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High-Resolution X-Ray Photoelectron Spectroscopy of CO2 and
Other Small Molecules

1. General Introduction

1.1 Introduction to Photoelectron Spectroscopy
In 1887 Heinrich Hertz was studying the generation of electromagnetic waves

with a spark gap [1]. His observations revealed that shining ultraviolet light onto

a pair of electrodes, that are placed on each side of the gap, induced electrical
discharges between the two electrodes. This phenomenon was explained later by
Einstein as the photoelectric effect [2].

The laws of quantum mechanics dictate that differing atoms and molecules

contain a distinct set of energy levels. Photoelectron spectroscopy (PES) is a
tool that allows the study of atomic and molecular properties by "knocking out"
the electrons that occupy these energy levels with radiation of sufficient energy.
This process of "knocking out" electrons is more formally known as photoioniza

tion (see Figure 1.1). The historical development of PES is really divided among

two groups. Ultraviolet photoelectron spectroscopy (UPS) is a means of inves
tigating the valence region of an atom or molecule whereas X-ray photoelectron

spectroscopy (XPS) probes the inner-shell domain. The technique of XPS was

used for the work conducted in this thesis. The applications of photoelectron
spectroscopy now pervade several important fields of science.
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Figure 1.1: Core-level photoionization process where a core electron is ejected
via a photon of energy, hv.
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Kai Siegbahn and co-workers were responsible for the initial development

of XPS. In this technique, high energy electrons (originating from some exter
nal source) impinge upon an aluminum or magnesium solid thus removing a is

electron (K shell) from the metal. The core hole is filled by an atomic electron

from a higher state giving rise to the emission of radiation of a characteristic
energy (x-ray regime). For example, energies of 1486 eV and 1253 eV are pro
duced from Al Ka and Mg Ka radiation, respectively [3]. Unfortunately, in early
non-monochromatized instruments, the photon resolution never exceeded 0.8 eV.

In 1974, Ulrik Gelius and co-workers [22,23] developed monochromatized x-ray

sources that were capable of achieving a photon resolution of the order of

0.3

eV. With the advent of monochromatized synchrotron radiation, it is now possi

ble to investigate core-ionized atomic and molecular states at an unprecedented

resolution ( 50 meV).
The photoelectric effect is a dipole interaction in which all the energy of the
photon is expended in the ejection of a bound electron. Knowledge of the photon
energy (hv), measurement of the kinetic energy (Ek) of the ejected photoelectron,

and conservation of energy yields the binding energy (Ei) of the electron of the

jth orbital, or
hv

Ei(i) + Ek

(1

1)

Again, the measurable quantity here is the kinetic energy of the ejected ph
totelectrons.

The energy range at which the photoelectrons are counted is

0 < Ek(j) < hv. These counts are plotted as a function of the ionization
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energy (although in most cases it is the kinetic energy) and are represented by

a series of peaks in a spectrum. These peaks contain a wealth of information
pertaining to the state of the core-ionized species.

1.2 The De-Excitation Process
Once the core hole is created, the ionized species is left in a precarious state.
In order for the system to restabilize it must expend the excess energy, or de-excite,

via two pathways:
1. X-ray emission.

2. Radiation less transition Auger decay.

In the radiative process, an electron from a higher atomic or molecular orbital

drops down into the core hole and the excess energy is emitted in the form of
an x-ray. The non-radiative process occurs when, instead of photon production,

the excess energy is carried away by a second electron that is ejected into the
continuum of the ion. Of the two decay modes, the most probable is the Auger
[4] process for atoms of lower Z (Z < 30), or if the transition energy is less than
10 keV [6]. Hence, for the work discussed in this thesis, the predominant decay
mode is that of Auger decay. Both x-ray emission and Auger decay are shown in
figures 1.2 (a) and (b), respectively.
The kinetic energy of an Auger electron is independent of the radiation used to

core-ionize the molecule as long as the ejected (core) electron has sufficient energy

to leave the vicinity of the molecule prior to the Auger process. The kinetic energy
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Figure 1.2: Schematic representations of two possible electronic decay mecha
nisms. (a) depicts x-ray emission during relaxation of a higher energy electron.
(b) represents Auger decay where an electron is ejected when the core is filled.
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of the Auger electron is, however, dependent upon the energy of the levels (orbitals)

involved so that a chemical shift may be observed between two different molecules.

1.3 Line-Shape Functions
Many factors contribute to the line shape of an experimental spectrum. Such

factors include natural lifetime, instrumental, vibrational structure, and postcollision interaction (PCI). Well above threshold the peaks in the spectrum have
a Lorentzian line shape with a linewidth, FL, characteristic of the lifetime, 7 [57]
and one form of the Heisenberg uncertainty principle is stated as
AEAT r-:,- h

I'L ;---,

7

(1

2)

where AE = FL is the full width at half maximum. On the other hand, instru
mental functions are typically described well by a Gaussian profile but this is not
always the case as will be seen in section 2.5.

1.3.1 Post-Collision Interaction
In inner-shell photoionization a hole state is created near threshold. As seen

earlier, the vacancy is filled under emission of an Auger electron [5]. In our ex
periments (photon energies near threshold) the Auger electron has, on average, a
much higher kinetic energy than the ejected photoelectron. Therefore, as the slow
photoelectron is passed by the fast Auger electron, a sudden reduction in screening

alters the attractive ionic-core potential experienced by the photoelectron.

7

Moreover, the energy lost by the photoelectron in this sudden transition is trans

ferred to the Auger electron. This transfer of energy induces an upward shift in
the mean energy of the Auger electron distribution, and distorts the line shape.

Since the spectra in this thesis are a measure of the photoelectron distribution,
the PCI manifests itself on the lower kinetic energy side of each spectrum.

There have been several models developed to describe the effects of PCI.
However, the fits performed in this thesis utilize almost exclusively the theory of
van der Straten, Morgenstern and Niehaus [55]. The model developed by Kuchiev

and Sheinerman [38] has been used in the fits of a single set of data (discussed
further in chapter three) to see if there were any significant discrepancies between
the two approaches.

1.3.2 Vibrational Structure
Removing a core electron will, in general, change the equilibrium geometry
of a molecule, i.e. alter the bond lengths and bond angles. Alterations in ge

ometric structure tend to promote the excitation of vibrational quanta in the
final state. These excitations are observed as a progression of peaks, at higher
ionization energies, that accompany the peak corresponding to the fundamental
electronic transition. The spacings between the successive peaks correspond to the

characteristic vibrational frequencies of the excited state. In core-level photoelec

tron spectroscopy, the ability to discern the vibrational structure has been limited

because of poor experimental resolution. In fact, with a couple of distinguished

8

exceptions [28-30], the vibrational structure of many core-ionized molecules has

only in the last five years been resolved using x-ray photoelectron spectroscopy
techniques.

Vibrational structure is observed in all of the spectra contained in this thesis

(atomic spectra is the obvious exception). However, only chapter four contains
an analysis of the vibrational structure of the oxygen is photoelectron spectrum
in CO2. The analysis is based on the Franck-Condon principle which states that
electronic transitions occur so quickly that the nuclei do not have time to respond.

Thus, the electronic and vibrational parts of the total wavefunction can be treated
independently. The equilibrium bond length around the ionized site decreases, but,

atoms in the molecule remain in their original positions leading to an overlap of
the ground state wavefunction with several vibrational levels in the core-ionized
state.

9

2. Experimental Apparatus and Design

2.1 Instrumentation for an XPS Experiment
An experiment in X-ray Photoelectron Spectroscopy requires:
1.

Photon Source

2. Monochromator
3.

Sample

4.

Energy analyzer

5.

