

1,2
Most of the quantitative work reported in this thesis was performed with
the Hewlett-Packard 5950A spectrometer. This instrument employs a bent
quartz-crystal x-ray monochromator, an electrostatic electron-beam

monochromator, dispersion compensation electron optics, retarding potential

28. Rendina, J., American Laboratory, 6, 27 (1972)

29. Wood, J.K,, and Grunthaner, F.J., unpublished results
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electron lens, a multichannel detector and a multi-channel analyzer30

(see Fig. 5).

The dispersion monochromators pass an energy packet E - AE to E + AE

(AE is the dispersion of the analyzer). In this design, the electron
analyzer is arranged so that its energy dispersion is antiparallel to
that of the photon monochromator. If the dispersion AE1 of the electron
analyzer is set equal to the dispersion AEz‘of the x-ray monochromator

the transmitted line widths nearly cancel each other.

In theory, natural linewidths could be observed in this dispersion
compensation system, but second and third order abberations limit the

minimum widths to 0.5 eV,

The monochromator illuminates a well-defined region of the sample

(1 x 5 mm) but reduces the total x-ray flux by about two arders of
magnitude, The sample chamber and x-ray source are isolated from each
other by an aluminum window and care is being taken to avoid irradiating
the chamber walls. Thus, the number of secondary stray electrons .
impinging on the sample is very low and an auxilliary electron gum (flood
gun) has to be used to neutralize the charge that builds up on the

sample.

The vacuum is produced by noble ion pumps giving an operating pressure
of 3 x 10“9 in the main analyzer chamber. During normal operation of the
unbaked spectrometer, the residual gas in the main chamber consists

primarily of water, CO and H2, and small quantities of hydrocarbons and

30. Siegbahn, K,, Hammond, D,, Fellner-Feldigg, H., Barnett, E.F.,
Science, 176, 245 (1972),




Figure 6.

29

Mass Spectrum of Residual Gas in HP

5950A at ~10™° torr.

q-
q-

Mass

Alisuajuj



30
rare gases, A typical mass spectrum® taken with the EAI Quad 250

quadrupole residual-gas analyzer attached to the main chamber is shown

in Fig. 6.

The potential of the retarding lens is swept to trace the spectrum (Fig.
5) and the analyzer is operated at constant energy (110 eV). The analy-
zer transmits a 10 eV band which is detected by a 128 element multichannel
array. A phosphor/vidiocon system is used to detect the electron count
rate. The information is stored in the multichannel deteétor (MCD).

The spectrum is scanned over a selected voltage range so that each element
in the array ''sees' each energy twice during a single scan. Data are

recorded by a paper tape punch and x-y plotter.

Signal-to-background ratios observed in this work varied from 82 to 163:1
and signal-to-noise ratios from 12 to 1700:1. The background is defined
as the signal measured at a point 7 eV lower in binding energy than the
peak of interest., The noise is approximated by the standard deviation
of each measurement which is given by the square root of the numbér of

counts per channel in the background. Observed FWHM of Au 4f ‘was

7/2
0.72 eV with count rates of about 8.5 to 9.7 x 104 counts per second.
Dispersion compensation changes the inherent line shape of the photo-
electron peaks from an asymmetric to a symmetrically broadened (by 0.55
eV) Lorentzian form®. This symmetry simplifies deconvolution as is dis-

cussed. in Chapter 1V,

This system requires smooth sample surfaces30 since uncertainties in the
sample height affect the scaling of the record, which introduces an error
of 0.1 eV/0.3 mm in the measurement. Errors of this kind are greatly

reduced by using a sample on which a thin gold film is later deposited for
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use as a reference,

C. 'Voltaic Potential Effects

The referencing of binding energies for metals is straightforward, but
presents some difficulties for insulators. In this case, the definition
of a Fermi Level is questionable and charging effects can displace the

photoelectron lines.

If the charging domains are inhomogeneous, a distortion of the peak
shape is observed. Changes in the flux are also observed apparently due

to retardation caused by the surface potential.

In most experimental systems, the flux levels of the secondafy electrons
cannot be controlled. The magnitude of the Vi is often irreproducible

because of the variation»x-réy flux density and surface contamination3l,
The voltaic potential introduces considerable uncertainty as regards the

position of the photoelectron lines in non-metallic samples.

Siegbahn-type electron spectrometers show charging effects»of up to 3 eV,
while monochromatic systems can show shifts of up to 130 eV because of the
lack of stray electrons. Measurement of absolute binding energies
requires a calibrant or a device controlling the irradiation of the

by low-energy electrons or both.

Calibrant standards are usually deposited externally on the sample,
The Uppsala group used the carbon line from adsorbed pump o0il. This line

was assigned a binding energy of 285.0 eV. Since many species have been

31. Bremser, W., Lennemann, F., Chemiker-Ztg, 95, 1011 (1972).
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observed in this surface contaminant3?, this reference is unsatisfactory.

Seven carbon components have been found in experiments on Ag2HgI crystals

4
in this present work.

Other reference standards are obtained by deposition of graphite from a
sooty flame33, by utilizing the carbon from double-stick adhesive tape3"
or by evaporation of gold or lead onto the sample. The last procedure is

accepted as the most reliable one3S,

A difficulty which may arise from the disposition of too thin a gold layer
is formation of islands of only a few hundred angstroms in diameter. The
voltage difference between gold and the sample material arising from the

difference in the photo yield is given by
ZkTrol n,-ny

V= eL? ng s a7)
where

L z electron dif%usion length

T, £ radius of calibrant islands

ny,-ny = difference in photo yield

ng = vyield of lowvenergy electrons inside the sample

i = penetration depth of x-rays.

o
If the electron diffusion length is assigned the typical value of ~500A,

T, is given the same value, and the x-ray penetration depth is a few

microns, then eq. 17 reduces to
DD,
V=3Tn, eV, "(18)

32. Olgilvie, J.L., and Wolberg, A., Applied Spectroscopy,26,401 (1972)
33. Brundle, C.R., Appl Spectroscopy, 25, 8 (1971)
34, Jorgensen, C.K., Chimia, 25, 213 (1971)

35. Hnatowich, P.J., Hudis, J., Perlman, M.L., Ragaini, R.C., J. Appl,
Phys., 42, 4883 (1971) ‘
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Since ng<1, detectable shifts shouid result for An>0.01. Similar
photovoltaic shifts should occur in other metal insulator systems, and

AV could be several volts36,

For internal calibrations several schemes have been developed such as
mixing the sample with graphite3!, and impregnating the sample with a
common element32. 1In cases, where methyl or aliphatic carbons are pres-
ent in the sample these can be used as a reference representing energies
of 285.0 and 285.4 eV respectively37,38, These standards offer corrections
for Mandelung Potentials3? and variations in the work function. This

method was used throughout in this thesis work.

The method of illuminating the sample with electrons of zero kinetic energy
to neutralize the charge can also be used to obtain a reference, lThis
technique was first described by Huchital“? and is routinely utilized in
the HP5950A spectrometer, supplied with a flood gun of variable flux

{from 0 to 40 eV).

The observed shift of the Fls peak in experiments with Teflon“! has been
plotted versus the flux from the electron gun; see Fig. 7. Peak positions
can be shifted positive or negative with appropriate flood gun currents.
Replenishment currents below 10-10 amps are insufficient to avoid charging
shifts. The linear (linear AeV, log current) relationship between cur-
rent and peak shift greatly facilitates the application of correction
factors.

In the experiments reported in Chapter V, the photoelectron spectrum of

36. Uebbing, J.J., Private Communication

37. Lindberg, B.J., Hamrin, K., Johansson, G., Gelius, U., Fahlman, A.,
Nordling, C., Siegbahn, K., Physica Scripta, 1, 286 (1970)

38. Gelius, U., Hedin, P.F., Hedman, J., Lindberg, B.J., Manne, R.,
Nordberg, R., Nordling, C., Siegbahn, K., Physica Scripta, 23 70 (1970).
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fresh vanadium diboride showed major variations in detail as a function
of the flood gun current. This seemed surprising at first since the
sample is a metallic conductor and apparently was in electrical contact
with the spectrometer. Subsequent examination of the sample révealed that
it was covered by an oxide layer of low conductivity. Fig.AS shows the

spectra obtained by applying four different flood gun currents.

