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¢ . ABSTRACT

Usi1ng photons from the Canadian Synchrotrén
Radiation FaCLilty (CSRF) at the Tantalus electron storage
ring., gas;phase photoelectron spectra of the Xe 4d3/2,5/2
core level, and the valence orbitals of CPFg4, Sl?4, CF3I,
and . XeF) have been‘bbtalned as a function of photon
energy. Branching rat1$s have been determined from these
spectra and converted to partial cross sections, where’

pdssxble: Theoretical bhranching r;tlos and partial fross

: ,
sections obtained from MS-Xa calcu;atlons;fare compared
with experiment for the molecular cases. These atomic and
' mol;cular systems were studied 1n order to furthef our
understanding of ;hape resonances and many-body effects iq
photoxonlzaflon.

The Xe 4ds5,2:4d3,2 spin-orbit branching ratio has
been accurately determined ffom 74 to 150 eV photon
energy. There is good qualitative agreementetween the
values and the' latest relativistic random-phase
approgxmatlon (ERPA) calculations of Cheng and Johnson.
However, the experlmental minimum region is.not as deep or
as pronounced as in the RRPA calculation, and 18 shifted 3
eV.to higher kinetic energy. It 1s proposed thatvtheSe

deviations arise from the neglect of rglaxatlonﬂgffecfs

during photoionlgation. . Y ‘ A

iii




Vdlence orbital branéhlng ratios for CF4, S1F4, and
CF3I have been obtained from 21 to ~100 eV photon energy.

In general, the agreement between experiment and the MS-Xa

-

results 18 good. For SiF,, we have been able to confirm
the orbital assignment on a cross section basis as
1tq < 5t ¢ le ¢ 4t < 5a3, 1n ordew of increasing binding
energy. In cbntrast to the CF4 results thch show little
structyre, five shape .resonances are predicted at 3, 7, 13,
23, and 35 eV kinetic energies. While the predicted
resonance positions at 23 and 35 eV are in good agreement
with experiment, the low energy rescnances are 1n poorer
agreement. Sxmllarly,‘gwp shape resonances at 15 and 17 eV
kl;etlc energles are predicted for CF3I. Although much of
the behavior oL‘CF3Iris very similar to CF4,'weak shape
resonances at ~13 eV kinetic énergy have been observed on
thé 3e, 2e, sand le orbitals. Intershell correlation
effects 1n CF3I have been found to occur above the
I 4d edge on the I 5p lone pair orbital (4e).

Similarly, valence orbital branchlngnratxos have
been obtained for Xngwfrom 21 to SO‘erphoton ehergy. A
number of strong resonanéés are predzcted and observed, 1n
spite of the apparent lack of app;oprlate valenge virtual

orbitals and the long bond distance. The observed

resonance positions are usually 1n reaipnable agreement

. ’wlph theory.

iv
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CHAPTER 1

INTRODUCTION

1.1.1 Introducflon

The 1ntéract10n of electromagnetic radiation with
matter 1s comp%ex, resulting in many 1mportant fields of
study. In photoelectron spectroscopy, the photoelectric
effect 1s the primary process 1involved. It 1s a one-step

process:
M(v&# hv —» M+(vj+) + e” , Co(1.1.1-4)

where M represents a neutral atom or molecule which absorbs
a photon of light (hv), h 1s Planck's constant, and Mt 1s
the 1on formed. The resulting photoelectron (e”) emerges

with a specific kinetic energy, which 1s the experimental

' observable 1n photoelectron spectroscopy.

For historical reasons, work 1in this f;eld has been
divided arbitrarily into two regions, depending on the
photon source used. Photoélectron spéﬁtroscopy using X-ray
radiation 1s commonly referred to as XPS (X-ray
ghotoelectfon Spectroscopy) or ESCA (Electron Spectroscopy
for Qhemyégi énalysrsﬁf The most commonly used photon -
sources 1n the X-ray region are Mg Ka (1253.6 eV) and Al Ka
(148én6 eV). This was pioneered by K. Siegbahn and his

.

coworkers at Uppsala, who developed an 1mproved beta-ray

1
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-

spectrometer to measure core electrons.l! The historical
development of ESCA can be found 1n the two monographs of
Si1egbahn et al.2-3 If the photon sdurce 1s close to the
ultraviolet region (=« 60 eV photon enefgy), the method 1is
referred to as UPS (Ultravioiet Ehotoélectron
§pec£fos§®py). This field maimly utilizes the ultraviolet
Yadiation produced from the discharge of Ne (Ne Ia, 16.8476
eV) orQHe (He Ia, 21.2175 eV; He Ila, 40.8136 eV) :gases.
This technique was developed by Turner and his associates,
yho used 1t to study the outer valenc; shells of gas-phase .
‘molecules.4 Numerous reVLeQ artlcless‘g and books10-15

’

ex1st describing these two fields of photoelectron

spectroscopy. With the i1ntroduction of synchrotron

radiation as a photon source,l6 the two fields are merging

together. " "ﬂx

In a photoelectron experiment, a menoﬁhromatlc beam
of photons with energy hv 1s crossed with a target gas. As
shown 1n equation 1.1:1-1, the target atom or-ﬁglecqle 1s
initially 1n the neutral ground stat? ﬁo. Some of the
target molecules absorb a photon, ejectling an electron in
the process and leaving the molecule 1n the jth 1onic state
(?j*). The kinetic energy of the ej)ected electron 1is glV&A
rfrom energy conservation pr1nc1plesl7‘19 1in Einstein's

photoelectric equation:20 ° .- ¥
hv = I(3) + Ex(J) + Erecoil - , (1.1.1-2)

where hv 1s the photon energy, I(3}) 1s the 1onization

s
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energy (or pofential) for production of the jth 1onic

state, Ex()) 1s the photoelectrok klnetlc;ene?Zy assoglated‘
w1€h production of the jth 1onic state, and Ereco:l 15\;he
recoil energy of the absorbing molecule. It ‘ca —shown
that the recoil energy 1s, 1n most cases, negligibly small

1n the measurements (i.e. Eraeco1]l # 0.1 eV).18 Therefore,

equation 1.1.1-2 can be simplified to,
hv = I(3) + Ex(3) , (1.1.1-3)
where the 1onization energy I()) 1s given by,

I(3) = Ef*(3) - Ej . ' (1.1.1-4)

/\

The ionization energy I(j) is the energy difference between
the total energies of the jth final ionic state (Ef*(j))
and the initial neutral ground state (Ej). Since the total
energies of the 1nitial and final states ;ay be calculated
uéing a Hartfee-Fock metﬁod, theoretical ionization
energies may be estimated.

USLng Koopmans' theorem, 2l the ionizatfon energy may

be equated to the binding energy of the elegtron:
I(3) = Ep(3) = - €5 , (1.1.1-5)

where €5 is the eigenvalue of the jth orbital of the ground
PO state. The binding energy Ep(j) in Koopmans'
approximation, 1s the energy required to completely remove

the jth orbital electron to infinity, and assumes no

readjustment of the other electrons 1in the atom or




N

molecule. The other electrons are assumed to remain frozen
in their or?glnal orbitals. Koopmans' theorem basically
yields a "one-electron” picture of pﬁbt01onlzatlon. based
on the orbitals and eigenvalues of the initial ground
state. This picture is approxrmate since orbital
relaxation does occur in photoionization.

- Combining equations 1.1.1-5 and 1.1.1-3 yields,
hv = Ep()) + Ex(3) . . (1.1.1-6)

fqr gaseous samples, equation &.1.1—6 holds since the
binding energy Ep(j) 1s referenced to vacuum level.
Calibration of the measured kinetic energies Eg(j) 18
accomplished usually by introducing a rare gas whose
bind;ng energies are known. For solid samples, however,
the spectiémeter work function (#spectrometer) must be
included in equation 1.1.1-6, since the initial and final
_states are theh referenced to their Fermi levels. ‘
The oSservable quantity in pﬁotoelectron
Qpe;troscopy 18 the phozgelectron Flnetlc energy Ex(])) of
~£he ejected elecg;on from the targét atom or molecule.
Ordinarily 1n a photoionization experiment, all
energetls?lly allowed 1onic states are produced (Ep()) <
hv). TFrom equation 1.1.1-6, this impi&es that the
electrons ejected must be kinetic energy analyzed over the
range 0 = Ex(3J) < hv, and their intensities determined by

counting. A photoelectron spectrum consists of a series of

peaks at characteristic binding energies, with binding




energy plotted generally on the x-ax1is and ‘electron
intensity on the y-axi1s. Assuming that .the photon beam 1is
monochromatic and of ;nown energy hv, equation 1.1.1-6 can
be used to relate the observed klnétlc ehergles @k(;) to
Bgnd;ng energies Ep(j). ﬁeaks observeq in the
photoelectpon spectrum may pe related i1n the one-electron
picture to orbitals of the éround statef ‘

The binding energies Eb(j[ can Be readily determined
,f%om the photoeiectron spectrum collected at a single
photon energy. The photoionization prpcesg, however, 1s
inherently photon energy-dependent. For example, peak
ilntensities 1n a photoelectron spectrum may vary
dramatically over a small photonﬁenergz{xange. The
differential Eross‘sectlon for a randomly oriented target

(e.g. gas-phase experiment) by partially linearly polarized

light can be expressed 1n the electric dipole approximation

as, 16

do(hv,n) = o(hv){1-g(hv)((3cos26,-1)-3p(hv)(cos?ey-cos?ey)])
dn 47 4

(1.1.1-7)
E}
», where o 1s the angle-integrated partial cross section, 8
is the asymmetry parameter, p is the light polarlzétlon,
and the angles 8y, 6y, and 6; are.the angles between the
direction of the ejected electrqﬁ»and the x-, y-, and
z-axes, respecflvely. A more detailed discussion of

equation 1.1.1-7 occurs later ih'sectlon 2.5.2. The

observablé parameters oihv) and 8(hv) are functions of the



<q
photon energy hv and depe;d on the‘sqpares.of the
dipole-matrix elements. In addition to this, the asymmetry
parameter A(hv) depends on'the s1igns of‘phe matrix elements
and. the relaﬁlvecphases of the od1501ng w.‘aves.22 A
tuneable li1ght source such as éynchrotron1rad1atlon 1S
1deal for studying these two parameters as a function of
photon energy. Measurements of these parameters allows one
to probe the photoionization dynamics of the ﬁarget Stom 6r
molecule. ‘

B L 4
Following a description of the experimental

apparatus and methods used 1n Chapter 2, Chapter 3 of this
thesis investigates the many-electron effe;t known as
intershell coupling or correlat;bn. The a£om1c Xe 4d
sp;n-orbli braqchxng ratio was'@easured using synchrotron
radiation over the photon;energy r%nge of 74 to 150 eV, and
compared to the latest relativistic random-phase
approximation (RRPA) calculation of Cheng and Johnson .23
Experimentally a .pronounced minimum occurs 1n the branching
ratio at ~84 eV photon energy. The good dualltat¥ye
agreement with tﬁe RRPA resuits strongly‘sbggqsts that
intershell correlation between the 4d 1nner shell and the
cuter 5s and 5p ;a}ehce shells 1s 1mportant, for Xe during
photoionization ne;f threshold. AmusiaZ4 has found this
effect to occur similarly for #r between the 3d 1nner shell
and the outer valence shells, and between thé 3d 1inner

shell of Zn and the outer 4s valence shell. Aithough these

calculations take 1nto account many of the 1important




electron-electron correlation e?fects, couplrng between the
various photoionization channels (1.e. 1ntershell
correlation) and spin-orbit interaction, Wendin<4> has
recently shown that relaxatloﬁ effects can be very
1mportqnt in the tﬁreshold region. Evidence 1s then
bresented for the molecule CF3I, which suggests that
interchannel correlation can be observed also in molecular
cases. A strong maximum occurring 1n the branéhlng ratio
/

of the highest occupied MO (HOMO) at ~90 eV photon energy
is thought to be due to interchannel correlation between

’
the HOMO (predominantly I Sp 1n character) and the I 4d
inner shell.

The second part of this thesis 1s devbted to the
study of valence band partial cross sections (a(hv)) or _
branching ratios for several molecular cases, using
synénhrotron radiation as a tuneable photon source. The
experimental resﬂlts obtained are discussed 1n comparison
with theoretical multiple scattering %g calculations

(MS—Xa) 1n Chapters 4-5. Extensive reviews of the multiple

scattering Xa method can be féund in refetences 26-28. The

merit of this medhod 1n predicting both o(hv) and B(hv)

value trends as a function of photon energy has been .
established 1n several recent studies.29-33 The moiecdles
of carbon tetrafluoride (CF4, Td‘symmetry),
trifluoroiodomethane (CF3I, C3y symmetry), silicon
tetraflucride (S1F4, Tg symméfry) and xenon difluoride

(XeF), Dep symmetry) were run using the Canadian



~J

Synchrotron Radiation Facility (CSRF) situated on the

o

Tantalus electron storage ring. These molecules were

chosen firstly for their simplicity, so that thecretical
calculations could be performed on them. This was an
important consideration since photoionization studies
currently require clo;; interaction between theory and

expgflment. The molecular series of CF4, CF3I, and S1Fy4

was chosen secondly, to 1nvestigate the photoionization

"effects of substituting an 1odine.atom for a fluorine

substituent, or‘repla01ng the central carbon atom with a
silicon atom from the next row.

Thirdly, these molecules were 1nvestigated for the
presence cof! shape resonances 1n their photoionization
contlnua, since 1t was felt that these highly fluorinated
molecules would be likely candidates for such features. A
shape resonance 1s a quaslbound state embedded i1n the

continuum, 1n which the excited electron 1s temporarily

v

trapped by the molecular potential barrier before tunneling

A

through' and escaping. The excellent review by Dehme;34
summarizes progress which has been made over the past ten
yearé 1n understanding shape resonances 1n molecular
systems. 1Interest 1n shape resonant phenomena stems
firstly from the)observatlon that they abpear to be present
in’ an 1ncreasing number of molecules. In fact, with the
exception of hydride molecdles, they appear to occur 1in
varying degrees 1n most other molecules. Secondly, the

predomlnantly one—-electron localized nature aof these

4

-




resonances has lent 1tself readily to theoretical treat-
ment.35-37 The MS-Xa method fiYst developed by Dill and
Dehmer3S and applied i1nitially to molecuiar N2, has been
extended to mofe complicated molecules like NO, O3, CO,
SFg, COp, BF3, CCls, HI, SiCly, and CéH4, by Davenport,<26
Wallace,2’ Grimm,31,38,45,46 pehmer,39 and others.40-42
One of the advantages of the multiple scattering technique
is that the continuum final states are no more difficulf to
obtain than the bound states, and computations are far less
costly than most other methods. Although the MS-Xa method
stresses the scattering aspect of the problem, Langhoff43
has been able to show using the Stieltjes-Tchebycheff
moment-theory (STMT) that these shape resonances are
intimately connected with virtual valence orbitals of th?

molecule. Recently, Robin%4 has discussed these shape

resonances 1in terms of a dodble—well potential, which he

-feels 18 caused by the required orthogonality of the final

continuum state to the initialhstate of the molecule.

The experimental results obtained for CF4, CF3I,
SiF4, and XéFz will be compared t¢ theoretical MS-Xa
resulgs, in order to investigate the dynamics of
photoelectron ejection from small molecules. Where 1t 1s
possible, these results will be related to the exper imental
or theoretical results of other groups for simliér

N

molecular systems: Several novel effects, i1ncluding shape

resonances and intershell correlation, will. be discussed

for these molecules.
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CHAPTER 2

: EXPERIMENTAL

2.1.1 Introduction

Gas-phase photoelectron spectroscopy generally
requires that a photon source be linked to an experimental
apparatus capable of producing a gaseous sample, and an
electron energy analyzer. Monochromaﬁlzed synchrotron
radlatign was used as a phoipn source, gases were delivered
basically 1n the form of an €ffusive gas jet using a
multicapillary array, and the electrons produced from the
1nteracﬁ19n with the radlailon were klnetic energy analyzed
using an el¥ctron lens—-hemispherical analyzer system.

Since the 1nstrumental aspects and techniques used 1n the
expeflments described 1in this dissertation have been
described prev1ously,1_S this chapfér\ylll merely review
the major éxperxmental aspects .1nvolved 1n the method.

All of the experiments were performed at the

. Canadian Synchrotron Radiation Facility (CSRF)1.2 at
. Tantélus I, an electron storage ring operated by the
University of Wisconsin at Stoughton, Wisconsin. CSRF 1s a
. national facility owned by NRC (Canada) and was funded 1in
£979 by the Natural Sciences and Engineering Research
Council of Canada and the University of Western Ontario.

Although CSRF was designed for the newly constructed

2

15




1 GeV Aladdin storage ring, this project was delgyed
seriously enough that the beamline was assembled 1nstead on
beam port 4 of Tantalus. Typtcal experimental "runs”
lasted for approximately two months (three times a year),
N
with ei1gh® hours of useable "beam time" per day. Since
beam time 1s a valuable commodity, experiments were
'carefully planned to maximize the quality and quantity of
data collected. As a consequence of the constraints
imposed by the limited beam time, long hours of data
analysls or alteration of the experimental setup were

(

endured durlﬁg the time period when the beam was turned off
3 .

at night.

2.2.1 General Description of CSRF Beamline

The Canadian Synchrotron Radiation Facility (CSRF)
‘consists of seven major components, labelled (1)-(7) 1n
Figure 2.2.1-1. These sections are the "front end" of the
beamline, (1); the Mg mirror box for horizontal focussing,
(2); the monochromator pumpling chamber, (3); the Mark IV
Grasshopper monochromator, 1,6 (4); the refocussing mirror
chamher, (5); the differential pumping system, (6); and the
experimental chamber used to collect gas-phase
photoelectron spectra, (7). Various pumps located on
.sectgons (1)f(6) are labelled (a) to (h), while other .
miscellaneous beamline equipment are labelled (A) to (T).
It 1s 1mportant to realize that Figure ;.2.1—1 1s a
proposed description of CSRF on Aladéin, for which all of

/
the equipment was designhed. Since the beamlines at

%,

o2}




Figure 2.2.1-1

Scale diragram of the Canadian Synchrotron Radiation
Facility (CSRF). The numbers refer to the major sections
of the beamline: 1. cooled shutter and fixed aperture;

2. Mg mirror chamber for horizontal fdcussing;

3. monochromator pumping chamber; 4. Mark IV
"Grasshopper” monochromator; 5. refocussing mirror
chamber; 6. differential pumping chamber; 7. experimental
chamber. The small letters shown (a-h) refer to where
major pumés are logated, while capital letters (A-T) refer

to other beamline equipment.

)
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Tantalus are approximately five inches lower than Aladdin,
a few modifications to the beamline were necessary. Most
importantly, an éddltlonai mlfror was 1nstalled 0.5 meters
from the ex1t sl;t of the mon&chromator (K) to reflect the
photon beam up a éouple of lnéhes. The "front en&" of the
beamline at Tantalus 1s also slightly different from the
Aladdin version. It consists of a viton sealed
straight-through valve, followed by the pumping station
(a). A more detélled descf;ptlon of th? CSRF beamline on
Tantalus may be found 1n reference 2. A general discussion

of some of the more i1mportant components in the beamline

wlll now be undertaken.

2.3.1 Properties of Synchrotron Radiation

“ Thé& properties of synchrotron radiation from an
electrbn storage ring have been generally reviewed by
W1n1ck,7 Kunz,8 and numerougﬂzng{~égghors.9“13 The
application of synchrotron radiation to various scientific
fields has also been discussed at length 1n the
1£Rerature.14‘18 In thg operation of the Tantalus I
eleéifon storage ,ring, electrPns are first 1njected from a
microtron 1nto the storage ring at an energy of 45 MeV.
The electron beam circulates at agout 99.9999% of the speed
of light 1nside a stainless steel chamber, which has been
evacuated into the low 10710 torr pressure region. Eight
bending magnets and four quadrupole‘magnets confine the

[

electron beam to a closed orbit 1nside the vacuum chamber.

4



"l

Once sufficient electron beam current 15.01rculat1ng
(~40-200 mA), 1njection ceases and the energy oé'the
electrons 1s raised to 240 MeV by 1increasing the magnetlc.
field 1n the bendlng magnets. A radio frequency
accelerating cavity operating at ~32 MHz restores the
energy thatr the electrons lose to synchrotron radiation.
Electrons circulating 1n the storage ring are not ‘spread .
over the entire orbit but occur 1n a single bunch.
Normally the bunch length 1s ~1 m and the bunch period 1is

N
~31 ns. Although a useable beam can be stqred for ~4 hours
before reinjection, the beam decays. over this period gue to
electron scattering by gas molecules still present ¥n the
vacuum chamber. With a 150 mA beam, a typical half4llfe
(ty) 1s ~2 hours.

The circulating electron beam becomes a source of
electromagnetic radiation as a result of the centripetal
acceleration the beam updérgoés in the magnéﬁlc field
regions of the dipole bending magnets. The fundamental
equations describing the emission of synchrotron radiation
can be found in the modern textbook on electrodynamlc; by
Jackson.19 Due to the extremely relativistic velocity of
the circulating electrons, the radiation emitted 1n the
dipole bending magnet regions 1s beamed 1n®a nar}ow éone 1n
the direction of the Gelocity vector. An observer looking

into a beam port would see a short pulse of radiation that

would appear like a rather small point-like source. .

-



Briefly, the electromagnetic radiation emitted by

Tantalus I 1s a moderately intense continuum source from

A /

the visible to soft X-ray energy regions. - In addltxon, the
radiation 1s time structured and elliptically
polarized.20,21 Although these last two factors can be
employed to advantage in certain llfeélme and absorption
measurement experiments, they were not used in this fashion
1n the basic photoelectron measurements undertaken 1n this
research. The C;ltlcal wavelength (xc)18 for Tantalus I 1s
25% A (48.2 eV), which 1s near the max;mum of the
continuum. A more useful parameter 1s the wavelength at
which the continuum actually maximizes ()\p),18 which for
Téntalus I s ~108 A (~115 eV). At pﬁoton energles larger
than that equivalent to Xp the photon 1intensity falls off
nearly exponentially, but with useable 1ntensity down to

~Ac/4 (~64 A or ~193 eV for Tantalus I).

2.4.1 Mark IV "Grasshopper" Monochromator

'Y

After leaving the electron storage ring, the
synchrotron radiation is first focussed by the Mg mirror
box. The Mg mirror collects 14 mrad of horizontal
synchrotron radiation at 2° grazing 1ncidence, and focusses
the photon beagm horizontally in a 1:1 distance fashion onto
the ex1t slit of the monochromator. The 1 meter long Mg
mirror consists of a gold coated piece of float glass bent
to the appropriate curvature.

After the Mg mirror the photon beam enters the Mark

IV "Grasshopper”™ grazing 1ncidence monochromator shown 1n




-

iy

Figure 2.4.1-1, where 1t first grazes the spherlcai M1

mirror at 1°. This can’'be seen i1n Figure 2.4.1-2 which

shows the monochromator 1n both zero o}der and a position
corresponding to some wavelength \A. Note that for the
purpose of clarity the angles have been exaggerated 1n the
diagram. A 1 m Rowland circle geometry (radius) formed by
the "Grgsshopper"‘legs 15 used 1in scanning the
monochromator, which yields a constant exit beam direction
(¥ = 2°). The‘Ml mirror serves to focus the beam
vertically onto a Codling t&pe entrance slit S3i, consisting
of a mirror-slit combination. The M1 mirror acﬁieves an
average demagnification, in the vertical direction of 8:1,
and consists of a 30 cm long fused silica mirror w1tﬁ a
radius of 52.7 meters. The mirror-slit combination gt S1
guides the 1ncoming photon beam to the grating G, wglch
disperses the wavelength of interest' through the exit
slit. An adjustable entrance slit 1s accomplished by a
slit jaw and its i1mage 1n a gold coated plane hlrror._ The
grat:ing is mounted on the arm S3G, which en;ures that both
the plane mlrrér and the grating lie on the Rowland circle
geometry. A toggle mechan1sm?2 1s used within vacuum to
rotate the entrance slit-mirror at half the angular
veioc1ty of the grating.

During scanning, the elements Mj, S1 and G translate
parallel to the i1ncoming photon béam' The parallel métlon

(about 460 mm total) 1s provided with precision by a linear

air bearing referenced to a ground granite slab. The air

V)
W
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bearing 1s driven by’a steppling motor‘cogﬁied\ﬁo a ball
lead screw, both of which are external zo vacuum. A
Measur-matic variable speed driver controls the stepping
motor. This driver outputs 12,800 st?ps per revdlution of

" the steppiigs mQLo;TWTeéﬁthﬁgiT;#;;;y small photon‘energy
increments and thus allowing very high resolution work teo

" be done. Photon energy increments of ~0.004 eV are

obtainable .at 100 eV photon energy.

The main pumping for‘the monochromator 1s done 1n
the separation chamber by a Perkin Elmer Ultek TNB-X, which
con51s£s of a 200 2/s 1on pump and titanium sublimator. A
long transfer tube not shown 1n Figure 2.4.1-1 connects the

“ separation chamber at the front to the exi1t slit, 1n ordeﬁ
to add additional pumping capacity to the exi1t slit
region. A smaller 25 t/s 1on pump 1S mountéd close to the
grating region 1n order to improve the vacuum 1n this

M region. Typilically a vacuum éf ~2 'x 10°10 torr was achieved
in the.separatlon chamber, while #%5 x 10710 torr was‘more
characteristic of the grating chamber:» The pressure 1n the
grating chamber was sufficiently low that the average .
grating lifetime was ~1 yeaf of almost constant use. For
the atomic Xe work a 900 lines/mm original ruled grating
from Hyperflﬁe Inc. was used. For virtually all of the
molecular systems studied after the 1nitial ;e work, a
600 lines/mm holographic grating from JY Inc. was

utilized. Although the resolution of the 600 lines/mm

grating (arx}= 0.08 A) was slightly worse than the

QSHEE




Figure 2.4.1-1

.

L —~
Block diagram of Mark IV ”Grasshoppe?g'monochromator.
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] Figure 2.4 .1-2

Optical elements and basic arrangement of the "Grasshopper"”

monochromator.® Angles are exaggerated, and two positions ’

are shown, zero order and a wavelength \.

.
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900 lines/mm grating (Ax = 0.06 A),.1t had the advantage
that lower photon energies down to ~21 eV (1instead of

S

~32 eV) wefe then obtalnablev

2.4.2 Monochromator Scan Equation

‘An equation of scan for the monochromator can be
derived with reference to the angles and distances shown 1in
Figure 2.4.1-2. If1Qe let D be the displacement of the
grating carriage from the zero order position, L be the . >

distance between entrdnce and exit slits, -and Lg be the

value of L at zero order, theﬁ -
. £

D = L-Lg. (2.4.2-1)

‘Let r be the radius of the Ro@land c1;cle and R = 2r be the
radius of curvature of the grating (2 m). Since R 1s a
diameter of ‘the Rowland circle, the constant plane
mirror—-grating distance S4G = R cosa. Both the angle of
incidence a (88°) and the exi1t beam angle

¥ (¥ = 90°-a = 2°) are constants. However, the angles 67,

and 62 are functions of the wavelength X. From the law of

sines, it can be shown that
_ L _ LU _
s1n 8) = 5 T B - (2.4.2-2)

Using the relationship 67 = 180°w(a—5), and the first order

grating equation?3

A = d(sin a + sin B8) , o (2.4.2-3)




where d 16 the constant groove separation of the grating,

equation 2.4.2-2 can be solved for L in terms of \:
L = R sini(180°-a) + 51n'1(§ --s1n a)l . (2.4.2-4)
The 1nverse relationship for X 1n terms of L 1s

A = df{sin a + sln[Sln‘l[ ] - (180°-a)1} . (2.4.2-5)

ol

A Heidenhain linear encoder reads and displays the grating
. ¢ .
carriage displacement D, where normally the encoder readout

1s set to zero at zero order.‘LAt zero order D = 0 and

A = 0, so that from equation (2.4.2-4), T
Lg = R sin(180°-2a) = R sinla . (2.4.2-6)

Equations 2.4.2-1, 2.4.2-6, 2.4.2-4‘and 2:4t2—5 define the
important operating equations for the monocAromator.

