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Abstract

PHOTOEMISSION AND XAS STUDIES OF SOLID OXYGEN 

AND ALKALI METAL SYSTEMS 

by 

Jie Chen

Advisor: Prof. Marten L. denBoer and Dr. Myron Strongin

Solid oxygen and its interaction with alkali metals have been studied using x-ray 

absorption spectroscopy (XAS) and photoelectron spectroscopy (PES). The Oxygen K-edge 

NEXAFS spectrum of solid oxygen shows three main features, and they are assigned to the 

ir*, a* resonance, and Rydberg transitions, respectively. This assignment is supported by 

the theoretical calculation and high resolution NEXAFS measurements. Compared with the 

gas phase spectrum, the Rydberg states shift about 1.5 eV to a higher photon energy, which 

is due to the increase of dielectric constant in the solid. The Auger spectra of both the 

ionized and excited molecules in solid 0 2 shift to a higher kinetic energy relative to the gas 

phase spectra. The shifts are 10 and 2 eV, respectively. These shifts are explained in terms 

of solid state final state screening effects. PES studies of the interaction between solid 

oxygen and alkali metals show that three different oxidation states can coexist at 35 K. 

Assignments of these features in both the O Is core level and valence band spectra have 

been made for 0 2, O^, and O2" species, which correspond to the formation of superoxide, 

peroxide, and oxide, respectively. The Cs 3d and the O Is cross-section ratio obtained from



experimental spectra and this assignment quantitatively agrees with the theoretical value.

We also studied L i02, K 02, and Cs02 superoxides using NEXAFS and EXAFS 

measurements. Compared with the solid 0 2 NEXAFS spectrum, both the i t *  and a *  

resonances in the NEXAFS spectra of all three alkali metal superoxides shift to a lower 

photon energy due to the transfer of electron to the molecular oxygen. The intensity ratio 

of these two peaks changes from about 2:1 in solid 0 2 to a smaller value in the superoxides 

because of increased occupancy of the n* level. The 0 - 0  bond length in superoxide 

deduced from the position of a* resonance, agrees well with the previous reported 0 -0  

distance in N a02 and K 02. Both the 0 - 0  and O-Cs distances obtained from the EXAFS 

study on cesium superoxide (Cs02) are in good agreement with previous x-ray diffraction 

measurements on N a02 and K 02.
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Chapter 1. Introduction

1.1. Objective

The purpose of this thesis is to extend our knowledge of solid oxygen and alkali 

metal systems. By combining various surface sensitive techniques to study the solid oxygen- 

alkali metal systems and some simple molecular solids, such as o2, and N2, we hope to 

obtain a better understanding of the electronic configuration, oxidation states, ligand field, 

local geometry, and chemical properties of physisorbed and chemisorbed molecules on metal 

surfaces at low temperatures. However, to solve these problems completely would require 

much more experimental and theoretical work. Our present attempt is to use synchrotron 

radiation (SR) and surface sensitive spectroscopic techniques to systematically study the 

oxidation process of alkali metals at low temperatures. These simple model systems will 

contribute to a better understanding of the metal oxidation process for more complex 

systems.

12. Motivation

The investigation of alkali metal and oxygen adsorption is motivated by both 

technological applications and fundamental scientific interest. Technically, alkali metal 

oxides can be used as low work function materials in photocathodes. The presence of 

oxygen, either coadsorbed with alkali or bound in oxide form, is known to accentuate the 

effect of the alkali metal. The work function of the cesium oxide C ^O  is considerably lower 

than that of pure Cs,1 a fact which plays a role in the activation of photocathodes. Alkali 

metal oxides are of fundamental interest because of their unique ability to incorporate 

oxygen in a variety of modifications, ue,, O2", d jf, 0 2, and O3 in the monoxides, the



peroxides, the superoxides, and the ozonide, respectively.2 In addition, the alkali metal 

conduction band extends only about 2 eV below the Fermi level, whereas the shallowest core 

levels appear 12 - 30 eV below Ep. Consequently the oxygen valence states are not 

obscured in photoemission by overlapping metal features, so that the details of the 

electronic properties of the oxygen molecule in different charge states can be studied. 

Oxygen-alkali metal systems provide a unique opportunity for exploring the electronic 

structure of a series of ionic oxygen species. Moreover, vaiying the atomic size of alkali 

metal by substituting various alkali metals does not change the essential nature of the 

associated chemistry and provides insight into the effect of the ligand field and the
4

Madelung potential on the oxygen valence orbitals.

13. Historical Review

Considerable attention has been paid throughout the history of surface science to 

the oxidation properties of simple metals, e.g., alkali metals that are well described by the 

free-electron model. In 1969, Smith and Spicer measured energy distribution curves (EDC) 

of Na and K, and successfully interpreted their data in terms of the three-step model of the 

photoemission process.3 Among alkali metal-oxygen systems, the cesium-oxygen system is 

particularly interesting from the technological point of view, since oxidized thin films of Cs 

have veiy low work functions and are therefore used as photocathodes. The photoemission 

study found that the work function of cesium oxide is 0.7 eV,4 which is believed to be the 

lowest work function material known. The cesium-oxygen system has a vety complex 

structural phase diagram with an unusually large number of different structural forms.5 In 

1971, Simon studied the structure of the cesium suboxides and proposed a structural model 

for Csi]03 5 Since then, the electronic properties of the cesium-oxygen system have been
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intensively investigated by photoelectron spectroscopy.7,8 Related systems, such as 

rubidium-oxygen,9 potassium-oxygen,10 sodium-oxygen,11 and lithium-oxygen12 systems 

have also been explored. In earlier room temperature studies, two different phases of 

oxidation of Cs, Rb, and K were observed, which were interpreted as atomic oxygen 

incorporated into the top metal layer and the formation of a metal-oxygen surface molecular 

compound. On the other hand, low temperature (liquid N2) studies have shown three 

different oxidation states. In the potassium-oxygen system,10 these three states were 

characterized by three O Is peaks at 528.2,531.9 and 534.6 eV binding energy, respectively. 

Recently, three different states of oxygen were found in the photoemission and metastable 

deexcitation spectroscopy (MDS) studies of the cesium-oxygen system,13 which were 

identified as O2", ofy and 0 2. Most recently, both the occupied and unoccupied electronic 

levels of NaOz and K 02 have been probed by photoemission spectroscopy (PES), inverse 

photoemission spectroscopy (IPE), x-ray absorption spectroscopy (XAS), and electron 

energy loss spectroscopy (EELS).14,15 An 0 - 0  bond length of 1.35 A was deduced for 

N a02 and K 02.14 However, the binding energy of superoxide species in these studies was 

different from other UPS results obtained from the potassium-oxygen system.16

Despite these numerous studies, many questions are not completely answered. Are 

the observed different oxidation states formed simultaneously, or separately? How do these 

oxidation states change with temperature? What is the 0 - 0  bond length in the peroxide 

(O ^  and superoxide (0£) species? How do the unoccupied states of both oxygen and metal 

change during the oxidation process? In order to answer these questions, more research 

and better understanding of oxygen/alkali metal systems are needed.



Chapter 2. Experimental Techniques

4

2.1. Introduction

In order to understand solid oxygen and alkali metal systems, we have used various 

surface-sensitive techniques to study the electronic structure, physical structure, and 

chemical properties of these systems. The experimental program was carried out in two 

stages. First, the occupied electronic states and the chemical properties of the solid oxygen- 

alkali metal systems were probed by both synchrotron radiation photoemission and 

conventional x-ray photoemission at the U7B beam line at National Synchrotron Light 

Source (NSLS). Second, the unoccupied electronic states and the chemical bonding 

properties of molecular solids and solid oxygen-alkali metal systems were studied on the x- 

ray absorption spectroscopy (XAS) system at the NSLS U7A beam line.

The U7A and U7B beam lines at NSLS were designed for ultraviolet photoemission 

spectroscopy (UPS) and surface extended x-ray absorption fine structure (SEXAFS) 

experiments, respectively. The U7B plane grating monochromator (PGM) beam line has 

a optimal energy range from 30 to 150 eV (P3), with a resolving power (E/AE) of about 400 

and a beam flux of 5 X 1010 photon/(secAmpere). The U7A toroidal grating 

monochromator (TGM) beam line has a continuous energy range of 120 - 400 eV using the 

4001/mm grating, and 300 - 1000 eV using the 10001/mm grating. The resolving power of 

U7A is about 750, and the beam flux is 1011 photon/(secAmpere). The monochromator 

and the experimental chamber at the U7A TGM beam line is drawn in Fig. 1. The 

experimental apparatus includes a vacuum chamber with a base pressure of 1 X 10'10 Torr, 

and facilities for cooling a sample to below 20 K. The desired gas is introduced into the 

chamber through a doser. In the x-ray absorption spectroscopy (XAS) measurements, the
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Sampling depth (A) Structure Composition Electronic Structure

Low Energy Electron Diffraction (LEED) 10 X

Auger Electron Spectroscopy (AES) 10 X X

Ultraviolet Photoelectron Spectroscopy (UPS) 5 X X

X-ray Photoelectron Spectroscopy (XPS) 15 X X

Extended X-ray Absorption Fine Structure (EXAFS) 100* X X

Near-edge X-ray Absorption Fine Structure (NEXAFS) 100* X X X

* For total electron yield measurement only.

Table 1. Summary of various spectroscopic techniques used for this thesis.
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total electron yield (TEY) is recorded using a channeltron. In the photoelectron 

spectroscopy (PES) and Auger electron spectroscopy (AES) measurements, photoelectrons 

and Auger electrons are detected by a Vacuum Science Workshop (VSW) HA-100 

hemispherical electron energy analyzer.

In the following sections I will discuss experimental equipment and sample 

preparation first, and then I will describe the physical principles of and the detailed 

experimental implementation of the primary surface sensitive techniques used for this thesis. 

For a summary of the various spectroscopic techniques used for low temperatures studies, 

see Table 1.

I



22. Experimental Equipment

The hardware required for our experiments consists of three major parts, (1) a 

source that produces a monochromatic beam of photons; (2) an electron detector, including 

detection electronics, a facility for energy selection of the emitted electrons; and (3) a 

vacuum chamber, which holds the sample.

2.2.1. Photon Energy Sources

The prime criteria in the selection of light sources for a experiment are the energy 

of the photons, the flux at the sample position, the energy band width of the beam, and 

compatibility with an ultrahigh vacuum system. If the source offers a continuous spectrum, 

a monochromator is required in order to provide a beam of defined photon energy.

In our photoemission investigation, we employed both a helium discharge lamp, a 

conventional x-ray source, and a synchrotron radiation light source. The helium gas 

discharge lamp gives rise to strong emission at photon energies of 21.2 eV (Hel) and 40.8 

eV (Hell). The Hel spectral line is due to the 2p to Is transition of the excited helium 

atoms and is always stronger than Hell. Besides using a suitable monochromator to 

separate the two lines, reducing the helium gas pressure in the discharge chamber can 

effectively increase the Hell spectral line intensity. Since the gas lamp has to be operated 

at a pressure of several Torr, a differential pump is required in order to install the lamp in 

an ultrahigh vacuum chamber. Differential pumping enables a pressure of several Torr to 

be maintained in the lamp while the photoelectron spectrometer is maintained at ultrahigh 

vacuum.

The conventional x-ray source used in our experiments is the A1 Ka (hv = 1487.6 

eV) line, which is emitted by aluminum when A1 anode is bombarded with high energy



electrons. Since no gas is used in the x-ray tube the whole instrument can be installed in 

an ultrahigh vacuum.

The most powerful photon source covering the whole range from the visible to the 

x-ray region is the synchrotron radiation light source. It is described in detail in the last 

section of this chapter.

2.2.2. Detector

We have used two different electron detectors in our experiments. The electron 

energy analyzer is for photoemission experiments and the channeltron is for x-ray absorption 

experiments.

A). Electron Energy Analyzers

The most popular analyzers used in photoemission spectroscopy are the cylindrical 

mirror analyzer (CMA) and the hemispherical analyzer (HA). The hemispherical analyzer 

(VSW HA100) we used was manufactured by VAS Scientific Instruments Ltd.17 It consists 

of a 100 mm mean radius hemispherical electrostatic deflector that disperses the electrons 

across its exit focal plane according to their energies, and a long input lens that focuses 

electrons from the sample onto the entrance focal plane of the hemispheres. Normally, the 

relationship between the applied voltage and the energy of the transmitted electrons is linear 

and an energy distribution is obtained by sweeping the analyzer voltage.

The energy resolution of the analyzer is approximately given by
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where EP is the pass energy, d  is the entrance slit width, R0 is the mean radius of 

hemispheres, and a  is the half angle of electrons entering the analyzer at the entrance slit. 

The analyzer we used is HA100, in which R0 = 100 mm, d  = 4 mm, a  = 4° and operated 

at Ep = 50 eV. The resolution AE calculated from equation 2.2.1 is about 1 eV. 

Comprehensive reviews of electrostatic analyzers and their performance are given by 

Sevier18 and Roy.19

B). Channeltron

In our x-ray absorption spectroscopy (XAS) studies, XAS spectra were measured in 

the total electron yield (TEY) mode. The total electron yield can be recorded either by 

measuring sample-to-ground current or by using a channeltron. In our measurements, the 

typical sample-to-ground current was about 7 pA above the O K-edge. We found it difficult 

to exclude all sources of electrical interference from such low current measurements. In 

order to reject noise at such low current, we developed a new method to measure the total 

electron yield using a channeltron which is coupled to a lock-in electron amplifier. The 

sample mounting was designed so that the ac bias is applied only to the sample. Since the 

lock-in amplifier only detects the ac component of the photoelectron signal modulated at 

the reference frequency, the photoyield from the sample surroundings is not detected. This 

is very useful to eliminate the photoyield from scattered lights. A detailed description of 

this new technique is found in Ref. 20.

2.2.3. Vacuum System

In order to study the atomic properties of a surface, it is essential to keep a nearly 

constant composition of the surface during the experiment. This means that the arrival rate 

of reactive species from the surrounding gas should be low.



The simple kinetic theory of gases gives an expression for the arrival rate (r) of 

atoms or molecules from a gas of density n and with an average velocity v,

T -  - n v  -  P -  3 .5 x l< F -£ - , (2.2.2)
4 sjlnkTm \[mT

where P  is the gas pressure, k  is the Boltzmann constant, T  is the temperature, and m is the 

mass of the molecule. For CO at room temperature,

T -  3.7x105P  (MLIs)  . (2-2-3)

It is clear that reduction of incidental contamination to less than a few percent of a 

monolayer during an experimental time of 1 hour requires background pressures of 10'10 

Torr or better.

In a vacuum chamber the volume gas is removed first, followed by outgassing and 

desorption of adsorbed gases from the inner walls and instrument surfaces, and last, 

permeation through the chamber wall. All these processes, except volume gas removal, are 

temperature dependent. At room temperature, it takes a very long time to reach the 

permeation limit. Thus high temperature baking is necessary to obtain ultrahigh vacuum 

in a reasonable pumping time. Thus the materials and seals used for construction of 

chamber walls and internal fixtures must be compatible with this thermal cycling. When our 

system has been completely assembled, we bake it at 150 0 C for 24 hours to remove the 

surface gases, and 2 X 10'10 Torr pressure is achieved after cooling to room temperature. 

A detailed discussion of UHV techniques can be found in references 21 and 22.

An additional requirement for our experiments is exclusion of electrostatic and 

magnetic fields because many of the techniques we used involved low energy electrons which 

are easily deflected by weak electrostatic and magnetic fields. In our chamber, a /x metal 

shield has been used to screen the external magnetic field.
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23. Sample Preparation

Many types of sample preparation techniques have been used in surface science 

studies depending on the nature of the material. In our work, samples have been prepared 

in the form of thin films in two different ways depending on the nature of the material: 

metal films and molecular solids.

We used thermal evaporation to prepare metal samples. The starting materials were 

heated directly by a W filament and the vapor was condensed onto a cooler substrate to 

yield a thin solid film. For some reactive materials with high vapor pressures below their 

melting points, such as alkali metals, commercial SAES getter sources were used. By 

resistive heating of the evaporant wire to high temperature before melting, a relatively
Sr

constant and repeatable evaporation rate could be achieved. In order to grow clean thin 

films, the chamber pressure should be in the low 10"10 Torr range during evaporation and 

this requires thorough outgassing prior to evaporation.