The vanadium 2p3/2 lines do not change position as the flood gun-cﬁrrent
is varied. Two peaks in the Ols part of the spectrum also remain sta-
tionary. These invariant peaks serve as internal reference standard.
Other lines that are not stationavry are completely eliminated by air
oxidation or other treatment of the sample (see.Chapt. V) apparently
decreasing the impedence of the surface layer. Thus, this experiment
provided valuable information as regards the problem of eliminating the
charging peaks. The same results were obtained with the McPherson ESCA
36 spectrometer by inserting a DC power supply between the sample and
holder. The spectra recorded in this configuration are depicted in Fig.
9. (The binding energies indicated have been corrected for the applied
bias.) In Fig. 10, the bias‘potential is plotted against the shift (curve
A) and the width (curve B) of the charging peak. A bias potential of

-6 volts gives spectra which are similar to those recorded on the HPS950A
when the flood gun is off. A continued increase in the negative bias
permitted further separation of the insulating oxides peak from the other

oxygen lines.

39. Mandelung, E., Z. Physik, 19, 528 (1918)
40, Huchital, D.A., and McKeon, R.T., Appl Phys Lett, 20, 158 (1972)
41. Melera, A., and Kelly, M,, Private Communication,
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Figure 9.

37

Bias-Potential Experiment

|

N
\
2p 12

V=0

Relative Electron Flux——

(CHARGED)
01s

i |

VANADIUM DIBORIDE
Mg Ka- 350 watts

\
2p 3/2

540 530
BINDING ENERGY |

Spectra are recorded with a bias of V volts applied between sample and
Charging the surface negatively repells the incident

spectrometer.
low energy electrons,

520




38

{si10A) svig

8¢- ye- 0z~ 91~ [4 Sl 8- V- 0 14 8 A

| I i i I | i | | B I

(A®) y3IpIM SUT] .
- - ; oo

‘%»

QOHLIW TVIINALOd SVIE A SINIWIYAdXZ ONIODYVHD 01 JNOId

o1

(AS) I4IHS HOYVHD FAILVIMM



39

The McPherson experiments used a magnesium-target x-ray tube with an
aluminum window between the source and sample chambers. This spectro-
meter has a restricted geometry of the sample-chamber as shown in Fig. 11.
The sample subtends a large solid angle of the secondary-electrons
emitted from the aluminum window. This geometry provides large currents
of these electrons to the sample surface and therefore reduces charging

shifts to <5 eV.

The surface potential of a sample undergoing photoemission (Fig. 11) is
given by
Ve =Va+ Vg -Vs- V- Vg- Vg (19)

where

<
"

A charge caused by photoemitted electrons which
are captured by the analyzer

Vg =  photoemission current other than Va

Vg = charge due to secondary electrons from the
x-ray window and sample-chamber walls

Vg = charge dissipated by bulk currents in the sample

Vi = charge neutralized through surface cénductivity

VR = charge eliminated by electrical contact of

sample with the holder.

The repienishment currents will discharge the surface potential in
metallic conductors. For insulators and semiconductors, however VC

can be represented by a steady state approximation.

The foregoing experiments indicate that the important contributions tc
Vg are electrons with energies less than 6 eV. Although the secondary
electrons could have energies up to the exciting photon energy, only

slow electrons can be captured by the surface.
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High resolution spectra of metals demonstrate that there are approximately
3 x 10° times as many electrons emitted with kinetic energy lesé than 5 eV
than there are core electrons emitted. This emission ofylow energy
electrons can be explained by their larger escape depth and by secondary
processes caused by the core level photoelectrons. Thus, the flood gun
is really required. The electrical aspects of the charging effect
experiments (Fig. 11) require that charged domains of the sample must
have a high impedance (R>>109 ohms). Each domain is then isolated, and
Ve is given by

Ve =Vy+ Vg - Vg - Vg . (203

D. Sample Preparation

As mentioned in the Introduction, much of the initial enthusiasm in ESCA
vanished because of a succession of disappoiﬁting results. Spectral
features, which were anticipated, were not observed, and attempts to
establish oxidation states in mixed valence compounds gave ambiguous
results. Many of the disappointing results must be attributed to poor
sample preparation and poor experimental techmiques. Though x-rays
penetrate to considerable depths, the photoelectrons must come from the
solid without scattering. The escape depth of unscattered photoelectrons
is a function of the mean-free path, which, in turn, is determined by

their kinetic energy and by the material. Riggs and Wendt"12 suggested

41a. Riggs, Wm., and Wendt, R., Private Communication
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that the scattering of photoelectrons in solids also depends on the
average binding energy of the valence electrons. Shorter mean-free paths
are predicted for electrons scattered in materials exhibiting valence
electrons of lower binding energies. For metals, the average binding
energy of the valence electrons is about 3 to 5 eV, and for insulators,

10 to 14 eV.

When this work was started, only two sets of data on escape depths were
available: 3-58 for Auger electrons in metals, and 1008 observed in ESCA

experiments on iodosterates,

Figure 1la shows a relationship between the mean-free path and the kinetic
energy of the electron which is consistent with recent data tabulated in
the review article by Brundle*!P, Electron ranging from spectra of the
valence region (0 to 40 eV) correspond to depths of 0 to 1008 depending

on the density and atomic number of the material. Cls and S2p peaks
profile material at shorter depths while iron and copper 2p spectra

(binding energies of 710 to 930 eV respectively) come from 15 to 508.

As noted before, misleading experimental results can be obtained if
surface effects are not properly taken into account. Small amounts of
impurities may accumulate at the surface and their spectra be. erroneocusly
interpreted as those originating from the bulk material. This problem

is aggravated if samples are deposited from solution.

Samples that oxidize in solutions probably have an extensively reacted

surfaces. Standard anaerobic methods can only supress the extent of

41b. Brundle, C.R., J. Vac. Sci, Technol. 11, 212 (1974)
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surface oxidation but not eliminate it. Hydrocarbons surrounding the
human body provide a major source of contamination of reactive surfaces.
Experimental reproducibility'requires extremely clean handling techniques,
freshly prepared samples, and control of sample exposure to the laboratory

and personnel.

A number of sample mounting procedures exist to solve the difficulties
of positioning a sample in vacuum. Metals present the least physical and
electrical problem. Cleaving of single crystals in vacuo gives reproduci-

ble surfaces, and mechanical attachment is adequate.

Polycrystalline and amorphous materials must be protected against the
burst of high velocity air passing over the sample during evacuation,

and good electrical contact must be achieved.

The various methods which have been developed over the years to solve
these problems are summarized briefly as follows:

1. Double-sided adhesive tape3" -- the specimen is
dusted on the tape and the Cls line arising from
the tape is used as a reference standard. The
method is convenient but the non-uniformity of
composition and the poorly defined conductivity
of the tape are serious disadvantages. Sample
contamination can occur from the outgassing of
the hydrocarbon vehicles present in the adhesive
mixture. As these hydrocarbons 'back off" the
tape during evacuation they form an atmosphere
which envelops the sample. '

2. Pellets"! analogous to the preparation of KBr
pellets used in IR Spectroscopy. The pellet
represents a sandwich consisting of one layer
of sample and one layer of graphite. Electri-
cal contact between the graphite and sample
holder is easily established and some of the
graphite serves as an external energy calibrant.
Reproducible results are obtained with cohesive
powders but for extremely fine samples, this
method is ineffective, ‘
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3. Gallium substrate"3 -- a metal substrate is
freshly wetted with Gallium metal. The sample
is dusted over the tacky surface, which intro-
duces less contamination than Item 1.

4, Aluminum matrix -- powders are simply pressed
into an aluminum sheet which has been treated
chemically so as to produce a porous and
rough surface.

5. Gold, platinum or copper matrices32,%2 __
sample powders are pressed into fine grid mesh
of the metal. This method has no advantage
over the pellet system (Item 2) except where
required by the geometry of the spectrometer.

6. Deposition from solution -- developed in the
course of this work, solutions formed with
inert solvents of high vapor pressurc are evap-
orated to give thin films and thin single .
crystals by techniques similar to those
described by C. Cowman"“, The substrates
consisted of 304 stainless steel sheets in
which a 0.2 mm deep and circular relief was cut.
Uniform films which were thin enough to be trans-
parent gave the narrowest peaks and the best
signal-to-background ratios. Dichloromethane,
acetone and water were used as solvents for most
work.

~1

Deposition from slurry -- insoluble samples

were prepared (this work) from a solid slurry
which was poured onto the relieved sample
platens of Item 6. The samples were sufficiently
adhesive to maintain contact with the sample
platen during the experiment.

In this work, methods 2, 3 and 7 were used for insoluble samples and
method 6 was used whenever possible. The other methods were rejected
because of contamination, interference in the spectrum or problems in

achieving good electrical contact.

42, Swartz, W.E., Watts, P.H., Watts, J.C., Brasch, J.W., Lippincott,
E.R., Analyt. Chem., 44, 2001 (1972).

