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ABSTRACT.

The Berkeley Iron-Free Photoelectron Spectrometer was equipped
with threevnew x-ray tubes for the pfoduction of AlK'otl’z/MgKotl,2 (1486.6'
eV and 1253.6 eV respectively),~NaKa1,2 (1041.0 eV) and YMz (132.3 €V)
| x-rays. The (gaseous) target chamber was redesigned to allow for higher
photoelectron intensity and peak-to-background ratid._ Two heated cells
‘were also constructed, one for pyrolyzing gaseé, the other for wvaporizing
solids. Design details are given for all of the abéve modifications.

~ The importahce of high temperature work is iilustrated.by the
cofe-level_spectra of NF2 radical‘(produced by pyroiyzing N2F4), and.
'paranitroaniliﬁe. NF, shows a multiplet splitting of 1.93 eV. The
bspectrum of paranitroaniline contains intense satellite ﬁeaks attributablé
to multiple-electron transitions. | _

The x-ray satellites in the neighborhood of Nal(ml,2 and YMg Were

determined. The core levels of neon, oxygen, methane, metadifluorobenzene
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(C1ls) and PFs'(Fls) were studied with NaKa in order to assess the
advantagés.of,the new source. A neon 1s linewidth of 0.59(1) eV was
obtained (0.69(1) eV with Mgy ;). The sodium line is shown to be
potentially useful in photoelectron spectroscopy.

The moleculaf orbital region (up to ~ SO‘eV binding energy) of a
number of gaseous systems was studied with MgKa and YMz radiation.
‘Relative infensities at both exciting energies are reported. For neon,
argon and krypton,:the valence p/s intensity ratio décreases in that
order at 132;3 eV phdton energy while increasing in the same order at
1253.6 eV photon energy. The former trend is predicted correctly by the
theoretical calculations of Kennedy and Manson.

As in neon, it is shown that in a variety of componnds involving
only second-row elements, the intensity of orbitals with 2s parentage :
decreéses drématically relative to the intensity df_Zp-like orbitals
when the exciting source is changed from MgKe to YMz. This behavior is
systematized by means of the simple intensity modei proposed by Gelius,
thué allowing. orbital assignment in the fluoromethanes.

The relative molecular orbital intensities (plus core levels at

the MgKo energy) in CH,, NH H,0, HF, Ne, CO, Nz'and C,H, are compared

4> 73

with calculations of the differential photoionizafion cross section for
each DIL The computations represent the continuum electron by a plane
wave.and invoke the frdzeﬁ—orbital approximation for the remaining
electrons. In general, agreement with theory is better at the MgKy
energy than at the YM; energy. In most cases, the calculations predict

the correct intensity ordering, but large deviations from the experimental

ratios were noted in some cases.




The.valence spectrum of molecular oxygen (up to v 30 eV binding
-energy) is discussed. eqh the MgKa and YMg resuits indicate the presenée
- of the uppermost znu state arising from the O; configuration ... (nu)3(ng)2.
Its intensity relative to the remaining states of this configuration is

~in reasonable agreément with theoretical predictioné.
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I. INTRODUCTION
LA phétbelectrqn spectroscopy (phdtbemissién) experiment measures
the energy, number and direction of electrons ejected from a sample by
‘monoenergetiévphotohs. The mﬁgnesium and élumihum Kal’z x-ray lines
(1253.6 eV‘and 1486.6 eV respectiveiy) have been uséd’extensively in
gas-phase studies of this kind. They are easiiy pfoduced in an X-ray
tube, the l'mvreSOlved'K.Otl’2 doublet (2p3/2’1/2'+ 15),having a.linewidth
of‘m 0.7 eV in'magnesium and * 0.8 eV in aluminum. This makes them useful :
for probing the electronic structure of gaseous Species. However, since
the width of electronic levels accessible with soft x-rays is frequently
less than 0.7 eV it is clear that considerable improvement should result
from the use of narrower photon sourées. | | |
, One approach to this proBlem is monochromatization of the exciting
radiation. An instrument capable of studying gases with monochromatized
vAinl’z, x-rays has recently been constructed by the Uppsala group.1
It has an ultimate resolution of 0.22 eV (total contribution to the peak
linewidth ofhef than the inherent width of the electronic level).