In order to calibrate the monochromqtor,,absorptlon
spectra of several known absorption edges were measured.
The absorption edge positions used for the energy
calibrationZ4:25 are’ shown 1n Table 2.4.2;1. A nonlinear
least squares 5rogram} was wrléten to determine,the optimum
a and R constant values of equation 2.4.2-5. #ﬁe FORTRAN
program was developed on a PDP411/23 combuter w;th 28K
words of prégr%m memory. Using an 1te;atlve Gauss-Newton
procedure,26 this program obtains a least squares fit from

»

the measured monochromator displacements (D) of the

selected absorption edges and their corresponding
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Table 2.4 .2-1

Absorption Edge Positions Used fo# Energy Calibration

Energy (eV)

From Least

Absorﬁtlon Edge ) Literature Squares Fit
Al L3 edge 72.718) 72.74
Al L) edge , 73.153) 73.18
2nd order of Al L3 edge 36.355 36.354
LaF3:4d10(1s,) » 4d%f1(3pq)b) 97.5¢C) 97.51
LaF3:4d10(1lsy) » 4dS4f1(3pq)b) 102.0¢) 101.97

2nd order of the above transition 51.0 50.96

a) From reference 24.
b) F{om reference 25.

c) C.G. Olson, Private Communication, 1981.

j
>
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literature energy values. This calibration process must be
repeated occasionally, or whenever a grating 1s changed.
Shown 1n Table 2:4.2—1 are the results from a 600 lines/mm
grating, where theé agreement between the llteraturefand
fitted values 1s always better than 0.05 evV. One of the
advantages of‘u51ng absorption spectra for calibration 1is
that this depends specifically on the photon beag‘and
monochromator. Thé procedure 1s lndepen;ent of any
posélble error contributions from the electron

lens-analyzer system.

2.5.1 Experimental and Differential Pumping Chambers

The dlverélng photon beam from the exi1t slit of the
monochromator 1s refecussed 1n thé double refocussing ’
mirror chamber f&om Baker Englneerlng (Figure 2:1.1—1,5) to
the center of the experimental chamb;f (Figure 2.5.1-1,A).
In doing so, the ppoton beam passes through a two-stage
differential pumping section (Figure %;}.1-1,6), and a
high-vacuum gate value (Figure 2.5.1-1,B) with a
rectangular light guide mounted 1n vacuum. The
differential pumping séctlon consists of two chambers; one
pumped by a 120 2/s 1on pump and titanium sublimation pump,
and the other pumped by a 4200 2&/s cryop;mp. R;;eneratlon
of the cryopump was necessary only every,coyple of months,
even with heavy gés usage 1n the experlmentél‘chamber. The
light guide (1 mm x 10 mm x 190 mm long) was surrounded by

a graphite-coated Cu tube, which served to support the

glass capillary and prevent lelectrical charging of the
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glass. Approximately five orders of magnitude differential
pumping result from the glass capirllary tube. Typically
the differential pumping chamber and llgﬁt gulde allow: the
beamline to operate at a pressure of ~2 x 10-10 torr, when
the gas pressurF 1n the experimental chamber 1is
(1-2) x 1075 torr.
| The sample chamber (A) and c;mbined lens-analyzer
system (C) shown 1n Fiéure 2.5.1-1 were purchased
comﬁer01ally from Leybold-Heraeus. The spherical sample
chamber (126 mm radius) is 1n£ernally shielded from *

‘ . - %
magnetic fields to less than 20 mG, using conetic A

material. The equrlhental chamber 1s pumped from below
with a 500 &/s turbopump from Balzers. fhe Leybold LHS-11
comﬁined lens-analyzer system (Figure 2.5.1-1,C) is mounted
at the magic angle (8y = 8y = 8z = 54.7°, Figure 2.5.2-1)
so that the measured electron intensities can be directly
relatepvto photoionization créss sections. The maélc angle
geometry will be discussed in more detail 1n section

2.5.2. Additional p;;;}hg on the lens 1s supplied by a

110 t/s8 Balzers turbopump. *.

The gas probe ié mounted on an XYZ manlpulator
(Figure 2.5.1-1,D) in order that the resulting gas jet
could be adjusted optimally for maximum electron count rate
‘with respect to the i1ncoming photon beam. Gas 1s leaked 1n
to the gas probe using a Varian Associates leak valve, then'
-

introduced to the sample chamber 1n the form of a

collimated gas jet using a stainless steel multicapillary




array with ~20 u diameter holes. Typical gas backing
pressures 1n the gas probe, as measured by a MKS Inc.
Baratron capaELtance manometer, were 1n the 8-12 torr
region. Unlike typical effusive gas sources,
multicapillary arrays yleid a non:c051ne angular emission
of the gas,27 that results 1n a substantially more peaked
intensity distribution about the center ax1s.28-31 For a
* given backing pressure, a higher gas number density
therefore results 1n the i1nteraction region. The
collimated gas jet 1s directed onto a CTI—2i cold head
operating at 15 K (Figure 2.5.1-1,E). Wlth a backing
pressure of 8-12 torr, the ball pressure was typically
(1-2) x 10~5 tor?. The estimated pressure of ~107% toq;JaQ
tﬁe interaction region 15 low enough to avoid scattering
cross sectign problems. «

Solid cdmpounds can also be run 1n the gas phase
using th:s basic gas probe. A solid state probe can be
slla through an O-ring, placing a small teflon cyllﬁder
c&gtaln1ng the sélld directly behind the multicapillary
array. ‘The sample container and solid probe are 1n thermal
contact with a Cu cylinder surrounding 1t, which has an AR1
700 watt BXX electric ﬁeater colled about it. The
temperature 1is controll%&’manually usi1ng a variliac hooked- up
to the electric heater, and’dlsplayed using an Omega Model
4001 temperature controller/display.

The Leybold LHS-11 lens section con51;ts of a

multi-element lens system. It 1s desrgned to collect
\

”n

Y
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electrons over a solid angle and specifically focus
electrons of a desired kinetic energy Ex on an entrance
slit leading to the analyzer section. By sweeping the
kinetic energy Ex, a photoel%ctron spectrum is generated.
The lens-gnalyzer system was eperated in constant pass™
energy mode, where the analyzer resolution contribution fé
constant (AEpnalyzer = constant) and therefore 1ndepenaent
of the kinetic energy. In this mode of  operation,
electropis withh the selected kinetic eneréy Ex are
appropriately aAccelerated/retarded, so that upon entering
the analyzer section tﬁéy have a kinetic energy .
corresponding to the selected ﬁass energy (Epass)-
Although some of the high resolﬁtlbn Xe work was done amw
25 eV pass energy; the majority of the experimental data
was collected using 50 eV pass energy. Increasing the pass
energy resylts in poorer resolution, but has the ‘advantage
of higher electron i1ntensities.

A hemlspherical analyzer (mean radius r = 126 mmj " }s
used finally to focus electrons of énergy Epass onto a
Galileo Electro-Optics Corporation channeltron electron
multiplier (Model 4028) . One of the édvantages of running
in constant pass energy mode 18 that'the‘detector
efficiency 1s constant fqr a given pass energy, and

therefore independent of the electron kinetic energy Ek.

The channeltron 1s linked to a specially designed

-
*

detection electronics unit just outside vacuumi This unit

basically consists of a LeCroy MVL100

34
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Figure 2.5.1-1

Schematic diagram (top view) of the photoelectron
spectrometer: A, experimental chamber; B, gate valve;

c, Leybold—Heraeus combined lens and analyzer system
«(LHS~-11); D, XYZ manlpulétor for gas probe; E, CTI cryopump
gas trap; F, antimagnetic view port, and G, nude ionization

gauge.
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amplifier-discriminator and a Motorola MC10128L chip. The
LeCroy MYL100 chip amplifies ‘the output pdlses from the
channeitron, generating an ECL pulse 1if this pulse exceeds
the threshold voltage value. The Motorola MC10128L circuit
takes the fast ECL output from the LeCroy MVL100 and

converts 1t to a TTL output. This TTL level output 1is

37

- routed lnpo a homemade counter unlt,\whlch‘xs interfaced to -

» N, ., 4
a Digital Equipment Corporation PDP-11/23 computer which

controls thg.spectrometer. It was discovered early on that
the ampilfler—dlscrimlngtor chip from LeCfoy was extremely
sensitive to éxternal RF noise and ground ioops. Since our
éoﬁnt rates are inherenﬁly low (= 102 Hz), this unit had to

be totally redesigned to virtually pré@ent RF n01sé from

entering and affecting the circuitry inside.

2.5.2 Photoionization Cross Section

The differential photoionlzation cross section at a
particular photon energy hv 1s defined as the number of
electrons Nelectron €jected per unit time into the sol:id

-

angle dn about N, divided by the number of photons Npy per

unit area per unit time:32 . «

\\\~/// do(hv,n) = Nejectron dn . ’ (2.5.2-1)

This ratio has the dimensions of area. A typical total
photoionization cross secetion obtained by integrating over
all solid angles, 1s,~(0.1 - 100) megabarns (1 Mb = 10718 .

cmz). Since Nelectron 15 simply the (ejection) transition

-
o
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probability Pf,(hv) between the 1nitial bound state 1 and
the final state f (bound or continuum), equation 2.5.2-1

can be rewritten as,
do(hv,n) = Eiﬁéﬁil dn . (2.5.2-2)
, - v

¢« Using Fermi's goldén rule, the tranSLtloq
probability Pf, (hv) per unit time may be related to the
square of the matrix element between the initial and final
states and the dipole moment operator. Such a der}vatlon33
yields 1n the electric dipole approiﬁmatlon the following

length form,
. ' L N ) ‘
do « |<f|gA-rJ|1>|2 an (2.5.2-3)
b

where,@ 1s the unit polarization vector of the incident

-

photon beam and ?3 the position vector of the jth
electron. Usually expressions like equation 2.5.2-3 are
wrltten:ln rerms of the dlfferentlal do/df. This 1is

misleading however, since do/dN 1s hot the derivative of

i
|

the 1ntegrated or total cross sectlo? 0 with respect o the
solid angle dn, but the i1nfinitesimal "cross section 1n the

sold angle dN near i, Although th®8 surface 1ntegral shown

-3 .

1n equation 2.5.2-4 defines the 1ntégrated cross section o,

1t can be alternatively thought of as a definition Jf do/dn:

I

g = j dn do

dn

£ (2.5.2-4)



'As predicted by theory11 and verified
experimentally,34 synchrotron radiation 1s completely
ell;ptlcally polarized. A dlffer?ntlal Cross section
.expre551og has been derived by Schmidt20 for Lo
pﬁot010n1;Ft10n‘by elllptlcéll; polarized light. Schmidt

\\derived the formula?0 for a randomly oriented target,
assuming the dipole approximation. Samson and Starace35
were able to derive an equivalent expression for partially
‘llneérly polarized llgﬁt, even though elliptically
pgl;rlzed light differs from partially linearly polarized

~ light by the bresence of circularly polarized light. This

results from the fact that the c1rchlarly pélarlzed light

. content of ell;ptlca;ly polarized light does not change the
angular distribution.35-37

’ Referring to Eigure 2.5.2-1, the z-ax1s is defined

by the direction of the photon beém, the x-ax1s lies 1n the
synchrotron plane, and the angles, 8y, ey, and 6, are the
angles between the direction of £ne emitted electron and
the x-, y-, and z-axes, respectively. Following the
derivation of Samson and Staraceas for partially linearly
polarized llgﬁt, oné may treat this as being equivalent to
two 1ncoherent llnéarly polarized beams vibrating along the
orthogonal x- and y-axes. Letting Iy and Iy represent the
photon 1ntensities along the x- and y-axes, the
polarization p may be deflne& as p = (Ix~Iy)/(Ix + Iy).

For partially linearly polarized light and a randomly

oriented target, the differential cross section do/dn 1in

39




Figure 2.5.2-1

.

Al
A photon beam travelling in the z-

direction interacts with

a molecule at the origin of the xyz axes. A photoeléctron

1s ejected with the direction cosines cos Bx» cos,Gy, and

)
coOs 92.
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the dipole approximation 1is,32,38-39

-

do(hv,01) _ o(hv)(l-ﬁ(hv)[(3c05292—1)—3p(hv)(cosQGX—coszey))}

dn L 4

‘ (2.5.2-5)

» where o 1s the angle-integrated partial cross section and
B 1s the asymmetry parameter. In order that the cross
section be positive, 1t can be readily shown that the
asymmetry parameter must satisfy the inequality -1 = g = 2.

As shown 1n equation 2.5.2-5, the total cross
section 0, the asymmetry parameter 8, and the light
polarizatign p are functions of the photon energy hv. From
a theoretical point of view, the two observables o and 8
are of primary interest. Whereas the total cross section o
depends solely on the transition matrix elements

v

(rflﬂﬁ-?jlrl), the asymmetry parameter A8 depends in
] ) .

addition on the phase shifts 8, of the'outhLng waves . 40

In other words, measurement U ylelds i1nformation about

the bound and contlnuum-étates ¥f, while measurement of g
gontalns further 1nformation about the phase shifts.

Although lt‘lS possible to measure both ¢ and A by’

measuring the photoelectron spectra at as few as two

angles,41 this requires that'the entire detection system be
ro£atable. Due to the prohibitive cost and impracticalaty ~
of rotating the very large LHS-11 ieﬁs~ana1;zer system, 1t

\ .

'was deci1ded that the electron detector should be mounted 1n
»



a fixed position at the magic angle configuration of
6x = 0y = 67 = 54.7°. .

In this magic angle configuration, equation 2.5.2-5
reduceé considerably to,

do(hv,nN) = o(hv)~

gihv)™~  (2.5.2-6)
dn 0x=0y=67= 54.7° em

The advantage of mounting the detection system at the magic
angle configuration 1s that the photoelectron spectra
measured are 1independent of 8 and p and directly
proportional to the total cross section o. The
dlsaavantage 1s that one sacrifices all kKnowledge about the
asymmetry parameter 8. Samson“Z has also used this
particular configurataion aﬁd“shown further that equation

2.5.2-6 holds no matter how large the solid angle observed
» ~

by the detector.

2.6.1 Data Acguisition System

- A Digital Equipment Corporation (DEC) PDP-11/23

minicomputer was selected for the data collection,

reduction and control of the e«periment. The PDP-11/23 1s a

16-b1t minicomputer, with an extensive instruction set and

— «

good execution speed. The RT-11 foreground/background~

~operating system (Version 3B) from DEC was used exclusively

in all of the software dEveloped. Other major DEC
utilities used were the FORTRAN compiler, MACRO-11

assembler, LINK linking loader and TECO editor. While the

’

13



majority of the software developed was written i1n the
high-level lanéuage FORTRAN because of the versatility, a
small number of subroutines were written 1n MACRO-11
assembly language. Assembly language was used i1nstead of
FORTRAN whenever speed was critical, for interrupt-driven
routines, or whenever the task could be coded more easily
1n assembly language (e.g. b1t manipulation). The hardware
and software aspects of the data acquisition system will

now be briefly described.

2.6.2 Hardware

A block diagram, of thé photoelectron spectrésocopy
data acquisition system 1s shown 1n Figure 2.6.2-1. Tpe
PDP-11/23. minicomputer has 28K words (1K = 1024 wordsf'i
‘word = 16 bits) of "lower" memory, which is used for
program and data storage, and storage of the RT-11
operating system. An addltyonal 32K words of "upper"
memory 1s used exclusively for data storage of the
collected phatoelectron spectra. A dual double density
RX02 disk drive from DEC supplies 1 Mbyte (1 byte = 8 bits)
of program and data storage. AJDEC VT105 graphics terminal
1s used to display the spectra being collected and allow
the user to enter program commands. I;‘addltlon to this
console terminal a DEC LA36 (decwriter IT1) tefmxnal 1s also
connecteg to the DEC DLV11-J asynchronous serial interface,
and used for hard copy flstlngs. A Hewlett-Packard 7225A
plotter 1s connected to the DEC IBV11-A IEEE instrument bus

interface, providing for hard copy spectral. plots.

14




Figure 2.6.2-1

»
Block diagram of photoelectron spectroscopy data

acquisition system.
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A brief description of the data collection proéess

w1ill now be undertaken. Let us make the assumption that a

photoelectron spectrum consisting of N data points 1s
gurrently being 1nitiated, and that the data point to be
flrst.qollected corresponds to a kinetic energy Ex. The
control, multiscanning and data collection processes are
carried out with a program called PES (Photoelectron
§pectro§copy) and the PDP-11/23 minicomputer. An
"appropriate” binary bit pattern corresponding to Ek 1is
writtenrby the 11/23 CPU into the first DEC 16-bit digital
output module. This bit pattern 1s fed into an Analog

Devices DAC 1136 16-bit D/A convertor, which supplies the

. - 1
Leybold electronic units (865907 & 865908) with a specific

voltage between 0-10 V DC. This 1nput voltage corresponds
to the desired electron kinetic energy 1n a linear
fashion. A bit pattern consisting of all 1's generates an
analog signal of 10 V, corresponding to 100% full scale of
the kinetic energy range. fhe kinetic energy range 1s
selected manually on the Leybold analyzer cohtrol unit.
Likewise, a b1t pattern of all 0's generates an‘analogous
si1gnal of 0 V, corresponding to 0% full scale of the
kinetic energy range, or Ex = 0 eV. From the one kinetic
energy sweep valtage, the Leybold analyzer power supply
(865907) generates all the remainlng voltages required to
run the Leyboid LHS-11 tens-analyzer system 1inside vacuum.
" The DEC MNCKW programmable real-time clock 15 used

to control the time period over which electron counts 1n



48

:the 32-bi1t binary counter are allowed to accumulate.

AInstead of a fixed dwell time period for each kinetic
)
energy Ex 1n the sweep, electron counts are allowed to‘
accumulate unti1l a fixed number of pulses are received by
the clock. If the frequency of the pulses 1s proportional
to the instantaneous photon flux, then this technique can
be used to give the same statistics (1.e. same number of
photons) per channel. : This frequency 1is genérated at
Tantalus by running a voltage Proportlonal to the sﬁorage
ring beam current, 1nto an Analog devices 460L V/F .
convertor. Since the real-time clock cannot accept TTL
pulse trains-exceeding ~0.5 MHz, this frequency 1s divided
by an approprlate po;er of 10 to ensure this does not.

.happen. The power of 10 actually used in the division 1s
software controlled with the second 16-bit algjtél output
from DEC. Typical dwell times per channel were ~0.25 }
seconds. This sults 1n data co;lectlon times pér
individual scan from A(1-4) minutes, depending on the
storage ring beam current.and the number of data points in
the spectrum (N). Thl; technique very accurétely accounts
for the small decrease 1n photon flux between %hannelsb.due
to beam curfent decay. The dwell time per channel
(approximate only) was purposefully kept small however, 1in
order that the results be‘lndependent\of such effects as
slight pressure fluctuations or electronic drift with time.

Once the ﬁens and analyzer voltages 1nside vacuum

have séttled‘suff1c1ently to their proper values, a "start"

v




pulse generated frgm the 16-bit LED d1§play unit rnitlates
the real-time clock operation and enables both 32-bit
counters. A 1 MHz frequency generated by a Motorola K1091A
crystai OSCLllatpr 1s fed 1nto one of these counters, so
that the actual dwell time for a partlculgr channel éan be
calculated, 1f so desired. The  other 32-bit counte; 1s fea
a frequency proportional to the rate at which electrons
strike the channeltron detector. As discussed brevxously
1n section 2.5.1, output pulsee generatéé by electrons
striking the Galileo Eléctro—Opths channeltron (Model
4028) are amplified and dlscrlmlnated by a commercially
avé;lable amplifier-discriminator unit (LeCroy MVL100).
These pulses are converted from ECL to TTL level‘USLng the
Motorola MOlOi28L chip, ;hereupqn the pulses are fed
directly 1nto a fast 32-bi1t binary counter, Both 32-bit
counters 1mplement fést Schottky TTL logic, using eight
)

4-bl1t synchronous counters (Texas Instrument SN74LS161) 1n :
serles. ‘

Both counters remain enabled until a predetermined
:hmber of pulses (which ls.constant) have been counted by
the real-time clock. At this point the clock generates a
"stop" pulse which disables both of the 32-hit counters
from countlﬁg, and 1ni1tiates a computer goftware
interrupt. The interrupt causes the PDP-11/23 to
momentar}ly read the contents of these two counters*using

the 64-bi1t digital 1nput from ADAC (1664TTL), and store

these two numbers 1n the additional 32K words of "upper"”
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memory. ;\\clear” pulse generated after reading both
counters by the 64-bit digital i1nput module, 1s used to
‘clear the counters to zero. Following this, the kinetic
energy of “the next channel. 1s selectled via software, and
5he entire procedure repeated until an i1ndividual scan of
N channe%s has been collected. The software program PES
displays the spectrum being col%scted on the DEC VT105
terminal, updating the éraphlcs display in an asynchronous
anq independent manner of the actual data collection.
Typlcally_a spectrum 1s multlécanned > 20 times, 1n order
to minimize th effects of small drifts and fluctu;tlons,
and to statistically average the results. At the.beglnnlng

bl

and end of each i1ndividual scan, the experimental chamber
'pressure {s.}ead in from the VEECO RG1102 1i1on gauge
controller.using the 16-bit digital i1nput from DEC, and
stored‘ln memory. In addition the initial and final
storage ring beam currents for each i1individual scan are
read 1n from the Keithley digital multimeter (madel
177-1793), using the IEEE 488 bu;. At the end of the
multirscanning process, the spectrum 1s permanently saved on
floppy disk. A data listing and plot are usually generated
at tgls point on the line printer (DEC LA36) and HP i225A

’

plotter, respectively.

2.6.3 Software .
The data acquisition software to control this
experiment 1s termed PES (for Photoelectron Spectroscopy).

A basic design philosophy was adopted which ensured that

. \
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the system was as simple as possible to use for the new
user, and that the software was "modular" and gxtremely

4
"readable". These last two design criteria are extremely
important when software modifications (present or future)
are necessary. "Modularity” was achieved by writing
speci1fic operations or tasks as concise, 1ndependent
sqbroutlnes. This feature allowed the program to be
heavily  overlayed 1in 1ts execution structureb Even with
this overlayed organization, the program fills virtually
the entire "lower"™ memory segment. The "upper" 32K words
of memory are reserved exclusively for the storage of .
spectra. "Readability” was accomplished by writing thqf |
majority of these subroutines 1n the high level langué%e
FORTRAN, and documenting them with i1nformative comments.
The remaining subroutines were written 1n MACRO-11 assembly
language, since for the most part they pef%orm interrupt
handling functions or extensive b1t manlpﬁlatlon.

The user communicates with the data acquisition
software using a series of "commands", typed on the DEC
VT105 console terminal. Commands use the following comm;nd
structure: (¢ command character >< argument(s) >. The
argumg&ts requlired depend on the functlon selected, buirj
most cgﬁ;énds require the user to supply the region of
interest. The data area located in the "upper" 32K of
memory 1s organized 1ntc 10 reglop§‘of interest (1-10),

wlith each region comprised of up to 465 32-b1t channels.

The command character consists of a single button on the:

.
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keyboard{ whicH 1s lndicatlye,of the operation to be
performea. The main program accepts commands entered by
the us;r from the terminal, then 1invoking the appropriate
subroutine to proceés 1it. This is accomplished using a
single "polling"” mode ldop43 1h the main pfogram, that
gontinuously checks‘to seé 1f any commands have been
entered. A brief description of these commands is given 1n
Table 2.6.5-1.

A A photoelec£ron spectrum is collected typically

using the following sequence of commands. The user first

-

enters the R (Region) command to specify which region this e
spectrum will be stored in. Upon eﬁ:;ring this command, a
blank spectrum is 1nitial£y drawn on the VT105 graphics
terminal. The scan parameters are then dgflned by 1nvoking
ihe U (Update) gommand and following the "menu”" then
dasplayed on tne termgﬁél. Such information as the desired
photon energy, the number of scans required, initial and

L]

final binding (or kinetic) energies of the scan, chaanl
AE, approximate dwell time per channel, and general
spectrum comments are entered and defined at thils point.
The L (Label) command 1s then usually execdted, in order
that various experimentai cond}tions‘(e.g. lens voltage
settings) ﬁay be definedf Data éollection is then
initiated simply with the G (Go) command. During the
multiscanning process which ensues, the data acquisition

program ésynchrOnously updatés the spectrum on the

terminal. The user may readily determlne intensities,

»




splittings or binding/kinetic energies of spectral features
using the va}lous cursor commands (eg. *, v , >, ¢, PF1
key, PF2 key). Upon completion the spectrum 1s saved
automatically on floppy disk, whereupon program control 1is
reéurned to the main program "polllhg" mode loop once
agawn. A hard copy of the spect;um collected may be

‘generated readily on the HP 7225A plotter, using the P

(Plot) command.

i .
/ .
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Command

Character

A
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Table 2.6.3-1
‘5
PES Commands

Description

Abort data acquisition and return to RT-11
.Mon1tor.

Calculate the monochromatof displacement
(mm) given a photon energy (eV).

Calculate the photon energy (eV) given the
monochromator displacement (mm).

Go. The command i1nitiates multiscanning
of the regions of 1nterest specified.
Halts the current scan i1mmediately.

The specified file containing a previously
collected spectrum 1s i1nput from disk and
st;red'ln the requested region of 1nterest.
This command allows the user to 1input
various experimental tonditions, 1n order
to label the spectra. N

Plot the specified region of 1nterest on
the HP 7225A plotter.

Display region of interest speci1fied on

-

the VT105 graphics terminal.

- k!
Stop data collection at the end of the

current scan.

This command allowsvthe user to update the
: .

scan parameters 1n the region of 1nterest

currently being displayed. PN



Table 2.6.3-1 (continued): PES Commands

Command
Character

A

PF1 key -~

PF2 key

595
Description -
Y-ax1s scale 1s-decreased by 2, and the
spectrum redrawn.2) - .

Y-ax1s scale 1s 1ncreased By 2, and the
spectrum redrawn.?2) .

Currently "active" cursor 1s moved right.a)
Currently "active"™ cursor 1s moved left.a)
Switches "actlve"'cursor selection between
the left and right cursors.8)

Switches the "active" cursor left/right

movement between 1 and 10 channels.@&) )

a) These commands refer specifically to the VT105 terminal

display.

—-—
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CHAPTER 3

3 ELECTRON CORRELATION EFFECTS IN Xe AND CF3I

3.1.1 IntroQuctlon

For some time electron correlation has been
recognized to be of crucial importance 1n understanding
atomic and molecular systems: Lowdinl 1in 1959 defined

correlation energy as

Eexact = EHF * Ecorrelation - (3.1.1-1)

where Eyr 1s the Hartree-Fock energy and Eéxact 1s the
exact nonrelativistic energy. The Hartree-Fock energy of
an atomic or molecular system is not as low, 1n other
words, as the true or "exact" energy. The Hértree—Fock
approximation 1s-a form of central-field approx1mation,2
where each electron moves within a field de;ermlned by the
average fl?ld of the remaining electrons. The average .
field of the (N-1) electrons 1s represented by the Coulomb
and exchange operators.3 The Hartree-Fock method deals
with electron-electron 1interactions only 1n an average way,
rather than 1nstantaneous 1interactions ‘between eiect%ons
(1/r,3). Since electrons repel each o;her, their motions
are correlated with each other 1n order that they may keep

s out of each other's way. Improvement of the Hartree-Fock
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wavefunction can be accompllshed by 1ntroducing
instantaneous electron correlation i1nto the wavefunctlg;.

In actual fact, the Hartree-Fock wavefunction does
have some 1nstantaneous electron correlation built 1nto
1t. Since a single Slater determinant 1s used 1n this
method, the Hartree-Fock wavefunctlon automatically
satisfles the antlsy‘petry requrremeﬁt of the Paul:

i ¢

exclusion principle. As a result, the positions of

-~
\

elecgrons with parallel spin are automatlcall; correlated
to prevent them from occupying the same spatial

coordinates, but has‘no effect on electrons with opposlite
spin. This 1s often referred to as a Fermi1 (or ¢gxchange)

hole,4 which surrounds each electron in a Hartree-Fock

wavefunction. The Fermi1 hole merely 1ndicates a region of

space where the probability of finding an electron with the

same sSpln 1S very small. The Coulomb operator accounts for

the Coulomb ;;pulSLOn which electrons experience 1in their
motions, preventing two electrons of arbitrary spin from
approaching too close to one another. In an analogous
fashion, all electrons in the Hartree-Fock approximat ion
are surrounded by a Coulomb hole. The error incurred for
electrons Qlth parallel spin 1s smaller than that forﬂ

opposite spih, due to the inclusion of some i1nstantaneous
electron correlation by the Pauli exclusion principle for
the parallel spin case. The major source of error "1n the

Hartree-Fock ‘approximation 1s primarily due to the

-~
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lnadequate 1nstantaneous electron correlation amongst

electrons of opposite spin.