43, Diamis, W.P., Lester, J.E., Analyt Chem., 45, 1416 (1973).
44, Cowman, C., Thesis, California Institute of Technology (1974).
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Investigation of liquid samples presents a very difficult problem

be cause of the high vacuum required. Recently, Siegbahn“® described

an experimental approach which uses a liquid beam as the sample, and
which requires very efficient differential pumping of the chamber. This
technique is presently prohibitive for most laboratories outside the
Uppsala group, because of the severe instrumental requirements . Tech-~
niques employing frozen solutions(glasses at low temperatures)have been
well documented“®,%7, The chemical shifts for the dissolved compounds
have been compared with those found for the pure solids. Differences in
these shifts have been observed and these have been attributed to solu-
tion effects, but might be explained in terms of the variation of the

work function of solids with temperature*8,

in this work two methods were applied to the investigation of protein
samples; (1) A protein solution frozen under nitrogen at 200°K and

(2} A protein deposited by evaporation of the solvent (water). On each
case gold was used as a substrate, The spectra were identical when taken

at the same temperature,

45. Siegbahn, H., Physica Scripta, 4, 164 (1973)

46. Kramer, L., Klein, M., J. Chem. Phys., 57, 3620 (1969)

47. Liebfritz, D., Angew Chem, 84, 156 (1972)

48, Butler, M.A., Wertheim, G.X., Rousseau, D.L., and Hufner, S.,
Chem. Phys. Lett., 13, 374 (1972) '
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1v. DATA ANALYSIS

A. Description of Data Characteristics

The experimental data represent measurements of the flux as well as the
kinetic energies of the electrons emitted from the sample as it is
irradiated with x-rays of 8.468 (Ale, 1.486K eV)., The number of elec-
trons within small energy intervals are recorded, thus forming an image
of the density of electronic states that are related to the binding
energies. The electrons enter a detector (Chapter 3) and are processed

electronically to give a count rate as a function of kinetic energy.

The noise in the recorded spectrum arises from a variety of effects

such as, Johnson noise, dark current, Shott noise, Auger electron and Comp-
ton scattering noise, occurring in the channei-plate electron multiplier,
the vidiocon detector, the pulse height converter, the filament circuitry
and the x-ray power supply. A schematic of the HP 5950A is given in Fig.
13%9, Additional potential noise sources are stray-fields in the electron
spectrometer and stray electrons. The standard deviation is given as /N
where N represents the total number of counts at any point. Excellent
counting statistics are required for correct assignment of fine structure
and detection of elements in low concentrations. The count rate capability
of virtually any electron spectrometer exceeds by far the photon flux
presently available. To obtain reasonable.standard deviation,long count-
ing times are necessary, sometimes even resulting in radiation damage of

the sample. =~ :

49, Figure from HP 5950A manual.
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Extensive studies by Fadley® indicated that the best description of a
photoelectron peak was a Lorentzian distribution with an additive

Lorentzian tail

2 . 2 2
B - -£. .
Qo) = ACBIIT (=B (le-e)™ « (/) Nece;
A/((a~si)2 + (F/z)z) for e>gjy
This intensity distribution is described by four independent parameters:
the width (r), the position (e;), the tail height to peak height ratio

(B), and an intensity factor (A). The distribution is given as a function

of the electron kinetic energy; see Fig. 14.

Analysis of spectral data obtained from the HP 5950A indicate® that the
instrumental impulse function corresponds to about 0.5 to 0.6 eV (gaussian
distribution). Symmetries introduced by the combination of monochroma-
tization and dispersion compensation make the Lorentzian line shape a

reasonable fit to the data in this thesis.
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B. Standard Smoothing Methods

Smoothing of experimental pulse data by analogue and digital methods is

described in several extensive reviews®0,51,52,53  pigital methods are

more versatile than analogue methods and are developed in this section.

The simplest methods of smoothing are based on convolution of the data
with various weighting functions. The moving-average procedure is a
typical example. Here the ordinates of a set number of points, spaced
at a constant interval are totaled and normalized, thereby obtaining the
average ordinate at the central abcissa of the group. The group is then
incremented by one point and the process repeated over the range of the
data. The concept of convolution can be generalized by defining a set of
convolution integers, and an appropriate normalization factor. Convolu-
tion reduces to multiplication of the ordinates point by point by the
appropriate coefficients. For generation of the most representative
ordinate at x,, the products C&Yi would be formed and normalized, that
is

jo o cm ivd ' (22)
where j is the running index of the ordinate data in the original data

file,

50. Ernst, R.C.,Sensitivity Enhancement. in Magnetic Resonance in
Advances in Magnetic Resonance, J. Waugh, Ed., Vol. 2 (1966)

51. Moore, L., Brit J Appl Phys (J Phys D) 1 (2), 237 (1968)

52. Morrison, J.D., J Chem Phys, 39, 200 (1963)

53, Petersson, G.A., Thesis, California Institute of Technology
(1970).
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The moving-average routine would correspond to Ci=1‘ In general, this

method is not very useful. For this reason, a number of integer tables
have been devised. These are based on symmetric triangular functions,

exponential functions, stepwise box car representations and others.

The most sophisticated of these methods is given by Savitsky®*. His
algorithm generated a set of convolution integers which estimated the
ordinate of the central abcissa in the convolution interval by fitting
a least-square curve through the data points, The functional basis of
this curve could be linear or polynomial. Savitsky's method gave the

most representative results as regards line shape and noise rejection.

C. Filtration of Noise by Fourier Methods

Virtually all published XPS data has been smoothed by digital convolution
methods in real space. 1In each case, the signal-to-noise ratios have
been enhanced thus considerably reducing the scanning times. The effect

of this procedure on the line shape has not been investigated.

This author has assumed that the basic line shape contains much of the
information available in this spectroscopy. The photoelectron peaks of
single species are usually symmetrical. Asymmetrical lines are attri-
buted to the existence of subtly different chemical or physical species

in the same sample.

The data manipulation employed in this thesis has been aimed at achieving

the best representation of the line shapes., Enhancement of the

54. Savitsky, A., and Golay, M.J.E., Anal Chem, 36, 1627 (1964).
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signal-to-noise ratio by a factor of 10 was needed because of the

extremely low concentration of metal in proteins. Here, the metal con-
tent is 3 to 7 times lower than in any previously reported work.

Experimental time had to be reduced because of radiation damage in the
sample. The convolution techniques described above were inadequate to

solve the problem.

The application of Fourier methods to signal analysis has been particu-
larly fruitful in other fields®3,55,  The Fourier transform of physical
data can be described as fitting the observed spectrum to a sine, cosine
series. This is equivalent to reducing the real space spectrum to its
frequency components. Analysis of the amplitudes of the series as a

function of the frequency, enables separation of signal from noise.

The signal power (amplitude) in Fourier space of an ESCA spectrum is
concentrated in the first few terms of the series, whereas the noise is

represented by high-frequency terms, which are rejected.

The most common method of filtration (smoothing) using the Fourier trans-
form involves truncation of all the terms of frequency greater than a
chosen cut-off point. This is equivalent to convolving in frequency
space with a step function which is unity for all x less than x; and

zero for all x greater than x, , where X represents the frequency of a
given term. This corresponds to convolving in the real or time domain

with the function sin (x) /x as illustrated in Fig. 15.

55. Castleman, K.R., and Welch, A.J., "Feature Extraction in Visual
Evoked Potential Analysis" TR 72, Biomedical Research Laboratory,
University of Texas, Austin (1969).
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This procedure, although reducing high-frequency noise in the real
spectrum (time domain) generates a new low-frequency component, referred
to as ringing, which is determined by the sharpness of the roll-off of

the filter function in Fourier space (frequency domain).

The convolution theorum states that if f(t) and g(t) are functions with
Fourier transforms F(w) and G(w) respectively, then the convolution of
f(t) and g(t), given in the time domain by

h(w) = £(t)*g(t) = %im "5%—-IT f(t)g(r-t)de , (23)
e -T

is expressed in the frequency domain by

H(w) = F(w) " G(w) 24

Thus, convolution in the time domain and pointwise multiplication in the
frequency domain are equivalent. If x(t) is an input signal to a filter
with impulse response h(t), the resultant output y(t) is given by

y(t) = F'1 {F{x(t)}F{h(t)}} , (25)

where F{ } indicates the Fourier-transform operation.

The physical interpretation of this is as follows: At each frequency w
the magnitude of H(w) gives the attenuation factor for the component of
x(t) at frequency w. Low pass filters séart with the attenuation factor
H(w) equal to unity which then decreases with higher w. Signal terms are
strongly enhanced at the expense of noise terms. The inverse transform
synthesizes a new version of the signal with reduced high frequency con-
tent (frequency refers to spatial frequency of oscillations in the plane

of the spectrum as plotted).