It is also imporfant to examine the pdssibility of using emitters
other than'magnesium or aluminum. In some instances, a higher-energy
source is called for to reach the deep lying levels of a. system. Thus
chrdmium énd:copper are used occésionally for this purpose. (The CrKa1 _

2

energy is 5414.7 eV% and Cuko, is 8047.8 eV.”) Unfortunately, the width

of the Koy line increases with atomic number, resulting in some loss of
resolution with these two sources. By the same token, the Kal 2 line
v _ ,

of sodium (1041.0 eV)2 should be narrower than the Kal o X-ray of either

magnesium or aluminum. Furthermore, the 2p1/2-3zp3/2 spin-orbit splitting



should be 1ess; leading to a yet narrower line. Siegbahn gg_gl? ﬁsed
sodiun in combined ferm as an anode material. The peak corresponding
to the carbon 1s of graphite was fouﬁd to have a 1ihewidth of 1.3 eV.
Uhfortunately? the corresponding linewidth with MgKml,2 or Ach:Ll’2 was
‘not reported, making it difficult to determine the degree of improvement
;Vwith the sodium source. | |
Another emitter found suitable for use in XPS is yttrium. The
linewidth of'ehe YMz x-ray MNypps 132.3 ev4) may be as low as 0.47 ev.>
The Mg x-rays of the neiéhboring elements zirconium, niobium and molyb-
denum are also esab1e, but they are broader than YMz;.5
The question arises as to whethef.anything cen be gained by
probing the same level (or levels) with different- energy photons It is
common knowledge among photoelectron spectroscoplsts that the relat1ve
1ntensities of_bands excited with the helium resonance lines (21.21 eV
or 40.8 eV) are generally quite differenﬁ from the relative intensities
What is of great interest to chemists

obtainable with MgKa or AlKo

1,2 1,2°
is that the patterns of intensity change with photon enefgy can be
systematized and used as qualitative criteria for orbital assignment.6
The intensity of a photoelectron peak is related to the photo-
ionization cross section, o, the probability that a photon of energy hw
will'ionize an electron in one second. The XPS measurement can mos£
d1rect1y be related to the differential cross section for producing

photoelectrons in the SOlld and dQ (see Section III for details), which .

is given in the dipole approximation by the followmg.7

v
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i do, e2 . - 2
= -2 uA|Zp B | p®) 1)

Here (A| is the initial state, |B) the final state upon ionization, u

is a unit vector in the photon polarization direction, P, is the linear

momentum operator for the nth electron and p(E) is the density of final

states with energy near E. For unpolarized radiation and a randomly
oriented sample (such as a gas), the expression must be averaged over

all directions. The final state |B) contains the continuum electron.
do
dQ b4
| of the photon. This makes clear the importance of experimental measure-

Thus in the expression for <, both |B) and 0(E) depend on the ehergy
| ments at different photon energies: a good final-state wavefunctien
should be able to predict, through Eq. (1), the correct variation of -
the cross section with excitation energy.

The present work deals with the three X-Tay sources magnesium,
'sodiumvand yttrium. In Section II.A we briefly describe the Berkeley
- Iron-Free Spectrometer, the instrument used to make ail the measurements
reported in this thesis. We next focus on the source housing (x-ray
tube and sample chamber),'since this is the part most heavily modified
in the last four years. Three x-ray tube designs are discussed (Section
11.B), corresponding to the three anode materials. We also discusé
four different gas cells, including a device for vaporizing solids for
study as gases. This is an important acceésory to a photoelectron
spectrometer, since it greatly expands the range of syétems amenable
to study by this spectroscopic technique. Some interesting results of

high temperature experiments are discussed in Section V.



While the above modifications were specificélly intended for the
’Berkeléy Iron-Free Spectrometer, if is neverthelesé hoped that many of
the design principles equunded in this thesis would be of use to other
wprkers attempting to make similar improvements on their instruments.

The NaKo and YMg x-rays are discussed ih Section IV. The merits
of the NaKOt.l,2 line are explored in Section VI by comparing spectra
recorded with the new source to prgvious measurements with Mchzl,2 or

AlKal’z. |
The major part of this thesis deals with molecular orbitals, the
binding energy region up to ~ 50 €V. We examine the”cross section
variations when the éxciting source is changed from magnesium to yttrium.
It must be emphasized that only relative differential subshell cross
sections;_({%g)goo, were measured (electron beam perpendiculaf to
unpolarized photon beam). The reference peak inveach case was one of
thevleﬁels of the system under study. Binding enefgies are also reported
in some cases. | |
| Since ohly the rare gases have so far been studied with Mg

8_10.we deemed it appropriate to confine ourselves to small

X-rays,
systems. The‘availability of cross section calculations was also a
. determining factor in the choice of some molecules; for example, the
second-row‘hydrides (Section VIII), carbon monoxide, nitrogen and |

' 'ethylene (Section IX). » ,




"II. INSTRUMENTATION

A, "The Berkeley Iron-Free Spectfometer

" 1. General Description

 The main components of the instrument are shown in Fig. 1. A
(gaseOus) samplé,'typically at a'pressure of ~ 100 microns, is'irradiated
with monoenefgetic photons broduced in a separatély-pumped, hot cathode
x-ray tube. Electrons are emitted via the photoelectric effect. Those
with a veioéity'perpendicular'to the direction ofvincident radiation |
- may enter thé_analyzer through a rectangular slit (0.4" by ;010"j defining
‘the eléctrOn-opticél_object. The two concentric-sblenoid coils shown in
Fig. 1 create a magnetic field capable of focusing electrons with finite -
axial and/qr radial departure angles frdm the 50 cm radius 6ptic circ1e.
In order to have this so called double focusing characteristic, the

11. Another slit (.020"

field must vary as near the optic circle.