Molecular solids were obtained by condensing high purity gases onto a cold substrate 

maintained below 20 K. At this temperature, where the vapor pressure is below 10‘10 Torr 

for the molecules we studied, thick layers of molecular solids can be easily condensed.

Since superoxide species only can be formed in an oxygen-rich regime,12 it is very 

difficult to make pure superoxide films. Normally, a huge solid 0 2 feature accompanies a 

much smaller superoxide feature (Fig. 2b). In our experiments, we developed a nice way, 

namely, the "distillation" method, to prepare pure superoxide samples. Initially, solid 0 2was 

condensed on a layer of solid Kr. The Kr layer served as a buffer to prevent reaction 

between the molecular oxygen and the copper cold finger. Alkali metals were then 

evaporated onto the solid 0 2 film. For dilute amounts of alkali metal a single electron was 

transferred to the 0 2 molecule and superoxide was formed (Fig. 3b). Only small changes
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were seen in the solid 0 2 NEXAFS spectrum as the sample still contains large amounts of 

molecular oxygen (Fig. 3b). By taking advantage of the melting temperature difference 

between Kr (TM = 116 K) and 0 2 (TM = 50 K), wanning the sample to 54 K "distills" off 

the 0 2 leaving the pure superoxide on the solid Kr (Figs. 3b and 3c). This method works 

very well if one can precisely control the sample temperature.

2.3.1. Sample Temperature Control

The temperature of the sample is a very important variable which affects the physical 

and chemical properties in a surface science study. The special requirements desired for 

surface study are not easily met by commercial units. The low temperature system used in 

our experiments is a modified Liquid Transfer Refrigeration System (Air Products LT-3B- 

110) manipulator,23 in which the temperature of a sample can be varied from 10 K to 300 

K in ultrahigh vacuum. Low temperature is achieved by the controlled transfer of liquid 

helium through a transfer line to a heat exchanger, which is coupled to the sample holder 

using copper blocks. A needle valve permits control of the flow rate and thus of the sample 

temperature. The system allows operation at given temperature range with excellent 

stability. The system also includes a UHV-compatible refrigerator which can be baked to 

130 0 C. The apparatus provides (1) rapid sample cooling to 20 K (~  half hour); (2) large 

movement (~  5 cm) in three perpendicular directions (x,y,z); and (3) full 2 n  polar rotation.

2.3.2. Adsorbate Thickness Measurements

It is always difficult to measure the amount of adsorbates accurately. At the early 

stages of adsorption, the adsorbate atoms may form three-dimensional clusters on the 

substrate surface. Even for metal overlayers, the thin film surface may not be perfectly



smooth. However, by systematic study and calibration with several surface-sensitive

techniques, one can obtain a relatively accurate adsorbate thickness.

For a nonreactive thin film without interdiffusion at the interface, either the

attenuation of substrate peaks or the intensity of the overlayer peaks in the photoemission 

spectrum can be used to estimate the adsorbate thickness. Consider a overlayer with 

thickness d  and electron mean free path X. The photoelectron intensity can be written as

overlayer material, and <p is the photoelectron emission angle. Normally, the d  value

factor limiting the accuracy is the electron mean free path X.

In gas adsorbate studies, the langmuir (L) unit is widely used for recording gas 

exposure. A langmuir (L) is defined as

of CO at room temperature corresponds to 0.27 monolayer (ML) if the sticking coefficient 

is one.

Since the gas exposure in langmuir is measured by recording the pressure and time, 

one should pay special attention to the pressure reading, especially for a system with a 

doser. In our chamber, the doser is directly pointed at the sample surface and for

 d_ (2.3.1)

d (2.3.2)

where J°s  is the photoemission intensity from the clean substrate, /„ is that of a thick

determined by the above equations is within a factor of two of the correct value. The major

1 L -  10"6 (Torr) (sec) . (2.3.3)

It should be noted that the recorded langmuir is not the adsorbate thickness because of the 

sticking coefficient. For a Cu (111) surface, 1 ML = 1.5 X1015 atoms/cm2, 1 L exposure
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convenience the ion gauge is located some distance from the sample. In this arrangement, 

during gas exposure the pressure near the sample is about 15 times higher than the ion 

gauge measured.
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2.4. Photoelectron Spectroscopy (PES)

2.4.1. Photoexcitation Process

An electron excited by electromagnetic radiation may escape from the solid if it has 

sufficient kinetic energy to overcome the work function barrier. This photoelectric effect 

was described by Einstein in 1905. If the sample is irradiated with monochromatic photons 

of frequency v, the energetics of the process are defined by the Einstein relation

K.E. -  hv -  4  -  E g , (2.4.1)

where EB is the binding energy below the Fermi level and <f> is the work function of the 

sample.

Before the photoexcited electron reaches the surface it may suffer various kinds of 

scattering. Quasi-elastic scattering by phonons may affect the direction of the outgoing 

electron and reduce the electron energy by a few meV. The electron can lose a substantial 

amount of energy through the creation of electron-hole pairs or the production of collective 

excitations of the electron gas known as plasmons. The mean free path for inelastic 

scattering depends strongly on the electron energy. Electrons with kinetic energies in the 

range 10-1000 eV above the Fermi level are scattered veiy strongly in solids and to emerge 

must originate very close to the surface. This is why photoemission is a very surface 

sensitive probe.

For interpreting the available data, the three-step model has been widely used 

because of its simplicity and success.3 This model divides the photoemission process into 

three distinct steps which are (1) optical excitation; (2) transport of the excited electron to 

the surface; and (3) transmission of the photoelectron through the surface. Despite the 

successful prediction of the location of some individual peaks, discrepancies began to appear 

when the three-step model was used to predict either the intensity or the shape of the
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photoemission features.

The most common photoemission technique is the measurement of an energy 

distribution curve (EDC) of the photoemitted electrons at a fixed photon energy. Below 40 

eV photon energy, the EDC is dominated by the joint density of initial and final states. 

Above this energy, the EDC reflects more closely the local density of states. The tunability 

of synchrotron radiation makes possible two other techniques, namely, constant final state 

spectroscopy (CFS) and constant initial state spectroscopy (CIS). In the CFS mode 

photoelectrons with a fixed kinetic energy are measured while the photon energy is scanned. 

Hence transitions to the same final state are probed. In the CIS mode both the incident 

photon energy and the spectrometer window energy (kinetic energy) are synchronously 

scanned to monitor emission from the same initial state. By using the CIS technique one 

is able to obtain information on how the cross-section of a particular initial state changes 

with the photon energy.

2.4.2. Theoretical and Practical Aspects

A). Photoionization Cross-Section

The cross-section for the photoemission process dominates the emission intensity in 

the photoemission process. According to a first principle theory of photoemission in a 

single-step model, the differential cross-section for the photoelectron emission is given by 

the golden rule expression:

“ £  I<T/1 P'A + A P I Yy/>]2 *>{Ef  -  E/  -  /tv) , (2.4.2)
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where the wave function Yf describes the plane wave state with energy E j of the outgoing 

photoelectron. A  is the classical magnetic vector potential and P is  the momentum operator. 

The 6‘function states that the photoemission process conserves energy.

B). The Electron Mean Free Path

The mean free path for photons in solids is larger than the scattering length of 

excited electrons for all energies in the PES range, so the electron mean free path is the 

parameter that limits the escape depth of photoemitted electrons.

The processes that determine the mean inelastic free path of hot electrons are 

electron-electron and electron-impurity scattering. Electron-electron scattering may lead to 

pair excitation, a single particle scattering event, or plasmon emission (collective many-body 

excitation). Both of these processes are accompanied by a relatively large energy transfer, 

a few eV for pair excitation and on the order of 10 eV for plasmon excitation. Inelastic 

electrons and secondaries therefore will leave the sample with low energy.

The energy dependance of the electron mean free path is presented in Fig. 4, which 

shows that photoelectrons in the 20 - 200 eV range have free path lengths comparable to 

the lattice spacing (~  5 A), so up to 30% of the total number of electrons in the spectra are 

derived from the top layer of atoms. For photoelectron kinetic energies above 200 eV, the 

electron mean free path increases and the surface sensitivity decreases.

C). Relaxation and Chemical Shift

The energy balance formula for the photoemission process given in Eq. (2.4.1) is 

only valid for a single particle; this is Koopman’s approximation, which assumes that all 

energy levels are "frozen" during the photoionization process. The simple Koopman model 

does not accurately describe the experimental data, mainly because relaxation effects are 

ignored. When the core hole is created by photoionization, the remaining negative charged
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electrons will flow toward the hole in order to screen the suddenly appearing positive 

charge. The screening lowers the energy of the hole state left behind and therefore lowers 

the measured binding energy. This binding energy shift is commonly referred to as the 

relaxation energy E r .26 Er  can be partitioned into two components: the intra-atomic 

relaxation energy and the extra-atomic relaxation energy.

Intra-atomic relaxation or the rearrangement of the electrons on the atom is driven 

by the difference between the electron states of an N electron system and those of the (N - 

1) electron system left behind after the photoemission event. If N is very large, these states 

will not differ very much, since the self consistent field does not change much when a single 

electron is removed. This is the case for solids with wide, overlapping bands; but in the case 

of localized energy levels, as found in small atoms, it is quite different. There the total 

number, N, of electrons is small enough that the self consistent field is sensitive to the 

removal of an electron. The orbitals of the remaining electrons adjust to the new field and 

the atom relaxes toward lower binding energies.

Extra-atomic relaxation refers to the charge flow from neighboring atoms, which 

occurs when the emitting atom is embedded in a polarizable medium. The local hole 

created by the photoemission process acts as a local positive charge and attracts screening 

electrons. The screening results in a lowering of the total energy of the system with the 

energy difference given to the emitted photoelectron.

Final state effects include intra-atomic relaxation and extra-atomic relaxation, which 

arises from many body relaxation and polarization effects, respectively. Once these effects 

are known, the observed kinetic energies of photoemitted electrons can be used to deduce 

information on the initial state of the system, an intrinsic property of the emitter. The 

energy of an electron in a tightly bound core state is determined by the attractive potential
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of the nuclei and the repulsive Coulomb interaction with all the other electrons. Therefore, 

a change in the chemical environment of one atom will change the spatial distribution of the 

valence charge of that atom which implies that the exact value of the binding energy 

measured for a given element depends on the chemical environment of that element. For 

example, the 2p level of A1 has a binding energy of 72.6 eV in A1 metal and an energy of 

75.3 eV in A120 3.27 This 2.7 eV shift is typical of the chemical shifts encountered when 

the oxidation state of an atom is changed by about one elementary charge. In practice, the 

chemical shift can be used to identify the chemical environment of an element by 

comparison with the binding energies of a set of reference compounds involving the same 

element. This fingerprinting technique is of considerable value in a variety of applications 

ranging from catalysis to environmental studies.
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2.5. Auger Electron Spectroscopy

2.5.1. Introduction

When a hole is produced in a core subshell by an incident photon as in our case, or 

by an incident electron of sufficient energy, a decay or deexcitation of the system can occur 

via the emission of x-ray fluorescence or the emission of a secondaiy electron in a 

radiationless manner. These competing processes are dominated by the photon emission 

only when the initial core hole is deeper than about 10 keV. Indeed, this is the physical 

process used in a conventional laboratory x-ray generator. The alternative radiationless 

electron emission via the latter process is the Auger effect, named after its discoverer, 

Pierre Auger.28

Figure 5 shows a schematic of the two processes. In the case of photon emission we

have

hv -  Ea -  Eb , (2.5.1)

and in the case of Auger electron emission

KJE. -  Ea -  Eb -  Ec . (2.5.2)

In each case the emitted particle is characteristic of some combination of the atomic energy 

levels of the emitter and so forms the basis of a core level spectroscopy. However, core 

level fluorescence is of little interest in surface science because of the relatively long mean 

free path of a photon in solids. By contrast, an Auger electron has a short mean free path, 

making AES a surface sensitive probe.29

2.5.2. Deexcitation

As mentioned before, excited atoms created either by an incident photon, or by an
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Figure 5. Energy level diagram showing the filling of a core hole in level 
A, giving rise to photon emission on the left, or Auger 
electron emission on the right. The levels are labelled with 
their binding energies.
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incident electron, can relax to the ground state radiatively or, more commonly at the low 

binding energies of low-Z atoms, by electron emission. For ionized atoms, this is simply a 

conventional Auger electron process. For an excited neutral atom, an autoionization process 

occurs which is similar to an Auger decay, but modified by the presence of the promoted 

electron. This electron may participate in the Auger process or simply remain present as 

a "spectator." These two channels give rise to distinctly different final states of the atom, 

which may be distinguished experimentally by the different kinetic energies of the ejected 

electrons.

In order to determine the final states which may be reached, we first describe the 

excitation process. When the atom is ionized, the excitation may be written as

A + M -  M*[c\ + e , (2-53)

where A  represents the incident excitation, which may be an electron, photon, or other 

projectile, M  represents the molecule of which the atom is part, [c] denotes a core hole 

associated with the atom, and e the ejected core electron. Similarly, an excitation event is

A + M -  Af[c](s) , (2-5-4)

where (s) represents the electron promoted from the core level, but not ejected from the 

atom. The ions produced by process (2.5.3) may relax by a normal Auger process:

Af+[c] -  M**[w'] + e , (2-5-5)

in which [w’j represents the two valence holes that are produced and e the electron that 

carries off the energy. The excited neutral atoms produced in the process (2.5.4) may relax 

to fill the core hole in a transition involving the promoted electron,

Af[c](s) -  AT[v] + e , (2-5-6)
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which results in a singly ionized state of the atom. This may be compared with a direct 

valence photoemission (PES) process. Despite the expected coincidence in energy, the peak 

intensities for process (2.5.6) and the photoemission process are quite different due to the 

different matrix elements governing the two processes. The matrix element in process 

(2.5.6) is a Coulomb matrix element between the core hole excited state as the initial state 

and the valence hole plus ejected electrons as the final state, and therefore should be similar 

to the matrix element in the Auger process.

The excited neutral atoms produced in process (2.5.4) may also relax to fill the core 

hole, in a transition involving two other electrons, while the promoted electron is a passive 

spectator of the event:

M[c](s) -  M+[w'](s) + e . (2<5*7)

It should be noted that, although the ion resulting from process (2.5.7) also has two 

valence holes, and in that sense is similar to that produced in process (2.5.5) (normal Auger 

process), its energy, and hence the energy of the electron e, is different due to the presence 

of the spectator electron s.
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2.6. X-ray Absorption Spectroscopy (XAS)

2.6.1. Introduction

When the energy of an x-ray photon is sufficient to excite a bound electron, the 

absorption coefficient /x shows a sudden increase. Atomic theory predicts a smooth 

decrease (1/E3) in the absorption coefficient as the photon energy is increased above the 

edge. However, there are often some near-edge structures appearing either as sharp peaks 

in the absorption or as small bumps within 30 eV above the edge, and some oscillatory 

features superimposed on the smooth absorption coefficient which extend approximately 

from 30 to 1000 eV above the edge. Traditionally, the structure in the vicinity (~  30 eV) 

of the edge is named the near-edge x-ray absorption fine structure (NEXAFS)30 and the 

features further above the edge (30 -1000 eV) are called the extended x-ray absorption fine 

structure (EXAFS).31

2.6.2. Basic Theory of EXAFS

Extended x-ray absorption fine structure (EXAFS) refers to the oscillations in the 

x-ray absorption coefficient spectrum as a function of photon energy in the energy range 

from about 30 eV to as far as 1000 eV above the absorption edge in an x-ray absorption 

spectrum. Since multiple scattering of the photoelectron is not important at this energy 

range,32 a simple single scattering model of EXAFS has been formulated 

theoretically.33,34

In this simple single scattering model, EXAFS is a final state interference effect 

involving scattering of the outgoing photoelectron from the neighboring atoms (Fig. 5). In 

the absence of neighboring atoms, a photoelectron ejected by an x-ray photon will travel as 

an outgoing spherical wave with a wavelength X = 2n/k, where
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The origin of the extended x-ray absorption fine structure, or EXAFS. (a) An 
x-ray photon is absorbed by an atom through the excitation of an electron 
from a core state j to an unoccupied continuum state f. (b) The photoexcited 
electron waves propagate outward from the excited atom, (c) A scattered 
wave from a neighboring atom interferes with the outgoing wave at the excited 
atom, modulating the absorption cross section.
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— {E -  Ef) . (2.6.1)
h2

Here E  is the incident photon energy and E0 is the energy threshold of the particular 

absorption edge involved. In the presence of neighboring atoms, this outgoing photoelectron 

can be backscattered from the neighboring atoms. This produces an incoming wave which 

can interfere either constructively or destructively with the outgoing wave near the origin, 

resulting in an oscillatory modulation of the absorption rate (ji). The amplitude and 

frequency of the sinusoidal modulation of /x as a function of E  depends on the type (and 

bonding) of the neighboring atoms and their distances from the absorber.