In electron spectroscopy, the signal shape is reasonably well definedl»5:6

There is a very clear distinction between the frequency of the signal
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and that of the noise. The problem of generating filter functions
(H(w)) for data manipulation has been treated at length in information

theory56’57,58.

From the quoted work, a number of filters were selected that appeared

to be well suited for the specific problems treated here.

The author applied a filter designed for optimum resolution in a linear
system. The algorithm of this filter function (Weiner Estimator) is
directed to obtain the best estimate of the signal before it is mixed
with the noise. Derived from the Weiner-Hopf condition, this filter
generates a spectrum which is the minimum mean-square-error estimate

of the natural spectrum.

To obtain optimal resolution, the cross correlation of the input signal

and the desired output signal should be equal to that of the input signal
and the actual output signal as regards each point in the sample. This

r caused by filtration be uncorrelated with the

data. With minimum mean-square-error criteria, e(t) is zero, which requires

orthogonality between x(t) and e(t).

56. Bracewell, R., The Fourier Transform and its Applications, McGraw-
Hill, New York (1965)

57. Papoulis, A., The Fourier Integral and its Applications, McGraw-Hill,
New York (1962) '

58. Weiner, N., The Fourier Integral and Certain of its Applications,
Dover, New York (1960).
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For signals x(t) and y(t) with Fourier transforms of X(w) and Y(w)

respectively, the cross-correlation function ny (t) is defined as

Ryy (1) = lim /T x(t)y(t+1)dt, (26)

Téo =T

which is expressed in the frequency domain by

Sy (©) = X(@)Y*(w), ' (27)

where Y* denotes the complex conjugate.

Defining the problem as one of filtering a signal mixed with noise to
obtain the best minimum mean-square-error estimate of the natural signal,
we proceed to derive the filter function as follows:
Let s(t) represent the signal and n(t), the noise. The received signal
is then given by

x(t) = s(t) + n(t). (28)
We wish to separate the'signal from the noise. The desired output is then
given by

y(t) = s(t). (29)

If the arithmetic means of s(t) and n(t) are assumed to be zero, then

Rx(1) = (s(t) + n(t)) (s(t+t)+n(t+1))

Rg (1) + Ry(1) + Rgp{7) + Rns(7)

(30)

Since s{t) and n(t) are presumed to be non-correlated, and (5 = Tl = o)
then,

Rgn(t) = Ryg(t) = 0
and

Ry(t) = Rg(t) + Ry(7) . ' (31
In frequency space, 31 becomes

S (®) = S (w) + Sp(w). . (32)
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Similarly, for the cross-correlation function of x and y,

Ry (™ = ((1) + n(t)) (s(t+1))
Ry (1) = Rg(1) + Ryg(7) (33)
= Ry (1)
and therefore,
Sxy(w) = Sg(w). (34)

By the objectives of the problem, we are given

Sy(w) = Sg(w). (35)
According to Weiner®8, the optimal linear filter is given by
Sxy (w) ‘
Y
H(w) = . (36)
( Sx (w)
Therefore,
H(w) 5 (0) (37)
w =
Ss(w)+Sn(w)

The optimal filter increases the amplitude of the frequency components
in the signal range, while suppressihg those in the range where the

desired signal is weak and the noise strong.

The mean-square estimated error is given by
2
Sg” (w)

2.1 5w d
€ =7, wh - 5. (w)+ 5,(wy 9w
S s n (38)
=147 °s w Sn(w) dw
2 o S, (w)+5,(w)
If the frequency spectra of S(t) and n(E) do not overlap, then
S (W) S,(W) =0 (39)

and the error of estimation must be zero.

Given the functional form of the Weiner filter just derived, application
to electron spectroscopy requires knowledge of the true signal spectrum

and an estimate or sample of noise.
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Fig. 16 Au 4f region of gold reference standard. Spectra (a), (d), and
(f) plot relative electron flux (y) vs. binding energy. Section (b)
plots magnitude (log y)} vs. frequency and sections (c) and (e) plot
relative magnitude (linear y) vs. Fourier frequency.
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Fig. 17 Au 4f region of gold substrate under thin layer of sample.
Spectra a,d, and f plot relative electron flux (y) vs binding energy.
Section b plots magnitude (log y) vs frequence and sections ¢ and e
plot relative magnitude (linear y) vs Fourier frequency.
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A number of experimental signal shapes were generated by convolving the

instrumental function (gaussian distribution of 0.55 eV FWHM) with a
number of Lorentzian distributions of different line widths. No detectable
difference in resulting filtered spectra was observed between this

approach and that of line shape estimation by Lorentzian distributions

of different half-widths.

The total energy of a function f(t) of duration T is given by5>

E= LT £20)at (40)
Tog

and by Rayleigh's theorum®?

fZ]f(t)lz dt = f2|F(w)]? do. ' (41)

The total energy of a time-domain function is given by integration of the
square of the amplitudes in frequency space. This relationship has been
cited to develop the power spectral density of time functions given as

WT(w);ET(w)/4Tr . (42}

Random functions in the time domain are characterized by power spectral
densities which are independent of frequency in Fourier transform space.

The power spectral density of white noise would be frequency independent.

Fig. 16 illustrates Weiner's treatment of a Au4f7/ reference signal.
i’

2
This sample was used for energy calibration purposes. The spectrum from
the instrument is plotted point by point as 16a. The Fourier transform
of the original data is plotted with logarithmic ordinate as 16b. The
original spectra from the gold substrate heneath a thin film of sample

compound is given in Fig. 17a. The corresponding Fourier transform is

plotted in Fig. 17b.
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Fig. 18 V-0 region of fresh Vanadium Diboride (Flood Gun Offj.

Spectra a,d, and f plot relative electron flux (y) vs binding energy.

Section b plots magnitude (log y) vs frequency and sections ¢ and e
plot relative magnitude (linear y) vs Fourier frequency.
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Fig. 19 Carbon 1s spectrum of Stellacyanin. Spectra a, d, and f plot
relative electron flux (y) vs binding energy. Section b plots magnitude
(log y) vs frequency and sections c¢ and e plot relative magnitude

(linear ¥) vs Fourier frequency.



216 (a) Original data
, unfiltered

216 (b) Fourier trans-
form of original

MMA/\VAVNV\VAU/\VJ\ A AN data

216 | (o

Weiner filter
narrow (0.5 eV)

216 (d) Spectrum

smoothed by
narrow filter

216 (e) Weiner filter
wide (1.0 eV)

216 (f) Spectrum

smoothed by
wide filter

\75 .00 173 a0 191.00  159.00  t57 00  1§5.00 _ ;h3.00  181.00  159.00  157.00  155.0¢
- BINDING ENERGY .

Fig. 20 Sulfur 2p region of Laccase. Spectra a, d, and f plot relative
electron flux (¥) vs binding energy. Section b piots magnitude (log y)
vs frequency and section c and e plot relatlve magnitude (linear y) vs
Fourier frequency.
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Fig. 21 Cu 2p region of copper penicillamine complex. Spectra a, d, and
f plot relative electron flux (y) vs binding energy. Section b plots

magnitude (log y) vs frequency and sections c and e plot relative
magnitude (linear ¥) vs Fourier frequency,
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Each sample spectrum was taken for an accumulation of 10 scans over a
10 electron volt window from 90 to 80 eV with a scan rate of 1 eV/sec
and with data stored in 256 channels. 1In each of the figures 16b and 17b,

the last 80% of the frequency components have equivalent amplitudes,

‘A spectrum of vanadium diboride in the vanadium 2p, Ols region, is given

in Fig. 18; the original is 18a and the Fourier transform 18b.

Here, a 50 volt energy sweep was displayed in 1024 channels at a scanning
rate of 1 eV/sec. The sampling frequency(number of points per eV)in

Fig. 18 is different from that in Figures 16 and 17.

The carbon 1s core-level spectrum of Stellacyanin given in Fig. 19 was

obtained with 10 volt window, 256 channels, and 1 eV/sec scan rate. Here
as before, 19a gives the original spectrum and 19b the Fourier transform.
The sulfur 2p core-level spectrum for laccase given in Fig. 20 represents
30 accumulated scans taken with a 20 volt window, 256 channels, 1 eV/sec

scanning rate.