- . wide) is situated at ;'/7_ radians from the first in order to adﬁit the
deflected electrons for counting by an electron multiplier (Bendix
Channcltron). Repeated scanning of up to four kinetic energy regions
is controlled by é Digital Equipment Corporation PDP-8 computer interfaced
to the spectrbmetgr,system.

The resolution of the analyzer is determdnéd by the widths of the
two slits, and by the size (and 10¢ation)_of'the baffle which selects
the solid angle of electrons to be focused. Ideally,.the geometry of
the baffle should be the same as that of the source and detector slits
(recﬁangular). The actual design, however, was determined empirically

to be roughly "S'"-shaped, following the contour of the iso-aberration

lines. This departure from the theoretical geometry was causedvby
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XBL752- 2228

Fig. 1. The Berkeley Iron-Free Photoelectron Spectrometer viewed across the
optic circle (mid-plane).
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impérfections'in analyzer construction and alignment. The energy

reSdlution, AE/E, was about .06% for all experiments reported in this

- work.

Gate-valves are provided in front of both the detector and source
housing. This ‘permits disassembling of the two chambers without bringing

the aﬁalyzer.up to atmospheric pressure1 ‘A liquid-nitrogen-trapped oil

‘diffusion pump (7" I.D. port, 1520 liters/second of air pumping speed)

maintains the latter at a pressure of ~ 107 torr. To prepare the

instrument for studying gases with low energy x-rays, the aluminum
baffle plate_énd gas cell were reconstructed outvof gold-plated copper.
This eliminated possible charging effects. An important improvement on-
the existing set-up was the introduction of three liqﬁid—nitrogen-cobled

fingers into the analyzer chamber (see Fig. 1). of éourse; these were

terminated at a safe distance from the electron beam. The traps

accomplished fwo purposes: 1) For condensible gasés, both the intensity
and‘peak-to-béckground ratio improved, sometimes’dramatically,'due to
reduction of electron scattering in the analyzer. 2) They provided
proteétion for the detector from corrosive gases. This made possible

12 known tb be detrimental to

the study of a number of reactive species
detector surfaces. As a consequence, the pressure in the gas cell could
now be varied over a wider range than ever before. This is important in

the study of energy-loss peaks.

2. Calibration

To calibrate the spectrometér,:a direct voltage technique was

developed and used by Fadley et al.13 For gas work, matters are



simplified by the existence of aCcurate:and easiiy reproducible feference
binding energy values.'14 Thus, fer a certain sample arrangement, a level
of a reference gas (with binding energy Er) is seanned, using an x-ray
of known energy hv. The coil current I at the peak position is measured
~accurately. The kinetic energy of the electronS, (hv-Er), corresponds
to a certain value of Bp, the magnetic rigidity; ebtainable from standard
ta.bies.3 Invthis manner, the spectrometer constant C=;§9 can be
determined; Frequently, a reference gas is bled iﬁ simultaneously with
the gas underfs;udy, and the respective peak_currents I and Ig ere_
measured. Tﬁe difference between the two kinetic energies is given by

(in the nonrelativistic approximation):

(c1 g)2 ] (CIr)2
. 2m 2m

_.C? _— ' o
T T Wt @)

where m is the electronic mass. Thus a linear drift in current I

. 2
introduces a correction to the energy difference equal to ZGI-EL—(Ig-Ir).

- 2m
61 can be detemined from the known kinetic energy‘of the reference gas.

-In this manner, one can obtain absolute binding energies without

measuring the current accurately.

3. Field Compensation System

In order to focus 1 keV electrons, a magnetic field of v 2 gauss
is required. This makes clear the need for eliminating the earth's
magnetit field, as well as stray fields. For this purpose two sets of
Helmholtz coils (20 ft diameter each) are employed. They prbvide

compensation in the vertical and horizontal (north-south) directions.

»
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In the paSt,fthe cﬁrrent in the coils was set briorlto switching én the
_speétrometer‘ﬁagnétic field. ' Recently, however, large fluctuations in

: the'ambient field (éveraging 90 gamma peékjto-peakfwith a fivevsecond
fundamental period) led to the development of a dynamic compensating
>system by Dols, Salz and Sorensgn_of this laboratory. Details of the
design will be discussed in a future publicatidn, Briefly, a magnetic
sensor (HP Model SSZQA) was placed in the optic plahe of the specfrbmeter,
‘150 cm away from the center. The sensor comes equipped with an internal
coil through which current can be passed. This current is adjusted‘so

as to null the sum of the fields due to the spectrometer coils and to

the differenCe in gain of the vertical Helmholtz system at r=0 and

r=150 cm. ‘Any remaining fields can now Be compenSatéd for.byﬁéutomatically
ra‘dju’sting_‘tv:he current in the Hélmhol‘tz coils. With this system a stability

of + 10 gamma was obtainable.