Detector

Synchrotron radiation provided the photons that were needed to conduct the ex
periments discussed in thesis. Because the light emitted from a synchrotron con
sists of a continuum of energies, it must be monochromatized. This was done with
a spherical grating monochromator (SGM). An SGM is an optical instrument used

to isolate a narrow bandwidth of optical radiation.

Depending on the type of experiment, the sample (gaseous) is injected into

either a gas cell (photoelectron spectroscopy), or into a parallel-plate ion-yield
chamber (photoabsorption) which is used to determine the resolution of the photon

energy. In both cases, a sample pressure of around 10-5 Torr is maintained.
The energy of the photoelectrons is then analyzed by an electrostatic energy

analyzer. Finally, the photoelectrons are detected by an electron multiplier tube,
or a multichannel detector such as a microchannel plate.

10

2.2 Synchrotron Radiation
Synchrotron radiation is electromagnetic energy emitted by charged particles

that are moving at speeds close to that of light when their paths are altered, as
by a magnetic field. It is so called because particles moving at such speeds, in

a variety of particle accelerator that is known as a synchrotron, produce electro

magnetic radiation of this sort. If the particles are traveling at non-relativistic
speeds, the intensity of the emitted radiation is proportional to sine 9 where the
angle 19 is relative to the acceleration vector [7]. As the electrons approach the
speed of light, the radiation pattern becomes focused in the direction of motion of
the radiating charge which is a consequence of the relativistic space-time Lorentz

transformations [11]. The 'y parameter, where -y = E/moc2 = [1

(v/c) 2]-1/2,

(v is the particle's velocity) is a consequence of the Lorentz transformations and

estimates the angular width (mrad) of the emitted radiation as 7-1. Figures 2.1
(a) and (b) provide an appropriate visual aid [8].

2.3 Storage Ring and Beam line Characteristics at the ALS
The measurements discussed in this thesis were obtained on Beam line 9.0.1
at the Advanced Light Source located at Lawrence Berkeley National Laboratory

in Berkeley, California. A layout of the facility is provided in Figure 2.2 [9]. It

consists of a 50-MeV linear accelerator, a 1 Hz, 1.5 GeV (or 1.9 GeV) booster
synchrotron, and an electron storage ring. The storage ring is 196.8 meters in
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Figure 2.1: Radiation emission pattern of electrons in circular path.
(a) Non-relativistic velocity.
(b) Relativistic velocity.
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circumference and consists of 12 straight sections connected by 12 achromatic arcs

[10]. Each arc has three dipole bending magnets. Notice in Figure 2.2 that one of
the straight sections is reserved for the radiofrequency cavity system and another
for the injection of the electrons. Each electron experiences a loss of approximately

92 keV at each turn in the storage ring [10]. Electrons also emit radiation when
their trajectories are changed by insertion devices which are located in the straight

sections of the storage ring. The radiofrequency (rf) cavity system restores the
energy lost to emission of radiation.

The charged particles, used in synchrotron radiation, are either electrons or

positrons in order to obtain a large acceleration. A more quantitative reason as
to why more massive particles are not used lies in the expression for the power
radiated by a particle traveling at relativistic speeds in a circular orbit. That is,

P=

2e2cE4
3p2(moc2)4

(2

1)

where e is the electron charge, c is the speed of light, E is the energy of the
electron, mo is the rest mass of electron, and p is the radius of curvature of the
electron trajectory in the bending magnet. The radius of curvature is defined as

P=

m-yv-.2
F-

ti

myc

(2

2)

e.6.,

where m is the mass of the electron, fi is the velocity, -y = E /moc2 is the ratio of

the particle's energy and its rest mass energy, and I-4 = el/ x LI is the expression
for the Lorentz force (B is the magnetic field strength) [11]. Equation 2-1 shows

that the emitted power decreases as the fourth power of the rest mass. Clearly, a
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proton would greatly reduce the radiated power as it is roughly 2000 times more
massive than an electron.
The electrons are produced, boosted, and stored in discrete "bunches," and so

the radiation emitted by a storage ring is not continuous but pulsed. The width

of separation between each "bunch" is governed by the rf cavity system. The
frequency of the rf system at the Advanced Light Source is 500 MHz. Therefore,

the bunches are separated by a distance of
c

Ax = _. --...' 0.6 m
Jrf

(2

3)

or 2 nanoseconds [10]. This suggests that the storage ring could contain up to

328 packets of electrons but only about 80% of that number exist at one time.
The remaining 20% actually consists of empty "bunches" in order to maximize
the beam lifetime. The beam lifetime is the time during which the beam current
decreases to e-1 of its original value. Scattering by residual gas particles is a major
limiting factor of the beam lifetime [12]. This is minimized as much as possible by
maintaining an ultra-high vacuum in the storage ring which is of the order of 10-1°
Torr. Initially, the beam current is 400 mA and subsequently decays exponentially,

over the course of about 4.5 hours, to just under 180 mA. The beamlines are then
closed and the storage ring is "refilled" with a fresh set of energized electrons. The
refilling process usually takes no more than 20 minutes.

Dipole bending magnets and insertion devices are responsible for altering the

trajectory of the electrons and the subsequent emission of radiation. There are
two different kinds of insertion devices, called undulators and wigglers. Each
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straight section of the storage ring has either an undulator or a wiggler with the
two exceptions of the radiofrequency cavity and injection systems. The brightest
synchrotron light at the ALS comes from undulators, which contain 142 magnetic

poles lined up in rows above and below the electron beam. The magnets force

the electrons into a snake-like path, so that the light from all the curves add
together. That is, interference effects from the radiation emission cones (with

angular amplitude of 7_i) produced from each period of the electron's trajectory

squeeze the radiation into a discrete spectrum. This is because an undulator

contains more poles, and the magnetic field is weaker than that of a wiggler.
Thus, the maximum deflection angle, am of the electron's trajectory is not as
great (see Figure 2.3). In the case of a bending magnet or a wiggler, a smooth
spectrum centered around the critical photon energy (the median of the energy
spectrum) is produced. Half the total power is radiated above the critical photon
energy and half below. It is defined as

3-y3
hc
hvc 2--'

47rp

-_' (6.7 x 102) BE2

(2

4)

where again 7 = E/moc2 is the ratio between the particle's total energy and its
rest-mass energy, fi is the magnetic field (Tesla) and E is the energy (GeV) of the

electron beam [14]. The relevance of the critical photon energy parameter is that

it helps to define the spectral output of a bending magnet, wiggler, or undulator.
Figure 2.4 [16] provides a comparison of the spectral profile for each of the three
devices.
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a)

Figure 2.3: Schematic diagrams of the undulator and wiggler regimes.
(a) Undulator.
(b) Wiggler.
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Figure 2.4: Spectral distributions of a bending magnet, wiggler and an undulator.
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The U10 undulator was the radiation source for beamline 9.0.1 at the Advanced
Light Source where the "10" refers to a 10-centimeter period length. The radiation
produced from U10 is concentrated at frequencies close to a fundamental frequency

and to its harmonics which can be seen in Figure 2.5 [9].

The emitted radiation at the Advanced Light Source encompasses a contin

uum of photon energies, ranging from infrared to hard x-rays. Prior to reaching
the spherical grating monochromator (figure 2.6), the radiation emitted from the
undulator is deflected at mirror Ml onto mirror M2, which focuses the light onto

the entrance slit. After passing through the entrance slit, the light then falls onto
one of the spherical diffraction gratings. Three gratings cover the photon energy
range from 20 to 350 eV delivering approximately 1012 photons per second at a
resolving power of 10,000 into a spot size of 0.1 x 1 mm. For instance, at a photon

energy of 300 eV the resolution should ideally be around 30 meV. This is rarely
seen to be the case since the resolution is primarily limited by coma (aberrations)

of the spherical grating. In general, the resolution can be expressed as

dE =

U
E2

he dA

(2

5)

where dE is the resolution and dA is constant if the entrance and exit slits are held

fixed. For the experiments conducted on beamline 9.0.1, the exit slit is adjustable

and allows a better resolution to be achieved, yet complicates the dA term in the
above expression. The grating then focuses the monochromatized radiation onto

the translating exit slit and then mirror M3 deflects the beam into the parallelplate ion-yield chamber (photoabsorption), or onto mirror M5 which focuses the
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beam into the gas cell (photoelectron spectroscopy). It should be mentioned that
all optics on this beamline have a spherical profile. Finally, in the spring of 1998,
beamline 9.0.1 was moved to 10.0.1 and the layout of beamline 10.0.1 (figure 2.6)
[20] is identical to that of beamline 9.0.1.