If one uses Fermi’s Golden Rule and the dipole approximation and only considers 

single scattering events, one can show

X® -  W  P fli  , (2.6.2)
*0

where %(k) is defined as

.  (2.6.3) 
n0(*)

H(k) being the observed absorption for the material and n0(k) is the smooth, isolated atom­

like absorption. Equation (2.6.2) describes the change in the absorption process due to the 

scattering of the photoelectron by Nj neighbors located at a mean distance rj with a 

Gaussian distribution of standard deviation oj. Fj(k) is the backscattering amplitude for the 

neighbor of type j. The total phase shift contains the geometric contribution 2kj and a phase 

shift 0j(k) due to the absorbing and backscattering atoms. Sj(k) is the amplitude reduction 

factor due to many-body effects such as shake-up and shake-off processes at the central
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atom.

By experimentally comparing the EXAFS spectrum of an unknown compound to a 

model compound, one can determine the coordination number Nj of the absorber, the 

bonding length rj between the absorber and its neighboring atoms and the Debye-Waller 

factor Oj which accounts for thermal vibrations and static disorder of the central atoms. 

Since each element has a characteristic x-ray absorption edge energy, the EXAFS at a 

particular edge reflects the average distribution of atoms around that particular kind of atom 

in the material. Thus EXAFS can be used to obtain information about the average near­

neighbor coordination for each kind of atomic species in the material. Unlike x-ray 

diffraction, which is sensitive to long-range order, the EXAFS technique probes the local 

environment of the absorbing atom. Therefore, this technique can be applied to the study 

of the microscopic structure of disordered materials, such as polycrystals. The availability 

of intense and highly collimated x-ray beams from electron and positron storage rings has 

initiated the rapid development of x-ray absorption spectroscopy (XAS) and its widespread 

application in physics, chemistry, biology, and materials science.

Traditionally, the x-ray absorption spectrum is measured by recording the partial 

absorption cross section n(k) for a specific core level excitation. In order to enhance the 

surface sensitivity, x-ray absorption spectrum can be carried out by monitoring the total 

electron yield (TEY).35 Besides the TEY technique, several partial electron yield 

techniques, such as elastic Auger yield (EAY), partial Auger yield (PAY), and secondary 

electron yield (SEY) have also been employed for surface extended x-ray absorption fine 

structure (SEXAFS) studies. It has been shown theoretically36 that the (S)EXAFS signals 

measured by these different electron-yield detection modes exhibit identical phase and thus 

will yield identical neighbor distances. The amplitudes derived from the spectra, however,
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may be quite different since the inelastic and secondaiy photoelectron channel which 

contributes for some detection modes does not contain extended x-ray absorption fine 

structure (EXAFS) information.

2.6.3. Data Analysis for EXAFS

Data analysis in EXAFS is relatively complex. The EXAFS data is converted into 

%(k) versus k, where k  = [(2m/ h2) i s  the wave vector of the outgoing electron, by 

normalizing the pre-edge background using the expression x{E) = [^(E)-nQ(E)]/nQ(E). 

Then the Fourier transform technique is used to convert the fine structure oscillation 

spectrum k?x(k) in momentum (k ) space into the radial distribution function pn(r) versus 

r in distance space.

A). Flux Normalization

The monochromator transmission function has a great influence on EXAFS 

spectra.37 The C and O K-edge regions are most problematic because they exhibit the 

largest flux modulations due to the absorption of carbon and oxygen contamination on the 

optical surfaces of the beam line.38 In our measurements, the beam flux was monitored 

by collecting the electron yield from a 90% transmission Au metal grid mounted in the 

incident beam well removed from the sample region. Figure 7a shows the absorption 

spectrum of solid NH3 and 0 2 recorded with the U7A TGM monochromator (1000 

lines/mm grating) in the total electron yield (TEY) mode. The same spectrum after flux 

normalization is shown in Fig. 7c. The measured incident photon beam intensity is 

displayed in Fig. 7b.

B). Removal of Background Absorption

It is convenient to regard the total experimental absorption cross section as the sum
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of two distinct contributions: the K-shell absorption cross-section ju, which contains the 

EXAFS information, and a slowly varying background absorption ji5g. This background 

absorption is due to the photoexcitation of all those electrons in the system which are less 

tightly bound than the K electrons of interest in the example. The first step in data 

reduction is often to fit a functional form to this quantity and to subtract the result from the 

measured spectrum. In our case, the pre-edge continuum background jibg was approximated 

by fitting the pre-edge part of the spectrum to a line. After subtracting this background, the 

spectrum was then normalized to the edge jump.

C). Extraction of EXAFS x
*

The next step in data reduction is to find fiQ(k:), where k  = (E - Eqj1/2, and thereby 

extract x(k) using Eq. (2.6.3). In many cases it is possible to extract the needed y 0 from 

a separate measurement of the x-ray absorption spectrum of atom species in a monatomic 

gas phase. There are, however, several complications: (a) It would be necessary to shift the 

photon energy to account for changes in the initial- and final-state energies; (b) the low 

energy portion of the continuum of final states in the solid is replaced with discrete bound 

states in the free atoms; and (c) it is necessary to rescale the overall strength of y 0 to 

account for the differing number of absorbing atoms in the two experiments. Owing to 

these problems, the usual procedure for obtaining /x0 is to extract it from the data set by 

fitting a slowly varying functional form to y. above the absorption edge. In our approach, 

y 0 is approximated by fitting the high energy part of the spectrum by a polynomial function 

of k. E0 is the threshold energy, determined by extrapolating the absorption from below and 

above, but excluding the contribution of the threshold spike.

D). Fourier Transform into r Space

In transforming the EXAFS into r  space, there is a problem of minimizing the
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undesirable effects of the limited data range available for the transform. The low-k cutoff 

is the more persistent problem in EXAFS analysis, arising from the necessity of avoiding 

the threshold spike. In the absence of a reliable method for removing that spike, the 

EXAFS data set must be terminated in the region of 2 - 3 A"1, where the EXAFS signal is 

usually strong. The large-k cutoff is much less of a problem, since it typically results from 

the EXAFS signal being reduced in strength to the noise level. In our data analysis, the 

Fourier transform was done over a limited k  range from 2 to 8 A"1.

2.6.4. Introduction to NEXAFS

The NEXAFS region (near-edge x-ray absorption fine structure), which also is 

referred as XANES (x-ray absorption near-edge structure), extends approximately 30 eV on 

either side of the ionization edge. It is distinguished from the higher energy EXAFS regime 

by stronger scattering of the excited electron by the surrounding atoms. In this case two 

effects combine to enhance the contribution of multiple electron-atom scattering. Firstly, 

multiple scattering is important in the energy region near the edge, where the electron mean 

free path length is much longer than in the EXAFS region.39 Secondly, electron-atom 

scattering becomes more isotropic at lower energies. This increases the intensity of large 

angle scattering which is necessary for multiple scattering. This low energy region is also 

complicated by the onset of shake up (off) transitions, which is inaccessible to the simplest 

single scattering EXAFS analysis. For all the above reasons, the features in the NEXAFS 

region are more difficult to analyze quantitatively. Therefore, in this energy range, it is 

more appropriate to regard the electron as being excited into a localized antibonding state 

of the system (Figure 8) rather than to describe it as an outgoing plane wave as described 

in EXAFS.
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For low-Z atoms, K-edge NEXAFS spectra normally are dominated by resonance 

features. These resonances typically result from transitions to partially filled or empty states 

(bound state resonance) or to continuum states with a large scattering amplitude (shape 

resonance). Below the ionization edge, features in the absorption spectra called bound state 

resonances, are due to transitions of the core electron to a valence or a Rydberg orbital or 

an appropriate linear combination of them. Above the ionization edge, the NEXAFS 

features are due to transitions to quasi-bound molecular orbitals (also called shape or 

continuum resonances). Shape resonances result from the shape of the molecular potential, 

which temporarily traps the outgoing electron.

Since the shape resonance arises from a multiple scattering (MS) process along the 

internuclear axis, its energy position is sensitive to the internuclear distance.40 Thus 

NEXAFS can reveal the presence of different types of bonds41 and can serve to identify 

chemical reactions occurring on surfaces. A quantitative correlation between the energy of 

the resonances and bond lengths has been noted.42 It has been found that there is a 

simple linear correlation between the a * resonance position and the intramolecular bond 

length for gas phase molecules 43

2.6.5. Polarization Dependence of the Near-edge Spectrum

Because of multiple scattering it is difficult to establish a clear model of NEXAFS 

theoretically, but the probability of photon-excited transitions from an initial state to the 

unoccupied molecular states is nevertheless governed by dipole selection rules:

P <* k xPf  I EP  I Y,>P . (2.6.4)
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continuum.
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For a a  or n symmetry of the final state, the transition probability depends on the 

orientation of the electric field E  of the photon with respect to the molecular axis.44 It 

has been calculated that the transition probability from the initial state to a final state of a 

symmetry is proportional to cos20, where 0 is the angle between the polarized E  vector and 

the molecular axis, and the tt symmetry state is proportional to sin2© as:

Nn -  (— ) sin20 . (2-6-6)
8 71

Na -  cos2© , (2.6.5)

By taking advantage of the polarization of synchrotron radiation in the horizontal plane, the 

near-edge spectrum can be used to probe the orientation of the molecule relative to the 

surface by varying the angle between the E  vector and the molecular axis.

t
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2.7. Synchrotron Radiation Photoemission

2.7.1. Introduction

Synchrotron radiation is electromagnetic radiation emitted by charged particles 

moving in circular orbits with highly relativistic velocities. The outstanding properties of 

synchrotron radiation include:45

a) Continuous spectrum from the infrared to the x-ray region.

b) High intensity of photon flux.

c) Collimation of the emitted radiation in the instantaneous direction of flight 

of the emitted particles.

d) Linear polarization with electric vector parallel to the plane of the orbit.
i

e) Circular polarization above and below the plane of the orbit.

f) Time structure with pulse lengths down to 100 ps.

g) High vacuum environment.

2.6.2. Storage Rings

The basic element of the synchrotron radiation source is an electron storage ring 

which consists of an array of bending magnets that make the electron travel in circular arcs 

producing synchrotron radiation.46 A variety of equipment is required to make a 

functional storage ring, such as quadrupole magnets to provide the focusing that keeps the 

electron beam transverse dimensions small, sextupole magnets that compensate for certain 

effects due to the energy spread in the electron beam, beam position monitors and steering 

coils used to correct deviations from the design orbit, and a computer control system. In 

order to store the electron beam for a longer time, the average pressure must be in the 10'9 

Torr to minimize encounters between stored electrons and the residual gas. It is quite
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V U V  S to ra g e  R ing  P a r a m e te r s  as o f  J u n e  1087
Param eters VUV Storage Ring
Normal O perating Energy 0.750 GeV
Design C urrent (m uitibunch operation) 1.0 am p (1.1 x 1012 e ')
Circumference 51.0 meters
N um ber of Beam Ports on Dipoles 17
N um ber of Insertion Devices o

« *

Maximum Length of Insertion Devices —3.00 meters
X (E ) 25.3 A (-186 eV)

1.28 Tesla (1.91 meters)
Electron O rbital Period 170.2 nanoseconds
Damping Times
Touschek lifetime dependent on curren t/bunch  

and vertical em ittance

r  =s r  17 msec; r  s 9  msec X /  e

Lattice S tructure (Chasman-Grccn) Separated Function, Quad, Doublets
N um ber of Superperiods 4
M agnet Com plem ent 8 Bending (1.5 meters each)

24 Quadrupole (0.3 meters each) 
12 Sextupole (0.2 meters each)

Nominal Tunes t*x ,  u 3.12, 1.17
M omentum Com paction 0.023
R.F. Frequency 52.887 MHz
Radiated Power 14.7 k\V /am p of Beam
R.F. Peak Voltage 100 kV
Design R .F. Power 50 kW
u s  (Synchrotron Tune) 0.002
N atural Energy Spread ( o j E) 4.5 x 10*4
N atural Bunch Length (2o) 7.6 cm (I <  20 mA)
Horizontal Damped Em ittance («x) 1.5 x IQ*7 m eter-radiani n
Vertical Damped Em ittance (<y) >  2.8 x 10* m eter-radian (adjust.)
Power per Horizontal milliradian, 1A 2.3 W atts
Source Size: ir, , a  n v 0.5 mm, >  0.06 mm

S o u rc e  o f  D a ta :  NSLS Param eters, January 1983, compiled by A. van Steenbergen; 
updated values provided hy G aetano Vignola (NSLS).

Table 2. VUV storage ring parameters at NSLS.



41

BEAM
LINE

I I i ! : : i i
I I • < : ; i i

iii'i

! I i • ! !! i l l 1 ! !
WHITE BEAM

I I I I  ii I I K|l,
' i <

r u T T T T i

I i:' 111

I I I :  M i l

II M !

WHITE BEAMU10A
: ; i ‘ IIIWHITE BEAMU108

U12A

L'12B
i I HillL 12 C

I l i i l i i' I 3 T 0 K

L U !!
L1 6 A

L 1 6 B

LM6C

I I I 11 'III

< i iimiI 1 1 1 1 H i

Figure 9. VUV beam line energy ranges (eV) at NSLS.
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straightforward to achieve a base pressure in the 10*9 - 10‘10 Torr range even in such a large 

system as a storage ring. However, in the presence of 100 kW or more of synchrotron 

radiation the gas desorption is large, and this determines the average pressure of the storage 

ring. To minimize gas desorption, special care needs to be taken in the fabrication, 

assembly, cleaning, baking, and installation of storage ring vacuum components.

In the National Synchrotron Light Source (NSLS), the electron current in the 750 

MeV electron storage ring can reach one Ampere within several minutes, with a typical 

electron beam life time of several hours. Table 2. lists the parameters for the VUV storage 

ring at NSLS.

2.6.3. Monochromators

Most synchrotron radiation experiments need a particular wavelength selected from 

the continuum and to scan over a range of wavelengths, a suitable device has to be used to 

monochromatize the radiation and tune the energy. Thus a tunable monochromator 

becomes very important. For the hard x-ray region a crystal monochromator is used 

because the photon wave length is comparable with the crystal lattice parameter at this 

energy range. In the VUV region, many different types of photon energy band-pass filters 

are used for different photon energy regions. The energy ranges for all the beam lines at 

NSLS are shown in Figure 9. The monochromators installed in the U7B and U7A beam 

lines are the plane grating monochromator (PGM) and the toroidal grating monochromator 

(TGM), respectively. Since our experiments were performed at these beam lines, the 

following is a brief discussion of these two monochromators.

The general information and theoretical basis of the plane grating monochromator 

(PGM) for use with synchrotron radiation has been well reviewed and discussed by
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Peterssen.47 A standard PGM requires three reflections and the source is effectively the 

entrance slit so that its size and distance from the instrument determine the resolution. In 

principle, the wavelength range of a PGM is about 10 - 1000 A (ho ~ 10 - 1000 eV) and its 

scan can be achieved by a simple mechanism. The U7B PGM is a grazing incidence plane 

grating monochromator which consists of two 600 groove/mm ion etched gratings, four 

focusing mirrors and one parabolic collimating mirror. The optimal energy range of the 

U7B PGM beam line is from 30 to 150 eV (P3). The resolving power of U7B is about 400 

and the beam flux is 5 X 1010 photon/(secAmpere).

Since incident light undergoes three reflections in a PGM, both intensity and 

resolution are limited. Theoretically, using a concave grating, one can achieve collimation, 

dispersion, and focussing simultaneously in one element with one reflection. This desirable 

result is achieved by the toroidal grating monochromator (TGM). The toroidal grating 

relies on approximate focussing and is perhaps the simplest type of a grazing incidence 

monochromator. A typical TGM has the advantages of high flux, mechanical simplicity, and 

low cost. The toroidal grating monochromator installed in the U7A beam line consists of 

a toroidal focusing mirror, two gold coated gratings, one with 1000 groove/mm grating and 

one with 400 grooves/mm grating, and a movable exit slit. The U7A TGM beam line has 

a continuous energy range of 120 to 600 eV (400 line/mm grating) and 300 to 1200 eV 

(1000 line/mm grating) with a resolving power of about 750; the beam flux is 2 X 1011 

photon/(sec.Amp.). Detailed information on the design and alignment of these 

monochromators can be found in references 48 and 49, respectively.