Figure 21 displays a copper 2p spectrum (copper penicillamine complex)
taken with a 50 volt window, 256 channels and 1 eV/sec scan rate. The
copper 2p region of the metalloprotein laccase is given in Fig. 22. (50
volt window, 256 channels and approximately 200 scans at 1 eV/sec.) The
iron 2p spectra from an iron sulfur cluster complex is given in Fig. 23
(50 volt window, 256 channels and 1 eV/sec scan rate). Figure 24 shows the
iron 2p level in the 2 iron Ferredoxin protein with identical sampling

parameters as Fig. 23 but with 10 times more scans.
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Fig. 22. Cu 2p region (ordinate X100) of Laccase., Spectra a, d, and f
plat relative electron flux (y) vs binding energy. Section b plots
magnitude (log y) vs frequency and section ¢ and e plot relative magnitude
(linear y) vs Fourier frequency.
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Fig 23. Fe 2p region of Holm's cluster complex, Spectra a, d, and f
plot relative electron flux (y) vs binding energy.. Section b plots
magnitude (log y) vs frequency and sections c¢ and e plot relative
magnitude (linear y) vs Fourier frequency.
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Fig. 24. Fe 2p region of spinach Ferredoxin. Spectra a, d, and f
plot relative electron flux (y) vs binding energy. Section b plots
magnitude (log y) vs frequency and sections c and e plot relative
magnitude (linear y) vs Fourier frequency.
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Finally, the valence-band spectra from the .cluster complex of Fig. 22

is given in Fig. 25 (50 volt window, 256 channels, 1 eV/sec scans).

Note that Fig. 17 is a poor signal-to-noise (S/N) case of Fig. 16;
similarly, Figures 21 and 22, and Figures 23 and 24 are related, (same
region for the same elements, same sampling frequencies but -different
signal/noise ratios). Figures 16, 17, and 19 correspond to 10 volt
windows, (the total spectrum encompassing 10 electrqn volts was displayed
in 256 channels). Figures 18, 21, 22, 23, 24, and 25 were obtained with
50 volt windows. In each case, 256 channels were used, except for Fig.
18, which corresponds to 1024 channels. Figure 19 is the only one dis-

playing a 20 volt spectrum.

These different sampling frequencies, regions, spectral band shapes, and
concentrations have been reproduced in order to demonstrate the similarity
of the Fourier tranforms despite the different experimental parameters.

In each case, the amplitude of the Fourier curves falls off with increas-
ing frequency until a minimum is reached after which the spectral power

density remains relatively constant although random.

In this work, the right half of each Fourier transform displayed in the
figures has been chosen to represent the noise. The filtering function
used corresponds to equation 37 employing the Fourier transform of a
Lorentzian of width W as the signal spectrum The width W is defined as
the minimum observable line width in the spectrum given in electron volts.
The ¢ segment of Figures 16 through 25 displays the filter function which
results from a minimum intelligence width of 0.5 eV. The d segment gives
the resultant filtered or Weinered spectrum. Filters based on 1.0 eV

FWHM definitions of minimum line width are displayed as the e group of
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the cited figures, while the filtered spectra are shown in the f section.
In each case, the plot of the c series of the Weiner filter at 0.5 eV
FWHM demonstrates that more high frequency terms are transmitted than at
1.0 eV FWHM as in the e plots. The low-pass filter function rolls off
smoothly, eliminating ringing in the resultant spectrum. The shape of
the filter is unique to each combination of the spectral noise/sampling
frequency. This is demonstrated by the shape of the function correspond-
ing to 50 volt/256 channels (Figs.21-25) in contrast to that corresponding
to 10 volt/256 channels (Figs. 16, 17, 19). The filter for 50 volt/1024
channels (Fig. 18) is similar to that for 50 volt/256 channels (Figs.2i-

25).

The shape of4the filter is more drastically affected by the amount of
noise, cf., Fig. 16 vs, 17, and Fig. 21 vs. 22, than by the difference
between observed spectral band shapes, cf., Fig. 18, 21; and 23. Analysis
of spikes in the Fourier transforms permits the assignment of power-line

noise terms and is the object of continued work.

A number of other filtration forms were attempted based on criteria such as
optimal linear and non-linear resolution, but these gave no improvements.
The matched filter®3,5° and Weiner estimator functions were programmed

into the ESCA Data-Handling Program listed in Appendix C60.,

Data from the HP 5950A, the ESCA 36 or the JPL-USU spectrometers stored
on paper tape were compiled by computer and analyzed with the filter

criteria described here using W = 1.0 eV.

60. This program was developed and implemented by L.K. Scheffer. The *
functional filter relationships wére provided by K. Castleman and
F. Grunthaner.
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D. Deconvolution

In Chapter III, it was noted that the Au4f photoelectron peak was not

7/2
narrower than 0.72 eV, although the instrumental function (b(t)) for the
HP 5950A spectrometer was 0.55 eV FWHM, The function (b(t)) can be
removed in Fourier space, through deconvolution. If y(t) is the observed
signal and x(t) the input signal, then,

y(t) = F-L{F{b(t) IF{x(t) }} (43)

and, accordingly,

{ Fly(t) 1}

_ -1
x(®) = P s (49

The natural signal x(t) can be recovered by means of equation 44 if b(t)
is known. Unfortunately, this requires pointwise multiplication of the
spectrum transform with a positive exponential function. This amplifies
the high-frequency components of the spectrum by factors of 1025 and
higher which obliterates the signal. The deconvolution function must
be truncated smoothly in transform space at some frequency where the S/N

ratio of the deconvoluted spectrum is of the order of 1.

Since the deconvolution function is a multiplier which restores the
intensity of the proper frequéncy components, truncation is equivalent
to multiplication by unity in transform space and to convolution with a

delta function in real space.

Preliminary results indicate that the true Au4f7/2 5/2 spectrum should
3

consist of a Lorentzian doublet with the peaks 3.67 eV apart, having an

intensity ratio of 4:3. Each of the two peaks has a FWHM of 0.42 eV,

Present efforts to remove this broadening have been plagued by low-fre-
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quency ringing in the deconvolved spectrum. Recently, a new approach
has been employed which promises to solve this problem. Several papers
have appeared in the literaturesoa’ﬁob which describe a superresolution
algorithm déveloped by Jansson. In this algorithm, the function result-
ing from the deconvolution is constrained to be non-negative and single-
valued. This boundary condition appears to help arriving at unique
solutions. Au4f7/2 spectra with FWHM of 0.53 eV FWHM and with signal/
noise ratio of 70:1 have been constructed from S/N = 500:1 spectra.

This work is continuing.

60a. Jansson, Peter A., J Opt Soc Am, 60, 184 (1970)
60b, Jansson, Peter A., and Hunt, R.H., Optical Spectra, Sept., 1972,
p. 36.
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V. SURFACE STUDIES OF VANADIUM DIBORIDE

A. Introduction

The refractory vanadium diboride undergoes attack by a number of different

carboxylic acids resulting in vanadium (III) carboxylate dimers. Green-
wood et.al.8! found that hydrogen evolves during the reaction and proposed
the formula:

2VB, + 6R CO,H ~ V,(0,CR)¢ + 3H, + 4B . (45)
He suggested that the boron liberated in the reaction formed a passivating
layer over the surface of VB,. The reaction of carboxylic acids with a
number of other vanadiuﬁ compounds was investigated at Caltech in an
unsuccessful effort to increase the yield (vi5%) reported for the synthesis
when VB, was used as a starting material®2, Vanadium diboride exhibited
exceptional reactivity with anhydrous carboxylic acids, whereas VB,
separated from the reaction yessel and added to a fresh reaction mixture

underwent no reaction.

The importance of vanadium oxides in catalysis is well known®3,6%,65,66,

61. Greenwood, N.N., Parish, R.V., and Thornton, P., J. Chem Soc (A),
320 (1966).

62. Clendening, P., and Powers, D.P., unpublished results.

63. Larrson, R. and Nunziata, G., Acta Chem Scand, 24, 1 (1970)

64. Lavison, R., Acta Chem Scand, 26, 549 (1972).

65. Goodenough, J.B., in Progress in Solid State Chem, ed., H. Reiss,
Pergamon, Oxford, Vol. 5, 155 (1971).

66. Hamrin, K., Nordling, C., and Kihlborg, L., Ann Acad Reg Sci

Upsaliensis, 14, 1 (1970).
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Since the application of X-ray photoelectron spectroscopy to the study of

vanadium surfaces®7,68,69,70,71 has yielded conflicting information as
regards surface chemistry, it seemed that VB2 presented a more favorable
material for this study. The ESCA experiments were, therefore, initiated.
Thus, the charging experiments detailed in Chapter III were observed for
the first time in the course of this work, and it soon became obvious

that a re-examination of the previous work on the oxides was necessary.