After the sample in the gas cell has been irradiated, the photoelectrons are
collected by the electron lens. The purpose of the lens is to separate the sample
region from the energy analyzer and also to act as a focusing lens, producing a
projection of the photoelectron kinetic energy distribution of the sample on the

entrance plane (base) of the analyzer. The electron lens also matches the initial
kinetic energy of the photoelectrons to the pass energy of the analyzer. Since the

analyzer is operating at a fixed pass energy during the acquisition of a spectrum,

the chosen energy interval has to be scanned by accelerating or retarding the
photoelectrons. The pass energy is the energy of an electron that will travel in a

circular path at the mean radius of the analyzer. All lens voltages are controlled
by the computer and can be manually selected.

After passing through the lens, the electrons then enter the analyzer. The
photoelectron experiments discussed in thesis were measured with two different
energy analyzers:
1.

Spherical-sector electrostatic analyzer (March 1997).

2.

Scienta SES-200 electron spectrometer (January 1998).

The electron analyzer is the part of the instrument that performs the actual en
ergy dispersion. The electron trajectories are bent by the radial electrostatic field
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between two concentric hemispheres (Scienta analyzer) with a voltage difference

between them. The bending radius will depend on the kinetic energies of the
electrons. In order to facilitate the choice of a suitable compromise between reso
lution and intensity, the Scienta SES-200 analyzer is equipped with a slit carousel,

providing nine different sets of matched slit/aperture pairs.
After maneuvering through the analyzer, the electrons arrive at the detector.
The detector system is responsible for tracking the position of each electron in two
dimensions. This makes it possible to determine the original energy of the electrons

and another additional parameter, either the original position or direction of the
electron. Immediately in front of the detector is a field termination net (gold

mesh covered by colloidal graphite). It ensures a homogeneous termination of the
analyzer field, and it allows the possibility to apply a bias voltage on the detector.
Two sets of micro-channel plates (MCP) and a phosphor screen are located directly

behind the field termination net. Each incoming electron is multiplied by a factor
of 107. This pulse of electrons is accelerated and finally terminated at the phosphor

screen causing a flash which is detected by the CCD camera. The CCD camera is

connected to a small (6in x 6in) black and white television allowing one to view
the distribution of photoelectrons. Figures 2.7 (a) and (b) give a schematic of the
SES-200 analyzer and detector system, respectively.
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(a)Scienta SES-200 energy analyzer.
(b)Detector system.
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2.4 CO 7 Resonance Photoabsorption Spectroscopy
The CO photoabsorption spectrum was measured during the time periods
mentioned in the previous section. Photon absorption measurements were made
in a parallel-plate-ion-yield chamber to determine the photon (monochromator)
resolution. This process of characterizing the monochromator was done by mea
suring a series of CO photoabsorption spectra taken near the (ls -4 7*) resonance

of 287.4 eV. The absorption spectra were obtained at several different pressures

and slit settings. The goal was to find the optimum combination of greatest in
tensity and resolution. For instance, at lower slit widths a higher resolution was
achieved which was compromised by a lower intensity. The peaks in the spectrum

are assumed to have Voigt profiles, being the convolution of a Lorenztian shape,

having a natural decay width (FL), with a Gaussian shape with width PG, repre

senting the energy profile of the monochromator. Therefore, each spectrum was

fit with a Voigt function where a single Gaussian resolution width for all peaks
was assumed, but each peak was free to take on its own Lorentzian width. Each
spectrum appears to have three peaks; however, the best fits were obtained using
a fitting function which included a fourth peak (Figure 2.8).

Again, the Gaussian parameter is controlled by the adjustable entrance and

exit slits and the spacing between the rules on the grating. The spectrum taken
in March of 1997 was measured at photon energies of 308 and 320 eV. The slit
widths for all runs were 14 pm for the entrance and 29 pm for the exit. A Gaussian

contribution of 38.7 meV (full width at half maximum), corresponding to the
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mono chromator resolution, was determined from the CO r resonance spectrum
[17]. The Lorentzian width of the main peak (v = 0) is 103 meV, which appears
to have been broadened by sample thickness. The weaker peaks (v = 1 and v = 2)

have widths of 78 meV and 82 meV, which are close to the reported value of

85 meV [18]. For the spectrum taken in January of 1998 (see figure 2.8), at a
photon energy of 330 eV, we measured a Gaussian contribution of 32 meV. We
believe we were in a pressure range where saturation effects were negligibly small.

For the first peak (v = 0), we measured a value of r,, = 83 meV, and the lines
corresponding to v = 1 and v = 2 gave Lorentzian contributions of 77 meV and
78 meV, respectively. Slit settings for the measurements just discussed (January
1998) were 12 iim for the entrance and 24.5 ttm for the exit.
The slight difference in resolution between the two runs can be attributed to a

couple of factors that are independent of the photon (monochromator) resolution.

First, the endstation for the March (1997) run was on a branch line, whereas the

Scienta spectrometer (January 1998) received a more intense beam of radiation
since it encountered one less mirror. Therefore, the intensity was about a factor
of five greater for the January run. Hence, it was then possible to compromise the

intensity for greater resolution. Second, the Scienta analyzer is more precise than

the spherical sector analyzer which directly implies that the Scienta has a better
resolution.
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2.5 Ar

3p

Photoelectron Spectroscopy

To determine the resolution of the spherical-sector electrostatic analyzer, we
measured the photoelectron spectra of Ar 3p electrons at photon energies ranging
from

25

to 42.5 eV (kinetic energies of 10 to

32

eV). Argon

3p

electrons were used

since the linewidth is very small. In other words, there is no lifetime broadening,

which leaves only the apparatus contribution, which is expected to be Gaussian.
However, the resolution function for the spherical-sector analyzer was not purely
Gaussian. We fit each peak in the spectrum (3p1/2 and 43/2) with a Voigt function

which gave a Gaussian contribution of 27 meV and a Lorentzian contribution of
11.4 meV for the

308

eV data and a Gaussian width of 32 meV with a Lorentzian

of 10.6 for the spectrum taken at

320

eV. The Lorentzian contribution is just

an intrinsic component of the data and has no physical significance. The total
experimental resolution (assuming all contributions are Gaussian) is given by

rtot = ,Vrli, + re2iec

(2

6)

where rh, is the contribution from the monochromator and r_ eiec is the resolution of

the analyzer. However, since the photon energies used in the argon data were much

smaller than those used in the experiments

(308

and

320

from monochromator were nearly negligible. The Ar
figure 2.9.
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2.6 Xenon 4d Auger and 5s Spectroscopy
For the SES-200 Scienta electron analyzer, several photoelectron spectra for
xenon 5s (binding energy of 23.3(1) eV [3]) electrons were measured at different

photon energies. The Xe 5s spectrum was measured at photon energies of 48 eV,
58 eV, and 63 eV which are well below the photon energies (310-330 eV) used for

the experiments discussed in this thesis. Recall the total resolution is given by

equation 2-6, and from that it is again apparent that the contribution from the
monochromator (I'hy) is nearly negligible. Furthermore, each spectrum was fit

with an exponential function, ef('°), where f (x) is a fourth order polynomial.
From these fits we determined that -Felec = 27 meV (figure 2.10). The purpose of

using a fourth order term in the fit, was to account for the asymmetric nature of
the peak and the slight flat-topping that occurred, compared to a Gaussian. The
well characterized Xe 5s line was also used to calibrate the photon energy.