The monochromator output energy needs to be calibrated in order to accurately 

measure the energy position of absorption features. In our experiments, the photon energy 

of the monochromator was calibrated by comparing the solid 0 2 spectrum with previously
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reported data on gas phase Ĉ 50,51 and solid 0 2.52 We believe the absolute photon 

energy scale to be correct to better than 0.5 eV in the 350 - 700 eV energy range used here. 

This energy uncertainty is less than the energy resolution of the monochromator.53

v



Chapter 3. XAS and AES Studies of M olecular Solids

45

3.1. Introduction

The photoelectron spectra of both gas phase and solid phase molecules have been 

studied for many years.54 Previous near-edge and extended x-ray absorption fine structure 

(NEXAFS and EXAFS),55 and electron energy loss spectrum (EELS)51 studies on these 

systems have revealed a wealth of spectroscopic detail in the region around the onset of 

inner-shell ionization. For low-Z atoms, these measurements focus on the X (Is) absorption 

edge, which is dominated by resonance features. NEXAFS studies of the K-edge absorption
r

spectra of chemisorbed diatomic molecules have found absorption resonances similar to 

those found for gas phase molecules.56 These studies show that the polarization 

dependence of the resonance intensity and their energy position relative to that observed 

in the gas phase can provide valuable information about the molecular orientation, the 

charge transfer upon chemisorption, and the intramolecular bond length.57

Solid N2 and 0 2 have been studied using photon stimulated ion desorption (PSID).52 

These studies show that the excitation spectra of molecular solids are reminiscent of that 

of the isolated molecule with small perturbations induced by the intermolecular bonding. 

Previous NEXAFS studies show that the Rydberg excitations observed in the K-shell 

excitation of water in the gas phase are severely perturbed and broadened in the solid due 

to the interaction between hydrogen atoms on different water molecules.58 It is the goal 

of this study to elucidate these perturbations by presenting the NEXAFS spectra of 

molecular solids recorded by total electron yield (TEY) detection, and comparing these 

spectra with the NEXAFS spectra of the gas phase molecules. In addition, we will use the 

measured EXAFS signal of solid 0 2 to determine the 0 - 0  bonding length. In order to
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understand the changes in the NEXAFS spectra, we have also studied the various Auger
*

electron spectra (AES) of solid 0 2, which result from the electronic decay of the O Is core 

hole from various excited states of solid 0 2.
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3.2. NEXAFS Study of Solid 0 2 and N2

3.2.1. Solid Oxygen

The ground electronic state of the oxygen molecule has the electronic configuration:

(Iso g)2(lso h)7(2s o  g)\2so u)\2po J 2(2pn t)\2pK  p 2 .

Transitions involving the promotion of a Is electron to 2p7Tg, 2pou and np Rydberg orbitals 

are electric dipole allowed. In general, the promotion of a core electron to discrete levels 

results in a number of possible final states for a given electron configuration.50

The K-edge absorption spectrum of condensed molecular oxygen is shown in Fig. 10. 

The spectrum is qualitatively similar to previously reported photon stimulated ion desorption 

(PSID) and total electron yield (TEY) spectra on solid 0 2.52 Peak 1 and 2 at 530.8 and 

539.7 eV are assigned to transitions from the Is core level to the 2p7T* ( l7rg) and 2pa* (3au) 

orbital, respectively. The a* peak at 539.7 eV is 0.5 eV higher than that of 0 2 in the gas 

phase spectrum.51 The feature marked 3 at 543.4 eV is tentatively assigned to Rydberg 

transitions. It is much broader and more intense than would be expected for such 

transitions, suggesting a large mixing of the Rydberg and the 2pcru valence orbitals in this 

energy region. Relative to the gas phase 0 2 spectrum,51 this peak is shifted to about 1.5 eV 

higher photon energy. The assignment of peak 3 to a shape resonance, and its movement 

to higher energy, was recently used by Rosenberg et a l p  to argue that the bonding length 

in the molecule is shorter in the solid phase due to condensation. This peak was also 

assigned to the spin exchange splitting of the a* resonance by Wurth et a lp  The broad 

feature marked 4 at 564.1 eV, which was not observed in the gas phase spectrum, may be 

the first peak of the extended X-ray absorption fine structure (EXAFS) oscillations.
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Figure 10. The O Is near-edge x-ray absorption fine structure (NEXAFS) spectrum of solid oxygen. 
The energy was calibrated by lining-up with the gas phase 0 2 it* peak (Ref. 51).
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3.2.2. Solid Nitrogen

The ground electronic state of nitrogen has the electronic configuration:

(Iso p2(lso  b)2(2so p2(2so „)2(2pa  p2(2pn  J 4 .

Transitions involving the promotion of a Is electron to 2p7Tg and np Rydberg orbitals are 

electric dipole allowed.

Figure 11 shows the total electron yield NEXAFS spectrum of solid nitrogen. 

Similar to the published EELS spectrum of gas phase N2 and TEY spectrum of solid N2,51,52 

the measured NEXAFS spectrum is dominated by a sharp w* resonance peak at 400.8 eV 

which is due to the transition from the N Is core level into the unoccupied l7rg molecular 

orbital. The,features in the spectrum between 401 and 415 eV have been previously 

observed in the gas phase and have been assigned to various discrete excitations of the N 

Is electrons.60 This includes transitions into a Rydberg-type orbital (peak 2), the 

continuum threshold, and double excitations (peak 3). Peak 4 at 420.3 eV is due to a final 

state continuum shape resonance of a u symmetry, which arises from a multiple scattering 

process along the internuclear axis. Compared with the gas phase N2 spectrum,60 this peak 

is shifted about 1.5 eV to higher photon energy.

3.2.3. A Comparison between the Gas Phase and the Solid Phase Spectra 

Comparing Fig. 10 and Fig. 11 with the previously reported electron energy loss

spectra (EELS) of gas phase molecules,51 it is evident that the spectra of the molecular solid 

closely resemble those of the gas phase molecule. This is, of course, expected as molecular 

solids are made up of individual molecular units bonded via a weak van der Waals force. 

However, there are some deviations from the gas phase spectra.

First, the i t *  peak (marked 1) in the solid phase spectra is much broader than the
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corresponding feature in the gas phase. The full width at half maximum (FWHM) of the 

i t *  resonance peak in gas phase N2 and 0 2 is 0.85 and 1.5 eV, respectively, as measured in 

EELS.51 More recently, the Is absorption spectrum of molecular N2 and 0 2 has been 

measured using a very high resolution monochromator.61 The i t *  resonance peak in gas 

phase N2 spectrum was resolved into at least eight vibrational levels; the FWHM of the (H- 

0 vibrational level Vqq was 132 meV. The combined FWHM of the it* resonance peak was 

less than 0.6 eV; on the other hand, the measured FWHM of the i t *  resonance in gas phase 

0 2 was about 1.5 eV, the same as the earlier EELS measurements.51 This broadening in 

width was explained in terms of unresolved vibrational levels with frequency comparable to 

the O Is core hole lifetime.61 In our measurements, the observed FWHM of i t *  resonance 

peak is 1.6 eV for solid N2 and 2.0 eV for solid 0 2. This is substantially larger than the 

monochromator resolution, which at hv = 400 and 500 eV is 0.5 and 0.8 eV, respectively.53 

Thus the n* peak is not resolution limited. Previous NEXAFS studies in the K-shell 

excitation of ice showed the same effects compared to the gas phase water molecules, and 

this broadening was explained in terms of the interaction between hydrogen atoms on the 

different water molecules.57 Relative to the gas phase, the observed Rydberg excitations are 

also broadened in the solid and are shifted to higher energy. Similar broadening and shifts 

have also been observed in the photon stimulated ion desorption (PSED) spectra and the 

total electron yield (TEY) spectra of solid N2, 0 2, CO and NO.52 As in the present case, 

this broadening is not due to experimental resolution; rather, these features are intrinsically 

wider, presumably due to intermolecular interactions in the solid and possibly the Franck- 

Condon effect.

Second, the energy position of the third peak is shifted: for both 0 2 and N2 the 

separation between the i t *  and the third feature is 1.5 eV larger than in the gas phase. In
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a previous study, the shift on solid 0 2 was explained as a decrease in the intermolecular 

bond length.52 However, x-ray diffraction studies did not show any change in spacing.62 

Also, physically it is hard to believe that the weak van der Waals force (roughly 

corresponding to 10 meV bonding energy) can change the length of the strong 0 - 0  bond 

(the bond energy is 2.5 eV)63 significantly. Recent NEXAFS measurements on the O K- 

edge for physisorbed solid and oxygen bound in two different surface states on P t( l l l)  done 

by Wurth et al.59 showed that the spacing of peak 2 and 3 changes in each case. They argue 

that peaks 2 and 3 are due to magnetic exchange splitting and the interaction of 0 2 with a 

metal quenches this splitting. Their self-consistent-field Xa multiple scattering calculation 

gives a value for the splitting of 1.2 eV, which is much smaller than the measured 2.5 eV 

separation in the gas phase spectrum. Based on this fact and the fact that the splitting 

changes from 2.5 eV in the gas phase to about 3.5 eV in the solid phase, Akimov et al.M 

rejected the conclusion that exchange is solely responsible for the splitting. They pointed 

out that, as one examines the molecular sequence N2-N 0-02, one notices the shape 

resonance shifts from the continuum region to the discrete region as the a  shape resonance 

crosses the ionization potential. Hence, they argue this somehow changes the nature of the 

features in the threshold region. It is believed that oxygen should have a large shape 

resonance near 540 eV, and its core level has an intense shakeup satellite about 10 eV from 

the primary Is peak due to the shakeup from the l 7rg to the 3au.65

Most recently, Dunlap66 did theoretical calculations of 0 2. The calculations were 

performed using the Xa method previously used to compute the 0 2 Auger spectrum.67 

The total energy was computed for different ionization states. For example, the 0 2 Is 

ionization threshold for the 4S final state is the difference between the energy of the triplet 

ground state and the energy of the configuration with a Is electron with spin-up removed.
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This can be repeated for final states where the Is electron is put in the unoccupied n* or 

a* orbitals. Note that this is the proper way of calculating an exchange splitting because 

such splitting are not additive as assumed in Ref. 59.

The 0 2 molecule was calculated using 0 -0  distance R = 1.21 A. The calculated 

results show that the separation between the i t *  resonance and the Is ionization potential 

are 12.3 and 13.2 eV for the quartet and doublet final states, respectively. These numbers 

are in excellent agreement with the measured value of 12.3 and 13.4 eV by EELS51 and 

XAS.61 However, the a* resonance spin splitting obtained from the same calculation is only 

0.5 eV (Fig. 12), which is much smaller than the observed 2.5 eV separation. This implies 

that peaks 2 and 3 are not due to exchange splitting; rather, this suggests that only peak 2 

is the a* resonance. We believe peak 3 is due to. unresolved Rydberg structures. This 

assignment is supported by the (previously mentioned) high resolution gas phase 0 2 

spectrum of Ma et aL, in which nine Rydberg peaks are clearly resolved in the peak 3 

region.61 The identification of peak 3 as an unresolved Rydberg series also provides a 

straight-forward means of explaining the disappearance of peak 3 when 0 2 is absorbed on 

the P t( l l l )  surface. The interaction of 0 2 with the metal atom suppresses the Rydberg 

transitions. Similar effect was observed in NO spectra by Roncin.68

As we suggested in a previous paper,69 the peak shift in the solids is probably due 

to a solid state effect, namely a dielectric constant effect. Because molecules are highly 

polarizable in solid, condensed layers of molecules have a larger dielectric constant (e > 1) 

than in the gas phase (e «  1). Since the separation between the vacuum level and Rydberg 

states is inversely proportional to the dielectric constant e, the large dielectric constant in 

the solid will tend to shift the Rydberg states closer to the vacuum level than in the gas 

phase. Another factor is the wave function overlap of molecular orbitals of adjacent
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molecules in the solid state, which will tend to raise the energy. There is another effect 

which also can shift these peaks, namely intermolecular charge transfer between the 

molecules in the solid.70 In the solid, some molecules can weakly couple into pairs, or 

dimers, which can produce different ionic states from the monomer when ionizing a 

molecule. The observed 1.5 eV shift is much larger than the energy of formation of the 

dimer (<300 meV)71 so that the shift cannot be accounted for by this effect.

The energy position of peaks in NEXAFS spectra of solid 0 2 and N2, and their 

comparison with the gas phase molecules are summarized in Table 3.

In conclusion, we have 'measured the x-ray absorption spectra of condensed 

molecular oxygen and nitrogen. We found significant deviations from the gas phase spectra.
v ♦

In the solid 0 2 case, compared with the gas phase spectrum, the Rydberg states shift about 

1.5 eV to higher photon energy. We argue that this shift is due to an increase in the 

dielectric constant in the solid. This argument is also supported by recent high resolution 

NEXAFS measurement61 and theoretical calculations.66
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Peak Solid(eV)

°2

Gas(eV) AE(eV) Solid(eV)

n 2

Gas(eV)

1<

1 530.8 530.8 0 401.0 401.0 0

2 539.7 539.2 0.5 410.2 409.8 0.4

3 543.4 541.8 1.6 414.8 414.7 0.1

4 564.1 420.5 418.9 1.6

Table 3. Comparison of the energy position of peaks in NEXAFS spectra between 
solid and gas phase molecules. AE is the energy difference between the 
feature in the solid phase spectra and the corresponding feature in the 
gas phase spectra.
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33. EXAFS Study of Solid 0 2

As a powerful technique for the study of short-range order structure (local 

structure), EXAFS has been employed effectively to investigate amorphous materials, 

catalysts, and various types of materials of interest in solid state physics. But two factors 

have limited the application of EXAFS analysis to simple molecular systems.72 First, the 

backscattering amplitude F(k) in Eq. (2.6.2) decays rapidly with k  when changing from a 

larger atomic number Z  to a smaller Z .73 Second, the frequency of the oscillatory 

modulation in the EXAFS spectrum is inversely proportional to the interatomic distance, 

and hence the shorter the bond length, the fewer the number of oscillations in a given 

energy range. These combined effects make it difficult to get good EXAFS spectra in 

simple molecular systems.

The total electron yield EXAFS spectrum at the O K-edge in solid 0 2 is shown in 

Fig. 13a. In order to normalize the incident photon flux and the monochromator 

transmission function the ratio of the total electron yield to the incident photon flux is 

presented. The spectrum is qualitatively similar to the published total electron yield 

spectrum on gas phase 0 2.74 This is, of course, expected as molecular solids are made up 

of individual molecular units bonded via a weak van der Waals force. However, there are 

some deviations from the gas phase spectrum. The striking difference is that there is a 

relatively strong peak at about 565 eV photon energy in the solid 0 2 spectrum, which is 

absent from the gas phase 0 2 spectrum. We believe that this peak is an EXAFS feature, 

which is due to the presence of neighboring molecules.

After removing the background, the spectrum is then normalized to the edge jump 

and presented in Fig. 13b, where the smooth atomic absorption nQ is obtained by fitting the 

spectrum at high energy range with a polynomial function. The fine structure oscillations
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in fc-space (from 2 to 8 A”1) are shown in Fig. 14a, where the x(&) is multiplied by a factor 

of fc3, in order to enhance the oscillations at high k  value. The Fourier transformed result 

in r-space is shown in Fig. 14b. The two prominent peaks at around 1.25 and 2.51 A 
correspond to the intramolecular bond length and the intermolecular distance of 0 2, 

respectively. Taking into account the limited wave vector k  range and limited knowledge 

about the phase, this result agrees with previous neutron diffraction (1.23 ± 0.03 A)75 and 

x-ray diffraction measurements (1.15 - 1.22 A)62 on solid oxygen. This also agrees with 

intramolecular bond length (1.207 A)76 of gaseous oxygen.
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3.4. AES Study of Solid 0 2

3.4.1. Results and Discussion

We have studied solid 0 2 using x-ray absorption spectroscopy, and found that the 

spectrum of solid 0 2 is different from that of 0 2 in gas phase. To have a better 

understanding, we also measured the Auger electron spectra of solid 0 2.