A great deal of evidence has been accumulated in’
recent years which 1llustrates the importance of both
electron correlation® 8 and relativistic effects?-13 1n the
photcdionization process. The availability of synchrotron~
radiation has played an 1mportant role 1n furtherlng our
understanding of many-body effects 1in atom; and molecules.
These correlat%ons are most evident during photoionization
near threshold,%:14-16 where the kinetic energy of the
outgoing électron 1s low. It has Been discovered by
comparxing experlmsntal photoilonization cross sections (o) *

and asymmetry parameters (8) with tﬂeoretlcal'%alues

calculated using the independent, electron approximation,

that many-electron effects are quite important. From
photoionization cross section aﬁd asyﬁmetry parameter
measurements made using synchrotron radiation of tﬁe 3p
valence orbital of Ar8:,17-19 and the Xe S5s, Sp and 4d
orbitals,8,9,11-13,20-27 ¢ has been clearly established
that electron correlation esjects are 1mpo;tant: While
independent electroa calculations based on the |
central-field or Hartree-Fock approximation hsve fairled to
account for some of the features in the.experlmental
partial cross sections ah; asymmetry parameters,

relativistic many-body calculations have generally given

better agreement.8,20,24,28



Hlstorlcaily, one of the first atomlc cases té'be
studied 1n detail for electron correlation was the rare gas
Xe. Initially the inner 4d shell of Xe drew most of the
experimental ana theoretical attention because of the

< [
interesting structure that arose i1n the photcabsorption
spectrum above the 4d thresholds. A giant resonancelike
structure was observed i1n the photoabsorption spectrum,29
maximizing at abou} 30 eV kinetlic energy above’ the 4d
thresholds and extending over a range of ~60 eV. The
feature was a dramatic departurg from the typical
hydrogenlike behaviour, which 1s typified by a sharp
increase at the absorptlan edge followed by a smooth
monotonic decrease with i1ncreasing photon energy. The
current explanaﬂigzifor the delayed onset of this giant
resonancellﬁe strucgg%e, 1s essentially the same as that
glven originally by Cooper.30 The large maximum present 1in
the photoabsorption spectrum 1s caused by the €f continuum
channels, via the transition 4d » ef. The high angular
momentum of f orbitals (! = 3) results 1n a double-well
potential, with an 1nner well separated from the 6uter one
by a potential barrier.30,31 At low kinetic energies, the
ef continuum wave penetrates very little through the
potential barrier into the 1nner well area, where phe 4d
orbitals are localized. The resulting overlap bet}gen the
€ef continuum wave and the 4d orbitals 1s-small, yfeldxné a

N

small cross section near threshold. As the energy

increases, eventually the e€f continuum wave penetrates the

N

e

-
-
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potential barrier and overlaps strongly with the 4d
orbitals. This leads to a dféhatlc increase 1n the
photoionization cross section, glVlné‘rlse to the delayed
resonancelike structure 1n the photoabsorption spectrum.
2

In a single-electron plcturé, the Xe 5s partial
cross section should decrease ménotonlcally above éhe 4d
ionization thresholds.3273z‘ Likewise, the Xe S5p partial
cross section should very slowly increase 1n a smooth
monotonic fashion from the 4d 1onization thresholds to at
least a photon energy of 128 ev.32 The slow increase
predicted for the Xe Sp partial cross section is due to the
Sp » ed Cooper minimum-which occurs near the 4d 1onization
thresh91d5j11v32 In fact, the 58 and Sp partial cross
sections are both enhanced experimentally above the 4d
lonization thresholds, éhow1ng delayed maxima which
strongly mim:ic that found in the 4d partial cross

L]

section.23,25 These maxima in the 5s and 5p partial cross
sections are due to electron correlation effects between
the 58, 5p and 4d shells. This 1ntershell correlatioé was
predicted theoretically by Amusia et al.32-34 using the
many-body random phase approximation with exchange (RfAE).

[ J
These calculations included most of the important electron

&

correlations, some of which are shown using Feynman and
ﬁ&ctorlal dfégrams in Figure 3.1.1-1. It should be noted
ihat in these Feynman diagrams, a wiggly line represents a
photoh, a dashed line represents a Coulombic 1nteraction,

time increases 1n the upward-going direction, and a hole 1s
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drawn as a particle moving backward 1in time.36 Figure
3.1.1-1(a) shows a photon being absorbed by an atom, and an
electron from the nt subshell being directly ejected. If
ng # ni, Figure 3.1.1-1(b) représents interchannel
correlation. In this 1interaction an electron 1s first

photoexcited out of the ngtg subshell, whereupon 1t

interacts with an electron 1n a different subshell (nitq).

This 1nteraction 1s such that the electron i1n the nitj
subsheil 1s 1onized, and the electron 1initially
photoexcited 1s scattered back 1nto the original ngtg
subshell. Thls process can be thought of alternatively as
interchannel scatterlng.7 Intrachannel correlation 1s '
analogous -to 1nterchannel correlation, except that the
scattering process occurs 1n the same subéhell (1.e.

ng' = ny) (Figure 3.1.1L1(b)).

In order to probe a little more deeply into such
electron correlation effects, wé decided that a more
careful study of the atomic Xe 4d spin-orbit branching
ratio would be useful, especially since the. previous
experimental results are 1n pooqbagreement with one another
(section 5.3.1). I'n order to extend our knowledge of chh
effectﬁo a new molecular case (and different 2), the

valenct and and I 4d spin-orbit branching ratios were’

.determined for trifluoroiodomethane (CF3I) (section

8
3:3.2). The results obtained are discussed 1n comparison

., with availilable theoretical calculations in section 3.3.

'
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A ‘ {
’ Figure 371.1-1

Feynman diagrams (top) and pictorial diagrams (bottom) for
\\ the following 1nteractions: (a) direct photq1on1;at10n
following abs;rptxon of a phoépn; (b) i1nterchannel
correlation (ng # np), intrachannel correlation (ng = ni) -

following absorptian af a photon; (c) absorption of a

»

‘photon by a virtual double-excited state.
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3 2 1 Experimental

3

High purity Xe gas (Research grade, 99 995%) was
obtained commercially from Matheson. Trifluoroiodomethane
(CF?&) was purchased from PCR Research Chemicals Inc , and
like the Xe gas was used without further purxflc%}}on Gas

phase photoelectron spectra of Xe and CF3l were obtained
: 4
g {

with photons from the Canadian Synchroetron Radiation
Facility (CSRF)37-39 at Tantalus I, an electron storage

- ring operated by the University of stcon51n at Stoughton,
Wisconsin. A Lleybold-Heraeus LHS-11 photoelectron
spectrométer was used 1n conjunction with a multicapillary ,
array gas probe to colleé% the spectra. The LHS-11

2

lens-analyzer sysiem 1s mounted at the magic angle, sv'thaé
.

the pﬁotoelect;on intensities are i1ndependent of the

asymmetry parameter 8 and the light polarization pi‘o For

the Xe 4d spin-qrbit branching ratio, a 900 lines/mm

original ruled gratlngffro$ Hyperflne Inc. was used. A 600
. s lxnes)mm hologrephxc g?aixng‘from JY Inc. was used 1in the

Mark IV Grasshopper monochromator to coliect valence band ' I(

~spectra’ of CF3I, limiting the minimum photon eﬁergy to

~21 e¥. The Canadian beamline (CSRF), experimental

arrangement, and data agquislition system have been

-y .
i ) rdescriped eleswhere in the llteraturq37'39 and 1n Chapter /
¢ «of this thesis. ' . ~
. For' the Xe 4d pranching ratio study, at least two

v

» ) Xe 4d spectra were recorded every 2 eV from 74 to 150 eV

. photon energies using a 50 eV electron analyzer pass .energy

!




(0.4 eV electron resolution). The monochromator resolution
ranged {rom 1.2 A monochromator band pass below 130 eV
photon energy to 0.9 A above this, resulting 1in total A
linewidths varying between 0.8 eV at 80 eV photon energy to
1.6 eV at 150 eV photon energy.’ Depending on the ring
current (40-200 mA) these conditions resulted 1n count
rates of several hundred counts per second for photon
énergxes up to 110 eV, but only a few tens of counts per
second by 150 eV photon energy. A few higher resolution

.
spectf; were obtained down to 0.17 A monochromator band
pass and 25 eV electron analyzer pass energy (0.2 eV

+

electron resolution). !élence band spectra of CF3I were
obtained at ~1.7 & mono;hromator band width, and 50 ev
electron analyzer pass energy (0.4 eV electron resolution)
from 21 to 110 eV photon energy. The tranémlssxon function
of the electron,spectrometer\pas begn found to be constarit
to within 20% for kinetic energies between 2-60 ev.39,41
This was based on an 1ntensity analysis of 'Kr Auger péaks
in this region, and the vefy good agreement down to ~2 eV.,
kinetic energy between our partial cross sections for CF442
(Chapter 4) and previously published results of Carlson et
al.4%3 The use of. high pass eng;glés (e.g. 50 eV) reduces

-

ststantlally the kinetic energy dependence of the

transmission function.%% égcking pressures of ~8-10 torr
were Qéed for these two gases, résultlng 1in a background
pressure 1n the ;xperlmeptal ¢hamber of ~(1—é) x 10~2 torr,
and an estimated pressure of ~10~% torr44 ;n the

}

el
*»



interaction region. The pressure 1n the lnteratgxon region
was fouhd to be low enough that scattering cross section
losses at low kilinetic energles were not a'prob].em."5

All photoelectronkspectra were computif-fltted
using anilteratlve procedure descrlbed'prevmhsly.46 Voigt
functloqé simulated by a linear combination of
Lorentzian-Gaussian line shapes and a linear baseline are
used 1n thais flttxnglprocedure. The Xe 4d3/2,5,/2 peak
positions were constrained to ditfer by the high resclution
spin-orbit splitting of 1:979 + 0.607 eV (Figure 3.3.1-3).
In addition to this, the‘llnew1dth; and line sﬁapes were
constrained to be the same for the two sp1n—6rb1t peaks.
Although a slight linewidth difference was noted at high
resolution (Flguf%’3.3.l—3) for the two peags (see section
3.3,1 for a discussion of’thls), this dlfference 1s
negligible at the poorer resolution of 50 eV pggé energy,
where all the Xe 4d branching ratio spectra were taken.

>

Auger peaks were heavily constrained for ¢ 110 eV photon
energies ;sxng their kngwn'pogltxons, linewidths, ilne
shapes, and felative areas from "clean"™ Auger éhectra,at
similar photon energies. |
‘Valence'band branching ratios were determined for
CF3I over the entire photon energy range selecged, using
the peak areag (A,) ahd the branching ratio defiriition
(BR, = Aj;/IA; valence). Due towovgrlap of some of the
photoe%ectron Bands in CF31I, branéhfng ratios representxng

5

contributions from two molecular orbitals could only be

-
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determined sometimes. The weak and broad F 2s orbitals

were neglected 1n this branching fatlo détermlnatxon.
Unfortunately, the total‘pthOLOnxzaplon cross section 1%
not known for CF3I 1in the pho&on ene}gy range of 21-110 eV,
so the measured branching ratios could not be converted to

partial cross sections.

3.3 Results and Discussion

3.3.1 Xe 4d Linewidths and the 4dc,->:4d3/7 Branching.Ratlio

Photoionization of closed p and d shells of atoms - °

produces two final states of the ion, once the photon

energy 1s above the second phot01bnlzat;on threshold.
Spin-orbit splxttxﬁg of an nt subshell produces the two
spirn-orbit components ) = & t 1/2, which dfffer In enérgy.
P6r example, for a closed p shell, 2P1}2 and 2?3/2 ionic
states are formed.. Likewise, 2D3/2 and 2D5/2 states‘of the
1ion are formed for a closed d shell. The branching ratio

for a closed p or d shell 1s simply the ratio of the

- probabilities’ of formlng these two final states from

photoionization, for a given photon energy. This ratio can

‘be determined from a photoelectron spectrum, by taking the

. 4
area ratio of the two peak§ (1.e. electron 1ntensity)

corresponding to these two final states. “From an
experimental point of vrew, branching ratio determinations
can be made more readlly than absolute determinations of

the i1ndividual partidl cross sections, due to the reiative

néture of the measurement., In elther case however, high

j BN ~ S
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resolution 1s generally required to resolve the spin-orbit
components. Since the branching ratio 1s sensitive to
electron correlation and relativistic effects that affect
the two components dissimilarly, such méasurements can be
used to probe for these effects in the photoionization
process.

In the absence of any relativistic or many-body
effects, the brahchlng ratio should have the statistical
value of (¢ + 1)/t. Branching ratio measurements have been .
reported by several investigators for p and d shells 1n
solids and 3ases,25'47—62v107 which show deviations from
the statistical value. This 1s especially true close tg
threshold. Most of these studies havé dealt with the Ar
3p,-I 5p (of HI,CH3I), Xe 5p, Xe‘éd, the (n - 1)d subshells .
of Zn, Cd and Hg (n = 4 » 6), In 4d, Sn 4d, Pb 5d, and Bi
5d spin-orbit doublets. In addition, considerable
theoretical progress8,15,20,24,28,50,54,63-71 hag also been
made to explain these observed deviatlons. Calculatioes
raAglng from single-particle relativistic Dirac-Slater to
the sophisticated gany—body relativistic ;qndom—phase
apérox— imation (RRPA) 1ncorporating electroé;coréelatxon
effects, have been carrxea out on some of these éysiems.
Deviations from the statistical value‘reflect‘elther the T
slight difference 1n the kinetic energies of the ;uthLng
electr;ns of the two spin-orbit states (they differ by the'
spxn—oyblt spl1tt£ng), or spatial differences 1n the 1initial t::

state wavefunctions | ¢ - 1/2 > and | 2 + 1/2 y.48,63 ‘

L]
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+ In the last decade, several gas phase photoelectron
measurements u51ﬂg synchrotron radiation25,61,72 and line )
sources2% have shown that gﬁe Xe 4dg/2:4d3/2 branching
ratio (BR) varies greatly from the statistical 1.5:1 value
between iO eV and 200 eV photon energies. A very recent
Auger study,’3 also demofstrates that the INSOO/IN4OO Auger
xnté351ty ratio agrees semiquantitatively with the ‘
co;respondlng photoelectron branching ratios. Severai
theoretical caléﬁlatlons of the preceding branching ratios
‘have been performed,20,28,63,74 ranging from the *
single-particle Dirac-Fock (DF{ calculations’4 to the
relat1V}st1c random-phase approximatione(RRPA)
calculations?0,28 yith some electron correlation. .

| Despite all previous work, there 1s still not
quantitative agreement between theory and experiment 1in
thls relatively simple atomic system. The agreement
between thmous exper imental branching ratios, both at
individual photon eneréxes and for the overall trendjiw1th s
photon energy, 1s not'partxcularly good for three reasons.
First, the rather low 1nten51t§ of the spectral4,25,61,72
resgit in quoted standard deviations of » 0.07 for most
measurements. Secondly, it appéérs that strongly
overlapping N4, 6500 Auger peaks below photoﬁ energies of
110 ;v were-not quantitatively accounted for. .The Auger

- .
contribution can often be quite significant, as

.

demonstrated recently by Riedel et al. for the valence band

3p states in cleaved Si(lll).7S Thirdly, some of-the

&



p ) -

y - measurements were not made at the magic angle of 54.7°,
causing the branching ratio to have a 8 dependence,24- Even
when the Auger and 8 problems are not 1mportant (for
example, for magic angle measurements at 94 eV photon
energy), the measured BR varied from 1.58 (Reference 25) to
1.42 (Reference 72). oo

The theoretical branching ratio curves are also

rather sensitive to the theoretical approximations madeZ4
(e.g. coupling, basis function set quality, core relaxation

w effects); and although the previo;s gfperlmental data24 1s
in very rough qualitative agreement with the RRPA
theoretical curve,28 the agreement is not good enough for
quantitative comparison.

In order to investigate more.accurately this

4
”

impo}tant atomic test case, the Xe 4dg5/xxéd3/2 branchxng
“ ratio was carefully measured at the magic angle using the
Canadian Synchrotron Ra&iétion P$c1lity (CSRP), f;om 74 to
150 eV photon ehergies. A high—resolution Xe 4d spectrum
was also collected to aid i1n this determination (full width
at h&lf max 1mum (FWHM) for 4dsgyp = 0.262 eV). The
interferring N4, ,6500 Auger peaks were corrested far
quantitatively by computer~$itting all QF the Xe‘4dlsgectra.
A typiéal meﬁium resolution spectrum of the ie 4d
and N4,§b0 Auger peaks is shown in Figure 3.3.1-1 for 150
”;um slits (AA = 0.9 A) and 50 eV electron analyzer pass
. ' . energy (~0.4 iv electron resolution). Apart from the lo&

oo '
- kinetic energy region, the background is very low, and the

»

- 4 . .




Figure 3.3.1-1

®

Xe 4d and Ng4 K500 Auger spectrum taken at a photon enepgy of
94 eV, with 150 um slits (AN = 0.9 A), and 50 eV electron

analyzer pass energy (0,4 eV electron resolution). The
. » .
Auger peaks are numbered according to Reference 76.
. 4 .
4 . v
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linewidths of the Xe 4d and Auger lines are 0.83 and ~0.4 -
eV, respectively. The Auge% peaks are numbered aceordlng
to Reference 76, and as can be readily seen, they have
”éon51derable intensity relative to. the Xe 4d spin-orbit
components. To examine the overall beamline and
photoelectron resclution 1n more detail, we obtained the Xe
4d5/2 lxnew1dth§ at 50 um slits (Ax = 0.3 A) and different

pass energies (Figure 3.3.1—2); and -recorded a-:

high-resolution gke 4d spectrum at 30 um slits (Ax = 1.7 A)

»
-

and 25 eV elettron analyzer pass ene:gy (Figure 3.3.1-3)
The meashred spln—orblt’épllttlng of 1.979 & 0.007'eV ﬁ? 1n
good agrqément with previous exberlmental results.’’ The
three data points 1n Figure 3.3.1-2 were f1t sy léast
squares to a straight line, and extrapolation to zero pass
energy yﬂslds the “photon pluslleetlmé resolution of 0.235
eV. This value, while probab}ly a lower limit due to the . -

-

linear extrapolatlo?, 1s 1n surprisingly good agreement
with the theore£1c§l photon plus lifetime resolution with a
500 llnes(mh grating of 0.233 eV for 30 um slits.

The Xe 4dg,) linewidth of 0.262 £ 0.009 eV (Figure
3.3.1-3) appears to be the‘smgllgst gas—-phase core-level
width yét observed using m;hdthématlzed photon sources.
Comparabie core—leyg} gas—-phase linewlidths have been

L s .
published recently by Gellus*etral.78 using a
monochromatized Al Ka source. Also of 1nterest 1s the
.sli1ghtly larger linewidth of the 4d3/2 component of 0.289 ¢t

0.012 eV. Since the 1nstrumental (photon plus electrort)



Figure 3.3.1-2
L 4

Xe 4dg,p full width at half maximum (FWHM) taken at 93 eV
phogpn energy versus electron analyzer pass energy, for 50
um slits (Ax = 0.3 A). The line results frém a linear
least-squares fit to the three’data points. The
theoretical monochromator resolution plus the lifetime
linewidth (0.233 eV) 18 denoted by an asterisk on the

y-ax1s.
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Pigure 3.3.1-3

-

’

Xe 4d apéctrum taken with 94 eV photon energy, with 30 um

]

slits (4% = 0.17 &), and 25 eV electrpn analyzer pass

energy (0:2 eV electronwfﬁsolhtxon). This multiscanmed
speqsrum took close 4o 3 hours to accumulate-- The FWHM for
. ;

the two spin-orbit components gre given in>the figure.- The

measured spin-orbit splitting 18 32979’1 0,007 eV. The
. ' N
g small Auger peaks 10-14 are -all less than X of the

intensity of the 4d peaks. . A f1t anludxné these Auger

-

peaks made no difference td the 4d 11néw1dths)

-
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contributions to the two spln—drbltAcomponents are B
constant, the 4d3,2 inherent hole state lifetime width must

be significantly broader than the 4d5/> lifetime width.

King et al.J9 have measured the llfetkme widths of Xe 4d

hole states using hlgh—fesolutlon electron 1mpact, and they
suggest that the mean width of 4d5,2 3,2 hoie stateé 15 129

+ 8 meV, consistent with the approximate value of 100 meV
evaluated by Keski-Rahkonen and Krause .80 Ther; 18 a

definite hint 1n King's data that the 4d3/2 holg state

width 1s largef than the 4d542 width by ~10 meV, but the

quoted errors are large? than this difference. Using the

approximate expression:

rtotal = [?hole state * 2experimental - (3.3.1-1)
<
where ’
r2experimental = I?photon * I'2electron - . (3.3.1-2)
K‘

I'photon for 30 um slits (Ax'= O.i7 A) 18 0.12 eV, and
Fejectron = 0.20'ev for 25 eV electron analyzer pass energy-
(E/8E =~ 125). Using these values, lexperimental 1S then
0.23 eQ. Using equation 3.3.1-1 and the experimental
Ftotal values . for the two spin-orbit components, the 4dg/)

and 4d3/2 hole state widths are JfSo and ~170 meV, .

respectively. Using the Voigt formula given by

Kesk1-Rahkonen and Krause8l to'obtaxn\qiij accurate valfes,

h- .




the 4dg, > and 4d3 /) hole 'state w1gtﬁs are sti1ll quite
different but significantly smaller - 54 and 100 meV,
resbectlvely. The errors on these numbers are ~20 meV
g leferegceé in widths of spin-orbit components have
been seen recéntly 1n the solid sfate on the 4f levels of
Hf, Ta, ahd w.85,83 The larger 4fg,, width has been
attributed to an NgN704,5 Coster-Kronig decay which reduces
the lifetime of the 4fs,2 coré hole state relative to the
“f7/2 core hole state. Such a meqhanlém cannot be
responsible for the differences observed here for Xe 1in the

. gas phase, however, and further theoretical work 1s

required.

Turning now to branching ratios, a typrcal spectrum -

of the Xe 4d level at 80 eV photon energy (Figure 3 3.1-4)
1llustrates the problem of obtaining accurate branching
ratio values when there are overlapping Auger lines. If

the Xe.4ds5, ) 3,2 lines are fitted without 1ncluding Auger

- -

peak 29, a éR of 1.13 results; when the Auger peak 1s

properly fitted, a BR of 1.30 results. Differences of at

' .
least 0.2 1n the branching ratio can arise with small.

- By
shifts 1n Auger peaks relative to the #4d peaks ‘Mar‘{y of
. A
the lérge discrepancies apparent in the literature for the
Xe 4d BR can be attglbuted to neglect of .these Auger

peaks. Correction without computef fitting of'the data 1s
1 . C -
very difficult i1ndeed.

-

The standard deﬁlatlons‘from the computer fits on

the BR values are + 0.02 to # 0.05 for most of the

1
-«

83



Figure 3.3.1-4

Xe 4d spectrum taken at 80 eV photon energy, 200 um slits
(Ax = 1.2.4A), and 50 eV electron analyzer pass engrgy_ (0.4
eV eleétron resolution). Note the.;Lgnlflcan; contribution
of Auger peak 29 to the 4d3,2 peak. Inclusion of the weak
Auger peak 28 (not shown) on the low binding energy edge of
'theréds/z a§§k, makes no significant difference tg the Xe

4dg/2:4d3 /2 branching ratio.

4z
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individual spectra. The question which arises, 1s whether
these errors are really realistic? Using the statistical
treatment outlined 1in Topplngs‘ an? Clark et al.,85 the two
independent expressions for the standard error of the mean'v

»

fo; the branching ratios can be evaluated:

1 -1
n —_—
a,?2 = L 5,2 (3.3.1-3)
3=1 ‘
and
01-2 n (XJ“?)Z .,
@e? = —'| L — (3.3.1-4)
n-1 |j=1 542 ,

where a; 1s a function of the i1nternal consistency and ae
18 a function of the external consistency of the

observations. SJ 1s the associated standard deviation for

AY

the branching ratios obtained from the computed spectra
; \ v
(Table 3.3.1-1). Snedecor's F test (F = 2*Z2, where

Z = ae/a,) was used to check that alz'ghd aez could -

reasonably be expected to be estimates of the same

hd ]

variance. The weighted means ae, a,, and Z are given 1n
Table 3.3.1-1 for a number of spectra.at two different
photon energies. In all cases, the 2~ values are

statistically acceptable, lndlcétlng that our standard

-




8
Table 3.3.1-1
Reproducibility of Branching Ratio (BR)
Photon Energy BR (S) BR a, ae Z
(ev) ~—
120 .323. (0.045) 1.293 0.014 0.007 0.50
.293 (0.024)
.288 (0.021) ,
-
110 . 338 (0.031) 1.326 0.015 0.007 0.47
.334 (0.035)
.308 (0.027) )
.333 (0.032)

€3

~}




~minimum at > 90

" experimental dat

—f L3

deviations are 1ndeed realistic and that any nonrandom .
F

- e
effects are not 1nfluencing our spectra and the BR valué€s. |
! .
The b&anchlng rati1o versus photon energy plot 1s

given 1n Flgdres 3.3.1-5(a),(b) along with the latest

theoretical relativistic random-phase approximation (RRPA)

results of Cheng and Johnson.49 Their calculation was done

1n 1ntermediate coupling using si1x 1nteracting chdhnels
*

(4d3/2 » p1/2» P32, f5/25 4dss2 » p3s2, f5,2, £7,2)° Our
results39 are 1in good qualitative agreement with the RRPA

results, and fot in agreement with the earlier Dirac-Fock

(DF) results u51n543j coupling which are far too large
7
above 100 eV photén energy.74 The Dirac-Slater

calculations of Dpsclaux24:28,72 are 1n better agreement

with exper:iment” han the DF results, but the predicted

V 1s at least 6 eV too high, and the

between 130-150 eV shows only a monotonic

decrease whereag the DS calculations predict a strong

increase 1in thig region. Most of our BR values are ,

significantly spaller than those obtained earlier (see for -

example, Figurg 2, Reference 24), many of which were .
reported to befvery close to the statistical value of 1.5.
From 98 to 14? eV our BR falls very slowly and
monotonlcallyj(Flgure 3.3.1-5(a)). The agreement with RRPA
in this regilon 1s* rather good, although 1t should be' noted

that the experimental data 1s consistently a little lower

thah the theoretical curve. This suggests that further

electron cofrelatlon must be included 1n the RRPA




k7

Figure 3.3.1-5

Xe 4ds5/p:4d3/2 branching ratio (BR)%as a function of photon
energy, (a) from 80 to 150 eV; (b) from 74 to 150 eV. The
error bars given are the larger of a;, or aé. The dashed
line 1s a visual fit to the experimental data; the solxq
line 1s the latest RRPA theoretical results of Cheng and

Johnson (Reference 20).
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calculations. Johnson and RaéogevxézS have suggested that
this might be accomplished by 1ncluding 1ntrashell and
intershell correlation of the 4d shell with the 4s, «p, Ss
an@ Sp shells. Unfortunately, since this suggestion was
put forth, caldulations 1incluging some or ali éf these
additional channe%s have not appeared, "

‘Tohthh)n the quoted errors} good agreement also

§

occurs for the lower photon energies of 74-78 eV (Figure
3.3.1-5(b)). The largest dev1atlgns occur around the
minimum reglion between 80 and 86 eV ;here electron
correlation effects are strongest The experimental

minimum occurs at 84 eV photon energy, 3 eV higher than

that predicted by the RRPA calculations. Furthermore, the

. .

Y1

experimental minimum region 1s not ‘as deep or as pronounced . /

as 1n the RRPA calculation, and has a definite asymmetric
profllé._ Includxng.coupllng with other subshells might’
partlally account for some of these dlfferencés.' After
publication of our Xe 4d 'branching ratio 1n the
literature,39 we became aware of a similar stﬁdy by
Schmidt .86 overall the, agreement between the two studies
1s excellent, withe their branching rati10 minimum occurring
a little lower at 82 eV photon energy. The only noticeable
discrepancy occurs close to threshofd, where our branching
ratios begin to fall and appear to be 1n better agreement
with the RRPA predictions in this region.

As can be readily seen 1anlgure 3.3.1-5, the

branching ratio minimum region around 80 to B84 eV photon



<
e

energy 1s not reproduced very well by the RRPA
calculations. The tﬁeoretlcal minimum region app?ars to be
far too deep and shifted by ~3 eV to lower photon energy.

A similar type of Bgscrepancy has been noted recently for
the o and 8 valuels around the Xe 5s Cooper minimum. 12,26
FaHlman et al.l2 and Dehrenbach and Schmidt26 discovered a
¢onsiderable and rather surprls;ng discrepancy 1n the
region of the Cooper minimum between the experimental data
and RRPA calculations of Johnson and Cheng.8 The
theoretacal dip an B 1s far too deep (by close to 1 unit of
8) and shifted by ~1 eV to lower photon energy.12 The RRPA

-*
calculations68 give good agreement for the Xe 53 cross

/ e

section 1n the Cooper minimum region, but overesbéggtes 1t ' e
at higher photon enei’gies.12 Obviously, 1mportant
correlation effects of‘some sort are not being correctly
accounted for 1n these calpuﬁftlons.