'B.  The Soft X-Ray Tubes

C. S. Fadiey constructed the first x-ray tube for the Berkeley
Iron-Free Spectrometer and used it to study solid samples. The essential

15 Such an x-ray tube .

.. features of the design were'diécussed elsewhere.
~ would be unsuited for studying gases because it was not sealed off from
the target chamber. This meant that both the énode-and filament were
exposed to the gas, resulting in anode poisoning‘and/or short filament
lifetime. As a first step in alleviating this problem, Fadley used
indium foil to seal the (demountable) anode, window and flange to the

x-ray tube can (see Fig. 2 for the relative positions of these parts).

A separate pumping system was also used. (Originally, the x-ray and the
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rest of the source housing were both pumped by the analyzer diffusion
pump.) Thése'modifications made possible a number of studies on gaseous
sstcems.l6 However, the arrangement had a mumber of drawbacks: 1) Indium
fbii was awkward to use routinely as a sealant since the gaskets had to
. be replaced eyery time the apparatus was disassémbled; Furthermore, the
foil had to be cut to the righf shape to fit the:sealing surface; .Also,'
due to warping of the mating surfaces, the sealing was not alway§ perfect.
2) The.pﬁmping speed was insufficient to maintain a clean anode for more
than a few hours. .The window (which was at ~ 100°C during operation) -
frequently became coated with impuritiés, resulting -in further intensity
| decrease. This state of affairs rendered theAstudy of low-intensity
peaks almost impossible. | | '
'ThUS; with the stock of simple expérimenfs,on non;corrosive gaseous
'systems largely depleted, there was'a pressing neédvto equip our spéctrom-
éter'with a stable and sufficiently intense x-ray source. Clearly, there
were two minimnm-requirements: 1) A completely seéled, easily demountable
x-fay tube. Demountability is netessary to enable one to use different
anode materials (magneéium being the most commonly used), and to replace

the window and filament. 2) A pumping system fast enough to maintain

a clean anode surface.

1. The X-Ray Tube Pumping System

We address ourselves to the second requ1rement f1rst - A new
pumping system was constructed and used to pump on all the x-réy tubes
discussed in this work. Instead of the old liquid nitrogen cryopump,

an oil diffusion pump (4" throét, 300 2/sec) with a liquid nitrogen
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| rightfahglé'trap was employed. Sinbelthé,oil4heating element as well
as the pumping jet were magnetic, the pump was placed approximately eight
feet from the:analyzer. Four-inch diameter stainless steel tubing
LAlioy.#304),:tqtéling‘9 ft in length, covered thévdistance up to the
spectrometer inner coil. From ﬁhat point to the x-ray tube, 40 inches
of 1%'" diameter connectors (knife-edge Varion flanges with copper gaskets)
were used. The last 18 inches consisted of a segment of flexible tubing
(stainless) with an 0" ring coupling connection to'the X-ray tube. The
diameter of thé_connéction varied from 3/4" to 1%'" depending on the
. x-ray tube in.use. A relative indicationvOf:the preésure was obtained,

‘using a glass ion gauge situated at the junction of the 1%" and 4“ '
diameter lines (i.e., ~ 40 inches from the'x-ray tube).

| A mechanical pump was connected to both the source housing ahd

'x-rayitube.r A molecular sieve trap (ULTEK Model 50-009) was instalied
between the x-ray tube.and the roughing pump to prevent back-streaming
of 0il from the pump into the clean x-ray tube system; To_staft from
atmospheric pressure, the valves sepafating the source housing and x-ray
tube must be open to prevent differential pressure‘on the x-ray tube
window. Even then, the mechanical pump valve has to be opened slowly,
since the difference‘in the conductance of the lines leading to the two
chambers is enough to damage some thin windows if the vacuum is'applied‘
.,suddenly. When the pressure reaches the micron range, the diffusion

- pumps can be opened to the respective systems. -
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2.  The Mggnesium/Aluminum X-Ray Tube