The transmission of a spectrometer is defined as the fraction of electrons
that reach the detector from a point source that emits electrons isotropically. In
other words, not all photoelectrons reach the detector, assuming the pass energy
is held constant. The pass energy is just the potential difference between the two

spherical plates in the analyzer. It turns out that the fraction of electrons which
arrive at the detector is some function of the kinetic energy. Upon measuring the

Xe 4d Auger lines and using the method outlined by J. Jauhiainen et al. [19], we

determined that
.trans a

1

t.,
-Likin

(2

7)
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where ftrans is the transmission function of the analyzer and Ekin is kinetic en
ergy. Since this is the expected behavior, we have assumed that the transmission

function of the spherical sector analyzer is the same. The spectra were corrected

using this assumption, but the correction is small and makes little difference in
the final results.
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3. High Resolution C is Photoelectron Spectra of CO2

3.1 Introduction
New opportunities for chemistry and chemical physics have been opened by

the availability of high-resolution photon beams combined with high-resolution

electron spectrometers at second and third generation synchrotrons. It is now
possible to study core level photoabsorption and photoelectron spectra with un
precedented instrumental resolution. More specifically, it has opened the door for

us to probe other features of x-ray photoelectron spectra that have previously not

been understood. The Advanced Light Source offers an optimal combination of
both high-brightness and high-resolution. By taking advantage of this resource,

it is our hope to extract lifetime linewidth and vibrational spacing values that
are more reliable than those reported by others [30-33,45]. For the purposes of
this thesis the linewidth values are of higher priority while the vibrational spacing

values are to be examined in much greater detail at a later date.
Lifetime broadening plays a key role in inner-shell photoelectron spectroscopy.

For first row elements the lifetime contributions are expected to be between 50
and 250 meV, with carbon falling in the 60-120 meV range [35,36]. The shape of

a peak in a photoelectron spectrum is influenced by factors such as instrumental
resolution and post-collision interaction. Using Fourier techniques it is possible to

obtain an accurate measure of the lifetime linewidth as long as the instrumental
resolution function is well understood coupled with a sufficient PCI function. In

33

lieu of this, not only do the reported lifetime line widths deviate widely, but have

large uncertainties attached to them as well. For instance, the Manchester group
[31] reported a linewidth of 148 meV for CO2 from a photoabsorption spectrum
taken near the (1s ---+ 3s) resonance. A line width of 120 meV was reported by the

C.T. Chen group [33] in a photoabsorption spectroscopy (based on the is --+ 7r*

resonance) experiment as well. A more recent value of 78 (+15) meV has been
reported by Neeb et al [33,45]. Lastly, the carbon K emission spectra of gaseous
carbon dioxide was measured by Nordgren et al. [32] and they reported a lifetime
width of 70+20 meV.

In terms of vibrational structure, we expect only the totally symmetric
stretching mode to be excited upon ionization of the carbon is electron in CO2
[28]. Excitation of the bending modes is not anticipated since the equivalent-cores
model of core-ionized CO2 is NO2 which has linear geometry [37]. Therefore, the
vibrational spectrum should consist of a single series of well-resolved peaks. Each

peak contains the same information in terms of natural lifetime.
The following section is entirely devoted to discussing the experimental pro

cedure and results of the line widths (lifetime) of the carbon is hole in CO2.
Inevitably, the results we obtained will also provide information on the accuracy
of the PCI theory. That is, at lower photon energies it is evident how post-collision

interaction convolutes the spectrum. With that, it becomes increasingly difficult to

extricate an accurate measure of the lifetime. Moreover, in the limit of increasing
photon energy the intrinsic lineshape approaches a Lorentzian profile, and the
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extracted information on line width becomes less critically dependent on PCI
theory. In this chapter I present the results on the carbon 1.5 photoelectron spectra

of CO2 measured with a resolution on the order of half the natural line width.

3.2 Experimental Procedure and Data Analysis
Measurements of the carbon is photoelectron spectra were made on Beam line
9.0.1 at the Advanced Light Source at photon energies of 308 and 320 eV (March

1997), and 330 eV (January 1998), approximately 10, 22, and 32 eV above the
carbon is threshold of 297.651±0.010 eV [32].

To eliminate the possibility of losing a large data set, the run times for col
lecting the data never exceeded fifteen minutes. Small drifts in the energy scale
between runs were sometimes observed. The magnitude of the relative drifts was

of the order of 10 meV. These drifts were most likely caused by changes in the
beam position between refilling times and changes in charging of the gas cell with

decay of beam intensity. The drifts were corrected in each spectrum followed by

combining the respective data sets to give a summed spectrum for each of the
three experiments.

Because the excitation energy ranges from 10 to 32 eV above threshold, the

intrinsic line shape is modified by the PCI function of van der Straten, Morgen
stern, and Niehaus (VMN) [55]. The PCI-modified line shapes were created using
a range of values for the natural linewidth between 80 and 110 meV for each exper

iment. The PCI functions were then convoluted with the experimental resolution
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function (rtot ,,,---, 55 meV for the two low-energy data and rtot = 42 meV for the

data taken at 330 eV). A series of "test" fits were conducted using the theory
of Kuchiev and Sheinerman [38] but did not offer any new information since the

fits were nearly identical to those of van der Straten, Morgenstern, and Niehaus.
Spectra for different values of linewidth (mentioned above) were then fit to the ex

perimental data using two different methods. In the first method, the adjustable

parameters in the fits were a constant background, energy position, vibrational
spacing (only between v = 0 --+ v = 1), intensity of the v = 0 peak, and intensities

of the other peaks relative to the main peak. The second method employed the
linear-coupling model [38,39] which is used to minimize the number of fit param

eters. Using the linear-coupling model, a constant background, intensity of the
v = 0 peak, position, vibrational spacing (same as above), and intensity of v = 1

peak to the main peak are the adjustable parameters. More concisely, the first
method has a total of seven adjustable parameters while the second method has
only five adjustable parameters. The linear-coupling model offers a more reliable

value statistically on account of the greater number of degrees of freedom. Line
width values between the two methods were in very good agreement (differed only

by a few tenths of an meV).
It should be mentioned that all of the fits included a weighting factor of 1/ F./

where n is a sum of the number of counts (intensity). Each set of fits, within one
of the three experiments, revealed a corresponding set of x2 values. The set of x2

values were then plotted as a function of linewidth. The next step was to fit each

36

function (x2 versus FL) with a cubic polynomial to determine the value of the line

width that gave the minimum x2 value. A comparison between the theoretical and

measured spectra, taken at photon energies of 308, 320, and 330 eV, are shown

in Figures 3.1, 3.2, and 3.3 respectively. The experimental data are represented
by circles whereas the solid lines are the least-squares fits to the data. Agreement

between theory and experiment is quite good as can be seen in the figures. It is
apparent that this method of calculating the spectra gives satisfactory results.

3.3 Lorentzian widths
The Lorentzian widths from the three experiments were determined from
fitting the three sets of x2 (as a function of FL) with a cubic polynomial. These
line widths are provided in Table 3.1.

Table 3.1: Lorentzian widths derived from the
CO2 spectra.