As Johnson and Chen38 have pointed out previously,
the largést discrepancies getween experiment and RRPA
theoretical results 1n general occurs near threshold. They
further suggest that these discrepancies can be traced to
strong correlation effects.between the outgoing electron of
low kinetic energy and the residual 1on which are not
properly accounted for. 1In oéher words, the RRPA '
calculations currently 1gnore all relaxation effects,
assuming a frozen core 1instead. Although the framework by_
which relaxation effects may be included 1in such

]
calculations has been discussed by wendin8’ and Amusia,88

S~

L
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only a few exploratory caklculations have béen made. Wendin v
has performed’random—phase approximation with exchange

(RPAE) calculations on atomic Ba afd La,87 both with and N
without relaxation, and found that including relaxétlon
effects i1mproved substantially the agreement with
experiment near threshold. Carter and Kelly70 have

similarly performed a many-body perturbation theory (MBPT)

-

calculation on the Cd 4d subshell including rglaxatlon

effects. They found that relaxation reduces the‘max1mum in

the Cd 4d cross segtlon 1n better agreement with

experiment, and Ehat the maximum position was shifted
significantly by several eV to higher photon energy. As

Wendin has pointed out,87 relaxation effects can shift

ionization thresholds and‘deform the shape of the cross

section near the threshold, so tﬁat si1mply 1ntroducing
experimental binding energlies 1nto the RPA equations can bege -
very bad when the photoionization Eross section 1s qﬁlte
peaked nea; threshold. 1Inclusion of double excltations
accounting for relaxation of the frozen core, correlation
satellites (shakeup or shakeoff), and Auger transitions 1s
undoubtedly necessary 1n the threshold region of the Xe
4d. Some of the important double exc#tation mechanisms are
displayed using Feynman diagrams 1n Figure 3.3.!‘.. Since
the core-hole attracts surrounding electron'den51ty 1n the

relaxation process and the outgoing electron repels

electron density, the electron density 1s distorted around

both the electron and fhe hole. This affects the field 1n
)
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-

which the photoelectron moves. Figure 3.3.1-6(a) sho;s
photoionization with correlation satellites
(shhiakeup/shakeoff) for the case 1 = j, or Auéer types of i
processes (1 # 3). Figure 3.3.1-6(b) trllustrates
photoionization with inelastic scattering of the outgoing
electron,’whzch(ylelds another electron 1in the pr;;Ess.
Finally, 1t 1s i1nteresting to note that our BR ﬁ/
value ;E 150 eV photon énergy (1.125 £ 0.045) 1s
si1gnificantly below that predicted theoretically.
Southworih et al.’3 have also obtalned very low INSBO/I&4OO
Augeé ratios 1n this region (0.96 + 0.14 gt 155 eV, and
1.09 £+ 0.18 at 162 eV). Unfortunately the errors 1in both
méasurements are rather darge because of the‘low photon
.i‘nténsn.ty and small cross sea§lons as one approaches the 4d
Cooper minimum at these .energies. This appérent change may
be due to the onset of the 4pj/2 1onization threshold
(145.51.;V),89 which by analogy with the Kr 4p ionization
should reach 1ts maximum cross section at 5-10 eV above
threshold. 68 This eff?ct is very similar to the decrease
noted by Wertheim?0 in the Se 3ds,p:3d3,/2 BR when 1onizing
the Se 2pj/ /2 level exactly at threshold (binding energy 1s
1476 eV) with Al Ka. An electron 1in the Se 2p1/£ level 1s
resonaﬁtly excited by an Al’Ka photon from 2pj/; » 4d3/2
(1initially unoccupied), followed by a 3d3/) eiectron
fililng the 2pj /7 hole via 3d3/2 » 2pi/2 and the 1n1t1all&

excited electron now 1n the\ 4d3/; level being 1onized.

Overall a single electron 1s bbserved and a hole 1s created




Figure 3.3.1-6

Feynman diagrams for tﬂe:fol£gy1ng double excitation
procésses: (a) photoionization with correlation satellites
(1 = j, sometimes also referred to as shakeup/shakeoff) or
Auger types of processes (1 * j); (b) photoionization w1£h
1nelastic scattering of the photoelectron, yielding another

electron.
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(a)

(b)
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in the 3d3,7 level. Since this procesé represents an
additional process to the direct one of 1onizing an ’i
electron from the 3d3,/2 level, this will lead to a higher
partial cross section for the 3/2 component and therefore a
lower 3ds5,/2:3d3,/2 branching ratio. Clearly, more accurate
experimental measurements are required in this region to

®

confirm this effect.

3.3.2 Intershell Correlétlon Effects in
k3

A
Trifluoroiodomethéne (CF3I)

Numerous photoabsc&ptlon and photoelectron studies
of Xe (see section 3.3.1) have established that electrpn
correiatlon effects are important in understanding the
dynamics of photoionization 1n'the N and O shells of Xe
" above the 4d threshold. This was accomplished through
comparison of experimental results to theoretical
calculations ranging from single-particle to the more
sophisticated relativistic many-body type. As a result of
these studies and more recent developments 1n the
field, 91,92 these observed effects are believed not to be a
peculiarity of Xe (Z = 54), but a general property of other
elements around Xe with similar Z.20,93 This hypothesis 1s
supported by photoabsorption measurements done on atomic or
molecular systems containing Te (Z = 52),§4 I (2 =
53),91’92'95‘99 and Cs (Z = 55),97'100’101 where broad
resonances similar to Xe are observed above their

respective 4d thresholds. In this series a decrease 1in the.,



R

maximum position of ~5 eV kinetic energy has been observed
(40 (Te), 35 (I), 30 (Xe), 25 (Cs) eV kinetic energy above
threshold). These broad photoabsorption maxima have been
interpreted similarly as delayed 4d 3 €f transitions, 1n an
analogous fashion to Xe. For 2 ( 54 (Xe), the centrifugal
barrier 1s higher than that present 1in Xe.20,91-93 A
higher Kanetlc‘energy n ghe continuum €f wavefunction 1s’
therefore ;equ1red to overcome this barrier, accounting for
the larger kinetic energy delay 1in these broad resonances
for 2 < 54. 1In order to 1nvestigate the Z dependence of

electron- correlation effects, the }odlﬁe atom (Z = 53) 1n

the molecular environment of trifluoroiodomethane (CF3I)

was sel‘ted .

Valence band photoelectron spectra of CF3I taken at

4
~35, 41, and 80 eV photon energies are shown i1n Figure

3.3.2—1.' The spectrum at 41 eV photon energy 1is very
similar 1n quality and resolution to that obtained earlier
with a He II source.l02 The spin-orbit éplit peaks
la?elfed as the 4e molecular orbital (MO) 1s mainly due to
the I Sp lone pair ‘electrons, while the peak labelled as
the 4aq MO 1s predominantly due to the C-I bonding
molecular orbital.102 As can be readily seen 1n these
th;eerspectra (Figure 3.3.2-1), a large change 1in the
relative lntEQ?kty of these two peaks 1s evident. At 21.2
eV photon energy, photélonxzatlon from the 4e MO 1s much ‘

more probable than from the 4a4 MO; but this decreases

rapidly thereafter until at 41 eV photon ene¥gy, it 1s less

98




\
Figure 3.3.2-1

Photqelectron spectra of the valence band of CF3I taken
with monochromatized synchrotron radiation at 35.15, 41,
and 80 eV photon energies. The molécu;ar orbital
assignment 1s given 1n the bottom plot. Some second order
contamination of the T 4d levels 1s present 1n the 35.15

and 41 eV photon energy spectra.
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probable relative to the 4a; MO. This relative décregse

~

continues to ~60 eV photon energy where the probability of
photoionizing an electron from-the 4e Ma increases rapidly
relative to tﬁat of the 4aj; MO, maximizing somewhere
between 80 and 90 eV photon energy. . At =100 eV photon
energy, photoionization from the 4e MO becbmee;less
propable than the 4a; MO once again.

This large. change 1n the relative intensity of the

spin-~orbit split peaks (4e MO) follows the I 4d cross

section rather closely. The I 4d5/; peak has a binding

energy of 57.8 + 0.3 eV and a spxn—orblt’splltgxﬁg of 1.70
+ 0.05 eV (Figure 3.3.2-2); and like the Xe 4d level in
Xe,25 the I 4d cross section 1ncreases to a maximum -
approximately 30-35 eV above threshold.%1,92,95,98 F,gure
3.3.2~-2 shows that at 81 eV photon energy, the I 4d cross
section in CF3I 1s about an order of magnitude larger than
the valénce band partial cross sections. Using the Xe ‘
analogy, the enhancé#ment of the I Sp lone -pairs (4e MO) 1n
CF31 above the I 4d threshold is due to 1nterchannel
gorrelatlon between the I 5p and 4d subshells (Figure
3.1.1-1(b)). A numbef of recent solid state studies have »

shown similar 1ntensity enhancements 1n the valence band on
scanning through a core level,14,103-106 pyt such
enhancements have only recently been characterized 1in the

gas phase.107,111 The above many-body effect should be a

generally i1important mechanism for enhancing valence band

1nte951t1es at known core level energies, when the cross




. > v
.

Figure 3.3.2—2.

t
-

-

Photoelectron spectrumlgf CF3I taken at 81 eV photon

energy . Note the valence band region atB~10-25 eV binding

energies, the weak F 2s peaks at ~40 eV binding energy, the
intense I 4d splé—orblt ﬁeaks at ~60 eV binding energy, and

the I N4 5VV Auger peaks 1n the same region.
. . B \/w
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section of the core level 1s large compared with valence

band cross sections. Aithough the limitations to this are

currentiy not known, this effect might be very useful for

molecular orbital assignments. For example, the photon

energy could be tuned to a known intense core level (e.g.

.(n - 1)d) to enhance ihe intensity of the valence molecular

orbital with the largest atomic hp character. Obviously

further experlmen;al work 1s required to determine exactly

how general i1ntershell correlation 1s. \\\
The enhancement of the I 5p lone pairs (4e MO) 1n A

CF3I has been made more quantitative by deteralnlng the

valence band branching ratios from 21 eV to 110 eV photén

energy. These measured branching ratios could not 5e

converted to partial cross sections, unfortunately, since

the total photoionization cross sgctlon hasknot been

measured in this energy range. In Figure 3.3.2-3 1s shown

the theoretical MS-Xa branching ratio and partial cross

section, and experimental branching ratio for the I 5p lone

pairs (4e MO) of CF3I. A complete analysis of the

remaining molecular orbitals of CF3I, and a comparison to

CF4 w1ll be pursued later on 1n Chapter 4. Details of the

theoretical MS-Xa calculations done on CF3I may also be

found 1n Chapter 4.

1
Turning to the theoretical partial cross section of
the 4e MO of CF31 (Figure 3.3.2-3), we find a simple
mocnotonic decrease 1n o, with no minimum. This behaviour

18 very similar to the MS-Xa results obtained by




~J

Figure 3.3.2-3

Experimental and theoretical MS-Xa (solid lines) results

- for the photoionization of the 4e orbital (predominantly I

5p lone pairs) of CF3I. The upper and bottom plots give

the o and branching ratio, respectively.
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Carlson et al.107 on the I 5p lone pairs of HI (1 Zﬁj,

/~ o
where o decreases monotonically from threshold to ~110 eV
photon energy and also shows no minimum. While the .
agreement for this partial cross section 1n HI 1is qu;te
good ‘between experiment and theory (MS-Xa) up until ~60 eV
photon energy,107 a broad maximum centered at ~81 eV photon
energy 1s observed 1nstead og the predicted monotonic
decrease. Likewlse, a broad maximum centered at ~84 eV
photon energy occurs 1n their partial cross section data
for the I 5p lone pairs of CH3I (1 2EJ.107 A similar broad
maximum centered ‘at ~90 eV photon energy can be found for
CF3I‘1n the 4e branching ratio.

For the asymmetry parametér B, -one finds that
although ihe agreement between experiment aTé theory 1s
generally good for the I 5p lone pairs 1in HI below ~60 eV
photen energy (~45 eV kinetic energy), above this very T
large discrepancies between the two occﬁr.107 An almost
1dentical asymﬁetry parameter has been. observed by these
authors faqr CH3I.107 In fact both of these B8 curves a}e
similar i: shape and magnitude to the Xe S5p asymmetry
?arameter,s’]—l although 1n Xe discrepancies between
SLngle—particle’Hartree—Slater calcyltations and experiment
occur abovg ~70 eV photon energy. It\:;xinterestlng to*
note that these discrepancies 1in o and B for the;e
compounds between experiment and single-particle
calculations, occur just above their respective 4d

thresholds for I or Xe. These discrepancies are also

[V 4
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virtually coincident with tpelr Cooper minima (HI,

CH3I:~45 eV; Xe:~53 ev).107-109 These deviations do not

arise explici1tly however, because of these Cooper mléxma.

Single-particle MS-Xa calculations have given, for example,

good agreement both above and below the Cooper minima 1n
. HCl and HBr.110 since the discrepancies occur 1n the

region of 4d electroé excitation, this points 1nstead to

L 4
intershell electron correlations between the I 5p and 1 4d

subshells being important in these molecules,1l? as i1n the

atomic Xe case. Above the Xe 4d threshold, thecretical
agreement with experiment for the Xe 5p asymmet;y parameter
was only obtainedll with the many-~body RRPA calculations of
Johnson et al.,8:16 which included correlations between the
- ¢ Sp, 5s and 4d széhells. The maximum obse;véd in the 4e
\EfanchlngAfatlo of -CF3I at ~90 eV photon energy is
furthermore 1in goéd agreemenE with the I 4d croés section
maxima measured for I3 (~93 eV photon energy)?8 and CH3I
(~85 eV photon gnergy).91 ' -
The I 4d spin-orbit branching ratio (BR) was
determined for CF3I from 66 eV to 110 eV photon energy, as
Y shown in Figure 3.3.2-4. A typical computer-fitted
spectrum of the I 4d level of LCF31 at 78 eV photon energ;
can be found in Figure 3.3.2-5. The 4dg/2:4d3,/2 BR drops
quickly from ~2.1 at 66 eV photon enefgy to values clearly

less than the statistical value of 1.5 above 72 eV photon

energy. At photon energies =90 eV, the BR appears to be

very slley dropping, with values close to ~1.33. A




Figure 3.3.2-4 *

I 4ds5/2:4d3 /2 branching ratio (BR) as a function of photon
energy, from 66 to 110 eV. The solid line 1s a visual f1it

to the experimental data.




110

Q0
.(_\-J‘
- I &g of CFyl -
s | \ . |
N
R 1
OMR' .
(9] '_-"— -
el
OB I~ .
~ + : statistical ratio -
w

25

<€

Il L. 1 1 1 1 1 1 1 A A
60 70 80 90 100 110
. PHOTON ENERGY (eV) - °
.




Figure 3.3.2-5 &

I 4d photoelectron spectrum of CF3I taken at 78 eV photon
energy, with a band pass of ~1.7 A and 50 eV electron

analyzer pass energy (0.4 eV electron resolution).

v
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.

shallow mlnlmum\occurs at ~76 eV photon energy (ﬁiS’eV.
kinetlé‘energy)- Lindle et al.’l found that the I 4d
spin-orbit BR in CH3I dropped monotonically above threshold
to the statistical value, although these conclusions seemed
to have been drawn from three roughly statistical values
between 73 and 105 eV photon energy. The general shape 1in
Figure 3.3.2-4 1s very similar to that found for the Xe 4d
spin-orbit BR (Figure 3.3.1-5), except thét the I 4d BR
minimum s more shallow than for Xe and occurs at ~2 eV
higher kinetic energy. Above 90 eV photon energy, the I
and Xe 4d BR's are very similar in both beha;lour and

magnitude.
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CHAPTER 4

VALENCE BAND BRANCHING RATIOS AND SHAPE RESONANCES
OF CF4, S1F4, AND CF3I

4.1.1 Introduction

Remarkable progress has occurred 1n the last decade
in cﬁaracter121ng various aspects of atomic and molecular'
bho£01onlzatxon dynamics. This has resulted from a s%rong
interplay between experlmeﬁta}Lsts and’ theorists. The
development of synchrotrons has given experimentalists
access to a tuneable l;ght source of large photon flux and
allowed them to pfssggboth valence and core levels, 1n a
¢ontinuous fashion over large ranges 1n photon energy.
These dgvelopments have allowed experimentalists to readily
check theoretical predictions pertaining to the dynamics of
photoionization. The excellent reviews by Dehmer} and
Langhoffz,summarize the experimental and theoretical
progress made recently 1in this field. *

One very 1important research area has®been the
measurement of branching ratios, partial cross sectlonsA(o)
and asymmetry parameters (8) as a function of photon energy
for atomic and molecular systems Ln"the‘gas phase. A large
nﬁmber of these systems have exhibited shape reéonant

features 1n these observables.} ShapQ}resonances arise
.

from quasibound states 1in which the photoelectron 1s

123



temporarily trapped by a poténtlal-barrler. The basic
shape resonancé mechanism is shown schematically 1n Flg;re
4.1.1-1. The electron 1s trapped at a bartlcular resonance
energy (Ey) by the potential barrier for a certain
lifetime, before 1t may tunnel through and escaée. The
name "shape resonanpe" means that the resonance behavior 1is
due to the "shape" of the potential. The presence of the

N
potential barrier yields a double-well potential which

tends to separate the wavefuqctlon into i1nner- and ¢
outer-well wavefunctions. Shape resonances are inatially
localized 1n the inner well, being eigenfunctions of the
potential well inside the barrier. Since shape resonances
are localized 1n the i1nner well, they.are essentially
uncoupled from the outer well states and the external
surroundings of the molecule. Due to this localized -

behavior, shape resonant behavior 1s not quenched i1n going

from the gas phase to the solid state.

” -

One of the earliest and most dramatic examples of
molecular shape reson;;ces was discovered 1n the
photoabsorption spectra of the sulfur K- and L-shells of
sulfur hexafluoride (Sl’-‘g).:‘)'8 The four shape resonances
present in these spectra (of algs tiu- tzg, and‘eg
symmetry) are very striking examples of how dramatically a
potential barrier 1in the molecular pote;tial can perturb
the photoionization cross section. If one compares the

sulfur L) 3 edge of SFg to that of H2S, one notices that

they exhibit quite different behavior both below and above

e




Figure 4.1.1-1

LS

Schematic diagram of a double-well potential ar151né from
’ an attractive Goulombic potential (~-1/r) and repu151€e

centrifugal tb;m (~i(1+l)/r2).‘ A quaglbound state above

vacuum level(jsff = d) isvshown inﬁthe inner well region

-

trapped by the potential barrier.
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the edge.l. The H2S spectrum can be considered as a normal
reference spectrum, since 1t has been shown that hydrogen
atoms generally do nut give Yise to shape resonanée
effects. The sulfur L3, 3 otoabsorption spectrum of H3S
.di1splays a valence transition to a bound state, followed by
transitions to Rydberg states which merge i1nto a smooth and
structureless continuum above the S 2p 1onization
,potential. In SFg the sﬁlfur 2p photoabsorption spectrum
displays three intense and broad peaks. Whereas the first
band lies below the S 2p 1ionization threshold, the other
two bands actually iie well above. 1In addition, the
Rydberg structure and continuum absorption spectrum is
greatly reduced 1n strength about these three bands.
'.Dehmer4 interpreted this unusual oscillator strength
redistribution as arising from a molecular potential
barrier 1n SFg. Thesé three bands have been assigned as
arising from shape resonances ig the final continuum states
of ajg, tag, and\e8 symmetry. An add?ticnal shape
: resonance in the final state of t4,, symmetry occurs in the

sulfur 1s photoabsorption spectrum of SF6.6’7 Virtually
identical shape-resonance features 1n photoabsorption and
partial photoionization cross section results have been
obtained in the gas phase and solid state,qu'illustrating
that shape resonances appear to be strongly ;ocallzed 1n
the i1nner-well region of the molecule. The more current

review by Dehmer et al.10 summarizes very concilsely the
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"central role SFg has played 1n the elucidation of
shape-res;nance effects 1n molecules.

The most dramatic shape resonance effects were
initially discovered in molecules like SFg, BF3, and S1F4,
containing highly electronegative ligands.4 At this point
in time (~1972) 1t was not yet known what caused the
poéential barrier. Dehmer% suggested, however, that these
potential barriers were due to electron repulsion in the

-

vicinity of the‘electronegative atoms 1n the molecule. .
Three types of repulsive 1nteractions with the >
photoelectron were 1dentified by Dehmer : 4 (1) di;ect

Coulomb i1nteraction between the ph;toeleétron ana the
electronegative atoms, (2) exchange interaction amongst

these same electrons, and (3) forces arising from the
requirement that thg'flnal state wavefunction be orlhogonal

to all occupie% orbitals.1l Lateg on, Dehmer and D11112

were able to show that centrlfHéal forces were primarily
responsible for the ;nteqée shape resonances 1n the flfst

ro@ diatomics N3, CO, and NO. Since then, all.
well-documented cases of shape resonances in molecular
photoionization have been found to arise from potential
barriers where ;entrifugal forces play a fundamental role.

It has been found that centrlfuga; forces are primarily
responsible for the strong shape resonanc;; present 1in

SFg 13

The concept of a potential barrier 1s fundamental

in understanding shape resonant phenomena. The barrier



S

arises from the superposition of an attractive Coulombic
potential (~-1/r) and a repulsive centrifugal barrier
(~l(l+1)/r2). For an angular momentum t » 1, the effective

potential Vefrsf (Figure 4.1.1-1) 18 given by,

Veff = VCoulombic(T) + t(2+1)/r? . (4.1.1-1)

Probably the most well-known and documented case which -
1llustrates this centrifugal barrier contribution, occurs
in the K-shell photoionization cross section of Np. ‘Dehmer
and D11112 were able to show with multiple-scattering Xa
~(MS-Xa) cross sect;on calculations ?ner,hthat’the

i
nonhydrogenic behavior observed experimentallyl4’15 ~9 eV

r
above the ionization threshold was due to a shape resdnance
in the o, channel. Furthermore, their calculations showed

that this was caused by a centrlfugél barrier acting

{w
<

specifically on the t = 3 angular momentum component of the

&y continuum wavefunctlon.. Although photoionization from
the nitrogen K shell initially produces é p-wave
photoelectron (2 = 1) via a 1s > €p transition, the
anisotropic molecular potent®al in N) scatters this
outgoing wave 1ntola range of angular momentum states for
the allowed o- and w-channels (Ax = 0, £ 1). Their
calculations show that at resonance (E = E,, ~11 eV kinetic
energy) the & = 3 angular momentum of the o, final state

wavefunction can overcome 1ts centrifugal barrier, which

allows it to penetrate strongly 1into the inner-well




region. At E = Ey the inner well of N can support a
quasibound state, resulting in strong overlap with the
initial states which also reside there. As a result of the
barrier penetraélon over a narrow band of energies about
Er, a rapid increase in the eigenphase sum by ~7 radians
occurs.16 B '

In order to gain a deeper understanding of shape -
resonances and the dynamics of photoionization 1in

v

polyatomic molecules, the valence band branshing ratios or

partial cross sections of CF4, S}F4, CF3I, and XeF) were
measured i1n the gas phase using monochromatized synchrotron
radiation. These polyatomic molecules were studied as a
function of photon energy from ~21 eV to ~100 eV.
Discussion ’pf the XeF) results will be presented later on
in Chapter 5. The results obtained for the cage-like CFg4,
SiF4, and CF3I are discussed 1in this chapter, and compared

v

with our ‘theoretical MS-Xa results.

[

4.1.2 Molecular Cross Section Studies }

Over the lAst two decades, many approxihate
theqretical methods have been developed to calculate atomic
photoionization cross sections.17,18 Tne agreement for
atoms between théory and experiment 1s generally
quantitative. In/recént years theoreticians have gone

/ -
beyond central field Hartree-Slater (HS) and Hartree-Fock

(HF) calculations,19-26 jn an attempt to 1nclude

electron—electron correlation effects. This has been
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accomplished using configuration %Interaction (CI) 1n the
initial state and final unbound continuum stgtes,27'2é
R-matrix theory,30 many-body perturbation theory
(MBPT),31,32 and the random phase approximation.33,34
However, our understag§1ng of photoionization \n molecular
systems 1s less satisfactory, since aﬁ equivalent-
theoretical treatment does ﬁ&t(exxst. The major difficulty
1n the molecular case 1s the computation of ac;uégte
continuum wavefunctions for an electron 1n the field of a
molecular 1on, and treatment of the multl-center potential.
Theoretical tréatmenté of molecular photqlénizatlon
usually disregard nuclear motion to a first appraxXimation,
assuming that the nucle: ;re fixed 1nstead at Ess}r
equllibrium positions. In addition to this, effects due to
relativity, electron spin, electron correlation, and
relaxation are generally ;énored due to their addftlonal
coéplexity. Initially, the majority of the theoreticél
work approximated the final state (<fl) with a plane wave

]

of the form,35_38

- _a

fi o= etk (4.1.2-1)
\

-
where k is the wave vector of the photoelectron. The

plane-wave approximation basically ignores the 1nfluence of
the molecular potential acting on the photoelectron, and 1s
therefore 1ndependent of the molecular system. Tﬁe most

complete plane-wave (PW) and orthogonalized plane-wave
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(OPW) calculations have .been performed by Rabalais and
coworkers335-37 and Thiel et ai.,39'41 both of whom used
Slater-type orbitals to represent the 1initial state. If
one co;npares42 the results of Rabalais et al.3’ for the 3og
level of Ny with ths experimental data, 1t 1s found that
the plane wave gives very poor agreement for photon
energles less than ~40 eV. The poor agreement here implies
that the influence of the molecular potential on the
ejected electron éannot si1mply be 1gnored at low kinetic
energiles. In an attempt to correct some of these problems,
methods using ;ne—center Coulomb potentials or one—centér
pseudopotentials have been developed.43 The review by
Thiel%43 discusses some of the various one-center botentlals
that have been used.

In contrast to these one-center potentials of tota;
neglect of the potential, the multlple—scétterlng model44
uses a multi-center potential of the muffin-tin variety.
The molecular.potential formed from this yields an accurate
representation of the potential singularities at the
nucle1, and shows the correct asymptotic behavior.
Moreover, this 1s done without the i1ntroduction of
time-consuming and costly multicenter 1mtegrals. The
multiple-scattering technique Wgs first applied to
calculate bound-state molecular eigenvalues by Johnson and
Smith.45752 The multiple-scattering method was extended to
treat continuum electronic states of molecules by Di1Il and

Dehmer,%% who applied it to calculate core level cross
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sections of Np. The method has since been extended to more
complex systems (e.g. COp, BF3, SFg, CF4) by
Davenport,33s54 Thiel et al.,%3,55 wallace et al.,10,13
Grimm et al.,56-61 gustafsson et al.,62764 and

others.8,65-69 1n general, photoionization cross-sections

and asymmetry parameters calculated using the\multiple-
scattering technique compare well with experiment, and are
cléarly superior to those obtained usiqg plane w
Coulomb waves, or one-center pseudopotential functions.43
The method has also been able to gualitatively reproduce
shape resonance structure in molecul?s such as SP6,8v53’64
BF3,65 CF4,61 ccl4,37 siF, 68 and s{614.127

In thelmultiple—scatterlng model, the molecular \
space is partitioned i1nto three different regions of
potential energy, as shown in Figure 4.1.2-1. Since the
details of this model have been discussed prév10usly\at
length,13,44,53 only a brief outline will be sketched
here. In this scheme, each nuclei is surrounded by a
spherical region of radius sufficiently large to include
all atomic electron density. If the jth atomic region 1is
denoted by Iy, then region I is merely the summation of
these I3 (i.e. region I 1ncludes allﬁof these atomic
spheres). The atomic spheres can be ?ither placed
tangential to one another as shown, or;overlapped
sllgﬁtly. Although the reasons are not fully understbod,

overlapping spheres generally leads to i1mprovement 1in the

>
pound state calculations.’C 1Inside each of the atomic



Figure 4.1.2-1

Muffin-tin partitioning of the molecular potential for a
L4 )
heteronuclear diatomic molecule.
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“regions Iy the potential 1s assumed to be spherically
symmetrical, and approximated by the sum of the central
model potential for the atom at site j and the spherically
av}raged contribution of ail the other ataemic sphere
poffntlals to the jth 51Ee. Region II 1s usually referred

\ to as the 1ntersphere or interatomic region, and consists

of the region between the atomic spheres (Region I) and the

‘outersphere enclosing the entire molecule. The potential
in region 11 1s approximated by volume averaging the
potentials 1n regions I'and III tq~a constant. Since this
approx}mathn 1s admittedly rather crude, one generally
attempts to minimize theé volume in region II as much as
possible. Scherz’?l has been éble to show how this
assumption may be relaxed soé;what in this region, 1n favor
of a more general central potential. The outersphere or
extramolecular region III 1s simply the region outside of
.the sphere which encloses the entire molecule. The
spherically symmetric potehtial in region III 18 obtained
by taking the sum of the monopole terms of the atomic

sphere potehtlals (Region#I), expanded about the origin of

the outersphere.