In Fig. 15 we show the AES spectra of solid phase 0 2 measured at photon energies 

of (a) 530.8 eV, (b) 540.3 eV, (c) 547.7 eV, and (d) 557.7 eV, which correspond to 

promoting the oxygen Is electron to (a) the tt* resonance, (b) the a* resonance, (c) and (d) 

the ionization continuum, respectively.

The peak marked S in Fig. 13a is due to the participatory Auger process, in which 

the Is core electron promoted to the partially filled tt* level participates in the deexcitation, 

as has been previously demonstrated by Sambe and Ramaker.77 As mentioned, the final 

state resulting from this decay, a one-hole (7Tg) state, is the same as that produced in the 

photoemission process, and it should have the same energy. Photoemission measures the 

binding energy, EB, of an electronic level, given by

E , - E 0 - E k , (3.4.1)

where E0 is the exciting photon energy and EK is the measured electron kinetic energy. In 

the case of Auger decay, E0 is just the photon energy required to excite the levels, since the 

excess energy is carried away by the departing electron. For the tt* resonance, this is 530.8 

eV; thus we predict for peak S that EB = 530.8 - 520.1 = 10.7 eV. This is in good 

agreement with the 2n binding energy (11.0 eV) of condensed molecular oxygen as 

measured in photoemission.78 Compared with the gas phase photoemission spectrum,79 

the 2tr peak is shifted about 2.1 eV to lower binding energy. This shift is exactly the same 

as the shift of the one hole final state Auger peaks in the solid 0 2 spectrum relative to the
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(a) 530.8 eV (r* resonance)
(b) 540J  eV (a* resonance)
(c) 547.8 eV
(d) 557.8 eV

520480 500
ELECTRON ENERGY (eV)

Figure 15. Electron energy spectra measured at 30 K with the incident photon 
energy set at (a) 530.8 eV (ir* resonance), (b) 540.3 eV (a* 
resonance), (c) 547.8 eV and (d) 557.8 eV.
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gas phase spectrum (Table 4). We explain this shift as being due to the final state screening 

effect in solid 0 2 layers. In the solid, when the molecule is photoionized, the neighboring 

0 2 molecules will polarize to the 0 2 and screen its charge. The screening results in a 

lowering of the total energy of the system, with the energy difference given to the emitted 

photoelectron. Thus the measured photoelectron kinetic energy will be higher in the solid 

case than that in the gas phase 0 2. A similar shift was reported for other molecules.80 

This assignment is also supported by the fact that this peak is absent (Fig. 15b) in our a * 

resonance spectrum and in the high photon energy excitation spectra, in which the 2ir level 

cannot be excited, but is present in the electron impact excitation spectra,77 as is expected, 

since the impact electron can give up only a part of its kinetic energy to the absorbing atom.

The other predominant features (labeled A, B and C in Fig. 15a) are due to the 

spectator Auger process, in which the excited Is core electron remains in a tt* state as a 

spectator and a two-hole one-electron final state is reached. Compared with the gas phase 

0 2 7T* autoionization spectrum,81 all three peaks are shifted about 2 eV to higher kinetic 

energy, which is caused by solid state screening effects. Theoretically, this shift should be 

the same as the shift in photoemission measurements because they have the same final 

state. In fact, the 2 eV shift observed in our experiment is very close to the 2.1 eV shown 

in photoemission experiment.80

The a* resonance decay spectrum is shown in Fig. 15b. Compared with the n* 

spectrum of Fig. 15a, the a* resonance decay spectrum is similar to the ir* spectrum except 

that the participatory Auger feature S is absent. In particular, no new features are apparent, 

indicating that the participatory Auger process does not contribute significantly to the decay 

of the a* resonance. The similarity of the spectra also implies that the autoionization decay 

channels available to a tt* excited state are similar to those available to the a* excited state.



64

This is reasonable in view of our observation that participatory processes do not play an 

important role in these decays.

The conventional Auger electron spectra resulting from the Auger decay of the 

ionized atom are shown in Fig. IS (c) and (d) at two different photon energies. Within the 

experimental accuracy, no significant changes in peak positions and intensities are 

observed in the Auger spectra excited by 547.8 and 557.8 eV photon energies. This 

similarity shows that excitation at different energies in the continuum do not measurably 

affect the Auger decay channels. Similar results have recently been observed for gas phase 

0 2.81 On the other hand, there are major differences in both peak intensity and position 

between the AES (Figs. 15c and d) and the autoionization spectra (Figs. 15a and b). Some 

of the intensity changes may be due to multilayer screening effects. Compared with the gas 

phase 0 2 AES spectrum,81 peaks are shifted about 10 eV to a higher kinetic energy, which 

is about five times as large as the corresponding differences in the autoionization spectra. 

This larger shift maybe understood using a point charge image potential model in which the 

screening of the (two hole) Auger final state differs from the screening of the (two hole, one 

electron) autoionization final state. This model predicts that the hole relaxation shift of a 

localized two hole state is three times larger than that of a one hole state.82 This is less 

than what we observed and is possibly due to initial state effects, which are however much 

smaller than final state effects in this case. This result is similar to the previous 

measurements on other systems such as Cr(CO)6 studied by Plummer83 et al. and Xe 

studied by Kaindl84 et al.

Peak positions and assignments (final hole state) of the electron energy distributions 

are summarized in Table 4.
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Autoionization Auger

Label Final state Gas(eV) Solid(eV) AE(eV) Gas(eV) Solid(eV) AE(eV)

S 518.0 520.1 2.1

A "̂g» 7TU 511.0 512.7 1.7 501.0 510.5 9.5

B 506.6 508.7 2.1 496.0 506.1 10.1

C TTg, 2oru 503.3 505.0 1.7

Table 4. Comparison of the electron energies for peaks in the Auger electron and 
autoionization spectra of solid oxygen and gas phase 0 2. AE is the energy 
difference between the feature in the solid oxygen spectrum and the 
corresponding feature in the gas phase 0 2 spectrum.
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3.4.2. Summary

In conclusion, we have studied the Auger electron spectra of condensed molecular 

oxygen for the first time. The Auger spectra of gas phase molecular oxygen have been 

reported previously and the observed peaks have been assigned.85 Compared with the 

spectra of gas phase 0 2, the Auger spectra of solid 0 2 for both the ionized and excited 

molecules shift to a higher kinetic energy; for the ionized molecules the shift is ~ 10 eV, 

while for excited molecules the shift is ~ 2 eV. This may be understood in part by different 

final state screening effects.
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Chapter 4. PES and XAS Studies of Oxygen and Alkali Metal systems

4.1. Introduction

The interaction of oxygen with alkali metals has been studied for many 

years.7,8,13,86,87 Since oxygen-alkali metal interaction can form a series of ionic oxygen 

species, Le.t O2”, O^, 0 2, and O3, considerable efforts have been made to identify the 

different oxidation states in the valence band for oxygen adsorbed on alkali metals by using 

both UPS and XPS.7,8,13,88,89 In UPS studies on the oxygen/cesium system three 

different states of oxygen were observed in the valence band and were identified as O2', 0 \  

and 0£, respectively.7,13 The XPS data on the same system show two types of oxidation 

states which were characterized by two O Is peaks at 527.5 and 531.5 eV binding energy, 

respectively. From the shape and position of the Cs peaks and the Auger parameter, these 

two peaks were assigned to oxygen in Csn 0 3 and CsO^90 However, these two peaks were 

assigned differently to oxygen in Cs02 and CS2O2 in recent XPS studies. 16

Most recently, both occupied and unoccupied electronic levels of N a02 and K 02 

have been probed by photoemission spectroscopy (PES), inverse photoemission spectroscopy 

(IPE), x-ray absorption spectroscopy (XAS), and electron energy loss spectroscopy 

(EELS).14,15 An 0 - 0  bond length of 1.35 A is derived for N a02 and K 02.14 However, the 

superoxide species in these studies are inconsistent with other UPS results obtained from 

the potassium-oxygen system16 and the lithium-oxygen system.12

We have investigated in detail the adsorption of oxygen on alkali metals at low 

temperatures employing both PES and XAS. The PES studies have enabled us to identify 

the different ionic oxygen species, such as O2", O ^ and 0 2, in both oxygen Is core level 

studies and in valence band studies. The derived 1.36 A 0-0 bond length in alkali metal



superoxides from the XAS study agrees with previous reports.14
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42. PES Study of Oxygen and Alkali Metal Systems

4.2.1. Solid Oxygen/Cesium System

A.) Results and Discussion

1) Valence Band

A series of valence band photoemission spectra taken at hv = 95 eV for various 

oxygen exposures are shown in Fig. 16. The spectrum of clean Cs (curve a) shows two 

sharp, well resolved 5p3̂ 2 (12.0 eV) and 5py2 (13.9 eV) peaks. The spin orbit splitting of 

the 5p components is 1.9 eV. The FWHM’s (without corrections for instrumental 

broadening) are estimated to be 0.5 and 1.3 eV for the 5p3̂ 2 and 5p^2 peaks, respectively. 

The considerable broadening of the 5p^2 peak relative to the 5p3/2 is caused partly by 

surface and bulk plasmon losses from the 5p3/2 peak and by intrinsic effects, including 

Coster-Kronig process. The difference in intrinsic line width between the two 5p levels may 

not be as drastic as suggested by Simon.91 The spectrum is in complete agreement with 

literature data,86 except that the valence band appears with much lower intensity, which is 

due to the smaller cross-section for the excitation of the Cs 6s electrons at this photon 

energy.

Admission of 0.05 L oxygen (curve b) leads to the appearance of a sharp peak at 2.6 

eV binding energy, and two shoulders at EB = 11.4 and 13.0 eV. This three-peak structure, 

especially the sharp peak at 2.7 eV binding energy, is characteristic of the C sjj03 

suboxide88. The appearance of this structure in Fig. 14b indicates that 0.05 L oxygen 

exposure leads to the formation of some Cs110 3 clusters in the Cs film. A simple bond 

model has been derived for a Cs110 3 cluster by Ebbinghaus and Simon:8 6 of the 11 

electrons from the cesium cluster atoms are transferred to the 3 oxygen atoms, leaving 5 

electrons for the metallic bonding of the clusters. The compound Csn 0 3 is formulated as
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hv = 9 5  eV

49 L
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0.47L
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0.05L
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BINDING ENERGY (eV)

Figure 16. Valance band photoemission spectra of OJCs taken at hv = 95 eV 
for various oxygen exposures at 35 K. The energy is referenced to the 
Cs Fermi level. The number represents the oxygen exposure in 
langmuirs.
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a [Cs110 3]s+ ion and five electrons (5e~). Because of the large distance between the O2" ion 

and Cs+ ion, the oxygen in Cs^O j behaves as a weakly stabilized, nearly "gas-like" O2" ion. 

This nature of the O2" ions explains the small half width of the O 2p band. From the 

relative intensities of the Cs^O^ features (11.4 and 13.0 eV) and the metallic Cs 5p peaks 

(12.0 and 13.9 eV), we know that there are more metallic Cs atoms than Cs in the cluster 

at his oxygen coverage.

As the oxygen exposure increases, the intensity of the 5p peaks from metallic Cs 

decreases while two shoulders at 11.4 and 13.0 eV develop into full peaks, but the emission 

from metallic Cs still can be seen after 1.1 L oxygen exposure (curve e). This indicates that 

the surface stays in the metallic state even after 1.1 L oxygen exposure. Similar results have 

previously been reported on the same system at 140 K.4 Metastable deexcitation 

spectroscopy (MDS)13 exhibited no peak at EB = 2.7 eV at the early oxidation stage while 

this peak was present in the UPS spectrum. Since MDS is extremely surface sensitive and 

UPS has a finite sampling depth, this experiment showed that the O2" ions are located below 

the first layer of Cs atoms. This assignment is in agreement with the structure of the 

Csn 0 3 unit (Fig. 17), in which the O2- ions are completely surrounded by Cs.92

At this coverage, the 2.6 eV peak becomes broader (curve c) than in curve b. It was 

reported that the photoemission spectrum of CS2O is similar to that of Csn 0 3, but the 

width (1.5 eV) of the O 2p peak at 2.7 eV binding energy in CS2O is much larger than the 

width (0.6 eV) in Csj]03.® In our experiment, the measured full width at half maximum 

(FWHM) of 2.7 eV peak changes from 0.7 eV (curve b) to 1.2 eV (curve e) as oxygen 

exposure is increased from 0.05 L to 10 L. This result suggests that initial oxygen exposure 

on the cesium surface leads to the formation of Cs110 3 clusters and additional oxygen 

exposure leads to the formation of CS2O. It is worthwhile to point out that there is another



Figure 17. The structure unit of C su03 (Ref. 92).
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Fermi level, while C^O  only shows one broad valence band.4 Because the photoemission 

cross-section of the Cs 6s conduction band is very small at the photon energy used it is hard 

way to distinguish whether the O2" ion is in a CsjjOj or in a C ^O  complex. Since cesium 

suboxides are metallic while C ^O  is a semiconductor, Cs^O j will have a filled conduction 

band and thus have a sharp to see this change in Fig. 16.

As the oxygen exposure is increased, two additional peaks appear at EB = 5.6 and 

7.5 eV (Fig. 14d). Simultaneously the peak at 2.7 eV broadens and shifts to 3.5 eV. 

Compared with the peak position of peroxide species (0 |-) in the Cs20 2 complex reported 

by Woratschek et a lP  (3.2, 6.1 and 7.5 eV) and Su et at?  (3.3, 6.4 and 7.8 eV), it is evident 

that the end product at this oxidation stage is cesium peroxide (CS2O2).

After 10 L 0 2 exposure, a new feature appears at 9.0 eV binding energy (curve f) 

and shifts to a lower binding energy as increasing the 0 2 exposure. At 49 L 0 2 exposure 

this feature is at 8.6 eV, and the peaks which were at 7.5 and 5.6 eV shift to 6.6 and 4.8 eV, 

respectively. Su et al. identified the superoxide ion 0 2 with peaks at 4.7, 5.8, 6.2, 8.5 and 

10.7 eV binding energy. Because the 10.7 eV peak overlaps with the Cs 5p emission, it is 

hard to see the 10.7 eV feature in our case. Comparing our data and the data reported by 

Su et al., it is evident that 10 L 0 2 exposure leads to the formation of 0 2 state which 

corresponds to the transition from Cs20 2 to Cs02. The features at 3.5 and 7.5 eV are 

characteristic of 0%. The intensity of these peaks decreases with increasing oxygen 

coverage, but they can still be seen even after 49 L 0 2 exposure. This indicates that no 

complete transformation into C s02 takes place under our conditions.

2) Core Level

The O Is core level XPS spectra taken at hv = 1486.7 eV for various oxygen 

exposures are shown in Fig. 18. At low oxygen coverage, we see one prominent peak at
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hv = 1486.7 eV
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Figure 18. The O Is core level XPS spectra of CtyCs taken at hv = 1486.7 eV 
for various oxygen exposures at 35 K. The energy is referenced to 
the Cs Fermi level. The number represents the oxygen exposure in 
langmuirs.
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528.0 eV, and a shoulder at 532.5 eV binding energy (curve b). From the previous UPS 

discussion, we know that at this initial oxidation stage subsurface O2" is the dominant 

product. We therefore identify the 528.0 eV feature as O2". This assignment is in 

agreement with previous x-ray photoemission studies on the Ag-O-Cs system90 and O-K 

system,10 in which peaks at 527.5 and 528.2 eV binding energy were attributed to oxygen in 

CS2O and KjO, respectively. The stable oxide feature, with a formal valence state of O2", 

is generally at about 530.0 eV,16 but in our case this feature appears at 528.0 eV. We 

believe that this peak is due to incorporated O2" ions located below the top layer of Cs 

atoms, as previously mentioned. It is reasonable that these ions would be screened more 

effectively and therefore have a smaller binding energy. This argument is also consistent 

with the valence band result: the O2'  feature is at 2.6 eV binding energy for cesium oxide 

and potassium oxide as compared to 5.5 eV in the case of lithium oxide, where the O Is 

core level binding energy is 530.5 eV.12

From the previous UPS discussion, we assign the 532.5 eV feature to a peroxide 

feature in CS2O2 complex. The fact that the relative intensity of this peak and the oxide 

feature both increase with increasing oxygen exposure (curve b-d), which is expected from 

the normal trend of the cesium oxidation process supports this assignment.6 The 

value of 532.5 eV observed here is in agreement with other estimates for peroxide studies 

in other alkali metal systems.12,93 In the study of the Ag-O-Cs system a peak at 531.5 eV 

was observed and was assigned to chemisorbed oxygen.90 We believe this is a peroxide.