Photon Energy (eV)

Width (meV)

308
320
330

102.7
100.1
98.4

The statistical uncertainties that are based on the fitting procedures are no greater

than 1 meV and do not include the uncertainty that arises from the PCI function.
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Figure 3.3: Carbon is photoelectron spectrum of CO2 at a photon energy of 330
eV. The total instrumental resolution was -42 meV.
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In other words, if the PCI function fails to accurately describe the interaction
between the photoelectron and the Auger electron at lower photon energies, then
there is a strong chance that the results will differ and thus, add to the uncertainty

previously mentioned. It is apparent from the spectra, that as measurements are

taken closer to threshold, the PCI theory becomes less reliable. There is the
possibility that the lifetime is dependent on the energy of the photoelectron, but
we believe this not to be the case. It is more likely that the increased lifetime, at
lower photon energies, is due to the PCI function and its inability to describe the
interaction near threshold. Yet another possibility is that secondary Auger decay
will contribute to some broadening of the experimental spectrum at lower photon

energies. In an attempt to determine the accuracy of the PCI function developed

by van der Straten et al., we have investigated the argon 2P3/2 photoelectron
spectrum at photon energies ranging from 5 to 80 eV above threshold. At the
lower photon energies the best fits were achieved with natural line width values
that are appreciably greater than the accepted value of 120 meV [40]. In light of

the observations just discussed, we expect a value of 2 meV as an upper bound
for the total uncertainty in the measurements conducted at 330 eV. With that, we
confirm a measured value of no greater than 100.4 meV and no less than 96.4 meV

for the lifetime line width of the carbon 1.5 in CO2. There is also considerable
disagreement between the line width value we have measured and these values
reported by others [30-33]. These (experimental) contrasts, as well as the various
techniques used to measure the carbon is line width, are discussed in section 3.4.
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3.4 Discussion
Other techniques such as photoabsorption spectroscopy, electron-energy-loss
spectroscopy (EELS), and x-ray emission have been employed to measure the C is
lifetime line width. This section contains a synopsis of each of the three techniques

previously mentioned as well as a comparison of their results.

The most recently reported measurement, however, comes by way of photo

electron spectroscopy [33,45]. Neeb et al. have measured the C is photoelectron

spectrum of CO2 on the X1B undulator beamline at the National Synchrotron
Light Source (NSLS), in Brookhaven. The carbon is photoelectron spectra were
measured with a reported photon resolution of

80 meV and electron energy res

olution of --, 60 meV for a total instrumental resolution of

100 meV at a photon

energy of 313 eV. Neeb et al. have fit the experimental data using an instrumental

broadening of 100 meV and thus report a vibrational spacing of 161 ± (7) meV
and a lifetime line width of 78 ± (15) meV. Notice the large uncertainty attached
to these values, especially that of the line width.

In January of 1998, one of the authors (U. Hergenhahn) sent us a set of their
experimental data for us to analyze. Our analysis included two different assump

tions about the resolution. In the first, we assumed a total resolution (Gaussian)
of 100 meV. In the second assumption, we arbitrarily increased the total resolution
to 110 meV to see what effect this had on the fits and subsequently on the lifetime

broadening. Additional assumptions in the fits were (1) PCI line shapes given
by the theory of van der Straten, Morgenstern, and Niehaus convoluted with the
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Gaussian resolution mentioned above, (2) constant background, (3) four equally
spaced vibrational peaks of independent intensity, and (4) an energy shift param

eter to match up the v = 0 theoretical peak and the v = 0 experimental peak.
This gives a total of eight free parameters. The results of our analysis are given
below in Table 3.2.

Table 3.2: Results obtained from analysis of experimental data pro
vided by U. Hergenhahn. All values are in meV except for x2 which
has no units.

Resolution

Line width

Vib. spacing

X2

100
110

88.3
77.8

162
164

433
556

Note that the vibrational spacings (frequencies) are in good agreement with
those reported in the article [33]. There is also good agreement between the line
width value of 77.8 meV that we derived and that reported in the the paper (78+15

meV), only if we assume a total resolution of 110 meV. Also notice that a slightly

better fit was achieved using a resolution value of 100 meV which is what they
(Neeb et al) reported in the paper.
The Manchester group has reported a linewidth of 148 meV using the tech
nique of Electron Energy Loss Spectroscopy (EELS). EELS, which was developed
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in parallel with x-ray absorption, provides an alternate means of measuring ab
sorption spectra. High-energy electrons are used as the excitation source and since

a free electron can occupy a continuum of energy levels, the incident electron can

transfer any fraction of its energy to the molecule. Therefore, the measured quan
tity is the energy loss of the inelastically-scattered electrons, using a very narrow
incident beam energy distribution.
The photoabsorption spectrum of CO2 was measured on the AT&T Bell Lab

oratories' Dragon beamline also at the NSLS by the C.T. Chen group. A photon

energy resolution of around 30-40 meV was used to fit the experimental data.
A couple of additional broadening sources are present in photoabsorption spec

troscopy and are difficult to resolve. Excitation of a 2o-9 ls(C 1s) electron to
the lowest unfilled 27rit molecular orbital causes the geometry of the molecule to
change. In fact, Wight and Brion [41] have suggested that this (2o-91 s)-127,,, state

of CO2 is bent, thus removing the degeneracy of the 2ri, orbitals to give the newly

formed 6a1 and 2b1 molecular orbitals. This effect of lifting the degeneracy is the
Renner-Teller effect and is responsible for distorting the spectrum. Further obser

vation of the spectrum reveals that unresolved vibrational structure also acts as a

broadening source. With these two additional contributions to the photoabsorp
tion lines it is unlikely that a reliable line width can be extracted. In any event, a
value of 120 meV was reported by the Chen group.

Nordgren et al. measured the C is emission spectra of gaseous CO2. This
method differs from x-ray photoelectron spectroscopy in that x-ray emission
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involves three levels; the ground electronic state, intermediate core-ionized (C*On

state, and the final (CO2) ionized state. On the other hand, from the discussion
in chapter one, it was shown that photoelectron spectroscopy involves only the
ground state and the core-ionized state. The resolution reported by Nordgren et
al. was considerably higher than that achieved in the field of photoelectron spec
troscopy for that time period (circa 1980). However, one disadvantage in using this

method is that the deexcitation spectrum contains contributions from four vibra
tional levels in the intermediate electronic state and anywhere from ten to fifteen
vibrational sublevels in the A 2H core-ionized electronic state. Furthermore, it is
likely that there are even more contributions from the B 2E core-ionized electronic

state. The overlap of the vibrational levels between the initial, core-excited, and
final states is expected to be especially pronounced if there is a significant change

in equilibrium bond lengths of all three states. The total spectrum contains a sum
of all of the vibrational effects mentioned above, as well as contributions from the

instrumental resolution and lifetime of the core hole.

If the lifetime of the core-excited state is short and, therefore, has a natural
linewidth so broad that it is similar to the spacing between the vibrational levels,
the deexcitation transition cannot, in general, be understood by using conventional

Franck-Condon overlap methods. This effect, called lifetime-vibrational interfer

ence, is explained by Carroll and Thomas [21]. Lifetime-vibrational interference
can severely alter peak shapes and positions.
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More formally, the emission spectrum intensity, as a function of photon energy,
is expressed as [22-24]

I (E) = E
f
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where o is the initial state of the neutral molecule, m and n are the vibrational

levels in the intermediate (core-excited) state, and f is the vibrational level of
the final state. Also, E is the electron kinetic energy, Em, En, and E 1 are the
energies of the vibrational sublevels in the intermediate and final states relative

to the initial state of the molecule, and finally ri, is the natural linewidth of the
core-excited state.