Partliioning the molecule 1nto different regions
allows us to c;nstruct spherically symmetrical potentials
in reéions I and III. In each of these spherical regions,
the Schrodinger equatxbn is separable into radial and

angular parts. As a result of this, the wavefunctron of o

the molecule 1in. these regions can be expanded in a rapidly




convergent series 1involving the product of the radial and
angular parts.13'44 The total electronic wavefunction 1in
the multiple-scattering model is of the form, 44

- R

Y= (C¥, ) + ¥, +¥
3 73

III (4.1.2-2)

Each of the terms 1in eqpqtion 4.1.2-2 is the solution to
thé corresponding poteétlal in the region in question, with
the proviso that these solutions must satisfy the boundary
conditions for that region. The boundary conditions
require that the wavefunction and its first derivative be
continuous at the sphere boundaries. ‘

The actual molecular potential 1is determlned'ln a
self-consistent-field (SCF) manner. Using an initial
estimate for the molecular potential, the one-electron
Schrodinger equat:ions (equation 4.1.2-3) are solved 1in each
region.13,46,72,73 wnen these solutions are matched at the
sphere boundaries, é set of spin-orbitals uj and associated

eigenvalues €¢j are obtained. The one-electron Schrodinger

equation (in Rydberg energy units),

‘ T

[-912 + VN(1) + V(1) + Vxa(1)Jluy(1) = €juj(l) , (4.1.2-3)

where Vyxq(1l) = -6al(3/8m)p(1)11/3 , ‘(4.1.2-4)

must be solved in regions I, II, and III. Here -v;2 is the

kinetic energy (in:RydbergS). VN(1) is the attractive
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\ \\ nuclear-electron potential energy at position 1, V(1) 1s
the repulsive Coulomb contribution at positlon~1 arising
from all electrons, Vyg(l) 1s the Xa statistical N
approximation developed by Slater46,48,72 to the ﬂ;j
exchange-correlation potential, p(1) is the charge density

at position 1 (p(1) = £njuj uj; n, = occupation number of
i )

spin orbital uj), and a 1s the variable scaling parameter.
Since the photoelectron experiences a Coulombic poteﬁtlal
) )

» .
at long range as a result of the remaining molecdular ion, a

Latter tail’4 is applied in photoionization applications to

the potential in Region III, to ensure that the potential

1s indeed Coulombic as r » . The spin-orbitals obtained

are then used to calculate ;he charge den51£y p, from which

a radial potentiél incorporating the Qgclear and Coulomb

potential contributions can be calcul;led for each

"sphericak region. Adding the exchanger~correlation

' : { potential Vyxs to this and carrying out the averaging

- required by the muffin-tin potential, yields a new

molecular potential. This procedure is then repeated to a
certaln tolerance, yielding a self—consistent-}ield or SCF
molecular potential.

The general form of the differential photoionization

cross section ig:%3

’

I<E1A-plid12 ag2, ( (4.1.2-5)

Q-IQ..
Jla

ak
7 W

i
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where a 1s the fine structure constant, ag 1s the Bohr

radius, k 15 the magnltude‘of the wave wector of the

~

photoelectron, A 1s a unit polarization vector of the

incident photon team of energy hw, and 3 1s the linear

momentum operator. Equation 4.1.2-5 can be rewraitten using

the commutat:ion relation [H;;] 1ﬁ3v, yielding

—
1 ICEIA-wVILY 12 ag?, (4.1.2-6)
(€f—€1)2

Q-IQ
21Q

dIR
€ix

where €i{ and e€f are.the energy eigenvalues of the 1initial

and final states. The dipole acceleration form is

convenient €or use with a muffin-tin potential, since the \ GO
dipole matrix element'ln the intersphere region (constant
potential region) reduces to evaluation of "surface terms”
at the sphere boundaries, 13 since-;V ='0 there. The
problem of calculating phoE01on1zat1on cross sections
involves defining the final state con£1nuum wavefunctlon
properly, and evaluating ¢gquation 4.1.2-6. The appropriate
form of the continuum wavzgunctlon and a discussion of the
details of how the dipole matrix elements are evaluated in

the multiple-scattering method have been discussed 1n

detail by Wallace,13 D111 and Dehmer,44 and Davenport.>3

4.2.1 Experimental

High purity CF4, and SiF, (99.7%—9%.99%5 were
obtained 6ommercia}iy from Matheson. Trifluoroiodomethane ~

1

(CF3I) was purchased from PCR Research Chemicals Inc., and

e
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like the other two gases wasuused without further
purification. Gas phase photoelectron spectra of CFyg,
'SiF4, and CF3I were obtained uging photons from the
Canadian Synchrotron Radiation Facility (CSRF) at the
Tantaius I storage ring, with a Leybold-Heraeus LHS-11
photoelectron spectrométeg mounted at the magic
angle.’5,76 In this geometry, the photoelectron
intensities are independent of # and the polarization of
the incideﬁt radiation.’’ A 600 lines/mm holographic
grating from JY Inc. was used in our Mark IV Grasshopper
monochromator, limiting our minimum photon energy to 21
eV. The Canadian beamline (CSRF), experimental
arrangement, and data acqﬁisition have been described
elsewhere in the literature’5:76 and in Chapter 2 of this
thesis. Spectra of the valence regions of CF4 and ;1F4
were recorded at 1.7 A monochromator band width, and 50 eV
electron analyzer pass,énergy {0.4 eV electron resolution)
-from 21 to 100 eV photon energy. Valence band spectra of
CF3I‘were collected at identical rqgolutlon; but from 21 to
110 eV photon enérgy. Representati;e spectra for both CFg4
and SiF, are shown in Figures 4.2.1-1,2 at 32, 45 and 60 eV
photon energies:—while'thoée for CF3I are shown in Figure
3.3.2—? at ~35, 41, and 80 eV photon energies. As
discussed in section 3.2.1, the transmission function of

our electron spectrometer has been found to be constant to

within 20% for kinetic energies between 2-60 ev,’6,78




I

Figure 4.2.1-1

Photoelectron spectra of CF4 at 32 eV, 45 eV, and 60 eV
photon energies. The molecular orbital assignment is given

in the bottom plot.

F
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Figure 4.2.1-2

Photoelectron spectra of SiF4 at 32 eV, 45 eV, and 60 ‘eV

photon energies. The molecular orbital assigﬁment is.glvén

in the bottom plot.




144

T T T L T
21.9% 21.1% 2% 19.56 19-7% 17.9% 17158 16.38 15.58

/ er. 317 ;rZO l’-“l ll-r“ 17:0 17.00 15~Y2° K'Sj-r‘ﬂ
A 1
il Stz |
‘§{hvm=32 v 0 ‘
1 1t, . ‘l
o3 LI f
g!w :
s
£
iq
sa,
!-4
! A

Al

I T T T T T T T
21 % 21315 -30.3  (3.88 1078 17 %  171% 163 1585 e
BINDING ENERGY / oV -




. 145

’

x %

enabling us to obtain branching ratios without Lntensity
corrections.

" All of the photpelectron spectra were
computer—-fitted with a Voigt function simulated by a linear
lcombinatlon of Lorentzian-Gaussian line shapes, using an
iterative procedure described previously.79 Valence band
branching ratios were deterhined for the%F three systems
over the entire phokon energy range that photoelectron
spectra were collected, using the peak areas (Aj) and the '

branching ratio definition (BRj = A,/TAj valence). For
SiF4, the second and third peaks (5t; and le, respectively,
Figure 4.2.1-2) are only separated by 0.5 eV. Above ~50 eV
photonuenergy, these two peaks are no longer adequately
resolved (due to the increasing photon width contribution
from the monochromator), so that onl& their total area can
be accurately determined. Due to similar peak over%ap
problems in CF3I, branching ratios represeéting |
contrib;::;;;\}(om.two molecular orbitals cogld only be
determined sometimes (e.g. 2aj + 1le and 3e + 1lap). In all'
. three cases, the weak and broad F 2s orbitals were
neglected in the branching ratio deterﬁlnation. Even at 70
eV photon energy, neglect of the F 2s leads to an error in
the branching ratio of less than ~11%. Unfortunately,
total photoionization cross sections are not known for SiFy4
and CF3I 1n this photon energy range, so the measured

branchlng\ratlos could not be converted to partial cross

sections. However, the total photoionization cross
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sections of Lee et al.80 for CF4 and Carlson et al.61
enabled us to convert the CF4 branching ratios to partial

-

cross sections. '

-

4_3.1 Theory
Theorétlcal partial éross sectlongrwere oBtalned
for the valence molecular orbitals of CFg4, SiF4; and CE3R1I
és a function of photon'energy, using the MS-Xa cross |
section program of Davenport.44:53,54 The merit of this

“ method in predicting both @ and 8 value trends has been

established in several recent studies.10,57,61,64,65 The

parameters employed in the calculation are shown in Table
‘.4.3.1—1. The atomlé'exchange parameters ayrF were taken or
interpolated from Schwarz.8l a weighted average of the
a{omic exchange paraﬁetefs base? on the number of valence
'electrons was used for the outersphere and intersphere
regions. Touching spheres were used for the CF4 and SiFg4
Lgiculatlons, with C-F and Si-F bond lengths of 1.323 A and
® 1.552 A, respectlvely.az'83 Due to convergence problems 1in
the SCF procedure for the ground state of CF3I (touching
N spheres case), 1t was found necessary to enlarge the iodine
sphere by ~17.7% to présumablx en9194e the electron density
about it properly. As a result of thls,vthe carbon and
iodlné épheres overlap 1n CF3I. For,CF3I, C-F and C-I bond
lengths of 1.3285 A and 2.1438 A were used .84 Energy mesh
sizes of 0.7, 1:1, and 1.4 eV were used in the calculations

- !
v for CF4, SiF4, and CF3I, respectively.
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The photoionization cross section and asymmetry
parameter were calculated with the converged ground state
SCF potegntial, modlfl?d with a Latter tam35 to correct for
large r behavior. In order to define the final state
properly, the spherlcél harmonics were extended to higher
azimuthal £ gquantum numbers 1n the outersphere region, 1n
particular. The choice of maximum R values shown 1n Table
4.3.1-1 should provide convergence to better than a few
percent. Previous studies have shown that the numeraical
results are sensitive to the completeness of the partial
wave expansion of the continuum state.66,85 Although the
coordinates shown in Table 4.3.1-1 reflect the point group
symmetry of the molecules CF4, SiF4, and CF3I (naﬁély T4

’

T4, and C3y, respectively), the calculations were carried

‘out for simplicity assuming only Czy, Cly, and Cg symmetry,

respectively. All symmetry-allowed photoionization

-
processes based on the dipolar seleqtion rule were 1ncludedqt
in the calculationn. The computer program of Davenport was
modified by J.S5. Tse to operate on the IBM 3081 computer at

the computation center of the National Research Council of .

Canada.

4.4. Results and Discussion
4.4.1 Preamble
Ther® have been a number of recent gas phase

photoelectron studies of valeﬁbe bands of polyatom)c

molecules using synchrotron radiation as the photon




s

L

source.10,57,61,64,65,86-88 1n these papers, valence baﬁd
éross sections (0) and/or angular distribution parameters.
(8) have been studied as a function of photon energy from
threshold to élbO eV and usually compared with thecretical
MS-Xa calculations. Shape resonancé;,have been a major
focus of many of these studies. Although these shape
resonances can be a powerful aid in confirming the order of
valénce levels,10,64,65,68 the understanding of the
positions and intensities of these resonances 1s still very
incomplete (see, e.g., a discussion- of SFg results65).
.Uslng monochromatized gyncniotron fadlatlon,Owe have
recently obtained the gas phase valence band bhoﬁoelectron
spéctra of a number of inorganic and organic
molecules.68,69,88 ~In this section, we report our detailed
experlmeﬁtal'and theoretical studies for SiF4 and CF3I.
These results are cbmpared andvcontrasted with those for
the analog CF4.51

SiF4 1s an exqellenF molecule for such %)synchrotron
study, for several reasons. First, we would expect intehse
shape resonances on the photoelectron valence peaks Egcause
intense shape resonances have been confifmed above the S1
2p edge 1n the absorption spectrum of SiF4§9“91 ;nd other
31licon compounds.4’92 fhere is sti1ll d;sagreément on the
theoretical interpretation of the photoabsorpiion'resénance
features,4»93-95 ynich should make the expectedly more

complex valence band resonance fe.:-ltur,esf’sr91 of

considerable theoretical 1nterest. The most recent
*




aséignmgnt identifies the two resonant features at ~5 and
~22 eV above threshold?4:95 to mostlf 2p » e(d) and 2p »
t2(d) channels respectively, as initially suggested by .
Dehmer .4 fhese latest calculations, however, give fewer
resonance features than 1in a pnev1ous theoretical study.9;
Furthermore, they fail to explain the A' shoulder 1n the S1
2p photoabsorption spectrum which was 1nitially assigned to
'a 2p » aj channel.®3 our second objective was to provide
an unambiguous assignment of the,valénce band spectrum.
The assignmeﬁt of the five valence band peak396r97 of S1Fg4
have been widely debated,?8 but more.recent
experimental99-101 and theoretical results strongly favor
the orbital assignment:96 1t; ¢ 5t% ¢ 1le ¢ 4ty < Sa;, 1n
' order of rncreasing binding energy..- Pinally, a comparative
ek&dy of the o and 8 for S:1F, and the close ahalog CFg4,
should lead té a better understanding of‘the physical
nature o the resonance features.
In \addition to SiF4, trifluoroiodomethane (CF31) was
deemed to bé a good candxda;e for study by synchrotron
r;dzatxon: pnly'veryxreéently waé the He I and He II
photf.oelec'tronl spéctra of this cdmpound measured .py Cvitas
et al.102 Ths study found that the. intensity of the
1odine lone pair (4e) decreased, while the relative

_A;htensxty of the fluorine lone pairs (3e + lay) féiatxve to
the CQI bonglng molecular orbital (4aj) 1ncreased 1n going
from He I to ye IT radiation. To the best of our

' knowledge, this particular molecule has not been studied

\
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using synchrotron radiation. However, related electron
impact or synchrotron studies have been carried out on the
C 1s, I 4d, and I 4p core levels in CH3I.103,104 Recently,
carlson et al.87 measured the partial cross sectlon; and
angular dlstrlbuflon factors for 1onization from the first
three valence bands of CH3I (forming the 1 2g, 1 2a, and 2
2E states), discussing their behavior in terms of the
Cooper minimum. Unfqrthnately, theoretical calculations
for CH3I were not presented 1n this study. It 1s hoped
that a comparative study of the partial cross section and
branching ratio béhav1or for the valence band of CF3I with
the close analog CF4, wi1ll lead to a better understanding
of how ligand substitution (i1.e. 1odine for fluorine) and

the resulting lowering of symmetry, affects the

_photolonization dynamics.

4.4.2 CFy

Shortly after completion of';ur experlmenta} work,
experxmental61 and theoreticall0S 5 and 8 were published
for CF4 by Carlson.G} Our theoretical o results are 1in
quantitative agreement with those of Stephens et al.105
However, our‘ﬁ‘values tend to be shifted significantly to
lowér values. The differences 1n theoretical 8 values are
probably due to the largér t values used 1n our
calculation. It 18 well known that the asymmetry parameter

~

‘ "
B8 18 much more sensitive than o to the completeness of the

partral wave expansion of the final state.13

"}‘ R
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It seems appropriate first to compare these *
experimental and theoretlcal o and 8 values for CF4. Our
theoreéical o, branching ratio, and B values fgr the 1tj,
4t,5 1e, 3ty, and 4aj molecular orbitals of CF4 are shown
in Plgurés 4.4.2-(1-5). Thege can be compared directly
with those of Carlson et al.6l For tﬁe 1tq orbaital ) "N
(majority F 2p lone pair), our theoretical and experimental
o values agree quantitatively with those given by Carls;ﬁ
(Table 4.4.2-1). Our theoret;cal B8 results, although 1in
good qualitative agreement with the previous trend in g,105
are ;hlfted to lower values, e.g. by ~0.7 at a photon
energy of 20 eV, to ~0.2 at 40 eV photon energy. Our
theoretical 8 values are in considerably better agrgement

with experiment.61 Similar trends are found for the 4t)

molecular orbital (majority F 2p lone pair).. The

' theoretical and experimental o values are once again 1n

quantitative agreement :izg‘the published results®l (Taslé
4.4.2-1). Our theoretical B‘values are again slightly
lower than Stephens et al.,105 giving slightly worse )
agreement with the experimental Qaiues up to, ~30 eV photon
energy, but slightly better agreemgﬁt above 30 ev.

It 1s 1pterest1ng to note that the theoretical gnd
observed branching ratios are in much betger agreement
generally than are the theoretical and observed partial
cross sectiond (Figures 4.4.2-(1,5)). Thls 1s due to the

poor agreement between theoretical and ﬁgserved total cross

sections. For éxample, at 30 eV photon energy, the total



Figure 4.4.2-1

Experimental and theoretical MS—Xa (solla lines) results on
the photoionization of the 1ti orbital of CF4. The upper
plot gives the theoretical and experimental partial cross
section in Mb, using the total cross section given by
Carlson (Ref. 61). The lower energy scale 1s in tﬁ:ms of
photon energy,‘while the upper scale giveé the
photoelectron kinetic energy. For ? direct comparison of
dur o values with those of Carison (Ref. 61), see Table
4.4.2-1. The middle plot gives the theoretical and
experimental branching ratios, while the bottom plot gives

the theoretica} B values.
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Figure 4.4.2-2

Experimental and theoretical MS-Xa (solid lines) results on

the photoionization of the. 4t orbital of CF4. For a

direct comparison of our o Jalues with those of Carlson
(Ref. 61), see Table 4.4.2-1. The upper, middle, and
bottom plots give the o, branching ratio, and 8 values, AN

* ’

respectively.
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Figure 4.4.2-3

@xperlmental and theoretical MS-Xa (solid lines) results on

the photoionization of the 1g orbital of CF4. The upper,

middle, and bottom plots give the o, branching ratio, and 8

values, respectively.
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’

Figure 4.4.2-4 ¥ )

Experimental and theoretical MS-Xa (solid lines) results on
the photoionization of the 3ty orbital of CF4.. The upper,
middle, and bottom plots give the o, branching ratio, and 8

values, respectlvelyﬁ ‘ ‘
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Figure 4.4.2-5

Experimental and theoretical MS-Xa (solid lines) results on
the photoionization of the 4aj orbital of CF4. The dpper,
middle, and bottom plots give the o, branching ratio, and A~
values, respectively.
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Table 4.4.2-1. g
Exgerllmental Partial Cross Sections for the
1t and 4t) Molecular Orbitals of CFy4
( .
1tq g 4t
" hv(eV) This worka) Ref. 61 This work3d) Rgf.»él:
21.2 13.8+0.8 14.0%1.4 21.21.2 22.042.2
22 16.2+0.8 16.7+1.7 20.0%1.0 19.5%2.0
23 _ 18.7:0.7 18.6%1.9 16.940-6 17.8+1.8
24 120.10.8 19.6%2.0 « 15.10.6 14.7%1.5 ;
25 21.740.8 O 19.5£2.0 12.3:0.6  11.8%1.2
26 A 22.6+0.8 21.0%2.1  12.3:0.5 11.6%1.2
28 " 23.940.8 22.0%2.2 10.940.5 10.3%1.0
30 25.8%0.7 24.242 .4 10.5:0.4 11.021.1
32 25.2+0.8 23 4323 11.10.5 11.4$1.1 ) -
34 19.840.7 18.8%1.9 11.240.5 12.0%1.2 p
36 15.2£o.§ , 14.442.2 10.7+0.4 10.9£1.5 -
38 . 12.920.6 11.9:+1.8 9.5%0.5 10.1%1.5 ‘
40 12.240.5° 11.3%1.7 . 9.910.5 10.2+1.5"
45 9.6+0.4- L, 9.9%1.5 " 9.210.4 , 9f1:1.@ v
. 50 7.50.3 S 7.6%1.1 . 7:120.3 7.2¢1.1 N
55 6.5¢0.3  6.8%1.0 ' 6.5%0.3. g 6.5£1.0
60 . . 4.8:0.2 4.820.7 4.8$0.2 ' 5.120.8
. 65 4 420.2 4.3%0.6 4.3}0.2 ' 4.320.6
BRI 4.0%0.2 4.23D.8 3.8¢0.2 4.0£0.8
': a,)ﬂ Using thé total cross sections determined u{Ref. 61 ¢
- , s
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¢ th;oretxcal crbss section* (31.0 Mb) 18 much lower than the
exéerxmental value 249.0‘Mb).6¥ and thus the theoretical
1t1~partxd) cross section 18 ~37% smallér than- the
experimental value. '

-~ " For the‘three remaining molecular orbitals of le
(majority F 2p lone pair), 3ty (bonding), and 4a;
(bonding), our theoretical and experxmentai cross sections
are 1n quantitative agreement with thosé published
°prevxously:6fr105 While our calculated 8 values are

'y s .
somewhat lower than Stephens et al.105 for the le orbital,

o quantitative agrée%ent'was found for Ehe étz and é4aj;
bonding orbitals. it 1s interesting to note that
theoretical 8 values gor>the “3) érbxtal are only 1in .
qualitative agreemenththh experiment. The calculated 8 A

" values-are still much larger Ehan the experimental values,

’ by at least 0.5 units. A further discrepancy of ~5 eV

¢ occurs between the theoretical and experimental 8 value

minima positions.

~ ~

a

As reported by Carlson,®l the MS-Xa method Jppears
\’4 *

to- give reasonable predictions regarding the'gverall

3
£

behaviour of cross sections and 4. The agneement for
ubranching'ratloa 18 geherally considerably better, as noted
previously. Irf CP4, very little structure was found in’

L either o é6r. 8, although experimental evidence seems to

LY
N

xndxcaie a. shape resonance at approilmatqu 2-3\eV‘k1net1c

energy. As shall be discugssed 1n sé%t1on 4.4.3, this 18 1n

~
’ i
[ ¢




sharp contrast to S1F4, which exhibits shape‘resonances far

. »

1Nto the continuum.

4.4 3 S1F,

The theoretical o values, theoretical and
experxmental brancplng ratios (BR).‘and thﬁsretlcal B
values for the first fime valence photoeiectron peaks of
S1P; (Figure 4.2.1-2) arefshown in Figures 4.4.3-(1-6).
Unfo;tunately. the total photoionization cross section for
S1F4 18 not known in this energy range, so that the
experimental branchxng ratios could not be converted to
partial cross sections. In order to facilitate the. ,
conversion when suctf data becomes available, the
expgrlmeétal branching ratios are presented 1n Teble
4.1.3—1. Instead, the experimental branching rat;osiwere

4

compared against theoretical branching ratios, calculated

from-the theoretical partial cross sections. Since both of

these brancﬁxng rati1os neglect the weak F 28 orbital cross

-

section contributgon, they are directly comparable.

.Comparxaon of the branching ratios instead of the partial
_ cross sections has the advantage noted abdve; and also that

it is independent of photodissociation effects, which can
L]

be spuriously i1ntroduced when correction 18 made to the
photoabsorptton data. -

In general, theréixs rather good agreement between
the theoretical and experimental brancﬁxng ratios, at lgasﬁ

as good ag}éement as for other molecules 1n the

-

!
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Figure 4.4.3-1

[

Experimental and theoretical MS-Xa (solid lines) results on
the photolionization of the 1t orblkal of Si1F4. The upper,
middle, and bottom plots give the'%, branching ;at;o, and 8
values, respectively. The predlct%d shape resonghces are

numbered in the upper plot of o, wﬁlle the observed shapé

- resonances are numbered 1n the middle branching ratio plot \

(see the text and Table 4.4.3-2).
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Figure 4.4.3-2

Expe}lmental and theoretical MS-Xa .(solid lines) results on
tg; photoionxzation of‘theAStz orbit:l of SiF4. fhe upperf
middle,-;nd bottom plots give-the o, branching ratio, ané B
"..values, respectively. The predicted shape resonances are
numbered 1n the upper plot of o, while the observed shape

resonances are numbered in the middle brﬁpchlng ratio plot

(see the text and Table 4.4.3-2).
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Sigure 4.4.3-3

»

Ex;;rxmental and theoretical MS-Xa (solid lines) resuits on
t;e photoionization of the le orbital of SiFg. The‘upper,
middle, and bottom plots give the o, branchan‘ratxo. and 8
values, respectively. The predicted shape resonances‘are
numbered in the upper plot of‘o, while the observed shape

resonances are numbered in the middle “branching ratio plot

(see the text and Table 4.4.3-2). . on

l



(g

BRANCHING
RATIO

o (Mb)

(%)

10

20 30

10

1

0-S

0.0

-0.5

PHOTOELECTRON ENERGY ( &)

0 20 40 60 80
T Y T T T T T Y T Y
- SiF, 1@ IP=18:1 eV -
- -
2
2
\
- -
ol -
- -
- 1
r -
o -
b -
i A 1 l 1 A | 4 i i
10 30 S0. 70 , 90 110

PHOTON ENERGY (eV)

171



Figure 4 .4.3-4

Experimental and theoretical MS-Xa (solid lines) results o)
the photoxonization'ofqthe le and 5ty orbitals“®of SiF4»
The. upper, middle, and bottom plotsaglve the o, branching

ratio, and 8 values, respectively. The predicted shape
1 ‘l - .
resonances are numbered 1in the upper plot of o, while the
. < - ) - : 9
g - . observed shape respnances are numbered in the middle

rS

branching ratio plof (see the text and Table 4.4,3-2).
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Figure 4.4.3-5

Experimental and th.bretlcal MS—Xa (sol1d llnés) results on
the'photoionlzatlon of the 4t) orbital of SiF4. The upper,”
middle, and bottom ploE; give the o, branching ratio, and ge'
values, %espéctlvely. The predicted shape resonances are
numbered 1n the upper piot of o, while the oneryed shape
resonances are numbered 1n the middie branching ratioc plot

’

(see the text aqg’Table 4.4.3-2).
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- Pigure 4.4.3-6

-

Experimental and theoretical MS-Xa (solid lines) results on
‘the photoionization of the 5Saj orbital of Slé4. The upperl
middle, and bottom plots give the o, branching ratio, and 8
values, kespectxvgly. The predicted shape resonances are
numbered 1n the upper plot of o, while the observed shape

resonances are numbered 1n the middle branchxﬁg ratio plst

'/(;ea the text and Table 4.4.3-2). o ’ ,’
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Table 4.4 .3-1

-1

Branching Ratios for Valence Orbitals of S1Fg
as a Punction of Photon Energy’

hv(ev) 1t BR S5t, BR2) le BR3) 4ty BR Sa; BR
21.0 27.8+1.7 28.2%#3.1 22.3%2.9 21:7%1.4
22.0  31.7#1.5 27.7¢2.2 21.8%2.1 17.4%1.0 1.6%0.2
23.0 32.7+1.4 26.2+#1.7 18.8+1.5 19.130.9 3.310.3
23.5 33.0¢1.3 9.0%1.1 36.1%#1.9 18.420.8 3.5%0.3
24.0 31.6%#1.5 13.0#1.8 32.2+2.6 20.3%1.0 3.0%0.3
24.5  28.9%#1.4 19.922.2 27.3%2.6  21.1#1.1 2.810.2
2540 27.2%¥1.4 20.6%2.2 27.3%¥2.5 22.6%1.2 2.240.2
255 25.4+0.9 23 .5+1 4 25.341.4 23.6+0.9 | 2.220.2
26.0 23.1#1.1 22.3%2.0 28.6%2.2 24.2%1.1 1.820.2
27.0 20.3%1.0 23.3%2.3 30.4%2.5 24.7+1.2 1.30.2
28.0 20.9%#1.0 © 27.442.0 26.6+2.0 24.1%1.1 1.0+0.1
29.0 20.5%+1.0 28.5%2.4 26.2%2.3  23.7%1.2 1.2+0.1
30.0 21.5%1.0 29.3%2.1 24.8+2.0 22.7+#1.0 1.60.2
31.0 22.8%1.0 27.5;@.1 25.142,0 22.5%1.0 2.0%0.2
32.0 25. .2 28.7+#2.1 23.3%1.9 19.8:0.9 2.4+0.2
33.0 26.9%#1.2 27.7¢2.0 22.6%1.9 20.1+0.9 2.7+0.2
34.0 27.3t1.5 27.0+#3.0 20.7+2.7 21.1%1.2 3.9%0.3
35.0  29.1%¥1.1  28.3%#1.9 18.331.6 20.40.8 3.9%0.2
36.0 29.7+1.3 26.8%2.0 18.4%1.7  20.1%0.9 5.0%0.3
37.0  31.1#1.5 23.5%2.4 19.4%2.2 20.2#1.1 5.8%0.4
38.0 32.1#1.5 22.6%2.4 18.432.2  20.4%1.0 6.5+0.4
39.0 32.1x1.7 21.9%2.5 17.3%2.3 - 21.2%1.2 7.4%0.5 —~
40.0 ~ 32.5%+1.4 22.2+1.9 15.3%1.7 22.241.0 7.8t0.4 / -
41.0 31.4%1.2 20.331.6 15.8%#1.5 %23.6%0.9 8.910.4
"42.0 30.9%1.2 19.5%1.6 15.7+1.5 24.3%1.0 9.7+0.6 .
43.0 30.0¢#1.2 18.8%1.6 16.0%1.5 24.8%#1.0 10.5%0.5
44.0 29.7#1.1 19.8%1.5 15.4%1.4 24.9%+1.0 10.2%0.5
45.0 28.2%#1.1 18.6%1.6 16.9+1.5 25.4%¥1.0 10.9%0.5
46.0 27.5%1.1 19.6%1.7 16.6%1.6 26.6%1.1 9.740.5
48.0 25.6%t1.4 18.5%2.3  19.3%2.4  27.5%1.5 9.130.6
50.0 25.3%1.3 18.5+2.3 20.8%2.4 27.6%1.3 7.820.5
55.0 23.7+1.6 26.3%3.5 14.9%2.8 28.6%1.8 6.5+0.5
60.0 24.2+#1.8 27.0¢3.6 15.8%3.0 27.3%1.9 5.8+0.5
©65.0 25.7+2.0 22.4#3.3 21.0%#3.2 25.6%2.0 5.420.5
70.0 28.2+1.9 18.4#3.2 23.7%#3.5 24.0%1.7 5.8%0.5 -
75.0 28.2+2.5 24.7#3.5 17.1%#3.1 24.0%2.1 6.0t0.7 (
80.0 30.1%2.7 28.2#3.7 12.9%2.8 22.9%1.9 5.9:0.8
90.0 30.7+#2.7 32.8%3.9 9.422.7 21%11.9 6.0%0.8
100.0 8 12.2#3.2 31.4%3.6 20.5#¢1.7 . 5.740.7