As oxygen concentration increases, the 532.5 eV peak intensify increases, and finally 

becomes the dominant feature after a 2.6 L oxygen exposure. By this exposure, two new 

peaks appear at 534.5 and 540.0 eV binding energy (curve e and f). One can easily assign 

the 540.0 eV peak to solid molecular 0 2. Since the work function of Cs is about 1.5 eV, the
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molecular oxygen peak would be about 541.5 eV when referenced to the vacuum level, which 

is smaller than the measured value (543.1 eV) for gas phase O j.79 We believe that the 1.6 

eV difference is due to screening effect in solid 0 2 as discussed in the previous chapter. 

The screening effect from the metal surface may also cause shift, especially in the case of 

submonolayer oxygen coverage.

The feature at 534.5 eV has been previously observed when lithium was deposited 

on solid oxygen, in which this feature was identified with the superoxide (0 £).12 By analogy, 

we assigne this feature to 0 2 in a Cs02 complex. Physically a superoxide should appear 

between the molecular feature at 540.0 eV and the peroxide feature at 532.5 eV. If one 

adopts the ideal model, namely 0, 1 and 2 charge per atom for Ô T and O2" ion, 

respectively, from the plot of the oxygen charge number verses the corresponding O Is 

binding energy, one can extrapolate that 535 eV corresponds to half oxygen charge, named 

superoxide. Thus we assigne 534.5 eV peak to superoxide. This assignment is also 

supported by the fact that the Cs 3d and the O Is cross-section ratio obtained from the 

experimental spectra and this assignment quantitatively agrees with the theoretical value. 

This is discussed in detail below.

In Fig. 19 we show the Cs 3d core level x-ray photoemission spectra as a function 

of oxygen exposure. The clean Cs (curve a) shows two sharp peaks at 726.6 and 740.5 eV 

binding energies, which arise from the Cs 3d5/2 and 3d3/2 core levels, respectively. The 

position of these peaks are in good agreement with previous reported values.94

Two broad asymmetric peaks at about 730 and 743 eV correspond to energy loss due 

to the creation of surface and bulk plasmons. These plasmon-loss peaks are quickly 

quenched by a small coverage of oxygen (Fig. 19 curve b). After oxygen exposure, the Cs 

3d peaks broaden and shift to lower binding energy by about 1 eV. The shift to lower
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binding energy is in contradiction with simple charge transfer arguments. Ayyoob and 

Hegde95 reported similar results on the co-absorption of oxygen and alkali metal (K or Cs) 

on silver surface, in which the shift was explained in terms of the surface-to-bulk transport 

of alkali metal. This certainly is not the case in our experiment. Although the real cause 

of this shift is still unclear, the directions of the shifts in our experiment and in Ayyoob’s 

work are the same. The peak broadening observed in our experiment may be due to the 

co-existence of different oxidation states.

B.) Calculation

In order to verify our assignment, we calculated the O Is and the Cs 3d
*

photoemission cross-section from this assignment and the measured XPS spectra (Figs. 18 

and 19).

It is known that the photoemission intensity is related to the photoionization cross- 

section Oj through96

1, -  F N t o , 0, Xt TDG , (4.2.1)

where F is the photon flux, Nj is the atomic density, 0j is the asymmetry factor, which 

depends on the angle between the incident photon and the emitted electron, and X-t is the 

mean free path length of the photoelectron. T, D and G are the transmission, detection and 

geometry matrixes, respectively. For a fixed sample and light source,

J, -  C N , o | X, , (4.2.2)

where C is a constant. Since the mean free path lengths of Cs 3d (EK = 760 eV) and O Is 

(Ek  = 950 eV) photoelectrons are almost identical at 1486.7 eV photon energy, we can 

neglect the difference in mean free path length X. Thus the photoelectric cross-section ratio 

R of the Cs 3d and the O Is is simply:



78

hv = 1486.7 eV
■4— '

49 L

2.6L-

0.47L

0.23L'

Cs

-780 -740 -700
BINDING ENERGY (eV)

Figure 19. The Cs 3d core level XPS spectra of CyCs taken at hv = 1486.7 eV 
for various oxygen exposures at 35 K. The energy is referenced to 
the Cs Fermi level. The number represents the oxygen exposure in 
langmuirs.
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We can rewrite equation (4.2.4) in terms of different oxygen species by taking account of 

atomic density N

I iC s ld ) ^  -  Ia  + ICto1 + + ^c$fi

-  I  to + R  ( ^  IiPl) + 1(0?) + ^  /(O2-)) . (4.2.5)
No; Nq2- NqI-

Solving for R, we find

_  R O ^ ^ to ta l ~  I p t______

AUPD + BI(0?) + CI(02~)

where
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and

C -  Nct'°  . (4.2.6)
Ntf-

A, B, and C are the atomic ratios of cesium and oxygen in superoxide, peroxide and oxide 

complexes, respectively, and I(i) is the measured photoemission intensity of the ith species. 

For superoxide Cs02 and peroxide Cs20 2 complexes, A and B are 0.5 and 1, respectively. 

Previous studies4,13 and our UPS discussion suggests that there are at least two types of 

cesium oxides (Cs^C^ and C^O ) in the early oxidation stage of cesium, and hence two 

different C values are used: 2 for the C^O  complex and 11/3 for the Csn 0 3 complex.

According to equation (4.2.6), R should be a constant, independent of oxygen 

exposure. The obtained fraction for various oxygen exposures are summarized in Table 5. 

Note that the theoretical cross-section of the Cs 3d and the O Is at hv = 1486.7 eV is 6 and 

0.4 Mb97, respectively, thus the ratio expected theoretically is 15. Because of the overlap 

of oxygen peaks in O Is spectra (Fig. 18), it is difficult to measure the intensity accurately 

for all oxygen species. The estimate error is 15%. Considering this, apparently our results 

are in good agreement with published theoretical data.

It can be seen from Table 5 that in the low oxygen exposure range (0.2 to 0.5 L), the 

R value (43 at 0.2 L and 27 at 0.5 L) is much larger than the theoretical value, even 

assuming the oxide is entirely C sj]03. This discrepancy is mainly due to the excess Cs 

intensity arising from the metallic Cs atoms. Since in Fig. 19 what we measured is the total 

photoemission intensity of the Cs 3d core level, we cannot separate ICs from I(Cs3d)total. 

Thus the R value obtained from equation (4.2.6) is expected to be larger than the real value. 

After 1 L oxygen exposure, the R value is 19 assuming that the oxide is in Cs110 3 complex. 

This value is quite close to the theoretical value. This result indicates that about 1 L 0 2
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0 2 Exposure R Stage

0.2 L 43 (Csn 0 3)

0.5 L 27 (Csn 0 3)

1L 19 (Csn 0 3) Csn 0 3

2.6 L 17 (Csn 0 3) 

23 (C sp )

Mixed

5.6 L 17 (Csn 0 3)
23 (C sp )

10 L 21 (C sp )

13 L 20 (C s^ ) c ^ o

49 L 20 (CsjO)

Table 5. The intensity ratio of the Cs 3d core level and the O Is components 
obtained from the measured spectra and proposed assignment for 
various 0 2 exposures.
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exposure on Cs will convert the surface region as probed by XPS into Cs^O^.

In the medium oxygen exposure range (2.6 to 5.6 L), the R value for the two 

different oxide complexes (Cs^C^ and C^O) is 17 and 23, respectively. The average value 

of 20 is very close to the R value obtained for 1 L oxygen exposure. We conclude that two 

types of cesium oxide complex coexist at this oxidation stage. This result supports the 

domain growth mechanism proposed by Woratschek et a l 'P  Once Csn 0 3 nuclei take up 

additional oxygen they transfer into CS2O2 with C ^O  as intermediate, while the rest still 

remains as Csn 0 3. These conclusions are also in agreement with the finding by Su et al ,7 

who found that the formation of CS2O2 starts long before saturation with O2- is reached.

In the high oxygen exposure range (10 to 49 L), R is almost constant (~20) assuming 

that the oxide is in a CS2O complex. This can be understood as meaning either Cs110 3 has 

been converted to CsjO, or that if there are any Cs^O^ it is too deep at this oxidation 

stage and cannot be probed by XPS.

C.) Conclusion

In conclusion, we have studied the O jC s  system at 35 k using photoemission. Both 

UPS and XPS results show that three different oxygen species coexist at this temperature, 

depending on the oxygen exposure. Assignments of these features in both the O Is core 

level and valence band spectra have been made for O2", of", and 0 2 species, which 

corresponds to the formation of oxide, peroxide, and superoxide, respectively. Small 0 2 

exposure leads to the incorporation of oxygen species, O2" ions, under the cesium surface, 

and to the formation of Csn 0 3.13 After completion of the Csn 0 3 layer, additional oxygen 

exposure makes Csu 0 3 transform into CS202 and Cs02, with Cs^O as an intermediate. No 

complete transformation into Cs02 takes place under our conditions. We also calculated 

the photoelectric cross-section ratio of Cs 3d and O Is core levels from measured
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photoemission spectra and our assignment for the superoxide, peroxide, and oxide oxygen 

species. The obtained results quantitatively agree with theoretical values.

4.2.2. Solid Oxygen/Potassium System

Figure 20 shows valence band photoemission spectra taken at 80 eV photon energy 

for O2/K  at different oxygen exposures. The corresponding O Is core level spectra for the 

same oxygen exposures are shown in Figure 21. A sharp peak at 18.3 eV binding 

energy in the clean K spectrum (Fig. 20a) is the K 3p peak. A broad feature at about 22 

eV is attribute to surface and bulk plasmon-loss in the metal. Both the 18.3 eV binding 

energy of the K 3p and the 3.7 eV plasmon-loss energy are in good agreement with 

previously published data.10

Admission of 0.03 L oxygen (Fig. 20b) leads to the appearance of a peak at 2.7 eV 

and a shoulder at about 5.6 eV binding energy. Similar to the oxygen/cesium system, this 

small oxygen exposure causes the reduction of the plasmon-loss feature intensity, which in 

fact is completely invisible after 0.15 L oxygen exposure. The 2.7 eV feature in the valence 

band was previously observed in the same system at 90 K,10 and was assigned to O 2p 

derived band associated with potassium oxide. Correspondingly, we assign the 2.7 eV peak 

to O2- in a K2O complex.

As the oxygen exposure is increased, the 5.6 eV peak intensity grows rapidly relative 

to the 2.7 eV feature (Fig. 20c), and both peaks gradually shift to 6.3 and 3.0 eV (Fig. 20d). 

The corresponding O Is core level spectrum shows a double structure with peaks at 528.0 

and 532.0 eV (Fig. 21b and c). This double structure indicates the existence of oxygen in 

two distinctly different chemical environments. Petersson and Karlsson observed a similar 

double structure when oxidizing potassium at 90 K, where the two features were at 528.2
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Figure 20. Valence band spectra of Oa/K taken at hv = 80 eV for various 
oxygen exposures at 35 K. The energy is referenced to the Cs 
Fermi level. The number represents the oxygen exposure in 
langmuirs.
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Figure 21. The O Is core level XPS spectra of Oj/K taken at hv =  1486.7 eV 
for various oxygen exposures at 35 K. The energy is referenced to 
the Cs Fermi level. The number represents the oxygen exposure 
in langmuirs.
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and 531.9 eV.10 They assigned the 528.2 eV peak to the oxygen in an oxide form and the

531.9 eV peak to physisorbed oxygen on the potassium oxide. Clearly, the assignment for

531.9 eV peak is incorrect since the melting point of solid 0 2 is only 50 K, while the 531.9 

eV feature still exists even after heating the sample to 255 K. Note that we saw physisorbed 

oxygen at 540 eV (Fig. 21e). Recently, the interaction of solid oxygen with various metals 

has been studied16 and the feature at about 531.5-533.0 eV was identified as a peroxide 

species where two electrons were donated to an oxygen molecule. We identify the 532.0 

feature as the peroxide species in a complex, and the 528.0 eV as an oxide species in 

a K20  complex.

As more oxygen is condensed, the intensities of both the 6.3 eV feature in the 

valence band spectrum and the 532.0 eV peak in the core level spectrum increase rapidly 

relative to the 3.0 eV feature and 528.0 eV peak. Thus, it is evident that the 3.0 eV feature 

is related to the 528.0 eV peak, while the 6.3 eV feature is related to the 532.0 eV peak. 

After 1.1 L oxygen exposure, a new peak appears at about 10.0 eV binding energy in the 

valence band spectrum (Fig. 20e). The corresponding core level spectrum (Fig. 21d) shows 

a new feature at 534.5 eV binding energy. Recent photoemission studies16 show that a 

feature near 535.0 eV in the O Is core level spectra was observed when Li, K, Cs, and La 

were deposited on solid oxygen, and this feature was identified with one electron being 

donated to an oxygen molecule, ie., the superoxide species (0 2*). We correspondingly 

identify the 534.5 eV feature as a superoxide species in K 02 complex. Petersson and 

Karlsson observed the same feature at 534.5 eV when exposure 0 2 on potassium surface at 

90 K.10

Further oxygen exposure leads to the appearance of a peak at 540 eV which is due 

to molecular 0 2. Compared with the gas phase 0 2 ionization potential (543.1 eV), there
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is about 1 eV shift after correcting for the potassium work function (2.2 eV). This shift is 

due to the effect of screening as discussed before.

As noted in Fig. 20 that both the shape and position of the K 3p peak change during 

the oxidation process. Firstly, there is a striking increase in the intensity of the K 3p peak. 

Secondly, there is a rapid increase in the width of the K 3p core level. After correcting for 

instrumental resolution, the full width at half maximum (FWHM) of the clean K 3p peak 

is 0.6 eV and the FWHM of the "potassium oxide" K 3p peak is about 1.9 eV. An increase 

in intensity and a threefold broadening of K 3p peak were observed when potassium reacted 

with CO.98 Similar results were reported in oxidation of Na; the increasing width was 

interpreted in terms of a shortened lifetime of the core hole due to a faster interatomic 

Auger decay process.11 We believe that the intensity increases because oxygen suppresses 

the energy loss processes that remove intensity from the K 3p level. This is supported by 

the fact that plasmon-loss features decrease as increasing the oxygen exposure. An 

additional contribution to this intensity increase may be due to the increase in alkali metal 

atomic density when passing from the metal to a polycrystalline oxide.99

We conclude our discussion by comparing our present data with previous results. 

Good agreement is found with the photoemission data from oxidized potassium as reported 

by Petersson and Karlsson.10 They observed two different oxidation states in both UPS and 

XPS spectra at 90 K. The observed oxide species (O2-) in KjO, which was characterized by 

a single peak at 2.7 eV in the valence band spectrum and a feature at 528.2 eV binding 

energy in the O Is core level spectrum, is in good agreement with the present study (Fig. 

20b and 21b). The other oxidation state observed in their spectra, which was characterized 

by a triplet structure (peaks at 3.8, 7.0, 8.3 and a shoulder at 10.5 eV) in the valence band 

spectrum and a peak at 531.9 eV in the XPS spectrum, also agrees with our data (Fig. 20d



88

BINDING ENERGY (eV)
-540 -530 -520

-30 -20 0-10
BINDING ENERGY (eV)

Figure 22. (a) Valence band and (b) the O Is core level photoemission
spectra taken after 0.4 L oxygen exposure on patassium at 35 K.
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and 21c). For a better comparison, the valence band spectrum for 0.4 L oxygen exposure 

on potassium in Fig. 20d is reproduced in Fig. 22 (curve a). The corresponding O Is core 

level spectrum is also shown in Fig. 22. The triplet structure (peaks at 2.9, 6.3, 8.0 and 

ashoulder at 9.8 eV) is clearly seen in Fig. 22a. This result indicates that the initial 

oxidation process is the same at two different temperatures (35 K and 90 K).

Surprisingly, the spectrum in Fig 22a is almost identical to the K 02 valence band 

spectrum reported by Bertel et al.14, where the potassium was deposited in an ambient 

oxygen atmosphere of ~ 3 X 10'7 Torr oxygen and a 30-50 A oxide film was obtained. In 

their spectrum, four peak positions are at 2.4,5.5,6.9 and 9.3 eV.14 Compared with present 

data (Fig. 22a), all spectra features are shifted consistently by 0.5 to 1.0 eV toward lower 

binding energy. This difference seems to be in the positioning of the Fermi level rather 

than in the actual binding energies because the K 3p binding energy in our spectrum is 18.3 

eV; while Bertel et al. report a K 3p binding energy of 17.3 eV.