(a) Design

The sealing of the x-ray tube was accomplished-by'D._W. Davis,17

._ who modified the existing Fadley design as follows (see Figs. 2-4). The
cooling block; dh which the anode was mounted, was sealed to the stainless
steel can by ah "O" ring. Viton was used because it is capable of
withstanding temperatures of ~ 120°C. The other side of the can was
welded to the accompanying flange (Fig. 2). The ééthode aséembly was
still accessible, since it was originélly mounted on a "butterfly".flange -
| which was,‘in turn, "0" ring sealed to the.circular flange. The beryllium
window was also sealed to the can, a 1/16"-thick:copperjplate bolting to -
‘the x-ray tube being used to press it against a vitrbn "0" ring. The
.0005'" -thick, 3/4" diameter beryllium disk (Kawecki Bery1co Industries,
Inc., Hazleton, PA) proved strong enough not to shear or wrinkie under
‘these conditions, and a complete separation of the x-ray tube and gas

'ééil vacua was achieved. (This mode of sealing the window was suggested
by.Professor D. A. Shirley.) In order to pfovide good cooling for the
anode (1%' in diameter), the magnesium (or_aluminum) ﬁas connected to

the copper cooling block (water flows continuously through the latter)

by six 4-40 Allen-head screws lying on a 1" diameter bolt circle. The
beryllium window wés cooled éoﬁewhat by attaching the copper piece that
clamps it in place to the anode-cooling block. The x-ray tube has two
pumping ports totaling no ﬁore than one square centimeter in cross-sectional
area. However, this proved sufficient for days of‘continuous operation.
The pumping 1inés were welded to a valve, in order to allow for the use

of air-sensitive anodes, since the x-ray tube could now be carried over
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Fig. 2.

XBB 751-274A

Exploded view of the magnesium (or aluminum) anode x-ray tube.

From left to right: two high-voltage feed-throughs (1) with corona
balls are welded to a "butterfly'" flange (2). The cylindrical part
(3) is the cathode assembly (see Fig. 3 for a closer view). It

fits through the opening in the circular flange (4). This flange
(stainless steel) is welded to a can (5) on which the (beryllium)
window (6) is mounted. The anode (7) is bolted to a cooling copper
block (8). The latter is sealed to the can by an "'0'" ring. The

two water lines (9) mate to swage-lok fittings in the circular flange.
Water supply and return lines (not shown) are connected to the fittings
on the back side of the flange. The inside of the x-ray tube is
pumped through two %' diameter lines (10). The valve is provided

to allow for the use of air-sensitive anodes.
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Chem 3998

Fig. 3. The cathode assembly. The filament is made of .005'" diameter
tantallum wire wound on a .018" diameter mandril (72 turns/inch).
An "0" ring groove is machined in the 'butterfly' flange for
sealing to the x-ray tube. (Photo taken from reference 15.)
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Fig. 4. The soft x-ray tube in position in the source housing. (See Fig. 1
for the location with respect to the rest of the spectrometer.)
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to the spectrometer under an inert atmosphere.

(b) Operation

The x-ray tube is operated by placing a high negative voltage
(v 12 kV) on the filament with the anode and tube walls at ground. An
ac current is used to heat the filament. Approximately 350 watts of
emission power can be reached without vaporizing the anode, provided
there is good contact between the anode and cooling block (oxides removed
by sanding).

Thanks to the modifications discussed above, the x-ray output now
remains steady for days. The anode is recovered with only the slightest
discoloration. The filament, which used to burn out quite frequently in
the past, now lasts for months. The beryllium window lifetime depends
on the gases it is exposed to: some corrosive species result in its
untimely destruction. In general, however, the window has been found to
withstand a variety of compounds rather well.

The performance of the magnesium and sodium x-ray tubes is -

compared in part 3.(b) below.

5, % The Sodium X-Ray Tube

By this we mean an x-ray tube for the production of NaKo x-rays.
This was achieved by modifying the Davis-Fadley design discussed in the
previous section. Since sodium is easily oxidized in air, anode mounting
should be done in an inert and scrupulously dry atmosphere. This is a
rather cumbersome procedure. There is also the problem of cooling the
sodium efficiently, all of which leads one to consider alternative ways

of making a sodium anode. One possibility might be to use sodium in



combined form where it is less (or not at all) susceptible to corrosion.
In order to withstand electron bombardment, however, the compound should
be an efficient heat conductor (or have a very high melting point). Thus

Siegbahn et 31}8

found that NaCl quickly vapbrized when used as an anode
material. A further complicating factor in this approach is interference
of the x-rays produced by the anion species, though these could conceivably
be used to advantage to probe the sample simultaneously with different
energy x-rays. In this work, this approach was not followed, however.
Instead, the sodium target was produced in situ by vaporizing sodium

metal onto the anode surface.19

(a) Design

A number of modifications were made on the existing *—ray tube to
prepare it for a sodium target. At a later date, a separate x-ray tube
was constructed exclusively for this purpose. This is shown in Figs. 5
and 6. The new features of the sodium x-ray tube are the following: -

1) The pumping port was considerably enlarged. A 1%'" diameter

"T'" with a 1%'" port right-angle valve was welded to the butterfly

flange. Faster pumping was found to be nonessential to obtaining

the sodium line, but it doubtlessly improved the intensity and

duration of the x-ray output.