30.3%2.

a) As discussed 1in the text, the larger uncertainty of the
experimental data at photon .energies >50 eV 1s due to .
strong overlap of the,5t> and le peaks. At such photon
energies the use of their BR sum 1s more meaningful.
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llﬁerature.¥0’57'61'6"65'85‘88 This agreement confirms
the assxgnment,o; the t}lence peaks which appears éo be
generally accepted as 1ty < 5ty < le < 4¢t) 5.5a1, 1n order
of increasing binding energy. An earllér a551gnme;t97
based on CNDO/Z2 calculations, 1ty ¢ 5tz < 5a; ¢ le ¢ 4t),
can be ruled out rathefr quickly. From our results, 1t 1s
‘evident that the Sai orbital must be the highest b1né§hg
energy valence Sand orbital. As predicted by the MS-Xa
calculations, the bran;hxng ratio (BR) for the fifth peak'
has a broad resonance {eature near 23 eV kinetic energy,
and 1s near 6% from 30 to 80 eV kinetic energy above
threshold. 1In contras£, the third peak (which was assigned

"to S5a1 1n the earlier assignment) has a very-large-BR near
threshold, does not have the resonance feature near 23 eV
kinetic energy, and 1is 15 t 5% from 30 to 80 eV kinetic
energy above threshold. Similarly, the rather rich and
differing structure of the BR plots for different molecular
orbitals puts the valence band assignment for SiF4 on a
be}y firm basis. The ordering of molecular orbitals 1in
S1F4 1s 1dentical to that found 1in Cf4.61

Before discussing the resonance features in more
detail, a c%pparLSOn of the theoretld&lzéross section and B

z

values of CF4 and S1F4, along with a gemeral discussion of
' S
the S1F4 results will be made. The first three molecular
k] . .
orbitals 1n both CF4 and S1F4 are hasically F 2p lone-pair

orbitals, and thus we could expect the o and A8 values for

-

‘both molecules to be similar. There certalnly are .
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qualitative similarities, but the S1F4 plots show much more
structure. S1F4 does not show a sharp resonance feature

-

near threshold 1n the 1ty cross section (Figure 4.4.3-1) as )
18 predicted for CF4. This feature may well be shifted to
a bound state for SiF,, as 1ndicated by the minimum at
threshecld i1in 8. This may be partially a consequence of the
longer M-F bond length (M = C,S51) 1n S1F4 than CF4.92 The
broad maximum observed at a kinetic energy Oof ~14 eV 1n CP;
1s replaced by a more struc;ured maximum 1n Si1F4 centered
at ~7 eV kinetic energy, but the theoretical cross section
maxima for both compounds 1s ~15 Mb before decreasing at
higher kinetic energies. Similarly, the 8 values for both
compounds are negative at threshold before rising rapidly
to. ~1 at higher kinetic energies. \%he theoretigal minimum
in 8 at about threshold 1n S1F4 suggests that a shape
resonance 1s i1ndeed at, or below, threshold. The Si1F4 8
value, while rising rapidly ;%ove threshold like CF4, shows
a very distinct mlﬁlmpm at about 13 eV kinetic energy,
somewhat higher kinetic energy than the ~7 eV peak 1n o.
The agreement between the‘theoretlcal and experlmentai BR
for S1F4 18 good, except that the experimental cross
section maximum observed at 7.1 eV 1s theoretically not
predicted by our calculationl (see BR plot in Figure
4.4.3-1). ’ .
. ) >
For the 5t; orbital, thg Si1F4 o p}ot (Figure

4.4 .3-2) shows much more structure than for the analogous

4ty orbital 1n CF4 (Figure 4.4.2-2). 1In particular, the
P .

-
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broad intense structured maximum between 5 and 25 eV
k1;et1c energy 1n S1F4, 1s not seen 1n the theoretical CFg4
calculatlons,iélthough thefe 18 a broad weak maximum
centered at about 18 eV kinetic energy 1n the observed CF,
o plot. Both the S1F, and CF4 cross sections are about 5
Mb above 30 eV kinetic energy. Both 8 values show a sharp
minimum at ~-0.5 just above threshold, and rise to ~+1 at
higher kinetic energies. The §1F4 theoretical values show
two additional minima at ~10 and ~23 eV kinetic energy.
These minima i1n 8 correspond to the theoretical o mailma at
~13 and ~23 eV kinetic energy. For this orbital, the
agreement between the observed and theorgtlcal BR values 1s
not quantltatlvé, but the overall shapes of the two are
certainly very similar. The sharp minimum at 5 eV kinetic
energy, a broad maximum centered near 13 eV kinetic energy,
and then anothér minimum at ~26 eV kinetic energy are
reproduced fairly well by theoryf The two weak shoulders
in the theoretical ¢ plot at ~7 and ~23 eV kinetic energy
cannot be readﬁly discerned on the experimental data, but
the broader width of the experimental maximum suggests the
presence of two or more resonances. The larger uncertainty
and scatter of the experimental data at phogon energies of
>50 eV 18 due to the strong overlap of the 5t) beak with
the l1e at higher photon energies. |

For the le orbital, the maximum near threshold for
S1F4 (Figure 4.4.3-3) 1s not as 1ntenée oq'sharp as for CFy4

(FPigure 4.4.2-3), but both cross sections decrease rapidly
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above threshold, and are both ﬁ(i:yb at higher photon
energlies. In addition, a broad maximum at ~35 eV kinetic
energy 1s present for SiF,,.but not for CF,. Both 8 plots
show a sharp increase above threshold with maximum values “Q;’\
near +1 at hxéher kKinetic energy. . The S1F4 plot shows a
broad minimum 1n 8 near ~15 eV kinetic energy which does
not seem to correspond to any feature in o. The agreement §
between observed and calculated branching ratios 1s
reasonablg, but the theoretical BR curve 1s ~10% lower than
the observed values and shifted somewhat to lower kinetic
energy. The larger uncertainty and scatter at higher
photon energies 1s once again due to the overlap of the 1le
and 5t) peaks. |

The flnal two valence band peak;barlse from the M-F
(M = C, S1) bonding molecular orbitals. Therefore,
differences 1n o and 8 would be expected between S1F, and
CF4. On the contrary, the 4t (Figure 4.4.3-5) and 3t;
(Figure 4.4.2-4) o and BR plots for SiF4 and CFy,
respectively, ‘do show similarities. Just above threshold, ~
both o plots show a rapid drop to ~5 Mb, followed by a weak
broad maximum. In S1F4, this Pgx1mum 1s structurgg, and Sl
shi1fted to higher kinetic energy, from ~16 eV in EF4.to ~34
evV.in S1Fy4. The B values, however, for S1F4 and CF; show
dramatic differences. The magnitudes of the A& values are
veryvdlfferent, and two additional minima are seen for SiF4

at ~5 and ~23 eV. The B8 minimum at ~5 eV has rio visible - ’

assoclated maximum 1n o, however a maximum in the branching



ratio does occur at 7.6 eV kinetic energy. The 1intense g

-

minimum at 23 eV kinetic energy 1s associated with a rather
weak maximum 1n 0 at the same kinetic energy. The
agreement between the theoretlcai and experimental BR for
S1F4 18 quite reasonable ;t higher photon energies, but at
lower energies the theoretical maximum at 3.3 eV kinetic
energy 1s not observed experimentally and the observed
maximum at ;.6 eV kKinetic energy 1s not predicted
theoretically (The 3.3 and 7.6 eV peaks do not correspond,
as 1s discussed later.). The minimum at ~18 eV kinetic
energy, the shoulder at ~24 eV kinetic energy, and the
maximum at ~35 eV kinetic energy are ail well reproddced’ln
the exﬁerlmental resulté. ‘ ‘ “\\\\\

" Por the remaining valence band aj; orbitals, t;;\s\\\\
and 8 plots differ greatly for Si1F4 and CF4 (Figures
4.4.3-6 and 4.4.2-5, respectively). While the CF4 o value
increases rapidly to ~2 Mb at 10 eV kinetic energy before
levelling off, the Si1F4 plot shows a minimum at about 10 eV
kinetic energy followed by an i1ntense maximum (~6 Mb) at
~23 eV kinetic ene;éyw before decreasing above 30 eV
kinetic¢ energy to ~1 Mb. These differences 1n‘o are also
apparent 1n the variation of 8 values. The cross section
minimum for S1F4 at ~10 eV klneglc energy (which stabsent
in CF4) may be due to a mélecular Cooper minimum for the Si
3s orbital (1.e. 3s » €p). Examination oflthe p-wave

component contribution to the 5a4 theoretical cross section

of S1F4, shows a clear minimum at ~11 eV kinetic energy.
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The Cooper minimum occurs experimentally at ~6.5 eV kinetic
energy 1n the BR plot. The position of this molecular
Coopef minimum occurs at ~6 eV higher kinetic energy than
that calculated by ‘Mansonlo6 for the atomic S1 3s orbital,
which was done 1gnoring core relaxation and using
Hartrée—Slater (HS) central-field functions for the 1nitial
state, Similar effects have been seerr for valence p
orbitals 1n HCl, HI, and SiClg.87,107,127

-~

The sharp minimum 1n B8 at ~26 eV kinetic energy 1s

-

related to the i1ntense maximum i1in o at ~23 eV. In

addition, the/changé 1n slope of 8 at ~12 eV kinetic energy
s1gnifies the molecular Cooper minimum for the Si1 3s
orbrltal. In contrast, the CF4 8 plot has no structure
apart from a minimum at ~2 eV (theoretical) or 7 eV
(experimental) and 1s qualitatively very similar 1in shape
to the theoretical 8 plots of the 1t41, le, and 3t) CF4-
orbitals. The experimental and@heoretlcal BR for S1F4
(Figure 4.4 .3-6) are 1n good‘overall agreemenf, although
the theoretical maximum at 4 eV 1s shifted to ~2 eV, éﬁd\
the theoretical resonance at 23 eV 1s more 1ntensé and
narrower than the experimental.

A detailed ana}ysxs of the maxima 1in the cross
sections of SiF4 will now be made 1in terms of shape
resonance;. As discussed 1n section 4:1.1, a shape

resonance-1s a quasibound state embedded 1n the continuum,

1n which the excited electron 1s temporarily trapped by the,

molecular potential barrier.* The electron evehtually




tunnels through the barrier and escape§,5g1v1ng rise to a
-
Breit-wWigner-type maximumlO8 ,n the cross section.

Id eontrast to CF4 which only shows shape resonances
within 2-3 eV kinetic energy above threshold, the MS-Xa
calculations for Si1F4 show a total of five shape resonances
in the ex1t channels from 2.7-34.6 eV kinetic energy, and
many of these are observed 1n the branching ratios (Table )
4.4.3—2).‘ The shape resonances are predicted to occur/at
2.7 (ay exi1t channel), 6.8 (t2 channel), 12.9 (e channel),
22.6 (t channel) and 34.6 eV kinetic energy (t> channel)
above threshold. They are numbered 1-5, respectively, both
in Table 4.4 .3-2 and on the cross section plots (Flgures
4.4.3-(1-6). The eigenphase sums verify that these
features are 1ndeed shape resonances. These features meet
the two resonance criteria of Kreile et al.3> (namely that
the eigenphase sum changes by 20.37 over an energy range AE

® .
<= 6 eV, and lEcross—Ephase! ¢ 4 eV), although the t; exit
channel at 6.8 eV kinetic energy 1s a weak borderline
case. The resonance energy Ephase shown 1n Tablé 4.4 .3-2

J
1s merely the inflection point i1n the plot of the

‘approprlagi channel elgehpha;e sum versus phdtoelectron
kinetic energy. The resocnances are classified rather
subgectxvel} as being weak (w), medium (m), or strong
resonancesN(sj, based on the plots of the respective ex1t
channel cross sections (Ecross 1N Table 4.4.3-2) or

eilgenphase sums versus photoelectron kinetic energy (Ephase

1n Table 4.4 .3-2).



For the highest occup:ied molecular orbital 1t1 of

-
S1P,, three shape resonances are predrcted from an analysis

{
of the partial cross section behavior; a t) channel

et

resonance at 6.8 eV, an e channel resonance at 12.9 eV, and .
a tp channel rescnance at 22.6 eV kinetic energy. As can
be clearly seen 1n Figure 4.4.3-1, only two maxima are

clearly discernible 1n the experimental BR. The
»

experimental BR maximum at 22.6 eV kinetic energy 1s 1n

exact agreement with the theoretical, so the assignment of
t> exit channel here 1s reasonable. .Since no resonance 1s
predicted or observed for this orbital in the t) exit
channel at 34.6 eV kinetic energy, the agreement above ~18
eV kinetic energy can be considered excellent. However
agreement below this 1s mich less satisfactory. Firstly, o
the e'channel shape resonance predicted at 12.9 eV kinet:ic
energy 1s not observed experimentally, as witnessed by the
experimental BR minimum there. Secondly, the‘maxlmum
observed 1n the BR at 7.1 eV kinetic energy 1s dipole
allowed, but the theoretically predicted intensity 1s very
small. The cause\of this 1s unknown. The maximum 1S
tentatively assigned to the ty exit channel at 6.8 eV
kinetic energy, based on the close kinetic energy match.
Unfortunately, the sharp increase 1n the theoretleal BR
close to threshold could not be verified, due to the

restrictive low photon energy limit of ~21 eV with the

monochromator used.
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Since only two rather weak resonances are predicted

to occur at 6.8 and 34.6 eV kinetic energy on the le
orbital (Figure 4.4.3-3), we use both the more accurate sum
of BR values (Figure 4.4.3-4) as well-as the 5ty BR to
discuss the Sty cross ;ectxon (Figure 4.4 .3-2). The
overall ag}eement for both prbltals 1s satisfactory. Thé
:experxﬁéntal BR maximum at 11.2 eV klnetic energy 1s ~2.8
eV lower than the theoretigal BR, and above 26 eV kinetic
";energy, the theoretical BR rises too rapidly (Figure
4.4.3-4). The predicted 5t) orbital aj resonance (No. 1)
at 3.3 eV kinetaic ;nergy could not be verified due to our
low photon lLimit of ~21 eV. The experimental branching
ratio values are rising however at ~21 eV photon energy
which 1s at least consistent with this aj resonance. The

- large exp?rlmental BR maximum centered at 11.2 eV.,kinetic
energy 1n both Figures 4.4.3-2 and 4.4.3-4 can be assigned
to the le exit channel of the 5t) orbital. The intensity
and large width of this resonance probably masks the t)
resonances at 6.8 and 22.6 eV kinetic energy. The broad
maximum at ~42 e; kinetic energy 1n the experimental BR
(FPi1gure 4 .4.3-4) can be assigned to the ty channel
resonance predicted to occur at 34.6 eV kinetic energy'on ) &
both the 5ty and le orbitals. The discrepancy 1in this
resonance position of ~7 eV 1s the largest found, but >
perhaps gnderstandable considering the large width of thi.s

resonance, and the crude experimental photon energy mesh B

s1ze of ~5 eV used 1n that region.
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For the le orbital (Figure 4.4.3-3), the observed
peak at 7 eV kinetic energy s probably the t) resonance
seen also 1n the 1lt; orbital, but not predicted. The t)
resonance af\35 eV 1s not well characterized experimentally
because of 'the larger errors and scatter involved in
fitting this higher energy réglon. )

For the 4t) bonding molecular orbital shown 1in
Figure 4.4.3-5, the agreement above 20 eV kinetic energy
between the experimental and theoretical BR 1s quite
rgasonabl;. Towards higher kinetic énergles the
theoretical BR falls off a little more rapidly than
experlment:' A shoulder 1s clearly discernible in }he S
_experimental BR plot at ~24 eV kinetic enefg;, while tﬂe
maximum occurs at ~35.6 eV kinetic energy. These two ’
features are assigned:as t); resonances, since theoretically
two t) resonances are afedlcted at 22.6 and 34.6 eV kinetic
energy. The agreement at kinetic energies lower than this
1s poorer, however. Experimentally a maximum 1s observed
1n the BR at 7.6 eV kinetic energy, which 1s not predicted
to have appreciable 1ntensity. A situation almost
1dentical to this was discussed previously for the 1{1
orbital. Although 1t 1s tempting to 1nvoke a klnétlc
energy shift argument aad attempt to assign this as either
the e resonance or a; resonance, thls 1s unreasonable for
several reasons. First of‘all, a le resonance 1s not d

predicted for this orbital; and for the similar 1t orbital

case, the aj; resonance 1s leole forbidden. Second, a
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shi1ft of the aj resonance to ~7 eV kinetic energy 1s not- .
reasonable, because the 5t; orbital (which also has an ' s
allowed a; resonance) shows a minimum at ~7 eV kinetic
energy. This really only leaves the t) resonance at 6.8 ev
kinetic energy. Again, the calculat1oq does not prepict
any significant intensity fo; this resonance. Thereforé,
this maximum 1s tentatively assigned again to thet)
resonance at 6.8 eV kinetic energy, making the assumptlona‘
that the 1ntensity of this resonance 1s seriously V
underestimated. The predicted aj resonance could not be
verified near threéhold. However, as far the 5ty orbital,
the incredse i1n BR at 21 eV photon energy (1.6 eV kinetic
energy) may be conslstent with a resonance very near
threshold. b

In Pigure 4.4.3-6 the experimental BR for the 5aj
bondlgérorbltal shows two maxima at 2.1 and 22.6 eV‘k;netlc
energy. The analysis of this orbltgl 15 greatly 314311§1ed
since all ex1t cﬁannels except t> are dipole forbldaen. In

general, the agreement over—the entire photon energy range

for the 5a; orbital i1s very good. Analysis of the

theoretical results for the first maximum at 2.1 eV kinetic
energy indicates that this 1is g nonresonant feature 1n the
cross section. EXperlmentaliy this maxxihr 1s shifted by
~2 eV to lower kinetic energy and 13 not quite as intense
as theory predicts. The second maximum at 22.6 eV kinetic
energy 1s 1n excellent agreement with the t; resonance

predicted for this orbital at 22.6 eV kinetic energy. This

A}
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resonance position 1s hlgher by ~1.5 eV kinetic enetrgy, but
1n basically éood agreement with the resonance observed for
élF4 in the photoabsorption data above the Si 2p edge-glv92
at 133 eV photon energy. The theéretlcal BR max1mué here
1s narrower and more intense than experiment. In
ﬁeglectlng vibrational effects, the multyple scattering
approach usually exaggerates the strengths of resonances
and underestimates their widths.111,112. 4 detaiVea
analysis of the aéymptotlc partial waves shows that this

to resonance 1s due to resonant trapping Qy the molecular

potential barrier of primarily p, d, and f components

(£ =1 5 3) of the continuum molecular wave function.
LY
4.4.4 C(CF3TI -

The valence band spe®trum qf tri1fluoroiodomethane
‘(CF3I) 1s shown in Figure 3.3.2-1 at ~35, 41, and 80 eV
photon energies. Included at the bottom of Figure 3.3.2-1,
is our final %olecuiar orbital assignment of CF3I. This
assignment was based on our Xa-SW ground state calculation
(transition state) for CF3I, comparison of the experimental
branching ratios with those calculated using the MS-Xa
method, and comparison with the previou§ photoelectron
asé}gnment of CF3I by Cvitas et al.102  with minor
differences, our &ssignment of CF3I agrees wlth fhat of
Cvitas et al.102 The He I/He II1 photoelectron assignment

of CF3I by Cvitas et al.102 yas largely based on the

similarity of the photoelectron spectra of the series

.
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Cr3X (i # Cl, Br, I) in the reglgn between 15-25 eV binding
energy. The similarity 1n this region was attributed as
arising from the substituent (X) interacting very 1little

with the electronic structure of thevCFg moiety. In short, «
the assignment for CF3I by Cvitas gt al.102 was pased on
their previous assignment for CF3Cl, which 1n turn was made
on the basis of comparison of the photoelectron spectra of
the chlorofiupromeghanes (CF3Cl, CF,Cly, CFClg),113 and
correlations ;1thwthe previous assignments of

fluoromethanes and chloromethanes.82,114 The recent

analysis by Jadrny et al.ll5 of vibrational structure

present 1n the high resolution He I photoelectron spectrum '

of CF3Cl, yields an assignment 1n agreement with that of

.Cvitas et al.l1l3 An earlier assignment by Doucet et al.llé

of the first five bands of CF3Cl is also 1n acqord with
that made by‘Cvitas et al.,1l13 and was discussed 1in
relation to the vacuum UV absorption spectrum. Xa-SW
transition-state calculations by Preston et al.ll7 on tﬁe
chlorofliuoromethanes confirm very nicely the molecular
orbital assignment by Cvitas$ et al. 113 for CF3Cl. Potts et
al.11é have recently measured the photoelectron asymmetry
parameter; for CF3Cl and the other chlorofluoromethanes 1n
the photon energy range of 18-80 eV, and were able to
locate the molecular orbitals corresponding to the Cl 3s
and F 2s orbitals.

The He I/He II 1nvestigation of CF3I by Cvitas et

al.102 does not Rive a totally satisfactory assignment of
e
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s
the spectrum,ég%Wever, since the I gs level 1n this
molecule 15 not accounted’for. It 1s possible that this
arose from their correlation of CF3Cl with CF4,113 and from
~a failure to retognize that the Cl 3s orbltﬁl lies at
significantly smaller binding energy (~26 eV binding
energylls) than the F Z2s orbitals (= 40 eV binding
energylls).l‘19 According to the free atom binding energies
tabulated by Lotz,11% the I 5s level should lie around
~20.6 evfblndlng energy. As can be seen 1n Figure 3.3.2-1,
a shoulder appears at ~21.5 % 0.2 eV binding energy, to the
left of the band assigned as arising from the le molecular
orbital. This shoulder 1s most noticeable at phdton
energles close to ~35 eV, and has been assigned to the 2a;
molecular orbital. Our assignment for CF3I 1s shown in
Table 4.4.4-1, 1including the calculated charge
dlstributloni for each of Ehe ground state valence
molecular orbitals. For comparative purposes, the
analogous results for CFg4 havé alsoc been i1ncluded 1n this
table. A transition-state calculation for the 2aj MO
places‘lt at ~21.9 eV binding energy, 1n good agreement
with the experimental position of this shoulder at
2.5 £ 0.2 eV binding energy.

It seemns apéroprlate at this point to briefly
discuss the electronic structure of CF3I, based on the
Xa-SW charge distributions shown 1n Table 4.4.4-1. The

first two bands at 10.45 and 11.18 eV blﬁdlng energy

(Figure 3.3.2-1) correspond to removal of an electron from

s
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the 4e molecular orbital, which consists largely of I 5p
lone pair electrons. The high 1o0dine content of thuis
degenerate MO leads to large 1nteractions between electron
épln and orbital angular momentum (1.e. spin-orb1it
coupling) upon photoionization. Removal of an electron
from the filled 4e MO yi1elds two electronic states having
half 1nFegral total angular momentum, which must bé treated

using double groyps.120 PpPhotoionization from the 4e MO

thus gives rise to the spin-orbit 2E3/2 (10.45 eV) and
2E1/2 (11.18 eV} states. The next band at 13.25 eV binding
energy (4aq) corresponds £o.1onf;at10n from the C-I bonding
orbital. Bonding 1n the 4aj orbital occurs mainly via the
6verlap f the C 2p, and 1 5p, atomié orbitals, although

SLghlflcant C 2s character 1s also 1involved. The next

4
three bands at 15.56 eV (lap), 16.32 eV (3e), and 17.28 eV
(2e) are associated with 1onizations of the fluorine 2p

lone pair electrons. Of these, the la) molecular orbital

has for symmetry reasons, strictly pure fluorine character.

The band centered at 19.2 eV (3aj) and the shoulder
located at ~21.5 ¢ 0.2 eV binding energy (2aji), both
contailn significant F 2p and I 5s character (Table
4.4.4-1). The I 5s atomic orbital mixes significantly with
the F 2p atomic orbitals, since they are close 1n energy.

. The 2a1ﬂ3pd 3a; molecular orbitals ?re ess?ntlally the
// 1n-phase and out-of-phase combinations, regpectlvely, of
the F 2p and I 5s atomic orbitals. Although the I 5s 1s

rather compact, 1t 1s delocalized 1n CF3I into the 2ai and
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3a1 MO's through symmetry. A similar case of
delocalization oécurs in CH3I between the C 2s and I Ss
atomic o;bltals, for the la; and 2a; molecular orbitals.121

The two remaining bands at 20.6 eV and 23.8 eV
binding eﬁergy are due to 1onization from the le and laj
C-F bondlng'molécUlar orbitals, respectively. Bonding 1in
the le MO arlses\from overlap of the C (2py, 2py) with tbe‘
F 2p atomic orbitals. The laj molecular orbital
accomplishes this bonding from the ;;erlap of the C 2s and
F 2p atomic orbitals. Ionization from the laj; MO yields an
asymmetric peak shape, w1£ﬁ a distinct shoulder occurring
at ~0.9 + 0.2 eV higher blndlng_energy than the praimary
photoline. Thlsgaddltlonal feature on the lai{ MO was not
mentioned 1n the study by Cvitas et al.,102 put the He II
spectrum published by this group was collectéd only up to
~24 eV binding energy, just short of this feature. This
feature was probabl§ maskedxin their study by the He' line
at 24.587 ev binding energy,lzz«wpich‘typically
contaminates most He I1 spectra. Green's function
calculations by Cambi &t al.l23 on CHF3 clearly show that’
the one-particle model of photoionization begins to break
down at i1ntermediate binding energies deeper than ~24 eV.
In CHF3, Camb:i et al:123 predict the 4a3 C-F bonding
molecular orbital to be the first valence orpltal for which
some satellite structure should be obséfved. It seems

likely that the satellite structure oﬂserved 1in CF3I at

higher binding energy above the laj primary photoline

o
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(analogous to 4ai 1n CHF3), 1s due to such a breakdownhof
the one-particle model for valence photOLOnLEatlon. In
calculating the branching ratio for the 1ai; MO, this
additional satellite area was therefore 1ncluded with that
of the primary phétollne.

The theoretical and experimental branching ratios
(BR), and theoretical partial cross sections (ag) for the
first nine valence molecular orbitals of CP34I are shown 1n
Figures 4.4.4-(1-11). qu to overlap of the‘3e and lap
bands, and the 2ai and le bands, the sum of the two have
been plotted 1nstead (i.e. 3e + lay (Figure 4.4.4-3),
2ap + 1e’(Flgure 4.4.4-8)). For completeness, and to aid
1n the ensuing dlscussyon; the theoretical partial cross
sections and branching ratios fo; the 1la), 3e, le, and Z2aj
molecular orbitals have also been included (Figures
4.4.4-(4,5,9,10), respectively). The experimental
branching ratios are also summarized in Table 4.4.4-2, so
that partial cross sections may be obtained when the total
photoionization cross sectien for CF3] 1s determined.

A detqlled analysis of the structure in the partial
cross sectilons and branching ratios of CF3I will now be:
undertaken, 1ncluding a correlation with the CF4 results.:
As discussed 1n section 4.4.3, CF4 shows shape resonances
only within 2-3 eV kinetic energy above threshold. At
higher kinetic energies than this the eigenphase sums for
CFy4 are wlphout"strugture and slowly changing, accounting

for the smooth behavior 1n each of the partial cross:




Figure. 4.4 .4-1

Experimental and theoretical MS-Xa (solid lines) results
are shown for the photoionization of the 4e orbital of
CF3I. The upper and bottom plots give the partial cross

section o, and branching ratio, respectively. '




- - 199

t ]
(%4

PHOTOELECTRON ENERGY (&)

0 20 40 60 80 100
c. rr T T T T L S— ;r T T T T
S ; 4
¢ CFyl  4e [P=10.69 ov
o
Q- -
Laed
‘ , ]
2 o
L s i
b N
ﬂ‘ J

10.0

[ =]
= 7
o
[— N o 7]
i .
D rm~
Z e
So =
z= o[ |
< < -
o <
D
- 1
c'. * ‘ ’
| n s 1 N L 1 i L e
10 30 . 50 70 90 Lo

PHOTON ENERGY (eV)




=

Figure 4.4.4-2

P

Experimental and theoretjcal MS-Xa (solid lines) results

A4
are shown for the photojonization of the 4aj; orbital of

CF3I. The upper and bottom plots give the partial cross

section o, and branch:ing ratio, réégectlvely.
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Figure 4 .4.4-3

Experimental and theoretical MS-Xa (solid lines) results
are shown for the photoionization of the 3e and 1laj
orbitals of CF3I. Thé upper and bottom plots give the

partial cross section o, and branching ratio, ‘respectively.
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Figure 4.4 .4-4
»

Theoretical MS-Xa (solid lines) esults are shown for the
photoionization of the lajy orbital CF31I. The upper and
bottom plots give the partial cross section o, and

theoretical branching ratio, respectively.