Bertel et al. claimed that all the observed photoemission features in the valence band 

spectrum are due to superoxide. Our measurements show that at this oxidation stage, there 

are two peaks (528.0 and 532.0 eV) in the O Is XPS spectrum (Fig. 22b); no superoxide or 

molecular oxygen species are observed at this oxygen exposure. Clearly features in the 

valence band spectrum at this oxygen coverage are not due to superoxide; rather they must 

be mainly due to the peroxide, or possibly a mixture of peroxide and oxide.

The comparison of valence band states of this work and previous studies for both 

cesium-oxygen and potassium-oxygen complexes is summarized in Table 6.

4.2.3. Solid Oxygen/Lithium System

Photoemission studies of solid oxygen with lithium at 35 K has been reported by S.L.



Eb (eV) Efi(eV) EB (eV) Reference

4.8, 6.6, 8.6 3.5, 6.6, 8.6 2.7 a

Cs02 4.7,5.8,8.5 ^ 2^ 2 33, 6.4, 7.8 CsjO 2.7 b

4.5, 5.6, 8.6 33, 6.1, 73 2.8 c

~ 10 3.0, 63 2.7 a

KOz 2.4,5.5,12.0, 14.3 K p d

3.8, 7.0 2.7 e

a: This work,
b: SuetaL, ref. 7.
c: Woratschek et aL, ref. 13.
d: Bertel et aL, ref. 14.
e: Petersson and Karlsson, ref. 10.

Table 6. The comparison of valence band states between this work and the previous studies on cesium-oxygen 
and potassium-oxygen complexes. The binding energy is referenced to the substrate Fermi level.



Qiu et al}1 and Strongin et a/.100, and at room temperature by Zavadil et a /.101 The 

data from Ref. 12 are reproduced in Figs. 23 and 24. At low oxygen exposure the O Is core 

level spectrum shows a single peak at 530.5 eV, as shown in Fig. 23a. A similar feature at 

530.8 eV was observed in the oxidation of Li at room temperature.101 In their case, this 

feature was identified as a O2" feature in the formation of Li20 . Note that this is the most 

Li-rich compound, as is expected for a Li substrate with small amounts of oxygen. 

Compared to our results, we find that the binding energy of oxygen in the Li case is about 

2 eV deeper than in the Cs and K cases. We believe that this is due to the combined effect 

of atomic size and screening. The atomic size of the Cs (3.34 A) and K (2.77 A) is 

considerable larger than Li (2.05 A), and we have already suggested that in the Cs and K, 

the oxygen penetrates below the surface, which leads to better screening of the O Is core 

hole.16 This may not be possible in the case of Li because of the smaller atomic size. In 

addition, the extra-atomic relaxation energy is larger in Cs (or K) due to the large, and 

hence more polarizable Cs+ (or K +) ions. This also explains why the corresponding valence 

band feature is at 5.5 eV in the Li case (Fig. 24a), instead of at about 3 eV for the K and 

Cs cases.

More oxygen exposure leads to the next most oxygen-rich compound, signaled by a 

peak at 532.5 eV (Fig. 23c). By analogy with the K and Cs cases, we assign this feature to 

the peroxide species, in which two electrons are donated to the oxygen molecule rather than 

the atom, and form a Li20 2 complex. The corresponding valence band spectrum shows a 

feature at about 8.5 eV (Fig. 24c). However, the emerging features of the solid oxygen 

begin to make the identification of peroxide difficult in the valence band spectrum. In 

recent room temperature oxidation studies of Li,101 only a small shoulder was observed in 

the O Is XPS spectrum. This observation is contradictory to thermodynamic parameters
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on lithium peroxide and lithium oxide," which favor the formation of lithium peroxide, 

because the heats of formation of Li20  and Li20 2 are -143.1 and -151.2 kcal/mol, 

respectively. This disagreement is probably due to the effect of temperature. At low 

temperatures, as in our case, oxygen can be easily condensed. It is easy to have a local 

oxygen-rich region on the Li surface and form Li20 2. On the other hand, at room 

temperature, gas phase 0 2 molecules cannot easily adhere to the metal surface, it is hard 

to have any local oxygen-rich region, and thus most oxygen molecules dissociate and form 

Li20 .

As the oxygen exposure is increased, a new peak at about 539 eV in the O Is region 

becomes visible (Fig. 23d), which we assign to molecular oxygen. Because the work function 

of Li is about 2.4 eV, the solid 0 2 peak would be about 541.4 eV referenced to the vacuum 

level. As with Cs and K, there is about 1.7 eV final state screening energy compared with 

the gas phase 0 2 ionization potential (543.1 eV). At the coverage at which the O Is 

spectrum shows a significant feature due to solid 0 2 (Fig. 23e), molecular oxygen features 

also dominate in the valence band spectrum (Fig. 24e). Two peaks at 7.5 and 12 eV are due 

to the molecular 0 2 2pi t *  and 2p?r orbital, respectively. Note that in previous work where 

solid oxygen is condensed on Al or Ta these levels occur at about 5.5 and 10 eV below 

E p  102,103 2 e y  to higher binding energy in this work is due to the smaller

work function of Li and the alignment of the molecule species (O ^ to the substrate vacuum 

level.

Unlike the case of Cs and K, we did not see superoxide at this point. In order to 

understand this, we deposited Li onto solid oxygen. In Fig. 23g we show the O Is spectrum 

when Li is deposited on solid oxygen. Underlying features are still seen from the substrate, 

but a new feature appears at 534.5 eV. We identify this feature with the "superoxide" 0 2
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in a L i02 complex, noting that this is the most oxygen-rich regime, that is, dilute Li atoms 

in a "sea" of solid oxygen, and each Li atom donates just one electron to the oxygen 

molecule. Correspondingly, in the valence band spectra (Fig. 24g and h) a feature at 11.5 

eV from EF developes. The overlapping of this superoxide feature and the solid oxygen 

feature near 12 eV makes a broad peak around 11.5 eV.

It is seen in Figs. 23 and 24 that more Li deposition leads to a peak again at about 

533 eV in the O Is region (Fig. 23k) and at 7.5 eV in the valence band (Fig. 24k), which 

indicates that peroxide is formed. Finally, as more Li is deposited, the oxide feature 

appears at 530 eV in the O Is spectrum and at about 5.5 eV in the valence band spectrum. 

At this stage, there are enough electrons transferred from Li to the oxygen layer that the 

molecules dissociate and Li20  is formed.

4.2.4. PES Study of Alkali Metal Superoxides

According to our previous experiments,12,16 the superoxide feature can only be 

observed in the most oxygen-rich regime. We are interested in the superoxide. Therefore 

in the experiments discussed here, we evaporated a small amount of alkali metal into a thick 

layer of solid oxygen which was supported by a Kr film. The Kr film served as a buffer to 

prevent reaction between the molecular oxygen and the metal substrate.

The valence band and the O Is core level photoemission spectra of solid oxygen after 

Cs, K and Li evaporation taken at hv = 200 and 650 eV are shown in Figs. 25 and 26, 

respectively. The spectra of solid oxygen are also shown in Figs. 25 and 26 for reference. 

The binding energy in Figs 25 and 26 was calibrated to previously reported gas phase 0 2 

spectra79 and is referenced to the vacuum level. The lowest binding energy peak in the 

valence band 0 2 spectrum (Fig. 25) is the emission from the antibonding irg orbital. The
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higher binding energy features arise from the bonding ttu orbital and the og orbital, 

respectively, as indicated in Fig 25.

After deposition of the alkali metal, both the valence band and the core level spectra 

show a new feature at lower binding energy. From the position of the peak in the O Is 

spectrum (Fig. 26),16 we can deduce that the new feature is due to superoxide. This 

demonstrates that we can indeed make the pure superoxide by this method.

Figure 25 shows that the separation between the molecular 0 2 and superoxide 

features increase by about 1 eV in the sequence Li, K and Cs. The same trend is seen in 

the O Is core level spectra (Fig. 26). Quantitatively, the separation between the solid Oz 

feature and the superoxide feature is 2.9,3.6 and 3.9 eV in the valence band spectrum (Fig. 

25), and 4.6,5.3 and 5.6 eV in the core level spectrum (Fig 26) for L i02, K 02 and the Cs02 

complex, respectively.

A simple charge transfer model predicts that the chemical shift AE = EB(0 2) - 

Eb(0£) is proportional to the charge transfer number n. The 0 -0  bond in solid 0 2 is 

totally covalent because it is formed by two identical oxygen atoms, so that the charge 

transfer number is 0, or equivalently the fractional ionic character /, is 0. On the other 

hand, the bond between alkali metal and oxygen in alkali metal superoxides should be 

largely ionic because of the large electronegativity difference between alkali metals and 

oxygen. Assuming that the Cs-O bond in Cs02 is totally ionic, we plot the relation between 

the fractional ionic character/and the chemical shift AE in Fig. 27. From this figure and 

the measured AE values, we deduced that the fractional ionic character/for L i02 and K 02 

is 82% and 95%, respectively. This result is consistent with electronegativity arguments. 

The Pauling electronegativity of Cs, K and Li is 0.79, 0.82 and 0.98, respectively. In the 

presence of oxygen, a Cs atom will give up one electron more easily than a K or Li atom,
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and hence form a more ionic bond. The obtained ionic character also agrees with the 

results calculated from a semiempirical theory on other alkali compounds, which gives the 

/value of 0.92, 0.94 and 0.96 for LiF, NaCl and RbF, respectively.104 Because the Pauling 

electronegativity of fluorine is larger than oxygen the Li-F bond should be more ionic than 

the Li-O bond.

This result is also supported by the ionic potential (IP) argument. The physical basis 

for the ionic potential is, that cations with a large ionic potential have considerable 

polarizing power to attract neighboring electrons towards them which induces partial 

covalence. Consequently, comparison of ionic potentials allows us to make qualitative 

comparisons of degrees ofcovalence. The ionic potential is defined as105

IP -  — (4.2.7)

where zc is the ion charge expressed as an integral multiple of e, the electron charge, and 

rc is the ionic radii. It is known that the average ionic radii for Li+, K+ and Cs+ is 0.68, 

1.33 and 1.67 A, respectively.105 The IP for Li+, K+ and Cs+ is 1/0.68, 1/1.33 and 1/1.67, 

or 1.47, 0.75 and 0.60. Thus Cs02 is expected to be more ionic than KOz and L i02.

It is noted that both solid 0 2 and the superoxide features are shifted with the 

substrate work function and keep the same separation (we did the same experiments on 

different metal substrates, including Cs, Cu, Fe, K, and Li). This is different from our 

earlier photoemission experiments, where all the oxygen species except molecule 0 2 feature 

lined up with the substrate Fermi level. This discrepancy is due to the presence of a Kr 

layer, which blocks the charge transfer between the substrate and the oxygen species.106
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4.2.5. Summary

In summary, the interaction of solid oxygen with Li, K, and Cs has been studied 

using photoemission spectroscopy. This study shows that three different oxidation states can 

coexist at 35 K. Assignment of these features in both O Is core level and the valence band 

spectra has been made for 0£, Of, and O2* species, which correspond to the formation of 

superoxide, peroxide, and oxide, respectively. The Cs 3d and the O Is cross-section ratio 

obtained from XPS measurements and this assignment quantitatively agrees with the 

theoretical value. The smaller size of the Li atom makes the initial oxidation of Li 

significantly different from Cs or K. The observed binding energy of oxide species is at 528.0 

eV for K and Cs, while the same feature is at 530.0 eV for Li. In the case of K or Cs, the 

oxygen atom can penetrate below the metal surface because the large lattice parameter leads 

to better screening of the oxygen species. On the other hand, in the case of Li, the oxide 

formed on the surface make it unfavorable for the oxygen to be interstitial in the bulk 

because of the small Li lattice parameter. The results are summarized in Table 7.

Although the bond between oxygen and alkali metal is almost ionic there is a slight 

difference in the fractional ionic character for different oxygen-alkali metal bonds. The 

fractional ionic character deduced from our PES spectra agrees with the calculation from 

a semiempirical theory.
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Formal Valence Charge 

of Oxygen Atom

O Is Peak Position 

from Ep (eV)

Oxide

Li

K

Cs
-2

530.5

528.0

528.0

Li 532.5

Peroxide K -1 532.0

Cs 532.5

Li 534.5

Superoxide K -1/2 534.5

Cs 534.5

Li 539.0

Solid 0 2 K 0 539.7

Cs 540.0

Table 7. Identification of various oxygen and alkali metal complexes.
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43. NEXAFS and EXAFS Studies of Oxygen and Alkali Metal Systems

4.3.1. Introduction

When diatomic molecules, such as O% N2, CO, or NO, are chemisorbed on metal 

surfaces, the K-edge absorption spectra are dominated by a bound state transition to an 

antibonding orbital of n  symmetry. This orbital is formed from the unfilled or partially 

filled 27T molecular orbital and substrate metal states of ir symmetry. The intensity of this 

transition may be expected to be correlated with the details of the metal to molecule (27t) 

charge transfer.107*108 As suggested by Blyholder109, such a charge transfer 

decreases the intramolecular bond strength leading to an increase of the bond length and 

to a softening of the intramolecular stretching mode.110 Previous NEXAFS studies of K- 

edge absorption spectra of chemisorbed diatomic molecules shown that the energy position 

of the resonance relative to that observed in the gas phase spectrum can provide valuable 

information on the charge transfer and the intramolecular bond length upon 

chemisorption.43,57

In this section, we describe our NEXAFS study of alkali metal superoxides. We 

compare the measured resonance energies to a theoretical calculation.66 We found that the 

0 - 0  bond length deduced from the a* resonance energy agrees well with previous reports.14

4.3.2. NEXAFS Study of Alkali Metal Superoxides

The O Is K-edge NEXAFS spectra from L i02, K 02 and Cs02, prepared using the 

method described in the sample preparation section, are shown in Figure 28. The solid 0 2 

spectrum is also shown in Fig. 28 for comparison. We emphasize that both XPS and near- 

edge spectroscopy were done consecutively during the runs when the data shown in Fig. 28 

was obtained and the characteristic superoxide core level feature at about 534 eV was observed.
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Figure 28. Oxygen K-edge NEXAFS spectra of LiO^ K 02 and CsO* 
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gas phase 0 2 tt* feature.51
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A.) Assignment of Resonances

The assignment of the K-edge absorption structures in Fig. 28 is facilitated by 

comparing to the spectrum of solid 0 2. Peaks A and B in alkali metal superoxide spectra 

are assigned to transitions of the O Is electrons to the tt* and o* resonances, respectively. 

Compared with solid 0 2 spectrum, both the n* and a* resonances in the spectra of all three 

alkali metal superoxides shift to lower photon energy due to the transfer of one electron to 

the molecular oxygen. The intensity of ir* resonance (peak A) in the superoxides is much 

smaller than in 0 2 because there are fewer unoccupied final states for the Is - l7rg transition 

in the superoxides. The a* resonance (peak B) appears at or near the same photon energy 

for all of the superoxides examined.

Closer examination of the data for the superoxides shows that the ir* level moves 

about 1.8 eV to lower photon energy. The shift of the a* resonance toward the ir* 

resonance is relatively large and can be accounted for by the increased occupation of the 

0 2 l7Tg (anti-bonding) orbital which weakens the intramolecular bonding. Reducing bond 

strength results in a longer 0 - 0  bond length and causes the 3au to move closer to the l7Tg 

level. For superoxides, we find that the ir* feature is at 529 eV, the a* feature is at 534.5 

eV and the relative separation of the two levels is 5.5 eV. These values are comparable to 

those reported by Wurth et al.59 for 0 2 on P t( l l l)  which were 530, 535 and 5.5 eV, 

respectively.