From our analysis of the experimental data of Nordgren et al. [32], it appears

that lifetime-vibrational interference effects are present. Again, a necessary crite

rion for interference is that the lifetime width be comparable to the core-excited
state vibrational spacing. Earlier it was mentioned that we reported a vibrational
spacing of 160 meV and a lifetime broadening of 98.4 meV, hence, this molecule

exhibits a clear candidacy for lifetime-vibrational interference. The spectra [25]
in figures 3.4 (a) and (b) were calculated based on experimental values obtained
from the experimental data of Nordgren et al. and other sources [26].
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Figure 3.4: Calculated C is photoelectron spectrum of CO2 (a) without lifetimevibrational interference effects. (b) with lifetime-vibrational interference effects.
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To a first approximation, consider the shapes of the peaks in figure 3.4 (a) where
the lifetime-vibrational interference effects are not included. Notice the acuteness

of the peaks in the spectrum containing a lifetime broadening of 70 meV (dashed
line) versus the spectrum with a lifetime broadening of 98.4 meV (solid line) that
exhibits peaks which appear to be wider and less resolved. Also notice the oppos

ing asymmetry of the peaks (adjacent to the centroid) in figure 3.4 (b) where the
spectrum that contains a lifetime broadening of 98.4 meV versus the spectrum con

taining a lifetime broadening of 70 meV. The theoretical spectrum that contains
the lifetime broadening of 98.4 meV is in much better agreement with the exper

imental peak profile. Therefore, it is evident that the disagreement between our
value of a lifetime width of 98.4 meV and a value of 70 meV reported by Nordgren

et al. is more than likely due to neglect of lifetime-vibrational interference.

In summary, to say that our analysis of the data of Nordgren et al.

is

correct would be premature. With that, a future analysis will determine the net
importance of lifetime-vibrational interference and thus will allow a more accurate

measure of the lifetime to be extracted from the x-ray emission data.

48

4. Ab Initio Calculation of the Oxygen is Photoelectron Spectrum of
CO2

4.1 Introduction
The motivation for this work [43] comes from the quantitative disagreement

between the experimental oxygen is photoelectron spectrum of Kivimaki et al.
[45], and the theory of Domcke and Cederbaum [46]. The latter suggest evi
dence for dynamic localization of the core hole. However, the experimental data

of Kivimaki et al. suggests a more restricted vibrational progression in the an

tisymmetric mode, and no excitation of the symmetric mode, contrary to what
Domcke and Cederbaum predicted. Although Domcke and Cederbaum correctly

ascertained the dominance of the antisymmetric stretching mode, their calcula
tions also indicated excitation of the symmetric stretching mode. The approach

taken by Domcke and Cederbaum was that of the one-electron approximation
[46], and does not account for relaxation effects which are paramount in core-level

ionization. We have constructed a theoretical model that appears to be in good
agreement with the experimental data taken by Kivimaki et al.

4.2 Calculations
The calculated oxygen is photoelectron spectrum is based on a localized core
hole that is simulated using the equivalent-cores approximation and the harmonic-

oscillator approximation. Furthermore, we assume that the vibrational excitation
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can be predicted using a Franck-Condon analysis. This requires the bond lengths,
normal modes, and vibrational frequencies of the initial and core-ionized molecules.

The creation of a core hole may have a notable influence upon the electronic and

geometric structure of the excited electronic state of the system. The equivalent-

cores approximation suggests that this influence can be modeled by simply ap
proximating the core hole as an additional positive charge on the nucleus of the
atom. That is, we can consider the core hole as a point charge with the assumption

that the core orbital is localized. The equivalent-cores model for the core-ionized

species, in our case, is FCO +. The two is electrons and the additional charge on
the nucleus of the fluorine atom are, in principle, tantamount to the oxygen is core

with only 1 electron. Correlation effects between the valence and core electrons
are not included in the equivalent-cores approximation. In spite of this, it appears
to be an approximation that is sufficiently accurate for many purposes.

The bond lengths, normal modes, and fundamental vibrational frequencies
for CO2 and FC0+ were obtained using the GAUSSIAN94 [47] software package.

First, a geometry optimization was done both at the Hartree-Fock level, and at
the MP2 (second-order Moller-Plesset perturbation theory) level in conjunction
with the 6-311G(d,p) basis set. This is formed by adding polarization functions to
a 6-311G basis. There are a set of six uncontracted 3d primitive Gaussians on each

heavy atom (Z > 2), and a single set of uncontracted p-type gaussian primitives
for each hydrogen [48]. It was necessary to perform a geometry optimization at
both levels since GAUSSIAN94 provides the geometry corresponding to the level of
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calculation, e.g., Hartree-Fock or MP2 [50]. Subsequently, the vibrational frequen
cies of both species were calculated at both the Hartree-Fock and MP2 levels using

the optimized parameters, and an isotopic mass of 15.99491 amu for fluorine on
FC0+, which is the same as that of oxygen. It is known that calculated harmonic
vibrational frequencies are generally larger than those observed experimentally for

reasons that are largely due to the neglect of correlation effects and the use of
finite basis sets [49]. As a result one must consider the use of scaling factors which

were derived and are discussed in great detail in Scott and Radom [49]. The scal

ing factors for our calculations were 0.905 for the Hartree-Fock calculations and

0.946 for the MP2 calculations. Table 4.1 contains the optimized bond lengths
and (scaled) frequencies along with the measured values. All theoretical values
are in very good agreement with the experimental (both Hartree-Fock and MP2)
values for both species. In fact, for FCO+ we see that the calculated values for v3
bracket the experimental value.

The point group for CO2 is Doch. Since the molecule is of linear geometry,

it has four vibrational modes. The first is the symmetric stretching mode, v1,
which has ag symmetry. Next are the two degenerate bending modes, v2, which

have 7r symmetry. The last is the antisymmetric stretching mode, v3, and it has

o- symmetry. The vibrational energies (corresponding to the electronic ground
state) for the symmetric stretching mode and the degenerate bending modes are
1331 cm' and 669 cm-1 [45,52] respectively. Excitation of the doubly degenerate
bending modes is not dipole allowed in photoionization of the oxygen is in CO2.
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Table 4.1: Electronic structure calculations, and experimental values, for CO2
and FC0±.

Hartree-Fock Results
Species
CO2

Bond Length (A)
rco = 1.1351

Frequencies (cm-1)

FC0+

rFc = 1.1789
rco = 1.0853

v3(au) = 2529

v3(crti) = 2347

aExpt.
rco = 1.1601A
v3 = 2349 cm-1
by3 = 2475 cm-1

*M011er-Plesset 2 Results
Species
CO2

FC0+

Bond Length (A)
rco = 1.1681

Frequencies (cm-1)
v3 (c
= 2337

rFC = 1.202

v3(cru ) = 2370

aExpt.
rco = 1.1601A
v3 = 2349 cm-1
by3 = 2475 cm-1

rco = 1.1285
* (includes core electrons)
aG. Herzberg and L. Herzberg, in American Institute of Physics Handbook,
3rd ed., edited by D. E. Gray (McGraw-Hill, New York, 1972), pp. 7-186 and
7-191.
bRef.[45]

Recall that FCO+ represents the final state under the equivalent-cores approxima

tion and after performing a geometry optimization at various initial bond angles,
the ion always converged to a linear configuration. This implies directly that ex

citation of the bending modes is not expected. On the other hand, excitation of
the bending modes would be expected upon core-exciting an 0 1s electron to an
unoccupied it orbital since oxygen core-excited CO2 is represented by neutral FCO

which is bent [59]. It should also be noted that the it orbital to which the electron
is excited must have u symmetry.
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To predict more correctly which of the four vibrational modes are excited upon

photoionization of the 0 is electron, it is necessary to perform some electronic
structure calculations on neutral CO2 and FCO +, and finally a Franck-Condon

analysis. This is because one might be inclined to think that core-ionization of
either the left or right oxygen atom would lead to an increase of the corresponding

CO bond length, suggesting equal excitation of both the symmetric and antisymmetric stretching modes. However, we must subvert intuition as it is a poor

guide in this case. More formally, excitation of the symmetric stretching mode
depends on the sum of the changes in bond lengths, whereas, it is the difference

of the changes in bond lengths which suggests the amount of excitation of the
antisymmetric stretching mode.