13
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Figure 4.4 .4-5
Theoretical MS-Xa (solid lines) results are shown for the ‘
photoionization of the 3e orbital of CF3I. The upper and
bottom plots give the partial cross section o, and

theoretical branching ratio, respectively.
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Figure 4.4 .4-6

Experimental and theoretical MS-Xa (solid lines) results
are shown for the photoionization of the 2e orbital of

CF3I. The upper and bottom plots give the partial cross

section ¢, and branchlggnratlo, respectively.
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Figure 4 .4.4-7
Experimental and theoretical MS-Xa (solid lines) results
are shown for the photolonization of the 3aq orbital of
CF3I. The upper and bottom plots give the partial cross

section o, and branching ratio, respectively.
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Figure 4.4 .4-8

Experimental and theoretical MS-Xa (solid lines) results
are shown for the photoionization of the 2a3 and le
)

orbitals of CF3I. The upper and bottom plots give the

partial cross section o, and branching ratio, respectively.
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Figure 4.4 .4-9

L] .
Theoretical MS-Xa (solid lines) results are shown for the
photoionization of the le orbital ¢f CF3I. The upper and
3
bottom plots give the partial cross sectipn o, and g ' )

theoretical branching ratio, respectively.
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Figure 4.4 .4-10

Theoretical MS-Xa (solid lines) results are shown for the
photoionization of the 2a4 orbital of CF3I. The upper and

bottom plots give the partial cross section o, and

theoretical branching ratio, respectively.
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Figure 4.4 .4-11

;o

s
Experimental and theoretical MS-Xa (solid lines) results
are shown for the photoionization of the laj orbital of
CF3I. The upper and bottom plots give the part:ial cross

section o, and branching ratio, respectively.
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sections. In CF31, however, the eirgenphase sum changes by
~7 1n the'e and and’ a; continuum channels, a£ ~15.2 and
~17.2 eV kinetic energies, respectively. A summary of the
theoretical MS-Xa eigenphase sum features i1n CF3I 1s §hown
in Table 4.4.4-3. Thg kinetic ehergy positions labelled
.Ephase in Table 4.4.4-3 1indicate possible shape resonance
p051t10n;. In the framework of these calculations, these
fegtures 1n the e1genphas;~sum depend only on the final
continuum state and not on the init:al orbitffal.

The results for tﬁe highest occupied 4e molecuiar
orbital of CF3I are shown 1n Figure 4.4.4-1. According to
the calculated charge distribution (Table 4.4.4-1), this
molecular orbital consists largely of I 5p lone pair-
electrons. For bth the partial cross section (o) and
branching ratio (BR), theory predicts a rapid monotonic
decrease towards higher photon energy. Similar behavior
has been observed experimentally for the I 5p lone pair
orbitals of CH3I and HI,87 and moreover MS-Xa calculations
for HI show‘zhis monotonic decrease occurs out to ~110 eV
photon energy.87 The theoretical BR is in excellent:
agreement with experiment up to ~60 eV. photon energy,
whereupon 1ntershell correlation with the I 4d shell causes

[y

significant deviations from the predicted behavior of a
monotonically decreasing function. The feature mdximizing
at ~90 eV photon energy. in the branching ratio has been

assigned to such 1ntershell correlation, and discussed

previously 1n section 3.3.2. It Lsgxnterestlng

e
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to note that the predominant asymptotic partial-wave
components for the continuum state of this orbital,
consists of s-, p-, and d-waves, with the largest
contributions coming from the d-waves (ke channel) and the
smallest from the s-waves. This 1s conslistent with an
atomic photoionization picture; namely that p » ed 1s the
most 1ntense transition, p » €ep 1s dipole forbidden in the
atomic case (but would be allowed in the molecular case),
and p » €s 1s much leﬁ? intense than the p » ed
transition. This atomic-like photoionlization behavior
implies that thgl4e MO 1s rather localized i1n nature.
Since the 4e MO differs éréatly 1n orbital character
from the 1t] and 4t MO's of CF4 (Table 4.4.4-1), a more
meaningful correlation can be found by comparing the 4e MO
of CF3I to the 57y orbital in XeF) (Figure 5.4.1-1), since
1t also shows a similar monotonic decrease 1n ¢ and BR
above ~20 eV photon energy. Although the 57, orbital doces
1nvoive significant F 2p character, the fact. remains that
this MO largely involves the Xe 5p atomic orbitals. Both
of {Qijf two orb{tals have large 5p character of w-symmetry
(the 4 MO of CF3I has local m-symmetry about the C-I
bond), and have very similar cross section behavior above
~20 eV photon energy. .'
4 In Figure 4.4.4-2 the theoretical BR for the 4a; MO
shows a pronounced decrease above threshold and a minimum
at ~35 eV photon energy, in-<good agreement with

experiment. As discussed previously, the 4aj; MO 1s the
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C-1 bonding orbital and 1nvolves primarily overlap of the
C 2p; and I 5Sp; ato .c'orbltals. The raﬁher slow 1ncrease
1n branching ratiof from ~5.6% » ~6.7% which occurs above
~70 eV photon energy 1s due to the I 5p Cooper minimum at
~45 eV klnetie energy.25»87’106 Since the 4aj BR behavior
simply 1ncreases slowly in this region and 1s different
than the distinct maximum observed at ~90 eV photon energy
for the 4e MO, 1t must be concluded that intershell
correlation between the 4aj orbital and 4d shell 1s not
dominant in this MO. If this 1s true, then 1t seems that
the. intershell correlation effect 1s largest when the
localized 4d core shell 1s interacting with a localized and
atomic-like 5p orbital, as 1s the case with the 4e MO of
CF3I. On the other hand, the I Sp, atomic orbital involved
in the 4aj c-% bohdlng MO 1s heavily mixed with C 2s and
C 2p;, and delocalized over the~entire C-I bond. This slow
increase 1n branching ratio Qrobably arises from the
combination of weak 1ntershell correlation and weak
contributions from the I 5p Cooper minimum. Carlson et
al.87 nave found that the C-I bonding MO of CH3I does not
show a distinct minimum in o in this region, but tﬁat a
shallow minimum in 8 does occur. This group has concluded
that bonding orbitals involving hal?gen atoms show only
weak effects of the Cooper minimum.87

From threshold to the minimuﬁ at ~35 eV photon
energy, the predominant asymptotic partial-waves 1nvolved

in the continuum states of the 4a; MO are ¢t = 0, 1, and 2,




with the largest contribution from the d-waves. This 1s

reminiscent of the behavior found for the 4e MO, which
involves largely I S5p lone pair electrons. The sharp
decrease observed 1n the 4a4 branching ratio from ~21 eV to
~35 eV photon energy arises from the large I S5Sp, content of

this MO. A siight perturbation of this monotonic behavior N
1s predicted to occur at ~13 eV Kinetic energy, due to a
weak contribution from the e shape reﬁonance (Table
4.4.4-3). By analogy to the 4e MO, wﬁb@e cross'sectlon
decreases monotonically ébove threshold, one would expect
the I 5p, content of the 4aqy MO to behave similarly with
photon energy. The increase 1n cross section and BR above
~35 eV photon energy must be due to cross'sectlon ’ .
contributions fro@ the F 2p and C 2p atomic orbitals.

These conclusions are confirmed by the resuits of a
"minimal” MS-Xa calcuiatlon that was done on CF3I. Unlike
the "extended" MS-Xa calculation reported 1n' Table 4.3.1-1
and Figures 4.4.4—(1—11) for CF3I, the minimal calculation
restricted. the carbon and fluorine spheres to. t = 1 (s-}
p-waves), and the 1odine sphere to ¢t = 2 (8-, p-, and
d-waves), for both the ground state and continuum states.
With the exception of the 4e and, 4a; MO's, the minimal /
calculation yielded cross sections that were without any of
the structure given by the gxtended calculation, and that
were approx1mate£y an order of magpltude smaller. From an

atomic point of view this makes considerable sense, since’

the rest of the MO's 1nvolve primarily C 2p and F 2p atomic
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orbitals. Exclusion of d-waves on the carbon and fluorine
spheres effectively disallows the important p » ed

proéess. It is interesting té note that the minimal
calculation yielded monotonigally decreasing cross sections
for both the 4e and 4aj MO's. The minimal 4e c¢ross section
differed véry little from the extended calculation,
verifying that contrrbutions larger than-d-waves aré
relatively unimportant for this case. fhe similarity of
fthe minimal 4e and 4aj; cross sections is strong theoretical

.evidence that the decrease 1n the 4aq cross section from
%

threshold to ~35 eV photon energy, is lﬁdeed caused by the
I 5p, atomic orbital contrlgution to this MoO. ﬁ

’ In Figure 4.4 .4-3 the combined results.of the 3e
and lap molecular orbitals of CF3I are shown. The
theoretlc;l branching ratios aré in good agreement with
experiment. The experimental BR rises rapidly above 21 eV
photon energy, maximizing at ~30 evproton energy (~14 eV

\
kinetic energy). It is‘interesting to note that this

’

maximum in the experimental BR occurs where-a shoulder 1s
predicted theoreticadly, with the theoretical BR maximum
occurring some 9 eV higher kinetic energy at ~39 eV photon
energy. The individual theoretical cross sections for the
lap and 3e MO's are shown in Pigures 4.4.4-4 and 4.4 .4-5,
respectively. The basic behavior of their theoretical
cross sections is very similar. The 3e theoretical cross
section (Figure 4.4.4-5) shows evidence of a rather weak

shape resonance 1n the ke channel (Table 4.4.4-3) at ~14 eV
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kinetic energy, followed by a very broad structure which
maximizes at ~26 eV kinetic energy above threshold. The
behavior of the laj }heoretical cross section (Figure
4.4.4-4) 15 similar 1in ghat it shows a broad structure
which maximizes at ~22 eV kinetic energy, with only the
slightest hint of a shoulder around the region where the
elgenphase sum changes 1n the ke continuum channel (15.2 eV
kinetic energy). The maximum occurring at ~30 eV photon
energy (~14 eV kinetic energy) 1n the branching ratio 1is
tentatively assigned as arising from an e shape resonance-,
on the 3e MO. The position of this feature (~14 eV kinetic
eneﬂéy) 1S 16 good agreement with the caldﬁf;bed value of
15.2 eV kinetic energy (Table 4.4.4-3).

' The basic similarity (i1gnoring shape.?esonances) of
th; 3e and lap MO's 1in CF3I is a reflection of the fact
that both of these MO's involve F 2p lone palr ele?trons.
The o and BR behavior of the la; MO of CF3I (FlgUré
4.4.4-4) correlates well with the 1t3 MO of CF4 (Figure
4.4.2-1). Both of these molecular orbitals show a rather
broad maximum feature in o and BR. Correlation of the |
3e MO of CF3I 1s more complicated, since 1t 1s not clear 1f
this shouldf;orrelate with the 4ty (Figure 4.4.2—2) ;r
it)] MO (Figure 4.4.2-1) 1n CF4 (1.e. both ty and t; split
to yield an e symmet;y in C3y symmetry). The similarity of

the 3e and lay o and BR shapes (1gnoring shape resonances)

seems to suggest the 1t] MO of CF4. In fact, the basic

shape of the (3e + lap) o and BR of CF3I (Figure 4.4.4-3)
{V




1s quite similar to the 1f; o and BR of CF4 (Figure
4.4.2-1), and very different than the 4t) of bF4 (Figure
4.4.2-2). This correlation 1s 1n agreement with that
proposed by Potts et al.,l1l4 petween CHF3 and CF4.
Comparing paﬂtlal cross sections and biénchlng ratios
between relatéd molecules may prove to bq.an extremely
useful way to actually verify proposed.correlation schemes.
For the 2e MO of CF3I (Figure 4.4.4-6), the
theoretical cross séctlon shows a weak e shape resonance
feature at ~16.3 eV kinetic energy, followed by a broad
structure which maximizes at ~27 eV kinetic energy. It 1s
interesting ko note thét this double maximum feature occurs
1n the le (Figure 4.4.4-9), 2e (Figure 4.4.476), and 3le
(Figure 4.4.4-5) MO's of CF3I. As shod;vln Table 4.4 .4-1,
the 2e MO of CF3I ;on51sts of F 2p lone pair electrons and
should correlate with the le MO of CF4 (Figure 4.4.2-3).
The experimental BR of the 2e MO of CF3I shows evidence of
a maximum at ~29 eV photon energy (~12 eV kinetic energy),
which we tentatively assign as arising from an e shape
resonance (Table 4.4.4-3).‘ It seems that the MS-Xa
calculation 1s underestimating the strength of the e
channel resonance which occurs 1n the 2e and 3e MO's.
Overall, the agreemént of theory with the experimental BR
for the 2e MO of CF3I 1s fair up to ~41 eV photon energy,
where theory begins to underestimate the 1ncrease 1in
branching ratio. The le MO of CF4 (Figure 4.4.2;3) sho%s a

very different behavior 1n the experimental BR (roughly
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constant from 20-50 eV photon energy), and theory fairs
. .

just as poorly at predicting the experimental BR behavior.
The experimental branching ratios for the le MO of CF4 and
the 2e ﬁO of CF3I have similar behavior though at higher
photon enelgles (50-110 eV).

The results for the 3a; MO of CF3I are shown 1in
Figure 4.4.4-7. The theoretical cross section shows an
a1 shape resonance feature at ~18 eV kinetic energy (Table
4.4.4-3), followed by a broad structure which maximizes at
~31 eV klnet{c energy above threshold. The experimental BR
shows little evidence of this aq resonance, showing i1nstead
a slow linear increase until ~60 eV photon energy. The
theoretical BR deviates most strongly from experiment below
~30 eV photon energy. The 3aj; MO 1s related to the 2aj; MO
in that they are the out-of-phase and in-phase
combinations, respectively, of the F 2p and I 5s atomic
6rb1tals. Both of these molecular orbitals have similar
charge distributions and substantial 1 5s character (Table
4.4 .4-1) . It 1s i1nteresting to note the different
theoretical cross section behavior predicted for the 2a; MO
(Figure.4.4.4—10). Instead of a decrease close to '
threshold, the 2aj theoretical o increhases from threshold
to ~10 eV kinetic energy. L;ke the 3aj MO, the 2a3 |
theoretical o shows an aj shape resonance feature at
~16.3 eV kinetic energy, followed by a sharp decrease

thereafter.
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With the exception of the aj shape resonance
features, the theoretléal o and BR behav1o; of these two
MO's 1s quite different, in spite of the fact that the
charge distributions are very similar (Table 4.4.4-1).

This difference 1n cross section behavior 1s undoubtedly

due to the difference in ground staXe nodal properties
which arise from this i1n-phase and oyt-of-phase mixing of
the F 2p and I 5s atomic orbitals. ThNs djfference 1n

ground state nodal properties allows the d-wave component

of the continuum states to overlap constructively up to
~10 eV kinetic energy for the 2a; MO, accounting for the
increase 1n o. Llikewlse, the node present 1n the 3aj; MO
causes the d-wave componeﬁt of the continuum gtates to
overlap destructively 1n this region, causing o to
decrease. The sharp increase which occurs 1n the 2aj cross
section and which maximizes ag ~3é eV photén energy, -
explains very nicely why the shoulder which appears at
~21.5 't 0.2 eV binding energy (and assigned as the 2aj MO,
Figure 3.3.2-1) 13 most noticeable at ~35 eV photon energy.

The theoretical cross section for the 1le MO (Figure
4.4 4-9) shows the same double maximum behavior that the 2e
and 3e MO's of CF3I display, although the le differs 1in
that it is a bonding orbital involving overlap of the C 2p

and F 2p atomic orbitals. The maximum at ~13.6'eV kinetic

energy is due to an e shape resonance, and 1s followed by a

broad structure at ~28 eV kinetic energy. Analysis of the

>
partial waves shows that this e resonance 18 due to
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resonant trapping by the potential barrier of primarily
d;wave components of the continuum molecular wave function,
with some p-wave contribution. In the plot of (2a1 + le)
shown 1n Figure 4.4.4-8, the theoretical o 1s very similar
1n shape to that of the le. Fair agreement between theory
ana experiment occurs for the (2a; + le) ﬁR, although the
theoretical BR plot appears to be compressed relative to
the experimental. A shift of theory by ~3-4 eV to higher
kinetic energy gives even better agreement. Theory
reproduces the experimental double maximum behavior and
minimum obéerved close to threshold fairly well, although
the second experimental maximum 1s shifted to ~20 eV higher
kinetic energy. It seems likely that the first maximum at
~35-41 eV photon edergy arises as a result of the e shape
resonance on the le MO, although smailer contributions from
the aj resonance of the 2aj; MO are also possible. The
experimental BR for the 3t MO of CF4 (Figure 4.4.2-4) has
a very similar double maximum behavior to that of the

(2a1 + le) of CF3I (Figure 4.4.4-8). This similarity 1s
due to the fact that the bonding le MO of CF3I correlates

with the 3t; bonding MO 1i1n CFg4. a

/“\ ,

Finally, the results for the laj bonding molecular
orbital of CF3I .are shown 16‘Figure 4.4.4-11. The 1laq MO
is primarily a C-F bonding orbital (Table 4.4.4-1)
involving overlap of the C 2s and F 2p atomic orbitais.

The theoretical cross section of the laj MO of CF3I 1s very

similar* 1n shape and magnitude to the 4aj C-F bonding MO of
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CF4 (Figure 4.4.2-5), with thefexceptidn of the weak e'
channel resonance that occurs at ~13 eV kinetic energy 1n
the 1ai MO. Both of these orbitals show a broad maximum 1n
tﬁe theoretical cross section of ~2.5 Mb at ~23 eV 'kinetic
energy. While the experimental BR for the 4ay; MO of CFg4
(Figure 4.4.2-5) 1ncreases in a roughly linear fashion up
to ~50 eV photon energy, the laqy MO BR of CF3I (Figure

4.4 .4-11) deviates in slope f}om this trend a€ ~41 eV
photon energy. This change 1n slope 18 accompanied by
positive deviations of the threshold BR from experiment. .
The experimental BR forqthe laq MO of CF31 shows little
evidence of the predicted e shape resonance at ~13 eV
kinetic energy, but this 1s not surprising censidering the

extreme weakness of 1t.

4.5.1 Conclusions

Experimental branching ratios have been determined
for the valence orbitals of CF4, SiF4, and CF3I as a
functlon of photon energy. In conjunction with this,

!
multiple scattering Xa calculations were performed on these

compounds. The CFy4 results-were compareé to the prevfods
CF4 results of Carlson et al.,61 andﬁgood agreement with
both _theoryloS and exper’iment61 was found. A comparison
between CFP4 and S1FP4 was undertaken flrét. ‘The.results
reveal that although there are some gqualitative ‘

similarities, S1F4 has much more structure in o, BR, and

A. This was even found to be true fof the first three

3

C e



molecular orbitals i1in CF4 and SiF4, which are essentially
F 2p lone pair 1n character for both compounds. Our
observétlon sericously questions the general validity of the
normal practice 1n MO assxgnment,ﬂof comparing the spectra
of similar compounds at low photon energies (such as He I
at 21.2 ey and He II at 40.8 eV). As can be readily seen
1n Figures 4.2.1-1 and 4.2.1-2, the first three molecular
orbitals 1in 654 and S1F4 have dramatically different
intensities at 32 eV photon energy, even though tﬂelr
orbital characters are very similar. Although assignments
based on comparison of HéwI/He II spectra are less llkelyv
to be incorrect than assignments based on one energy,
serious errors can occur 1f a molecular orbital exhibits a
strong shape resonance near either photon energy. This
happens 1n SiF4 on the 5a; MO (see Figures 4.2.1-2 and
4.4.3-6), which exhibits a strong t) shape resonance near
He II at ~44 eV photon energy.

The i1ntensity differences found 1n comparing the
first three molecular orbitals of CF4 and S1F4 must be due
to changes 1n the molecular potentlal‘whlch scatters the
outgoing electron. These changes are 1n turn partially
caused by the dlfferlng radial nodal structures of the
carbon and 51llcon valence s- and p- orbltals,124 and the
differing M-F bond lengths. Recently Sette et a}.125'125
showed that the resonance peosition 1s a sensitive function
of the bond length. However, the work by Sette et a‘. has

received strong criticism recently that their 1ideas may be

e
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highly oversimplified. Although 1t 1s quite reasonable to
expect that bond length plays a role in shape resonances,
1t appears that the role of bona length may not'Se as
dominant as these authors claim. In addition, much of the
structure in SiFg4 iivprobably due to the involvement of the
S1 3d orbitals. Analysis of the results from our MS-Xa
calculation shows that higher basis functions such as
¢ = 2,3 are important for these resonances. ,
The gene@aily good agreehent for S1F4 between the
experimental BR and those calculated from the MS-Xa method
confirms the assignment of the valence peaks on a cross
section basis as 1ty ¢ 5ty < le < 4ty < 5aj, 1n order of
increasing binding energy. Poor agreement does occur,
however, for the 1tq and 5t) molecular orbitals for kinetic
energles less than ~12.9 eV. Although this 1s not
currently understood, cases have been found wh¢re
theoretically predicted resonances are observed in some
orbital cases but absent in others.®> Similar valence
results have been obtained for SiCly by Carlson et al.127
Indeed, molepules such as CO2, BF3, SFg, and SiF4 pose- a
major challenge to our understanding of shape resonances 1in

general, and further work is required. For SiF4, future.
~-

work should involve measuring B8, and measuring the total
photoionization cross section 1n order that cross sections
may be obtained. A search close to threshold for the

predicted aj; resonance should be done on the 5ty and 4t

molecular orbitals of SiFg.
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In general, the theoretical cross .sections and
branching ratios for CF3I are quite similar to those found
in CF4, 1f one excludes the I 5p lone pair orb;tal (4e) and )
the C-I bonding orbital (4a1) of CF3I. The agreemeﬁﬁ"v
between theory and experiment is generally quite good,
although deviations were found for tée Ze'and 3aq MO's.
Rather weak shape resonances are predicted to occur 1n the
e continuum channel on all the remaining MO's (éxcept 2a1
and 3a4) and in the aj continuum channéiw;or the 2aq and
3a; MO's. While no firm evidence was found to support the
predicted weak aj shape resonances, the 3e, Z2e, and le MO's
of CF3I do show evidence to suggest that they can support
an e shape resonance. The e shape resonances i1nvolve
trapping primarlly of d-waves by the potential barrier.
The fundamental question which arlses; :; why does CF3I
show this additional weak shape resonant behavior over CF47?

The problem is a perplexing one, but i1t probably
has to do with the perturbation that occurs 1n the
molecular potential when one substitutes a fluorine atom by
an iodine atom. Such a substitution obvfbusly lowers the
symmetry of the molecular potential. Lowering the
molecular potential symmetry means that there maylnow be
certain directions where the photoelectron experiences a
potential barrier strong enough to support an additional
shape resonance. This can be rephrased in terms of basis

r

functions of the continuum state - lowering of the g

molecular potential symmetry may lead to certain important
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partial waves in the continuum functilon experiencing a
potential barrier (i.e. Eentrlfugal barrier) strong enough
to support an additional shape rescnance. In CF3I, these
additional weak e shape resonances are caused by i1mportant
d-wave contributions i1n the continuum function expef1enc1ng
a potential barrier large enough now to support a
quasi-bound d-state.

Analysis of the 4ay and 4e branching ratios of CF3I
from ~50-110 eV photon energy, reveal that i1ntershell
correlatgon between the I Sp electrons and the I 4d shell
occurs strongly only 1n the 4e MO. The weak BR 1ncrease In
the 4aq1 MO probably arises from a combrnation of weak
Lntershe'll correlation and weak contributions from the 1§p
Cooper minimum. Since the 4e MO consists of I 5p lone pair
electrons, while the 4a; MO has the I 5p, electrons
involved 1n bonding, the implication 1is that intershell
correlation 1s strongest-between the I 4d shell and a

localized atomzill S5p orbital.

-3
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CHAPTER S

PHOTOELECTRON STUDY OF THE VALENCE BAND
PARTIAL CROS§ SECTIONS OF XeF)

5.1.1 Introduction
Ih recent years there pas been a continuing interest
1n theoretical and spectréscopxc studies of the xenon
fiuorldes,xn the far UV and soft X-ray regions.
Photoelectron spectra of the XeF, corel~5 and valen§e3r6;7
" levels have been obtaxn;d by several workers. The core
level work has been 1mpo?1ant for determining atomic
- charges,1:2:4 studying the large ligand field splitting on
the Xe 4d‘levels,3 anhd correlation satellites (shakeup) on
the core levels.3 After a number of problems with the
.valence band assxgnment,3-6'7’there 1s general agreement on
the valence band a351gnment3'8'9 despite large
diacrppanples,bepwéen ab 1ni1t1010:11 and xa
calculat‘lon‘s.“'s'g'l2 ’Ih add1t1dn, there have been a
number of absorption cross gection measurements 1n the far
UV and eoft X-ray regionsl3-16 covering both the valence
band and Xe 4d levels
In this chapter, the first five valeﬁce band
partial cross aecklona for gas phase XeF) are reported over

the photon energy range 20-50 eV Detailed theoretical

partxal‘c}oss sections and branching ratios obtained from
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MS-Xa calculations are compared with experlment.,j?hé
interest 1n studying XeF) stems firstly from the fact that
1t 1s a linear triatomic molecule containing Xe as the
central atom. As discussed by Sette et al:,17 shape
resonance positions 1n linear triatomic molecules such as
Nzé, CO» and COS do not correlate with their bond leﬁgths
because multiple scattering interference effects are
extremely lmportant.18 In such linear cases, outgoing
photoelectroﬁs are strongly forward scattered.18 This,
effect 1s expected to be even larger in XeF) since the
central Xé atom 1s of much higher atomic number (Z = 54),
resulting 1n a very large electron-atomic scattering
factor.19 secondly, the bond length 1n XeF> (rge-f =

2.00 Alo) 1s certainly one of the longest studied for a
polyatomic molecule. Comparison of the partial cross
sections obtained for Xeéz with those of the well-stullied
3nalogues (e.g. CO2) should shed some light on the relative
importance of bond length oM resonance position 1n linear

triatomic molecules. Thirdly, due to the valence band’

assignment problems and theoretical calculation problems

mentioned previously, the generally accepted valence band

assignment should be confirmed finally, based on their

experimental partial cross section behavior.

5.2.1 Experimental

~
XeF, crystals were prébared using a previously

reported method?0 and used without further purification.
, " ~
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Samples of XeFy were kindly supplied by G.J. Schrobilgen.
‘Gas phase photoelectron spectra of XeFy were obtained, once
again, with photons from the Canadian Synchrotron Radiation
Facility (CSRF)?l’ZZ at Tantalus I and the Leybold-Heraeus
LHS-11 photoelectron spectrometer in conjunction with a
multicapillary array gas probe. (The experimental *
arrangement has been described elsewhere 1n the )
literature?3 and in Chapter 2 of this thesis. It was found
that heating a small teflon sample container of solid XeF)
behind the multicapillary array to ~50°C generated
éuff1c1ent‘vapor pressure to collect spectra.

Decomposition of XeF; was minimal, as evidenced by the
absence of atomic Xe Sp spin-orbit peaks 1n the spectra. A
600 lines/mm holographic grating from JY Inc. was used in a
Mark IV Grasshopper mpnochrohator, limiting our minimum
pﬁoton energy to ~2} eV. Spectra of the valeﬁce region
were recorded at 275 ; monochromator band width, and 50 eV
electron analyzer\pass energy (0.4 eV electron resolution)
from 21-50 eV photon energy. Representative specéra at . 21,
24, and 33 eV photon energies are shoﬁn in Figure 5.2.1—i.
There are striking 1nten51ty changes between tbese spectra,
_particularly on the 3"8 and 1008 6rb1tals. As discussed 1n
s;ctlon 3.2.1, the transmission function of the electron
spectrgmeter has been found to be'constant to within 20%

for kinetic energies between 2—6$/ev.23’25 We have

obtained very good agreement down to ~2 eV kinetic energy

f .