B. Experimental

In Greenwood's procedure used for the preparation gf vanadium carboxylate
dimers, finely-powdered vanadium diboride is added to a deoxygenated solu-
tion of a carboxylic acid and its acid anhydride. This slurry is refluxed
at 110°C for 2 weeks during which time the system is purged with nitrogen.
The slurry is then filtered (again under nitrogen) and the dark green

liquid phase is processed further to recover the dimeric compounds.

The surface reactions of VB, with carboxylic acids were studied in this
work by examining the solid phase which was separated during this final
step. Additional samples were taken by stopping the reaction after 10
minutes, 1 hour, 6 hours, and 36 hours. After separation from the liquid
phase, the treated VB2 powder was washéd with glacial acetic acid, acetone

and ethyl ether to remove traces of soluble reaction products.

67. Honig, J.M., Van Zandt, L.L., Board, R.D., and Weaver, H.E.,
Phys Rev. B, 6, 1323 (1972).
68. Fiermans, L., and Vennik, J., Surface Science, 35, 42 (1973).
69. Calpaert, M.N., Clauws, P., Fiermans, L., Vennik, J., Surface Science,

36, 513 (1973).

70. Wertheim, G.K., Rosencwaig, A., Gallagher, P.K., and Buchanan, D.N.E.,
Bull Am Phys Soc, 16, 322 (1971).

71. Larsson, R., Falkesson, B., and Schon, G., Chemica Scripta, 3, 88
(1973).
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In order to investigate the possible effects of oxygen and water on the

VB, surface, three different sets of samples were prepared from fresh and
acid-exposed VB,. One set was processed under nitrogen with anhydrous
solvents, while another was exposed to oxygen for 36 hours before intro-
ducing it into the ESCA spectrometer. The final set was prepared by
following the organic solvent treatment of the solid residue (described

above) with a series of rinses with deoxygenated water.

Control samples of elemental boron were treated in an identical manner.
These samples and those of the treated vanadium diboride were supplied
by P. Clendening and D. Powers. Their starting materials and the other
vanadium compounds examined in this work were obtained commercially as

analytical reagent grade.

The preparation of VZOS single crystals is described in Ref. 68, Clean
(010) surfaces were obtained by cleaving inside the spectrometer. Reduced
V5,05 was prepared by heating a freshly cleaved single crystal in butene

at 1 atmosphere pressure and 550° C for 24 hours. Vacuum reduced Vy0c

was prepared by heating V in ultra high vacuum (10'10 torr) at 550°C

2%
for 24 hours.

A1l photoelectron spectra were taken with the use of powders except for
vzos of which single crystals were also studied. The powder
specimens were pellets of the ''graphite sandwich" type described in
Chapter 1I1. These were mounted on gold-coated platens covered with a

gold-plated window.

The electron spectra were taken with the HP 5950A spectrometer operated

at an X-ray power of 800 watts with an -indicated pressure in the sample
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chamber of less than 3 x 1072 torr. Temperatures were controlled with

the H.P. 'variable-temperature sample probe' and kept at 300°K.

The electron spectra for vanadium diboride samples were recorded in the
oxygen 1s, vanadium 2p (550-500 eV), and the boron 1ls region (205-185).
All scans of 50 volt width were taken with 1024 data channels. For 20
volt widths, 512 channels were used and for 10 volt widths, 256 channels.
All N(E) maxima were reproducible to *2 channels with an average variation
of *1 channel. The above parameters result in 20 to 26 points per volt

and deviations of less than *0.1 eV in the assignment of peak positions.

A1l spectra shown in the figures have been filtered in "transform space"
(See Chapter IV) with a definition of minimum signal width of 1.0 eV
FWHM. All the figures are plotted in the same format with corrected
binding energy along the abcissa and relative electron flux along the
ordinates. The data were taken on the HP 5950A spectrometer of the
Application's Laboratory of the Scientific Instruments Division of
Hewlett-Packard and were recorded on paper tape. The tape was edited on
the CIT PDP 10 system and transferred to cards on the CIT 370/158 compu-
ter. The card decks were then processed by the JPL 1108/9300 system with

the ESCA Data Handling Program listed in Appendix C.

Table 2 lists all the statistically relevant inflections observed in the
spectra of the vanadium-oxygen region. The spectra are listed in columns
with decreasing energy from top to bottom. All data corresponding to
peaks are underlined and those corresponding to secondary peaks or
shoulders are indicated by broken lines. The Bls spectra are displayed

in a similar way in Table 3.



Binding Energy (eV)-—»

TABLE 2 Major Inflections Recorded for the Vanadium 2p / Oxygen 1s Regions
Spectrum Identification Number -———+
101 103 105 107 109 111 113 116 117 121 128 129 131 132 133 134 136 138
538, 5 538.5 538.3 538.2 538, 4
537.8 538.1 538.1 538.1 537.9 538.1
537.4  537.4 537.3 _537.2  537.6 - 537.6 537.4
537.1 537.1  536.8 536.9 537.0 536.8
536.7 536.4  536.5 536.6  536.4 536.4  536.5 536.4 536.3
535.8 535.8 536.0  536.0 535.9 535.8 535.8 535.8
535.5 535.2 535.7 535.2 535.5 535.3 535.2
535.1 534.9 534,8 5347 535.1 535.2 535.1 534.8
5344 534,7 5344 534.3 .
534.2 533.7 5341 534,0 533.8 534.0 534.1 5341
333 £33.4 533.2 533.2 533.3 3.4 B3
533.0 23e.1 232.7 : 533.0 $22.1
5224 232.5 332.3 ©o532.3 532.2
532.1 532.1 531.8 531.8 532,0 532.0  532.0 531.8 532.0
1.5 331.2 L3 531.6 1.6 5315 531.3
530.8 531.1 531.0 530.9 1.8
230.5 530.3 530.6
530.1 529.7 529, 529.8 529.9 529.8 529.8 529.8 530.0 530,0  530.0
529.8 529.3 529.1
529.1  528.7
528.3 528.5 528.3 528.3  528.4 528.7  528.7
527.7 , 528,1 528.0 527.7 527.8 527.7 527.8
327.% 527.4% 527.% 527.6 527.6 527.6 527.2 527.4  527.3
527.1 526,7 526.9  527.0
526.7 526.3 526.5 526, 4 526.3 526.5 526.6
526.0 525.8 525.7  526.2 525.9 526.2  525.6
525.6 525.3  525.5 525,2 525.6 525.5 525.2 525.2  525.4
524.9 525.2 524%.9 524.7 524.8 525.0  525.1 525.0
s2h.2 s24.3  s2h.5 5244 526 Se4.4 | 5246 524.6 524.2 5.6 5243 52h.2 ek
523.9 523.8  524.0 5241 523.9  523.9 523.17  523.1 524.0 523.7 523.9 524.0
523.6 523.5 523.3 523.2  523.2 523.3 523.4% 523.5 523.3 3.3
523.1 523.1 523.1  522.9 522.7  522.9 522.7 523.2  522.9
522,7 522.4 522,3 522.6 522.6 ’ 522.3  522.6 522.6 522.3 522.6
522.1 521.8 521.8 : 521.9 521,7 522.1 521.9 522.2 521,9  521.9
521.7 521.5 521.6 521.5  521.4 . 521.3 521.5 521.5
521.0 521.0 520.8 520.8  520.9 520.9 520.8 520.8  520.6
520.6 520.3 520,6 520,z 520.3  520.2 520.4  520.6 520, 6 520.5 520.6
520.1 519.7  519.7 519.8 520.0
519.6 519.6 519.4 519.6 519.6  519.3 519.7 519.3 519.3  519.6

8L
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Additional experiments were conducted with the McPherson 36 ESCA
spectrometer (Chapter III C, Voltaic effects). In this case,samples of
VB, were pressed into coarse aluminum plates, and the spectra were
recorded using Magnesium Ka radiation. Data were taken with a 40 eV
window and displayed in 211 channels. Charging effects were studied by
biasing the sample from +10V to -20V with respect to the spectrometer as

shown in Fig. 11.

Results and Discussion

Variation of flood-gun’? currents resulted in different spectra for the
vanadium-oxygen and Bls region when fresh VB, was used. As mentioned,

VB, is an excellent conductor, and charging effects were not anticipated.