Table 4.2: Calculated and experimental values of changes in
bond lengths.

FC0+
Arco (Pm)
ArcF (pm)
Arco + ArcF (pm)
Arco ArcF (Pm)

HF
-4.98
4.38
-0.50
-9.36

MP2
-3.95
3.39
-0.56
-7.34

Expt.c
-4.2
4.2
0

-8.4

cllef.[51]

So, from Table 4.2, it is apparent that excitation of the symmetric mode is negli

gible since the quantity Arco + ArcF is very small. On the other hand, the value
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of the difference, Arco

ArcF, indicates that excitation of the antisymmetric

stretching mode appears to be substantial. These results agree only qualitatively
with the predictions of Domcke and Cederbaum [46] and of Clark and Muller [52],

and the data of Kivimaki et al. Again, notice in Table 4.2 how the calculated
values bracket the experimental value [45,51].

Using the vectors that describe the normal modes and the method outlined
in [54], we obtained the changes in normal coordinates, AQ, between CO2 and
FC0±. The Franck-Condon factors for the excitation of both the symmetric (vi)

and antisymmetric (v3) stretching modes of FCO+ were then calculated in the

harmonic oscillator approximation with a computer program written by T. X.
Carroll. The Franck-Condon analysis indicated essentially no excitation of the
symmetric stretching mode. That is, 99% of the ionization was responsible for

the 01s-1(va = 0)

GS(v = 0) transition. This is reasonable since the Franck

Condon factors are strongly influenced by the difference in the equilibrium geome

tries of the ground state and ionized species. The Franck-Condon factors for the
excitation of the antisymmetric stretching mode are presented in Table 4.3.
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Table 4.3: Franck-Condon factors for the antisymmetric stretching (v3) mode of
CO2.

Franck-Condon
factors
(normalized to 1)

aliartree-Fock
0.51, 0.33,
0.12, 0.03,
0.01, 0

aMP2
0.67, 0.27,
0.06, 0.01,

bExpt.
0.58, 0.32,
0.09, 0.02,

'Ref. [46]
0.38, 0.37,
0.18, 0.06

0

0

0.01

aRef.[44]

bKivimaki et al.
cDomcke and Cederbaum.

4.3 Line Shape
The line shape is the convolution of the vibrational structure, the experimental

resolution function, and the intrinsic line shape [53]. To construct the line shape
function we use Fourier transform techniques.

Since the spectrum was taken at a photon energy of 585 eV (approximately

44 eV above threshold), the intrinsic lineshape is not Lorentzian. Therefore, it
was necessary to modify the spectra with postcollision interaction between the

photoelectron and the Auger electron. For this we have used the PCI function
created by van der Straten, Morgenstern, and Niehaus [55]. Kivimaki et al. report
an intrinsic linewidth (FL) of 165 meV, which is due to lifetime broadening of the

0 1s-1 state in CO2. They report an instrumental linewidth (FG), of 140 meV.
These values are used in the final spectrum and are further convoluted with the
Franck-Condon factors given in Table 4.3. Finally, these line shapes have been
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fitted to the experimental data of Kivimaki et al. [45,56] where the adjustable
parameters in the fit were limited to overall height, overall position, and a constant
background.

A comparison of the theoretical and experimental spectra are provided in Fig

ure 4-1. The two models (Hartree-Fock and MP2) are consistent with the results
of the bond length changes and Franck-Condon factors in that all closely bracket

the experimental data. With a suitable calculation of the molecular parameters,
there is good agreement between theory and experiment.

4.4 Localization Versus De localization of the Core Hole.
Once a is electron is removed from one of the oxygen atoms, the core-ionized

molecule begins to vibrate according to either a localized or a delocalized poten

tial. In the localized model, the core hole is located either on the left oxygen or
on the right oxygen, and subsequently causes the (core-ionized) molecule to be
asymmetric. Using the harmonic oscillator approximation we get two localized,

or diabatic, potentials. Each parabola represents the potential energy for one of
the two possible modes (left or right core-ionized oxygen) as a function of normal

coordinate (AQ). The normal coordinate Q describes the location of the oxy
gen(s) relative to the carbon. In Figure (4-2) the ordinate axis is normalized so
that +1 corresponds to the difference in the coordinate between the equilibrium
configuration of the neutral molecule and that of the locally core-ionized molecule.

The potential energy at Q = 0 is the difference in energy between the core-ionized

O
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Figure 4.1: Theoretical and experimental Ols photoelectron spectrum of CO2
The spectrum was measured at a photon energy of 585 eV [45,56].
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molecule in its equilibrium configuration and in the configuration of the neutral
molecule. Since the core-ionized molecule is created here (Q = 0), it has, on the
average, a vibrational excitation energy, (Evib), approximately equal in magnitude

to this difference. The average vibrational excitation energy is also given by

(evib) =

fiEZ

(4

1)

i=o

where fi is the Franck-Condon factor for the excitation from the ground vibra
tional state of the neutral molecule to any vibrational state (v') of the core-ionized

molecule and ei is the vibrational excitation energy corresponding to the same
transition.

The delocalized model requires that we mix the states of the two localized

potentials and in turn permits the possibility of the core hole to be located on
either oxygen. Again, at the symmetry point (Q = 0), we have two new energies

which are split about the average vibrational excitation energy by ± (g
where Eg

u)/ 2,

cu is the difference in energies between the ag and au molecular orbitals

(equations 4-1 and 4-2). With this splitting it is then possible to calculate the
(adiabatic) potential energy as a function of normal coordinate. In the case of
CO2, the u

g splitting has been calculated to be about 1.5 meV [46], but this is

difficult to observe on the original scale. However, the inset of Figure (4-2a) shows

the u

g splitting. Also, the two states have been labeled to elucidate this point.

The upper curve corresponds to a ag hole, whereas the lower curve represents
the o-u hole. Figure (4 -2b) shows the two localized (diabatic) potentials. If the
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two figures had been superimposed it would not have been possible to distinguish

between the diabatic and adiabatic potentials. If the splitting between the u g
states were larger, the difference between the localized and delocalized models
would have been obvious. Take the case of ethene where Eg

Eu was calculated

to be 49 meV [17] and (evi0 = 59 meV. Figure 4-3 shows both the diabatic and

adiabatic potentials for the bending mode (v3) of ethene and demonstrates just
how sensitive the two methods (localized and delocalized) are to the u g splitting

term.

Which potential does the core-ionized molecule follow? The core-ionized

molecule is created at Q = 0, where the diabatic potentials intersect. Once a
is electron has been removed from one of the oxygen atoms, which is arbitrary

at this point, it begins to vibrate according to, say the left potential. In order
for the molecule to explore the right-hand potential, the core hole must relocalize

to the right oxygen atom. This phenomenon is directly related to the tunneling
frequency,
v

gu

Eg

Eu

(4

2)

It might be more convenient to think about this in terms of time. Then the
relocalization time is just

vibration is

h
Evib

Eg

h Eu .

On the other hand, the time for a characteristic

where evib is the energy of a vibrational quantum. A measured

value of E \rib = 307(±3) meV [45] gives a vibrational period, tvib , of about 2
femtoseconds. However, a calculated splitting value of Eg

Eu =1.5 meV [46] gives

a relocalization time, treloc, of about 44 picoseconds. Therefore, the electron
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Figure 4.3: Potential energy functions for localized (dashed) and delocalized
(solid) models corresponding to the bending mode (v3) of ethene at 165 meV [17].
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simply does not have enough time to "tunnel" into the right-hand potential and
thus, it is the localized model which the core-ionized molecule follows.