2) Since the spatial extent of the x-ray tube arrangements in
the horizontal direction was limited by the presence of the
spectrometer coils, smaller high-voltage feedthroughs became

necessary. (Ceramaseal, Cat. #808C2824-1, 10 kV rating.)

3) The cathode assembly was simplifed from that used by Fadley.
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XBB 751-42

Fig. 5. The assembled sodium-anode x-ray tube. Note the large (1%"
diameter) pumping port. The cathode assembly is mounted on 23"
diameter Varian flange (shown in Fig. 6).
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Fig. 6.

XBB 751-39

The sodium x-ray tube cathode assembly. (Compare with the old
design in Fig. 3.) The two holes in front of the filament are
for loading the sodium charge. Note that the filament groove is
shallower than in the old design (Fig. 3).



-20-

It was mounted on a Varian flange, and was cut into a rectangular

“ shape to provide faster pumping at the anode site.

In the new design, the filament mounting poles were easily
accessible, instead of being encased in a cylindrical shield. The
filament groove was made shallower in order to diffuse the electron
image on the anode. This probably resulted in some intensity loss, since
a point source is the most highly desirable image. However, the idea
behind it was to reduce overheating of the sodium layer and its subsequent
evaporation. Two 1/16" diameter, 1/8'" deep holes were drilled into the

cathode block for loading the sodium.

(b) Operation and Performance

Sodium metal is cut under heptane and pressed into the two holes
in the cathode block. The x-ray tube is then assembied and pumped down.
When the filament is heated, the sodium vaporizes and coats the anode
surface (copper or gold-plated copper).' The sodium oxide formed during
handling remains behind, since it would require a higher temperature
to sublime.

A rough measurement was made of the photoelectron intensity
attainable with the x-ray tube described above. Our‘point of reference
is the MgKa photoelectron intensity. The following experiment was
performed: Nels was scanned with MgKa, using ~ 14 kV and 20 mA emission
current in the old (small pumping port) x-ray tube. The (relative)
pressure of neon in the gas cell was noted. Next, a sodium anode was
made in the manner described above and the x-ray tube now operatéd at
" 7 kV and 20 mA. Otherwise, the conditions were the same during both

experiments, i.e., the geometry, beryllium window and neon pressure



were not changed. The resulting count rates on the Nels peak are plotted
against time in Fig. 7. Each experimental point represents the average
number of counts per second over a half-hour interval. The peak-to-
background ratio was 65.5:1 with magnesium, and 60.5:1 with sodium. The
plot shows that the MgKa intensity stays constant essentially indefinitely,
while the NaKo intensity drops continuously. The rate of decrease was
greatest during the first hour of operation. The FWHM of the Nels peak
increased by 0.1 - 0.2 eV after the first half-hour or so; thereafter it
stayed essentially constant. This was probably due to x-ray line broadening
through oxidation of an outer sodium layer. Oxidation was probably also
responsible for some of the intensity decrease with time, along with
evaporation of sodium off the anode surface.

To convert the photoelectron intensity to x-ray intensity we
correct for the spectrometer transmission and for the transmission of
beryllium at 1254 and 1041 eV.20 We also take into account the change
in the differential cross section (%%)900 of neon 1s with x-ray energy.

21 In this manner, we arrive at

This has been tabulated by Wuilleumier.
a NaKo/MgKa ratio of 1.0. This value has been corrected for the fact

that different x-ray tube powers were used in the two runs. This
correction is not precise, since the efficiency of core-hole production

in the anode is probably not a simple linear function of exciting electron
energy. Another source of error is window coating with sodium and the
subsequent oxidation of the latter, which has the effect of reducing the
transmission of NaKo, hence lowering the NaKo/MgKa value. Still, the

result certainly shows that sodium is a good emitter and is well suited

for use in photoelectron spectroscopy. It is also interesting to compare
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Fig. 7. Nels count rate versus time for magnesium and sodium anode sources.
The peak-to-background ratio is 65.5:1 and 60.5:1 respectively.



our experimental ratio with theoretical values of the K-fluorescence
yield ratio wNaK/wMgK' From the compilation of Bambynek et al.,22 we
quote the results of calculations by three different workers: 0.774,

0.88, and 0.744.

(c) Possible Improvements

As always, the above x-ray tube design can be improved. One highly
desirable feature is to have a separate heater for the sodium. The sodium
layer on the anode can then be replenished periodically instead of all
being deposited in one step. Furthermore, the first evaporation can be
used to getter the ambient oxygen. An x-ray tube with this feature has
been constructed by'Miner.z3 The sodium evaporator in the Miner design
has the added feature of collimating the sodium beam, thus preventing it
from coating the rest of the x-ray tube. Another possible improvement is
the use of a higher transmission window. This point is discussed further
in Section C.4 below. Of course, better handling of the sodium charge is
also desirable, since it reduces the amount of impurities reaching the
anode before the sodium is deposited. Baking the x-ray tube (except for
the sodium containing part) may also reduce degradation of the sodium
layer. Finally, the question of substrate materials should be examined

to determine the surface best able to retain sodium.