Figure 5.2.1-1

Photoelectron spectra of XeFy at 21 eV, 24 eV, and 33 eV
photon energies. The molecular orbital assignment 1s given

in the bottom plot.
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“to be unity over thé>photon energy range investigated. The

1)
o
I

’

between our partial cross sections for CF;,26 and those of
Carlsén et*al.2’

All of the photoelectron spectra were
computer-fitted using an lterative procedure described
previously 1in the literature.28 Voigt functions simulated
by a linear combination of Lorentzian-Gaussian line shapes
were used 1n this fitting procedure. Accurate branching
ratios could be readily obtained from the fltﬁed peak
areés. The weak and broad F 2s orbitals (5gy, 80g)4 and
weak Xe Ss o??ital (9g8)4 were neglected i1in the branching
ratio determination. Even at 50 év photon energy, the
combined contributions from the F 25 and Xe 5s orbitals is
less than, ~8%. The experimental branching ;Etgps were then
éonverted to partial cross sections, using the total

photoabsorption data of Nielsen and Schwarz14,15 (measured-

1n arbitrary units) and assuming the photcionization yield

photoabsorption data of Nielsen and Schwarz was converted
to absolute cross section using Black et al.'s

photoabsorption value of 59 + 5 Mb at 158 nm (7.85 ev) .16

5.3.1 _Theory

Theoretical partial cross sections were obgalned for
the valence molecular orbitals of XeF) as a function of
photon energy, using the MS-Xa cross section program of

Davenpoft;.29 The parameters employed 1n the calculation

are shown 1n Table 5.3.1-1. The atomic exchange parameters
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ayrF are those of Schwarz.30 Por the outersphere and
intersphere regions a weighted average of the atonmic
exchange parameters was used, based on the number of
valence electrons. The calculation was performed 1n Dwh
symmetry, using a Xe-F bond distance of 2.00 A10 and 20%
overlapping spheres. A kinetic energy mesh size of 1.36 eV
was used in the calculation of the photoionization cross
sections.

The photoionization cross section was calcﬁlated
using the converged SCF ground state potential, modified
with a Latter tail potential31 in order to account for the
proper large r behavior. Since previous studies32,33 have
shown that the calculations are sensitive to the number of
partial waves used, the spherical harmonics were extended
to higher a?imuthal £ quantum numbers, as shown in Table
5.3.1-1. This choice of maximum L values should provide
convergence in o to better than a few percent o;er the
entire photon enérgy range. All symmetry-allowed
photoionization processes based‘on the dipolar selection
rule were included in the calculations (i.e. AA = 0, + 1; Q
o g).29 )

Initially a similar calculation was attempted on
XeF> using touching spﬁereg. Although most of the cross
section results were very'similar to the 20% overlapping
spheres case, small discontinuities and oscillatory
behavior were observed in the cross sections and the

eigenphase sums at specific kinetic energies. 'Since it was

k4
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suspected that this iddltlonal structure 1in tﬁe touching
spheres calculation was due to some numergcal problem, the
calculation was repeated using 20% overlapping spheres.
The éverlapping spheres calculation gave continuous cross
sections and ei:genphase sums over the entire photon enérgy
range. It 1s suspected that the touching spheres
calculation introduced larger than normal discontinulties
1n the\olecular potential at the sphere edges. Since
Qther touching sphere calculations26:29 navé shown no such
problems (e.g. CF4, SiF4, and CF3I results in Chapter 4),

it may be due to the very large bond distance in XeF)

s~
(rxe-fr = 2.00 210y and subsequently poorer muffin-tin
potential generated by touching eres, due to the larger
1nteratomic region created. Since only a constant

potential is used 1n the interatomic region, overlapping
the spheres reduces the charge 1n the 1nteratomic region,

.8lving a better approximation to the molecular potent:ial.

5.4.1 Results and Discussion

. The overall valence bonding 1n XeF) 1s relatively
simple.4’10 In terms of ionization potential, the
generally accepted ordering of the five .outermost valtnce

levels (Figure 5:2.1-1) 18 Smy < 100g < 3mg < 4my < 60y .
The Xe-F antibonding 57y MO 18 spin-orbit split into 2n3/2
and 2Hi/2 terms due to the high Xe 5p character. The lOo8

and 3"8 are nonbonding fluorine 2p orbitals. The only

bonding levels are the 4wy and 6oy molecular orbitals,

r~
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derived primarily from the Xe 5p and F 2p orbitals. Below
the diffuse Rydberg-like orbitals, XeF) has only one Eppty T
valence orbital. Th1; 7ou' orbital 1s strongly antxbondlng.
and corrésponds to the antibonding partnef of the 60y
orbital. DV-Xa and Xa-SW célculations®:9 have placed the
7out orbital ~4 eV above the highest occupied Snu.orblta%,
and appear to give UV transition energies4'16volving this
orbital that are in good agr%ement with e;cperiment.lO For
the benefit ‘of the ensuing discussion, it 1s i1mportant to
note that the 6oy, 4my, 5wy, and 7ou' orbitals have
substantial Xe 5p character.4,10

The theoretical and experlhental pa;tial
photoionization crdss sections (o) and branching ratios

-

(BR) are shown 1n Figures 5.4.1-(1-5). The theoretical
results are based on MS-Xa calculatlons_pSLng overlapping
spheres. 1In general,‘there 1s good agreément between the
theoretical MS-Xa and experimental partial cross sections
and branching ratios (Figure 5.4.1-(1-5)). Owing to
experimental limitatlons; the partial cress sections could
not be measured lower than 21 eV photon energy. %he major
discrepancy iq/MO assignment between ab initiol0,11l and xa
calculations4:8,9,12 has been in the reversal of the 4
highest occupied 10og and 5my orbitals. Basch et al.10
noted this reversal 1in their ab 1initio calculatioh and
assigned the first valence band in the photoelectron
spectrum as 57,;, based on thé ngn—orblt splitting bresent}
in the first valence band. The lhgg orbital cannot be \V/

| \

,

.



Figure 5.4.1-1

The upber,plot shows the experimental‘ and theoretical MS-Xa
(——) photoionization cross section (in Mb) of the 5wy
valence orbital of XeF3; plus the partial-channel cross
sections for 5wy > kog (— =), Smy » kng (----), and Smy »
kog (-—-). Thé bottom plot gives the.theoretical MS-Xa

(

) and experimental branching ratios.
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Figure 5.4.1-2

The upper plot shows the experimental and theoretical MS-Xa
(——) photoionization cross section (in Mb) of the (Oog
valence orbital of XePF3; plus the partial-channel cross

. ) s

sections for 1008 > koy (- —=) and 1008 > knmy (---). The

bottom plot gives the theoretical MS-Xa (——) and

experimental branching ratios.
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The upper pit ‘shows the experimental and theoreticai MsS-Xa
. .

J bhotoxonxzatxon cross section {i1n Mb)} of the 3n8
valence orbital of XeF;, plus the partxdl—Channel cross
; %
sections for 3mg » koy (- -). 3mg 3 kmy ( ), and 3ng o

xBy (----). The bottom plot gives the theoretical MS-Xa

(-——) and experimental branching ratios .
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Figure 5.4.%31

The upper plot shows the experimental and theofetlcal MS-Xa

%
(——) photoionization cross section (in Mb) of the 4w,

valence orbital of XeF); plus the pa}tlal—channel Cross
56Ct10h§ for 4my » kog (= =), 4my > kng>(-~--),5and 4y >

kdg (----). The bottom plot gives the thedretical MS-Xa

(

) and experimental branching ratios.
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Figure 5.4.1-5

The upper‘plot shows the experimental and theoretical MS-Xa
(—-—4) photo:onization c}§§s section (1n Mb) of the 6oy
valence orbital of XePF); plus the partlal—chanﬁel cross</
sections for 6oy » kog (- -) and 6gy » kng (----). The
bottom plot gives the theoretical MS-Xa (——) and

experlﬁental branching ratios.
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spin-orbit split since the 1on formed has zero orbital
momentum (A = 0). The good agreement found 1n Figures
5.4.1-1 and 5.4.1-2 betwéen theory and experiment enablés
us to confirm, on a cross section basis, that the highest
occupied MO 1s 1indeed S5m;. The most distinctive difference
in the Snu partial cross section is that 1t decreases
monotonlg;lly from ~21 Mb at 21 eV photon energy to ~3 Mb
at 50 eV photon energy, whereas the nonbonding 1003 partial
cross section exhibits a strong resonance feature of ~8 Mb
at ~23.5 eV photon energy. The present assignment 1s 1in
agreement with previous expérlmental a251gnments based on ¥
photoelectron 3pectra,3:6,10 and theoretical Xa
results.4,8,9,12 -

A summary by outgoing channel of the theoretical
MS-Xa eigenphase sum features 1s shown in Table 5.4.1-1,
while Table 5.4.1-2 compares the theoretical and
experlmentaLQresonance positions for XeF). The kinetic
menergy positl‘ons labelled Ephage in Table 5.4.1—1 indlcate‘

" possible resonance positions. According tJ.Kreile’s first
criterion for a resonance, 34 the eigenphase sum must change
Byih 0.37 over an energy range AE £ 6 eV, Based on this,

. the gg and 08g channels exhibit only very weak resonance
behavior. This leaves four resonant channels - one o{peven
parity (ng) at ~4.8 eV kinetic energyland three of odd
parity (my, Oy, Oy) ft ~11.6, ~£}.6, and ~14.3 eV kinetic

energies, respectively.
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Table 5.4.1-2

Resonance Positionsd) from MS-Xa and Experiment for XeF>

Ms-Xa Resultsb) Experimental Results

MO Channel ]
Symmetry Ephase (eV) Eresonance (eV)
Smy Tg 4.8 s .
: . N
Og 4.8 m
og 12,9 w ~11.4 (shoulder)
100g Juy 11.6 s 10.4 s
oy 14.3 s ~14 .4 (shoulder)
. . v
3mg T, My 11.6 s 8.7 s
0u' 11.6 w
oy " 14.3 w
4my g 4.?)\4
Og ! 4.8 s 8.3 s¢)
OS ‘ 12.9 w
éou g 4.8 s \ 4.7 s
‘ ) .
og - 12.9 w )

a) All resonance positions expressed in terms of
photoelectron kine€tic energy.

'b) Classification: strong (s), medium (m), weak (w). X

c) Coupling of the 8o and 8, scattering channels is’
proposed (see tex%). ; .




The experimental and theoretical partial

photoionization cross sections and branchlng'ratlos (BR) ,
fog the 57, MO are shown 1in Figure 5.4.1-1. A;Ehough the.
theoretical BR tends to be smaller than experiment by ~8%
at higher photon energies, the overall agreement betweéﬁ
theory and experiment for both partial cross section and BR
18 very good. The BR minimum at ~26 eV photon energy and
‘mak maximum at ~31 eV photon energy are reproduced well
theoretxca;ly. At photon energlies <£1 eV, thg spectral.
variation of the-5m, partial cross section is dominated’ by
‘the resonancevlnvtheJSnu > kmg, which maximizes at ;18 ev
photon energy. Analysis of the asymptotic partial waves
shows that the Tg resonance is due to regonant Lrapplng by
the molecular potential barrier of the d-wave component
(2 = 2) of the continuum m&lecular wavefunction. This
resonancéacould not be probed experlmentaliy, however, due
to limitations 1n photon energy range caused by the
monochromator. The broader Og_chgnnel contributes
significantly above 21 eV ph;ton energy, agaln with the
d-wave comPonent dominating. Experimentally, the\é%d
partial cross section decreases monotonicadly above 21 eV

~ photon energx» 1&‘3ood agreement with theory.

‘ The variation of the 100g photoionization cross

Lt

section shown in Figure 5.4.1-2, clearly rllustrated“the my ?

and o, resonances predicted at 11.6 and 14.3 eV kinetic .

et

energies. These two resonances dominate between 20-30 eV -

photon energy. The overall theoretical BR shape agrees

»
¥ ‘ .




well with expérlmentw although the theoretical BR values
are higher by ~4% in the resonance region. The broad
fedture at ~26 eV photon energy in the theoretical BR is
caused by .overlap of the two resonances. Both this and the

broad maximum which follows at higher photon energy are

reproduced very nicely theoretically. Agreement between

experiment and theory for the partial cross section 1s

-

equally good, but a much weaker maximum 18 observed
experimentally ;t ~41 eV'photon energy. The asymmetric
feature centered at ~10 eV kinetic enérgy appears to be

! slightly broader and shifted ~1.2 eV to lower kinetic
energy than predicted by theory.. Partial wave analysils
indicates that the my resonance 18 dué to resonant f-wave

traﬁpang, whereas the g, resonance 1s due to resonant

i p-wave trapping (Table 5.4.1-1). -
A similar situation occurs 1n Flgu;e 5.4.1-3 for the
N b
3né orbital, which consists also of nonbonding fluorine 2p
‘orbitals. A single resonance of m; symmetry 1s predlcted)
i to‘occur at 11.6 eV kinetic energy. Experimentally, a
resonance is féuﬁﬂ,at ~8.7 eV kinetic energy,.shifted lower
/ some 2.9 eV kiﬁétic ;nergy from theory. ' Reasonable
agreement is found for the branching ratio, with thé
'magr;rohoﬁﬁéed dip at ~28 eV pﬁoton energy being well .
reproduced theoretically. As for the 100g orbital, 1t was
f;und that this m, resonance is also due to resonant f—wave‘ N
trapping. Clearly, both'of these nonpondiﬁg orbitals of
K XeF can support resonances. o ‘




The three photoxonlzatxon‘channels of the 3mg
orbital 1n Figure 5.4.1-3 are qualitatively similar to the
lng » koy, kmy,. and k8, profiles in 0y, Fy, and COp.35-38
With the exception of the resonance contributions from the
8y, "My, and oy channels near 11.6 eV, 11.6 eV, and 14.3 eV
kineti1c energy respectively, these channels are similar to
the atomic fluorine 2p'cross sections.38 The 3mg » koy
component resembles the 2p » kd atomic-like crogs section,
with which 1t corresponds presumably'ln the separated-atom
limit. The 3mg » koy component 1s similar to a 2p » ks
atomic cross section, while the weak 3ng » kmy component
corresponds to the dipole forbidden 2p » kp atomic cross
section. The, nonbonding nature of the 3ng orbital re§ults

1n substantial ‘atomic fluorine 2p character appearing 1n

the photoilonization cross section. wever, near thé-
resonances thé phetoionization cross|section can deviate
considerably from this atomic behavior due to multiple
scaﬁ'erlng effects, as evidenced by tﬁe substantial
1ncrease 1in cros; section that occurs:.at resonance in the
my channel. A similar type of'behavkpr occurs on the img
orbital of CO2 in the o, channel at ~17.5 eV kinetic
energy,39~but‘the resoﬁance is experimentally bareiy
detectable 1n this case.

It 18 evident from Figure 5.4.1-4 that the 4mny

theoretical photoionization cross section 18 primarily due

to .the d-wave component of the 8g channel. The og and ng

‘channels are'relatxvely small and structureless, although

’ d

-

/




range. They propese that due to the oxygen-atom 2p .

A

theye'xs evidence of an extremely weak maximum at 12.9 e&
kinetic energy 1n the og channel. The three 4my compoéents‘
are %Palxtat1§ely similar to the correSpondxng channels for
the 1my orbital 1n 02,37 P2,35 and 602.38'39 Baéed on
Padial et al.'s38 assignment fb‘the analogous 1lm,; orbital
of CO2, the 4m, » kog component i1n XeP) 1s largely fluorine
2p » kd atomic-like 1n nature, and the 4n, » koé’and krg

» L

channels resemble fluorine 2p » ks and dipole forbidden Zp
> kﬁ. respectively. )
The agreement bhetween theory and experiment for the
4my photoionization cross section 18 not very
satisfactory. It 1s clear from the structure which 1s
observed experimentally at ~8.3 eV kinetic energy that sone
other process unaccounted forxln the caliv;atxons 18
occurring. The position of-the maximum 18 allost identical
to‘the my resonance observed for the 3rng orbital at ~8.7 eV
F1netlc energy fTaglﬁ'5.4.1—2). Since the my an? 0y -
resonances are préd;cted théoretlcally at v1rtuaily the
samé kinetic energy, a 0, resonance would alsoc be expecébd'
in this .general vicinity. It 18 possible that thxg )
structuire 18 due to dxpole forbidden ‘coupling’ of the Anu
\\)b1tal to the k0, channel. A similar argument has béen
proposed by Padial et al.38 to explaih aﬂdlsifepancy‘on the

analogous 1m,; orbital of CO2 1n the ~20-25 eV photon energy

chayacter of the 1lmg and 1my orbitals ‘in CO2, that the

1mg~1 koy and 1my~1 kb0g configurations mix due to
8 8




(’

-
. .

td

significant spatial overlap, causing cdupllng of the Ou’and

Al
A S
< s

6g scCattering states. 3. ,
A/ *"1in Plgu}e 5.4.1-5, 1t 18 ev¥lent tﬁgt the 60y
" p theoretical phot01on12;txon,cross section 1s alﬁost f .
. ) '
exclus1vely dominated by the d-wave component of: the g e
* c2§nnel.rosonance at ~4.8 eV kinetic energy. The

experimental maximum at ~4.7 eV kinetic ®nergy 1s xloo,d
X . ’ .

agreementiwlth the theoretical value (Table 5.6.1-2)1‘ The

osngphnnel 18 virtually flat and contributes less than

———0-5 Mb to the total. A_resonance 1s also predicted at .
: 1 I -
4.7 eV kinetic energy for the analogous 30, orbital, 1n COj,
‘ !

using the multiple scattering method.3% Although this ;/”
resonance in COp occurs instead 1n the og channel, 1t is B

P

also caused py tesonant d-wave trapping and assigned as the ¢

, - ~ . .o . « co
intravalence transition 3oy » 50g"(0").38:39 This type of
° il ! .
: : ]
assignment cannot be applied to XeF;, however, since there

\

are,no.yxxtual valence orbitals of gékade symmetry. Unlike
® COz.whlch has three valepce v1§tualfdrb1tais (2mytem™y,
Sog" (0”7, 40y"(0")), XeF; has only the 7ou'(o').\ind‘€hi§
18 clearly bound.%:9:10 Tne Tg resonance on' the 6oy
orbital 1R XeF> 18 thereforc not due to an 1ntravalence ' .
transition. This would presumably 1mply that h;éhen |
virtual orbitals than these are responsible for this

feature. Such“ﬁlgher virtual orbxtaﬂh-would.tend to be

more atomic-like, and possibly of mixed valence-Rydberg

character.  _ ) - o o
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e
At higher photon energies the agreement on the 60y
‘prbltal (Elgure 5.4.1-5) betweeﬁ theory and experiment 1s
quite good, for both o amd BR. Since the experimental
cross section 1s beginning to decrease at 21 eV photon
N .
energy, 1t ;s con;istent with the existence of this T '

resonance. The theoretical cross section here 1s narrower

and more 1ntense than experiment. This 1s due to the

neglect of vibration, which usually causes the multiple ’
scat}erlng method to exaggerate resonance intensities and

underest rmate widths.40,41 A

-

5.5.1 Conclu§1ons
Expery!ental %ranchmé ratios and partla‘l cross
sections have been determined for the first fave valence
band orbltaié of XeF) as a function of photon energy.
Comparison of the experimental results with MS-Xa
calculations show generally good agreement with regards to ;o0
the overall cross section and branching gétlo behavior.
The two nonbonding orbitals 1nvolving fluorine 2p orbitals
(1008, 3"8) dlsglay a total of three resocnances,
1llustrating that these molecular orbitals located at the
periphery of the molecule can exhibit 1ntense resonances,
and do so 1n splite of the large‘Pond length 1nvolved and -~
lack of appropriate virtual valk&ce orbitals above

<@
threshold.

Certain of the partial-channel cross sections

-

contain profiles that appear atomic in origin, presumably



1 .

correlating with strongly allowed tran51txon: In the
separated—étom limit. The An; > kog, 4;h‘a kmg., and 4my >
kog partial-channel cross sections resemble atomic fluorlqe
2p » ks, 2p » kp (dipole forbidden)} and 2p » kd atomlc—ll§e
cross sectlo;ws,42 respectively. S{mxlarly, 1f one 1gnores
the oy, 7y, and 8, resonance contributions, the 3mg > Kkoy,
3”8 > kmy, and 3mg s k8y partlal—fhannel cross sections
also resemble atomic fluorine 2p » ks, 2p » kp (dipole
forbidden) and 2p » kd atomic-like cross sections,
respectively This behavior 1s also similar to the 1w, and
lmg cross sections of Oy, éz, and C02.35'38 and due
apparently to the largely atomic 2p nature of these
modecular Srbitals. Therg'ls evidence that coupilng occurs
between 3"8-1 ko, and 4m,"1 kdg confxguratlons.‘causxng
discrepancies between experiment and theory to occur around
~8.3 eV kinetic energy A similar case of coupling occurs
on the 1mg and 1m, orbitals of O and CO,.36-38

With the exception of the 4m orblt;l. the other
valence orbitals exhibit at least one‘resonance in thear
photoionization continua. The u-symmetry orbitals (5w,
60y, ) display resonances 1in the Tg channel aue to d-wave
trapping. Since bdth of these orbitals are Xe-F
antibonding/bonding "I1n character, thl; tends to suggest
that the outgoing channel may also carry significant Xe‘and

F character. As the xenon Rydberg orbitals, with the

exception of the d-type orbitals, are bound 1n the ground

state of Xer.4 this further ‘pplxes that the mp outgoing




1™
~}
.\]

4 &

channel 1n these two instances are of mixed valence-Rydberg
orbital character The TQst li1kely candidate for the Tg

»

outgoing channel appears to be the 5#8' orbital. The
previous calculation of Tse et al.% on XeF,' places the
Sng' orbrtal at ~5 eV above threshold, and 1s of
predominantly mixed valence(Xe d)-Rydberg(d) orbital
character

The g~symmétry orblfals (100g, 3ng) both display
resonances 1n the m, channel due to f-wave trapping, while
the 1008 orbital also res?natés in the oy channel due to
glwave trapping. Since XeF) has only one valence virtual
orbital (704" (0")), and thls 1s bound,%:9:10 these
resonances are not due to‘an intravalence transition. One
can only speculate that mixed valence-Rydberg orbitals
involving atomic F 3d orbitals3> may be responsible for
these features. Nielsen et al.l> have measured the VUV
spectra of XeFp (n = 2,4,6) and found that a broad maxirum
centered at ~23.5 eV photon energy occurred 1n each, with
the maximum becoming more i1ntense as the number.of
fluorines 1ncreased 1n the series. Since this 1s the
photon erfergy region where these resonances lie, this

o

2
implies that these features have substan#at atom-like
"

2

fluorine character. Additional experimental and
. ~

theoretical work on the XeFp series (n = 2,4,6) 1S now

L)
needed to 1i1nterpret further the actal -nature of these

'resonances observed 1n XeF ).




5.

6.

1.

10.

11.

12.

1

™
~1

Referencgs
S.E. Karlsson, K. Siegbahn, and N. Bartlett, "ESCA
Applied to Free Molecules”", (North-Holland, Amsterdam,
1969), p.-132.
T.X. Carroll, R.W. Shaw, Jr., T.D. Thomas, C. Kindle,
and N. Bartlett, J. Am. Chem. Soc. 96, 1989 (1974).
G.M. Bancroft, P.A. Malmqu1$t, S. Svensson, E.
Basil:er, U. Gelius, and K. Siegbahn, Inorg. Chem.
17, 1595 (1978). .
J.S. Tse, D.J. Bglstow, G.M. Bancroft, and G.J.
Schrobilgen, Inorg! Chem. 18, 1766 (1959).
S. Aksela, H. Aksela, G.M. Bancroft, D.J. Bristow, and
G.J. Schrobilgen, J. Chem. Phys. 82, 4809 (1985).
C:R. Brundle, M.B. Robin, and d.R. Jonesa, J. Chem.
Phys. 52, 3383 (1970).
C.R. Brundle, G.R. Jones, and H. Basch, J. Chem. Phys.
55, 1098 (1971). <
L. Schelge, P. Phariseau, R. Nuyts, A:E. Foti1, V.H.
Smith, Jr., Physica 101A, 22 (1980).
G.L. Gutsev and ;.E. Smoljar, Chem. Phys. §§, 189
(1981).
H.'Basch, J.W. Moskowitz, C. Hollister, aq? D. Hanku1in,
J. Chem. Phys. 55, 1922*(1971).
LL.S. Bartell, M.J. Rothman, C.S. Ewig, and J.R. Van
Wazer, J. Chem. Phys. 73, 367 (1980) . }
A. Rosén and D.E. Ellis, Chem. Phys. Lett. 27, 595

=

(1974 .

o

™




K\A__‘_,____ > /

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24 .

¢

J. JS;tner, E.G. Wilson, and S.A. Rice, "Noble Gas
s'Compounds', edited by H.H. Hyman, (University of

Chicago Press, Chicago., 1963), p. 358.

F.J. Comes, R. Haensel, U. Nielsen, and W.H.E.

Schwarz, J. Chem. Phys. 58, 516 (1973).

U. Nielsen and W.H.E. Schwarz, Chem. Phys. 13, 195

(1976 .

™

-1

G. Black, R.L. Sharpless, D.C. Lorents, D.L. Huestis,

R.A. Gutcheck, T.D. Bonifield, D.A. Helms, and G.K.

Walters, J. Chem. Phys. 75, 4840 (1981).

F. Sette, J. Stohr, and A.P. Hitchcock, J. Chem. Phys.

81, 4906 (1984).
B.-K. Teo, J. Am. Chem. Soc. 103, 3990 (1981).

W.H. Plygare, "Molecular Structure and Dynamics”,

(Prentice-Hall, Englewood Cliffs, N.J., 1978), p. 611.

R. Gillespie, A. Netzer, and G.J. Schrobilgen, Inorg.
Chem. 13, 1458 (1975). ‘

K.H. Tan, G.M. Bancroft, L.L. Coatsworth, and B.W.
Yates, Can;fb. Phys. 60, 131 (1982).

K.H. Tan, P.C. Cheng, G.M. Bancroft, and J. Wm.
McGowan, Can. J. Spectrosc. 29, 134 (1984).

B.W. Yates, K.H. Tan, L.L. Coatsworth, and G.M.
Bancroft, Phys. Rev. A 31, 1529 (198S).

J.A.R. Samson, Philos. Trans. Roy. Soc. London A 268,

141 (1970).




25.

26.

27.

28.

29.
30.
31.

32.

33.

34.

35.

36.

S. Aksela, K.H. Tan, G.M. Bancroft, H. Aksela, B.W.

Yates, and L.L. Coatsworth, Phys. Rev. A 32, 1219
(1985) .

B.W. Yates, K.H. Tan,-G.Mt Bancroft, L.L. Coatsworth,
and J.S. Tse, 3. Chem. Phys. 83, 4906 (1985).

T.A. Carlson, A. Fahlman, W.A. Svensson, M.O. Krause,
T.A. Whitley, F.A. Grimm, M.N. Piancastell1, and J.W.
Taylor, J. Chem. Phys. 81, 3828 (1984).

G.M. Bancroft, I. Adams, L.L. Coatsworth, C.D.
BEDDGWlLZ, J.D. Brown, and W.D. Westwood, Anal. Chem.
47, 586 (1975).

J.W. Davenport, Ph.D. Thesis, University of
Pennsylvanla (1976 .

K. Schwarz, Phys. Rev. B 5, 2466 (1972).

R. Latter, Phys. Rev. 99, 510 (1955).

M. Roche, D.R. Salahub, and R.P. Megsmer, J. Electron
Spectrosc. Relat. Phenom. 19, 273 (1980).

F.A. Grimm, T.A. Carlson, W.B. Dress, P. Agron, J.O.

Thomson, and J.W. Davenport, J. Chem. Phys. 72, 3041

(1978) . '
|9
J. Krei1le, A. Schweig, and W. Thiel, Chem. Phys. Lett.
N .
08, 259 (1984). ’

A_E. Orel, T.N. Rescigno, B.V. McKoy, and P.W.
Langhoff, J. Chem. Phys. 72, 1265 (1980).
A. .Gerwer, C. Asaro, B.V. McKoy, and P.W. Langhoff, J.

Chem. Phys. 72, 713 (1980). ~




37.

38.

39.

40.

41.

42

P.W. Langhoff, A. Gerwer, C. Asaro, and B.V. McKoy,

-

Int. J. Quantum Chem. S13, 6§S (1979) .

N. Padlal,'G. Csanak, B.V. McKoy, and P.W. Langhoff,
Phys. Rev. 23, 218 (1981).

P.M. Dlttmén, D. Di1ll, and J.L. DNDehmer, Chem. Phys.
78, 405 (1983). .

R.R. Lucchese, G. Raseev, and V. McKoy, Phys. Rev. A
25, 2572 (1982).

R.R. Lucchese and V. McKoy, J. Chem. Phys. 85, 2166
(1981).

D.A.L. Kilcoyne, C.M. McCarthy, S. Nordholm, N.S.

Hush, and P.R. Hiltan, J. Electron Spectrosc. Relat.

Phepom. 36, 153 (1985).

.

281







	Western University
	Scholarship@Western
	1986

	Atomic And Molecular Photoelectron Spectroscopy Studies Using Synchrotron Radiation
	Brian Wayne Yates
	Recommended Citation


	tmp.1410230725.pdf.vdkI4