Figure 26 shows the electron spectra obtained from several of these
experiments in the region of 550 eV to 500 eV binding energy. Spectrum
101 is that of fresh VB, where the flood gun had been adjusted to pro-
vide currents which neutralize the charging shift of tefion. The spectrum
shows the vanadium 2p3/2 line at 520-515 eV binding energy.with the vana-
dium 2p1/2 peak at 528 to 522 eV, and the oxygen 1ls line at 535 eV to

529 eV. The intensity of the oxygen peak indicates that the surface of
the sample is extensively oxidized. The effect of turning off the flood
gun in this experiment is given in spectrum 103. AlthoughAthe region of
the vanadium 2p doublet seems unchanged, the oxygen is region differs
drastically and a new line appears at higher binding energy and the orig-

inal peak-with-shoulder system of 101 has become at least two well-resolved

72. The term flood gun refers to the irradiating device for low-energy
electrons described in Chapter III. The reproducibility of the

flood gun or voltaic-potential experiments is described in .Chapter
111 - Section C.
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Fig. 26 Vanadium oxygen region of vanadium diboride compounds
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peaks. These spectra are reversible within the time frame of data

acquisition (minutes).

The spectra due to reacted VB, is given in 107. Here, the Flood Gun was
off (FG off) and in 109 the Flood Gun was on. The shape of the oxygen 1s

peak has changed, and the charging effect has been considerably reduced.

The Boron ls spectra of these compounds are displayed in Figure 27.
Spectrum 102 arises from uncharged fresh VB, (FG on) while 104 is from
charged VB, (FG off). The symmetric peak of 102 assumes the two-peak
structure of 104 when charging is introduced. Spectra 106 (FG on) and
108 (FG off) are due to passivated VB2 and show peaks in the same energy
position as in 102 and 104 but an additional peak occurs at lower binding

energy.

As developed in Chapter III, specimens having an impedence of much less
than 109 ohms do not exhibit charging while samples having impedences
greater than 10° ohms will rest at some potential determined by the steady
state of the electron currents. In Figs. 26 and 27, some peaks of the
spectrum exhibit charging while others correspond to domains that remained
in good electrical contact with the spectrometer. This implies that the
V=0 (FG on) case permits the identification of species by means of
chemical-shift correlations. The Vg=n case (FG off) permits exploratory
investigation of the variation in conductivity across the sample. Sub-
traction of the FG on sbectra from the FG on spectra should give the

contribution from the insulating species.

In Fig. 28, the results of such an experiment are displayed. Spectrum

101 is shown at the top of the figure and spectrum 103 at the center.
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Between the two is the difference spectrum 101 minus 103 marked {101

103 °

This notation will be used throughout the thesis. A line is drawn through
the difference spectrum at the zero point. Peaks below the line corres-
pond to species giving the spectrum that was subtracted while features
above the line belong to the initial spectrum. In this representation,
charging species are emphasized and the voltaic potential can be directly
assigned. In 101-103, a broad oxygen peak at 532.1 eV shifts to 537.1 eV
for a 5.0 volt difference in charging potential. Fig. 28 also shows the
difference spectrum between fresh and passivated VB,. It indicates that
considerably more oxygen is present in the fresh sample than in the
reacted one and that at least two different vanadium species are present.
The intensity in the dls spectrum of 101 has been significantly reduced

in the region of 531 eV binding energy.

Figure 29 shows the boron 1ls curves obtained from a similar treatment.

The difference spectra 102-104 show that the charged peak has been
broadened. A shift of 197.7-192.5 or 5.2 eV is indicated, compared to

5.0 eV for the Ols region. Also, the difference spectrum, 102-106, is dis-
played in the same figure , where 106 is the boron 1ls spectrum of the
reacted VBZ“ This spectrum, which does not go through zero, shows the
negligible amount of boron present on the surface. To forestall confusion,
it should be noted that the spectra in these figures are plotted from
maximum to minimum while the difference spectra are point-wise subtraction

of filtered spectra.

When the fresh VB, samples were removed from the spectrometer, they were

stored on a clean bench under dust covers. After 16 hours, they were
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re-examined in the spectrometer (spectra 111 and 113 vanadium-oxygen

region). These are given in Figure 30, where 111 coresponds to flood
gun on and 113 to flood gun off. A considerable change in the chargeable
component of the spectrum and an enhancement of the peak at 529.7 eV is
noticeable. Spectra 117 and 121 of Figure 30 represent the V-0 region

of a passivated sample of VB2, where all procedures (reaction, separation
and filtration) were carried out under anhydrous conditions. (121 is the

FG~off case.)

The boyon 1s region of the oxidized specimen is given in Figure 31 as 112
(FG on) and 114 (FG off). The boron 1ls spectra from a sample of VB2
passivated and not exposed to water are given in Fig. 31 as 119 (FG on)

and 120 (FG off). The narrow profile of the peak at lower binding energy

in 119/120 should be noted as well as the considerable structure on both

peaks.

The difference spectrum 111-113 is given in Figure 32, along with 111 and
113 for comparison. Here the charging shift has decreased {536.0-532.0

4.0 eV) with respect to that of fresh VB, and the peak attributed to the

2
insulating domains is reduced.

Difference spectra for the corresponding boron 1ls regions are given in
Fig. 33. The charging shift of about 2 volts in the peak at lower bind-
ing energy in 119/120 should be noted since it is considerably less than

that occurring in the oxidized boron as seen in 114,

Very little quantitative information exists concerning vanadium XPS
spectra. Peak shapes are complicated and often show multiplet splittings

as well as shake-up satéllites as discussed in Chapter 268,71,
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The spectra of the model compounds taken in the course of this study are
illustrated in Figure 34. Spectrum 128 represents V504, 129 VZOS powder,
132 VN, 133 granular vanadium metal, 134 VOSO4, 135 Na3V04, and 157
the oxygen region of Na;B,05. It becomes immediately clear that all of
the vanadium samples have significantly oxidized surfaces. Further, the
differences in energy between the oxygen 1ls peak and the vanadium 2p peak
are not uniform, ranging from 12.8 eV (VZOB) to 16.3 eV (V metal).
Identical vanadium oxygen species should exhibit constant differences.
Thus, a wide range of different V-0 species are believed to be present

in any system.

The vanadium 2p3/2 line in spectrum 129 (VZOS) is about 0.92 eV FWHM,
that is, significantly narrower than any other vanadium line observed in
this work. It is suggested in Chapter II that a photoelectron peak would
be symmetrical in the absence of multiplet and satellite effects and
that the observed linewidth would be governed by the lifetime of the hole

state and other solid-state factors.

The spectrum of VN in 132 Figure 34, shows the nitride peak at the low
binding-energy region and is superimposed on the vanadium peak arising
from vanadium oxide. Even in vanadium metal (133-Fig. 34) several peaks
in the V 2p region are seen (133, Fig. 34) which are attributable to
oxides. Magnification by a factor of 5 is required to make the vanadium-
metal peak at 513.5 eV visible. The high intensity of the oxygen 1s line
relative to that of the vanadium peak in 134-Fig. 34 is not explained by
the stoichiometry of VOSO,. The structure of the Na5V04 spectrum in 136~
Figure 34 is due in part to a sodium Auger line near the oxygen ls peak,

while the line at 534.1 can be attributed to water.
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The spectra of the model compounds shown in Fig. 34 show the existence

of a variety of surface oxides. Because of the complexity of vanadium
oxide spectra, and the possibility of the existence of a number of similar
oxides on the VB, surface, the model-compound spectra were used as line
shape models. These are used to correct for contributions from similar

species in the VB, spectra.

Since the oxygen and vanadium peaks observed in Fig. 34 are considerably
stronger than those of vanadium diboride, it was necessary to normalize
the model spectra prior to subtraction. Aligebraically, this can be

represented as

hi(e) = xi(e) - C yi(e) , (46)
where,

h;(e) = particular points of the difference spectra

x;{ej = points of the initial spectra

yi(e) = points of the subtracted spectra

c = normalization coefficient which is constant

for a given difference spectrum.
First, the maximum negative value is determined which results when sub-
tracting the raw spectrum. The normalization coefficient is then calculated

which would make that term zero.

In Figure 35, this data is displayed for fresh vanadium diboride. The

first difference spectra compares 101 with the oxidized sample of unreacted
VBZ' Note that the peak at 532.1 eV is enhanced in fresh material, but
more vanadium oxide is present in 111, Curve 117 displays the spectrum

of anhydrous reaction product (anhydrous passivation) while 116 is the

spectrum of anhydrous reaction product exposed to air for 16 hours. 1In
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both 116 and 117 (FG on), the major contribution of a new peak correspond-
ing to higher binding energy is indicated. The oxygen peak is located

at 530.7 eV.