Cs The Ultra-Soft X-Ray Tube

This section deals with the design and construction of an x-ray
tube that differs in several important respects from the ones described
so far. The significance of the design improvements can be understood

best by discussing some of the limitations of the old x-ray tube. We
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examine this question next.

! Y Motivation

The Davis-Fadley x-ray tube should be capable of accommodating a
number of anode materials. Magnesium and aluminum, of course, are used
routinely. In addition, copper and chromium anodes (the latter made by
plating onto copper) are perfectly feasible. Many other examples can be
given. However, a number of interesting x-ray sources are excluded,
primarily because the design places rather severe limitations on possible
window materials. In order to qualify, a window has to be pin-hole free,
since electrons leaving the filament or deflected by the anode would
otherwise be capable of penetrating it in large numbers. The result is
a high background obscuring the photoelectron signal. Furthermore, an
acceptable window should be able to withstand electron bombardment and
the resulting high temperatures. Some windows are thin enough to be
penetrated by electrons from the x-ray tube. As a reéult of the harsh
operating conditions, even .0001" thick aluminum turns out to be
unsatisfactory as a window material.

Faced with these restrictions, and the necessity of using fragile

windows to transmit YMg x-rays (132.3 eV), a new design seemed inevitable.

- Description of Components

The above considerations led to the x-ray tube shown in Figs. 8
to 15. Also shown are the gas cell and source housing, which were totally
rebuilt to conform to the new design. Perhaps the most radical departure

from the old design was the "floating'" of the anode at a high positive



ey [
To analyzer
14
77 7
N § />/Yﬂnum target
Slit blade holder § [ }1 — Filament
Source defining = /”/Filament rods
slit Q N = ||| —Ceramic block
— —— N
Source housing—= T X-Ray— N Anode coolin
N _ beom/// /:/ n ing
N // _/‘ N
' [ 1 al
Il {f +—— Shield
Formvar window — " 3
N
N N
ZI¢ N7
, g
NN\ ‘ NN
Source housing —== | Cooling jacket
pumpout port 1R
Gas inlet —
port LIkl
by R Copper anode
\
X-Ray tube pumping port___= ! -
y
- X-Ray tube con—now— | L8 |} ///
N\ N N
: D
% ) ¢
Teflon high voltage
stand - of f
(0] 1 2
L 1 | ] ]
(gt ater out

XBL752- 2227

Water in

Fig. 8. The ultrasoft x-ray tube and gas cell design.



26-

XBB 751-43

Fig. 9. Assembled ultrasoft x-ray tube and source housing.
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Another view of assembled apparatus.
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XBB 751-40

Fig. 11. The source housing viewed from the analyzer, showing the slit design.
The "0'" ring is for sealing to the gate valve (see Fig. 1).
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XBB 751-37

Fig. 12. The interior of the x-ray tube. The filament connectors (threaded
part on the left) are clearly visible. The anode tubing is covered
partially by the shield.



Fig. 13.
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Close view of the filament,
winding of the filament and

XBB 751-41

anode and shield. Note the bifilar
its insulated support on the right.
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Fig. 14. The anode (%" 0.D. copper tubing). The water inlet and outlet
connections are also shown. The inset shows the electron image
on the anode surface.
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XBB 751-36

Fig. 15. The x-ray tube removed from the rest of the source housing. Note
the window on the left.
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potential while maintaining the filament at ground potential (although a
minor modification should allow one to raise it to any desired negative
voltage). The x-ray tube can (Fig. 8) was constructed out of 1/16'" wall
copper tubing so that it could be cooled by water flowing through a jacket
‘approximately 2'" from the window. The source housing was made out of
1/8" thick aluminum tubing for lightness, and was gold-plated to prevent
charging. It defines the boundaries of the gas cell as well, since to
use a separate chamber would have necessitated a second window with added
loss of x-ray intensity. The gas cell (or source housing) has a demountable
slit-blade holder (see Figs. 11 and 18) fitting into the circular opening
on the analyzer side of the source housing and captured in position by
an "0" ring, the resulting quasi-seal forming a conductance barrier so
the gas can effuse only through the ;1it._ The slit-holder is grounded
to the source housing.

The x-ray tube is connected to a 1'" diameter 'butterfly' valve
(see Figs. 9 and 15). This enables the operator to carry it to the
spectrometer under an inert atmosphere. 'O" rings were used throughout
except in connecting the valve to the x-ray tube where a knife-edge
(copper gasket) was employed. The major components of the x-ray tube

are discussed separately below.