A standard used to determine if a core-ionized molecule will follow the adia
batic or the diabatic curves is the Landau-Zener expression [60]

P = exp

(

27A2

hvisi

s211

(4

3)

where P is the probability of following the diabatic curve through the crossing
region, A is equal to half the u-g splitting, v is the velocity of the system along
the normal coordinate, and Si and s2 are the slopes of the diabatic curves at the
crossing point. However, the quantities v and Is].

s21 are difficult to determine

and require an alternative expression. Thomas et al. [53] discuss the necessary
approximations and give the modified expression, of that in the parenthesis above
(equation 4-6), as 7r02/2hw.\/TV, where hw is the characteristic vibrational energy

for the mode, and T and V are the kinetic and potential energies at the crossing
point, respectively.

The equivalence of the approach we have taken in our model, and that used
by Domcke and Cederbaum [46] is discussed in detail in [44].
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5. Conclusions

The first question that comes to mind is, which one of all the reported
linewidth values for the CO2 (C1s-1) state seems most reasonable? To first order,

we can think about this in terms of electronegativity. The fact that the oxygen
atoms are more electronegative would lead us to believe that they are "competing"

for electron density. Therefore, it would take longer for the core-hole to be filled
by a higher energy electron. That is, a greater lifetime (narrower linewidth) of the
core hole state.

To shed further light on this subject, we turn to the work of Coville and
Thomas [35]. In an attempt to better understand the influence of molecular com
position on the lifetime of a core hole, Coville and Thomas have reported several

theoretical values for the linewidths of some carbon-containing compounds. The

trend is in line with the statement above reflecting electronegativity and is such

that with increasing electronegativity of the surrounding atoms (attached to the
central carbon atom) comes a greater lifetime and narrower linewidth. Based on

this argument it makes perfect sense to think that the lifetime of the carbon is
hole state in CO2 is going to be at least similar to that of CF4 and opposite to
that of CH4. However, our measured value of 98.4 meV is clearly incompatible
with the theoretical value of 66 meV and exceeds even the theoretical linewidth
of 96 meV for CH4. The fact that our experimental value is appreciably greater
than what is expected, might suggest our inability to correctly ascertain the
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resolution function or that the PCI theory is inadequate. In response to the former,

we have taken great care with our assessment of both the monochromator, and
the spectrometer (Scienta and spherical sector analyzers) resolution functions. As

to the latter, the theoretical model of van der Straten et al. (and a similar model
by Kuchiev and Sheinerman) is thought to describe well the major features of the

interaction between the photoelectron and the Auger electron.

To second order, it is necessary to consider other factors (e.g. polarizability
and bond types) that influence how fast a valence electron fills the core hole. The
polarizability is a measure of the ease of displacement of the positive charge relative

to the negative charge in the molecule. As far as bond types are concerned, the

CF4 molecule contains 4 a bonds while in CO2 there are both a and 7r bonds.
Since the 7r electrons are less localized on the atoms they are more polarizable.

The fact that the 7r electrons are more polarizable means that they have greater
relaxation energies and are thus more likely to fill the core hole.

It should be mentioned that the values reported by Coville and Thomas are

based on an approximate molecular orbital calculation that uses the one-center
model of Auger decay. The Auger decay rate depends on the square of the Coulomb

matrix element
T

-1

1

^-,

2

1

(W1sX1,
r12

Sov(Pv1)

(5

1)

where cols represents the wave function for the is electron, x is the continuum
electron, and go, and (py, are the wave functions for the valence electrons that
participate in the Auger process. In the one-center model, contributions from
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interatomic Auger transitions are not considered. For CO2, a multi-center calcu

lation may, or may not, provide a means for this discrepancy. In fact, the trend

seen in Table 5.1 is in striking contrast with the results obtained by Hartmann
[64] who used multi-center wavefunctions to calculate the linewidths. Hartmann

found an increase from 75 to 88 meV for the CH4, CH3F, CH2F2, CHF3 series
whereas we see a

Table 5.1: Theoretical carbon
1s linewidths (meV).

Compound

Linewidtha

CH4

96
88
79
73

CH3F
CH2F2
CO
CHF3
CO2
CF4

71

66
63

'Ref. [35]

decrease in the same set of molecules in Table 5.1. It is apparent that the multi
center approach may counter that of the one center approach. Also, there appears

to be no record of a calculated lifetime value for the Cls hole-state in CO2 us

ing a multi-center approach. Perhaps with the advent of faster computers it is
conceivable that someone will soon calculate such a value.
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In an attempt to narrow the gap between our results and that of Neeb et al,
we assumed smaller values for the resolution function. For example, we fit the
high energy data (330 eV) with values that ranged from 35 meV to 45 meV for

the resolution (recall that we reported a resolution of 42 meV). The resolution
values were plotted against x2 and the data were fit with a cubic polynomial. The
minimum x2 fell at a resolution of 35.7 meV which is considerably smaller than our

reported value of 42 meV. Using a resolution value of 35.7 meV we then fit x2 as a

function of the lifetime. The minimum x2 fell at a lifetime of 100.7 meV which is

clearly greater than our reported value of 98.4 meV. Unfortunately, these results

are in the wrong direction and thus the gap size mentioned above has actually
increased. In order to obtain Neeb et al's value of 78(±15) meV, we would need
to use a resolution of about 93 meV which is larger than seems reasonable.

Finally, it would be of interest to look at additional measurements taken at

higher photon energies in the future. The ideal case would be to take spectra
using a sufficient photon energy that would give the outgoing photoelectron a
kinetic energy comparable to that of the Auger electron (--, 250 eV) [62]. Under
these conditions the PCI should disappear, and the intrinsic line shape should be
Lorentzian. However, in addition to the increased instrumental resolution function
will be a significant broadening (--::: 29 meV) that results from the Doppler effect

and is expected to be Gaussian.
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Appendix A. Calculation of the change in normal coordinate. [53,54]

The normal modes of a molecule can be described in terms of a set of normal

ized vectors. These have dimension 3N, where N is the number of atoms in the
molecule. The components can be expressed in either cartesian coordinates, x,j,

or in mass-weighted cartesian coordinates, lip = xii.mj (where mi is the mass

of the jth atom). The components of the vectors in cartesian coordinates, xis,
are given in the output of such electronic structure programs as GAUSSIAN94. We

have, however, found it convenient to use mass-weighted coordinates, since in this

case, the vectors are orthogonal and the reduced mass can be set equal to 1.
The change in geometry between the neutral and core-ionized molecules can

be described as a vector AR, whose 3N components are the changes in cartesian
coordinates of the atoms in the molecule. We convert this vector to an equivalent
vector, AR', in mass-weighted coordinates by multiplying each component by the

square root of the appropriate mass. This, in turn, can be written as a linear
combination of the normal modes,
3N

AR'

Aq,l,

(A

1)

where Aq, is the change in normal coordinate i. To construct the normal-mode
vectors in mass-weighted coordinates from the normalized cartesian vectors given
by GAUSSIAN94, each component xis must be multiplied by the square root of the

appropriate atomic mass, and the vectors for each mode must be renormalized
by dividing by the quantity fiT,,, where µi =

3N

x mi. The change in normal
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coordinate, Aqi, for mass-weighted coordinates is given by the scalar product,
3N

Aqi = li AR' = E xiiAXimj/N/Tri

(A

2)

j
The quantity pi for each normal coordinate is listed in the output of GAUSSIAN94

as "reduced mass" (even though it does not match the usual definition of reduced
mass).

Once Aqi and coi are known, the Franck-Condon factors can easily be calcu

lated using the harmonic oscillator approximation.