Difference spectrum 101-128 (Fig. 35) compares V5,05 with VB,. In this
case, subtraction of V203 spectrum would remove too much vanadium signal.
Similar conclusions can be drawn from the difference spectra 101-129
(VZOS) and 101-133 (V metal). It appears, however, that the peak at
lower binding energy in the Ols portion of the spectrum appears in the

right region for a vanadium oxide assignment.

Figure 36 shows similar comparisons but with the Flood-Gun off experi-
ments. Spectrum 103 provides greater detail in the oxygen 1ls spectrum
of fresh vanadium diboride than that of 101 and affords a more fruitful

comparison with model spectra.

Figure 36 first displays a difference spectrum between 107 (reacted VB,
FG-off) and 103. The differences between reacted and unreacted VB, are
strongly accentuated. The different oxide peaks apparently correspond

to the specific vanadium peaks at 531.3/518.1 and 529.8/515.8 eV. The
presence of an additional Ols peak at higher binding energy as well as the
01ls peak corresponding to the charged domain is emphasized in the differ-

ence spectrum 103-107.

The latter half of Fig. 36 is devoted to the Flood Gun on/off experiments
with the reacted species. The apparent splitting of the charging oxygen

species is a detail also seen in the vanadium 2p region.

Comparative analysis of 103 is continued in Fig. 37. Comparison of 103

with the air-oxidized experiment (113) indicates the build-up of a



Relative Electron Flux —>

103 VB_ - fresh

FG-off
Difference
% 83] spectrum
= v ‘\/Q"\/ \l
107 VB,- reacted
FG off
109 VB, reacted
FG on
J.
Difference

185]| et

7 VB, - reacted
10 FG off

J

550.00

d45.00

€40.00

$35.00

d30.00  925.00  §20.00

BINDING ENERGY

§15.00

510.00

L 605.00  5G0.00

Fig., 36 Difference analysis, V-0 region of vanadium diboride

compounds



[E—
O
LW

o b b
NGO
r-a( )

Relative Electron Flux ——

s0.00  5i5.00 540.00 535.00 533.03  525.00  520.00 5i5.00 §!0.00  505.00 &
BINDING ENERGY ‘

Fig, 37 Difference analysis of V-0 region of fresh VB,

VB2 - oxidized
FG off

VB - reacted
(aﬁhydrous)
FG off

0.06

(FG off)

by comparison with spectra identified along ordinate



100
vanadium oxide upon oxidation. The difference spectrum of anhydrous

reaction product, 103-121, shows increased deepening of the valley
between the two oxygen peaks of 103 along with implied multiplet detail

in the range between the Vanadium 2p1/2 and the vanadium 2p3/2 lines.

Comparison with VZO3 (128), V205 (129) and V metal (133) demonstrates
over subtraction of the vanadium 2p line from these oxides. It seems
appropriate to attribute the line occurring at lower binding energy (in
the oxygen group) to these species. In Fig. 38, the spectrum (109) of
reacted VB, is compared with that of the oxidized VB, (111), FG on. More
intense signals representing low-binding energies of oxygen and vanadium
are given by the oxidized unreacted sample, A vanadium oxide species
representing higher binding energy is shown in 109. The difference spec-
trum 109-116 indicates a large amount of vanadium oxide at low binding
energy and .a small amount of oxide at high binding energy. The sample
corresponding to 109 was passivated material which had been exposed to
water and 116 was reacted and air-exposed VBZ’ Figure 38 shows that the

differences in the spectra are minor.

The sample representing 117 in the difference spectrum 109-117 (Fig. 38)
was processed in an anhydrous manner. The oxygen species at 531 eV binding
energy is more pronounced in 117 while those corresponding to binding

energies above and below that value are more pronounced in 109.

Comparison of 109 with V203 (128), V205(129) and V metal (133) leads to
the conclusion that the vanadium oxide in the reacted material is similar

to that observed in the model compounds.

Figure 39 affords comparison of the boron 1ls regions. Serious difficulties
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arise because of the poor capture cross-section of boron for the AlKa

radiation. Since the signal is weak,the noise terms become accentuated
by the difference approach. In 106-108, noise predominates whereas in
106-112, a relatively high concentration of boron (VB, sample) in oxidized
form exists. Passivated VB, exposed to water (106) and anhydrous passi-
vated VB, (119)give rise to relatively strong boron peaks at lowered

binding energy as is evident in the curve (119).

The VO spectrum 107 of reacted V82 (FG off) is given in Fig. 40. Compari-
son with 121 (VB2 - anhy.-react) shows that oxide of lowered binding
energy predominates in the spectrum of the water exposed sample, while

the boron oxide peak is more intense in the anhydrous case.

Comparison of 107 with the spectra of the oxides VZO3 (128), V205 (129)
and V metal (133) indicates, again, that vanadium oxides of the kind

present in the model samples are registered.

The spectrum and difference spectra obtained by using oxidized unreacted
VBZ (111) is shown in Figure 41. The spectrum at the top of the figure
serves as a reference. Comparison with 116 (air-exposed, reacted VBj)
shows predominant intensity in the oxygen peak at lower binding energy.
The 531 eV oxygen peak of primary intensity corresponds to a kind of
oxide not present in 111. Comparisons with V5,04 (128), V,0. (129) and

V metal (133) again show the inappropriateness of using the model com-
pounds as a basis for énaiysis. The same conclusion applies to the Flood

Gun off experiments shown in Fig. 42.

Differential charging experiments with anhydrous passivated VB, are shown

in Fig. 43. The uncharged case is shown as 117. The difference spectrum
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117-121, implies voltaic shifts in the vanadium species, Integration of

the areas under the curves indicates that fewer electrons are being emitted
in the FG off case as well, although the magnitude of the noise indicates
that the actual amplitude of 117-121 is small. Enhancement of the vanadium
peak at 513.3 assignable to VB, indicates that the VB2 is immersed in or

otherwise in contact with the vanadium domains which are electrically

isolated from the bulk specimen.

Comparison of 117 with the model compounds indicates that the surface of
reacted VB, predominately consists of stoichiometric oxides whereas freshly

prepared material does not,

Figure 44 shows that no significant charging effect occurs in vanadium

nitride on its surface oxide.

Enhancement of the spectra made possible by using the model compounds as
references for the line shape of surface oxides is sharply demonstrated in
the 132 series of difference spectra. The reduction of the oxide peak

(in the V 2p region) is evident as is the enhancement of the nitride peak.
The remaining oxide peak (0Ols region) can be ascribed to a nitrogen-bound
oxide which is indicated in the nitrogen spectrum in which two distinct
peaké are observed at 401.2 eV and 396.8 eV. It appears from Fig. 44
that the oxide occurring on the surface of VN is similar in composition

to that occurring on the surface of vanadium metal.

The surface oxide of vanadium metal is compared to V203 (128) and VZOS
(129) in Fig. 45. Both of these oxides give similar results suggesting
that the surface of vanadium metal consists of a complex mixture of a

large variety of oxides.
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Figure 46 shows difference spectra obtained by using the salt Na3V04
(136) . The sodium auger line is enhanced. The separation in core level
binding energies between the Ols peak and the V2p line in V203 (128) and
V,05 (129) differs from that of the vanadate. A similar line separation

is observed on vanadyl sulfate (134).

In the study of a number of other boron compounds, a peak was consistently
observed in the region of 192.2 eV. Boron metal gives rise to a line at
188.0 eV. Similar peaks were observed in the spectra of different VB,
samples. Other investigators’3,7%,75 have assigned the boron 1s peak

at 192.2 * 0.1 eV to boron oxide species. All of the boron oxides studied
in this work have shown an oxygen 1ls peak at 339.4 * 0.1 eV above the
boron 1ls line assigned to oxidized boron. Thus, it seems reasonable to

assume that the line at 531.6 eV originates from boron oxide.

Similarly, the Ols peak at 529.8 0.2 eV in the vanadium diboride spectra
can be assumed to arise from vanadium oxide. This assumption is consis-

tent with previous work®7,68,69,70,71,74,76

The observation of the charging shift in VB, and its disappearance upon

oxidation is suggestive as regards previous work on systems relevant to

73. Hendrickson, D.N., Hollander, J.M., and Jolly, W.L., Inorg Chem, 9,
612 (1969).

74, Mavel, G., Escard, J., Costa, P., and Costaing, J., Surface Science,
35, 109 (1973).

75. Allison, D.A., Johansson, G., Allan, C.J, Gelius, U., Siegbahn, H.,
Allison, J., and Siegbahn, K., Journal of Elect Spectroscopy and
Related Phenomenon, 1, 269, (1973).

76, Hamrin, K., Johansson, G., Gelius, U., and Nordling, C., J. Chem

Phys Solids, 32, 2669 (1970).
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