Fig. 28 also shows a third feature (peak C) further from the oxygen absorption edge 

which varies significantly in going from one alkali metal to another. This feature moves 

toward the a* peak as one goes from Li to Cs. This feature is not a shape resonance 

because the 0 - 0  bond length does not change much in going from L i02 to C s02 and the 

tt* and a* peaks do not move as would be expected if the 0 - 0  bond expanded or
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contracted. We suggest these peaks are related to the electronic structure of the metal 

component of the superoxide, specifically the conduction band edge as is seen in other metal 

oxides.111 If we assign this peak to the onset of transitions to the conduction band (sp 

band) of the alkali superoxides, the band gap is given by the distance of the ir* feature A 

to feature C: 12, 10, and 9.5 eV for Li, K, and Cs superoxide, respectively. These numbers 

are close to the band gaps of the corresponding alkali fluorides.112 A study of the 

unoccupied states of N a02 and K 02 by Bertel et a l also shows states around 10 eV in the 

inverse photoemission spectra and in the alkali edges.15 This leads to a natural explanation 

of why this peak is absent for 0 2 on P t( lll) .59 This feature would not be seen because this 

feature would be near the Fermi level for a metal and overlap with the ir* resonance.

B.) Resonance Position and Molecular Bond Length

The similarity between the superoxide and solid 0 2 spectra indicates that the 

superoxide spectra must be dominated by intramolecular excitations and that the molecule- 

metal interaction has little influence on the K-edge resonance structures, apart from 

changing the resonance energy position due to the change of the molecular bond length.

Compared with the neutral 0 2 molecule, there is one more electron in the 

antibonding irg orbit in the superoxide ion 0 2, which has a a g27Tu47rg3 ground state 

configuration. One effect of the additional antibonding electron is an increase in the 0 - 0  

bond length in the 0 2 ion relative to the 0 2 molecule. Blyholder109 first suggested that the 

metal dir to adsorbate 27T charge transfer results in a strengthening of the metal-adsorbate 

bond but weakens the intramolecular bond. This is intuitively clear since the 2ir orbital is 

an antibonding orbital for 0 2 but is a bonding orbital for metal-O bond.

As mentioned earlier, the energy position of the final state shape resonance is 

directly sensitive to the intramolecular bond length. Experiments have been confirmed that
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there is a simple linear correlation between the a* resonance position and the 

intramolecular bond length for gas phase molecules.57 It was found that a 1 eV shift in the 

resonance energy corresponds to about 0.03 A 0 - 0  bond length change.113

The energy of the a* resonance for all three alkali metal superoxides is at 534.5 eV, 

as shown in Fig. 28. Compared with the solid 0 2 spectrum, the a * resonance shifts about 

5.2 eV to lower photon energy. Using the relation AR = 0.03 A/eV and taking the 0 -0  

bond length in solid 0 2 as 1.207 A, we obtained an 0 - 0  bond length of 1.36 A in these alkali 

metal superoxides. This value is in excellent agreement with the previously reported value 

of 1.35 A for N a02 and K 02.14 This value is also in agreement with the recently published 

1.37 A 0 -0  distance in Pt superoxide.59 This result indicates that the 0 - 0  bond length in 

0 2 species is relatively insensitive to the cation ions.

Figure 29 plots the result of the calculated energy shift AE verses the inverse of the 

0 - 0  bond length in 0 2 species. The theoretical calculations for 0 2 were performed by 

Dunlap,66 using the same method as described in Chapter 3 for 0 2, except that one more 

electron is put into the tt* orbital. After using the same normalization procedure used for 

0 2 (Chap. 3), the calculated w* energy level (528.9 eV) for 0 2 with a 1.34 A 0 - 0  bond 

length is in veiy good agreement with the experimental value of 529.0 eV. Convergence 

problems hampered accurate computation of the position of the a* resonance for R < 1.34 

A and this value was extrapolated from longer internuclear distances (Fig. 29). After doing 

this, we predict the a* resonance should be at 533.5 eV, which is in agreement with the 

observed a* resonance energy at 534.5 eV.

There is also another way to judge the quality of the calculation, namely, using the 

experimental AE value and the plot (Fig. 29) to get the 0 - 0  bond length and comparing it 

with the experimental data. By doing this, we predict the 0 -0  bond length should be 1.31
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A for 0 2, which is in good agreement with the previously reported value of 1.35 A 0 - 0  bond 

length for N a02 and K 02.14

It is worth pointing out that the observation that the energy difference between the 

7T* and the o* resonances is almost the same for all three alkali metal superoxides (Fig. 28), 

is surprising on the basis of our previous ionic character discussions. As mentioned before, 

one electron charge roughly corresponds to about 1 eV shift for the n* peak and about 5 

eV for the a* peak. Using this relation and previous ionic character results of L i02 (82%), 

K 02 (95%) and Cs02 (100%), we should see about 0.8 eV difference between the ir* and 

a* spacing in the lithium and cesium superoxide spectra. However, this is not observed in 

the experiments, as shown in Fig. 28. A possible explanation could be due to the different 

atomic size of the two atoms. For example, although a Li atom transfers less charge to the 

oxygen molecule than a Cs atom, because of the much smaller atomic size, the Li atom can 

get closer to oxygen and form a shorter metal-oxygen bond. This is found in the alkali 

halide crystals. For example, the bond length and cohesive energy in LiCl, NaCl, KC1, and 

RbCl are 2.570 (198.9), 2.820 (182.6), 3.147 (165.8), and 3.445 A (159.3 kcal/mol), 

respectively.114 This provides a situation where the 0 - 0  bond could be. disturbed more 

in L i02 than in Cs02, and thereby results in an addition to the 0 -0  bond length in L i02 

compared to Cs02. , Since the a* resonance energy is inversely proportional to the 

intramolecular bond length, the longer 0 - 0  bond will shift the a* peak to lower energy, and 

thus could explain the 0.8 eV discrepancy. These results then suggest that there are some 

refinements to the conventional ideas relating the a* position to charge transfer in 

molecules.113 We also mention that due to less charge transfer, the core hole screening is 

reduced in L i02 after photon excitation, and this can also shift the a* peak to lower energy.

In summary, alkali metal superoxides have been studied by x-ray absorption
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spectroscopy. Three features are observed in NEXAFS spectra. The first two peaks in the 

spectra are due to intra-molecular transitions (Is to the ir* and a* transitions), the positions 

of these two peaks can be well described by a first principles calculation for the free 0£ ion. 

The third peak is due to extra-molecular transitions (Is to the alkali sp band transitions). 

We see no evidence of magnetic effects in the spectra and argue they are too small to be 

seen in near edge data obtained using modest resolving power. The fact that the oxygen K 

edge spectra of alkali metal superoxides are in good agreement with theoretical calculations 

for the free O j ion, indicates that previous core level O j feature assignment is right.

9
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4.3.3. NEXAFS Study of the Solid Oxygen on Cesium

We now describe our NEXAFS experimental results. In Fig. 30 we present the 

measured O K-edge NEXAFS spectra of O ^C s for different oxygen exposures. The 

number in Fig. 28 indicates the oxygen exposure in langmuirs.

For the clean Cs film, there is of course no feature in the O K-edge region. Small 

oxygen exposure (0.6 L) leads to an edge jump at about 530 eV photon energy, which is a 

common feature of metal oxides.111 As explained from our photoemission results described 

before, the oxide feature is the dominant feature at the early oxidation stage.

As oxygen exposure increases (3.6 to 10 L), a new peak P appears at about 531 eV. 

We discuss several possibilities for this feature: one might think that this peak is the 7T* 

resonance feature in molecular 0 2 since this peak appears at almost the same energy. 

However, molecular 0 2 should have two peaks at around 540 eV. Thus peak P is not the 

7r* resonance feature of molecular 0 2. Next, we consider the possibility that peak P is due 

to superoxide. As mentioned before, there is one more electron in the antibonding 7rg 

orbital in superoxide (O^) than in neutral 0 2, resulting in a (Jg27ru47rg3 ground state 

configuration. Because the 7rg orbital is still partially filled in 0 2, we should see both 7T* and 

a* resonance in the spectrum, and this is what we saw in superoxide spectra (Fig. 28). 

Comparing with Fig. 28, it is obvious that peak P is not the superoxide feature.

Finally, we consider the possibility that peak P is due to peroxide O f\ In two 

electrons are transferred to one oxygen molecule, resulting in a filled 7rg orbital. Hence, one 

expects to see only the a* resonance in the spectrum. Because there is one more electron 

in the antibonding 7rg orbital in peroxide than in the 0 2 species, the 0 - 0  bond strength 

must be weaker in the former species than in the later, so that the peroxide should have a 

longer 0 - 0  distance. Consequently, the a* resonance should shift to lower photon energy
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Figure 30. Total electron yield (TEY) oxygen K-edge NEXAFS spectra of solid 
CWCs system for various oxygen exposures at 25 K.
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relative to the superoxide.

All these features are reflected in peak P. In particular, the expanded bond length 

is clearly borne out by the shift of the a* resonance energy from 534.5 eV in 0 2 (Fig. 28) 

to 531 eV in O^". The 531 eV a* resonance energy is in good agreement with the published 

532.6 eV a* resonance energy in the NEXAFS spectrum of O2/Ag(110), in which this peak 

was assigned to a singly bonded peroxide species.113 Especially, the fact that 1.46 A 0 -0  

bond length obtained from this shift is in excellent agreement with the reported value of 

1.47 A in Ag peroxide,113 makes us believe that peak P is the a* resonance. Thus we assign 

peak P to the transition from the O Is to the a orbital in 0%.

As 0 2 exposure increases, two shoulders appear at 529 and 534.5 eV. On the basis 

of our previous results on superoxides, we know that these two peaks are due to transitions 

to i t *  and a *  molecular orbitals in Cs superoxide (CsO^. These superoxide features are 

indicated in Fig. 30 by letter S and S’. It is apparent that peaks S and S’ increase in 

intensity relative to the peak P as the oxygen exposure is increased. This is expected since 

the sample surface becomes more oxygen-rich. The same phenomena has also been 

observed in photoemission measurements.

At high oxygen coverage (27 and 45 L), two new features (M’ and M") appear at 

around 540 eV, which is characteristic of molecular 0 2.51 Although the underlying features 

can still be seen, we can unambiguously assign peaks M, M’ and M" to transitions to the i t *  

and a* orbitals, and Rydberg states of molecular 0 2, respectively. Notice that the 

superoxide features (S and S’) decrease in intensity relative to the 0 2 features when 

increasing 0 2 exposure. Close examination of the data shows that the intensity ratio 

decreases by about a factor of 2 when the 0 2 exposure is doubled, which is similar to our 

photoemission results.
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It is difficult to observe what happens to the peroxide features because they coincide 

in energy with the 0 2 tt* feature. However, from our photoemission study we know that 

the intensity of peroxide peak decreases when the molecular 0 2 peak increases. Therefore, 

at high oxygen coverage, the 531 eV peak is prominently due to the i t *  resonance of 

molecular 0 2.

In conclusion, the interaction of solid oxygen with cesium has been studied using 

NEXAFS spectroscopy. Various oxygen ionic states were found during the oxidation 

process. The results obtained from the NEXAFS study are consistent with previous PES 

observations. The 0 - 0  bond length in the peroxide and in the superoxide complexes 

deduced from the position of the a* resonance are in good agreement with previously 

reported values.
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4.3.4. EXAFS Measurement on Cesium Superoxide

In order to determine the bonding length in the superoxide complex, the total 

electron yield EXAFS spectrum at O K-edge in Cs02 has been measured. The raw data is 

shown in Figure 31a, the monochromator output is shown in Fig. 31b, and the normalized 

spectrum is displayed in Fig. 31c.

The pre-edge and above edge background is approximated by fitting the pre-edge 

and above edge with two lines. After removing the background, the spectrum is then 

normalized to the edge jump and presented in Fig. 32a, where the smooth atomic absorption 

is obtained by fitting the high energy part of the spectrum with a polynomial function. 

The fine structure oscillations %(fc) are given

.  (4.3.1)
H0(*)

The x(k) is shown in Fig. 32b, where the x(&) is multiplied by a factor of b?.

The Fourier transform over a limited wave vector k  range between 2 and 6 A*1 is 

plotted in Fig. 32c. In the Cs02, the nearest neighbor of oxygen is O, and the second 

neighboring atoms are cesium cations. Two peaks appear at 1.3 and 2.7 A in the transform 

corresponding to the intramolecular 0 - 0  bond length and O-Cs distance, respectively. 

Taking into account the limited wave vector k  range and our limited knowledge about the 

phase, these results are in agreement with the measured 1.32-1.35 A 0 -0  bonding length, 

2.71-2.92 A O-Na and O-K distances in N a02 and K 02 by x-ray diffraction.115 The value 

of 1.3 A 0 - 0  bond length is also in agreement with our NEXAFS result.

It can be seen that the amplitude of peak A is much smaller than peak B, which is 

expected from a simple theory. Since the backscattering amplitude F(k) in Eq. (2.6.2) is 

proportional to the atomic number Z, the backscattering amplitude from Cs atoms (Z = 55)
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Figure 31.
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(a) The O K-edge EXAFS spectrum of Cs02 measured at 20 K,
(b) The monochromator output, and (c) The normalized EXAFS 
spectrum.
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should be much larger than that from O atoms (Z = 8).

In conclusion, the EXAFS study of Cs02 has been carried out by total electron yield 

measurements. The computed 0 - 0  bonding length and O-Cs distance are in good 

agreement with previous x-ray measurements on alkali metal superoxides115 and are also 

consistent with theoretical calculations.66
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Chapter 5. Summary

In summary, the molecular bond, electronic structure, oxidation state, and ligand 

field of solid oxygen/alkali metal systems have been studied by several spectroscopic 

techniques: Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy, Near-Edge 

X-ray Absorption Fine Structure (NEXAFS) spectroscopy, Auger Electron Spectroscopy 

(AES), X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet Photoelectron Spectroscopy 

(UPS).

In the study of the K-edge NEXAFS spectrum of solid oxygen, three main features 

are assigned to the ir*, a* resonance, and the Rydberg states, respectively. This assignment 

is supported by Xa calculations and high resolution NEXAFS measurements on gas phase

0 2. Compared with the gas phase spectrum, Rydberg states shift about 1.5 eV to a higher 

photon energy, which we argue is due to the increased dielectric constant in the solid. The 

Auger spectra of both ionized (2 hole final state) and excited (2 hole and 1 electron final 

state) molecules in solid 0 2 shift to higher kinetic energy relative to the gas phase spectra. 

The shifts are 10 and 2 eV, respectively. These shifts are explained in terms of solid state 

final state screening effects. PES studies of the interaction between solid oxygen and alkali 

metal show that three different oxidation states can coexist at 35 K. Assignments of these 

features in both O Is core level and valence band spectra have been made for 0 2, o £ , and 

O2" species, which correspond to the formation of superoxide, peroxide and oxide, 

respectively. The Cs 3d and the O Is cross-section ratio obtained from XPS measurements 

and this assignment quantitatively agree with the theoretical value.

We also studied L i02, K 02, and Cs02 superoxides using NEXAFS, PES, and 

EXAFS measurements. Compared with the solid 0 2 NEXAFS spectrum, both n* and a*



resonances in the NEXAFS spectra of all three alkali metal superoxides shift to a lower 

photon energy due to the transfer of one electron to the molecular oxygen. The shift are

1.8 eV and 5.5 eV, respectively. These shifts are in excellent agreement with the ab initio 

calculated results for free 0 2 ion. This indeed shows that the metal-oxygen bond in alkali 

superoxides is very ionic and our core level 0 2 feature assignment is right. The 0 -0  

bonding lengths in superoxides and peroxide deduced from the position of the a* resonance 

agree well with the previously reported 0 - 0  distance in N a02 and K 02 superoxides and in 

Ag peroxide. In the EXAFS study of cesium superoxide (CsO^, the computed 0 - 0  and O- 

Cs distances from the EXAFS spectra are also in good agreement with previous x-ray 

diffraction measurements on N a02 and K 02.
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1. X-Ray Absorption studies of Nd2.xCexCu0 4, Phys. Rev. B 42, 4763 (1990), A. Krol, 
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C.W. Chu, Gang Cao and J.E. Crow.

2. Auger and X-ray Absorption Studies of Solid Molecular Oxygen, J. Vac. Sci. and 
Tech. A8, 2591 (1990), Jie Chen. C.L. Lin, S.L. Qiu, M. Strongin and M. denBoer.
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Tech. A8, 2595 (1990), S.L. Qiu, C.L. Lin, Jie Chen and M. Strongin.
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J.E. Crow.
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A.R. Moodenbaugh, M. Strongin, D. Nichols and J.E. Crow.
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M. Strongin, B. Sinkovic and N. Brooks.

13. SEM Study of Interface in GalnP/GaAs, J. Chinese Electron Microscopy Society. 
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14. Photoemission and Oxygen K-edge Studies of Metals with Oxygen, Presented and
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