(a) The Cathode Assembly

Both the filament and anode were mounted on the same flange (see
Fig. 12). The filament was made from .005" diameter tantalum wire by
winding over a 0.040" diameter mandril (40 turns/inch). Since, in this
design, the filament is close to the photoelectron source, it was wound

bifilarly, and hence, noninductively24 (see Fig. 13). In this fashion,
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both filament terminals are on the same side and can be tack-welded to
1/16'" diameter tantalum poles no more than 1/8'" apart. The tantalum
rods are in turn connected to stainless steel rods of the same diameter
(1/16'). One end of the filament is grounded to the supporting flange,
which is connected to one of the terminals of the power supply. This
method ofbmounting the filament leaves one of its ends unsupported.
Therefore, in order to prevent distortion upon heating, an electrically

insulated '"hook' was looped around the free end (see Fig. 13).

(b) The Anode

As mentioned earlier, the anode was floated to a positive potential
of several kilovolts. A teflon standoff (Fig. 12) was used with "O" ring
seals to the anode on one side and the flange on the other. Plastic
screws were used to connect the anode, in order to prevent stripping of
the teflon threads and/or voltage breakdown. A mylar sheet was inserted
between the anode flange and filament feedthrough for the same purpose.
The anode (Fig. 14) was water cooled, the water being delivered to the
copper backing of the target by 1/4" diameter tubing (see Fig. 8). The
house water pressure is 70 psi, probably more than is needed for such a
low power x-ray tube. Since filtered tap water was used (as opposed to
deionized water), it was necessary to have a long (v 20 feet) rubber or
tygon cooling line to prevent shorting to ground.

The yttrium target was machined (copious amounts of o0il were
necessary to prevent it from catching fire) into a disk no more than 1/4"
thick and pressed into a copper "cup' of slightly (.001') smaller inside
diameter. The other end of the copper cylinder has a screw-thread for

connecting to the anode (see Fig. 8). A 10 - 20° x-ray take-off angle
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was used. The anode is concentric with a grounded, 3/4" o.d. stainless
tube (Figs. 12,13). The latter is necessary to ensure that no electrons
can reach the back side of the anode, since x-rays produced there cannot

be transmitted through the window.

(c) The Window (Fig. 15)

A number of window materials are available for transmitting in
the YMg range.25 Thus Krause5 used ~ 20 ugm/cm? polystyrene. Carbon
films down to 600 R or less are also available. We chose Formvar because
it adheres to a copper surface better than either polystyrene or carbon,
thus formiﬁg a better seal. The disadvantage of using Formvar is that
it is 15% less transmitting than polystyrene at 132 eV. The windows are
prepared as follows: Formvar powder is dissolved in dichloroethylene
(20 grs/liter). Microscope slides (3" x 1') are dipped in the solution,
then suspended in the dichloroethylene vapors for 1% minutes to thin out.
The film adhering to the slide is dried in air and subsequently floated
off over a water surface. Finally, a copper plate (window piece) with a
3/8" diameter opening is used to lift the film out of the water. After
drying, a second film can be spread over the first in the same manner.
A good separation 6f the x-ray tube and gas cell vacua is achieved,
provided the copper surface is clean and free from scratches. The copper
piece was conventionally sealed to the x-ray tube by a Viton "0'" ring.
Formvar proved capable of withstanding a variety of gaseous species.

When using such fragile windows, it is advisable to have a
protection mechanism for the x-ray tube pumping system since a gas
pressure of several hundred microns can be present in the gas cell.

A convenient protection device in our particular geometry is a miniature
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pneumatic valve (Nupro Company, Cleveland, Ohio; Cat. #SS-4BK-NC) placed
in series with the gas inlet port. When the window ruptures, the rise

in pressure registers on the x-ray tube pumping system ion gauge. The

ion gauge power supply was modified so that a pressure rise beyond a set
safe limit activates a solenoid valve (as well as an audible alarm). The
valve controls the air pressure reaching the pneumatically operated valve
at the end of the gas inlet manifold. The result is the interruption of

the gas flow into the spectrometer.

3. Operation

The yttrium surface is filed clean inside a nitrogen-filled glove
bag. The butterfly valve is then closed and the entire‘assembly (x-ray
tube and source housing) is carried over to the spectrometer. Both the
x-ray tube and gas cell are pumped simultaneously to prevent differential
pressure on the window. At a pressure of v 100 microns the pumping
system described in Section B.1 is opened to the x-ray tube. After about
two hours (when the x-ray tube pressure reaches the 10~7 range) the
filament and anode voltages are turned up slowly. A dc current of ~ 2 A
is needed to obtain v 20 mA of emission current from the filament. No
systematic study was made of power versus intensity; however, a few
observations are worth noting. At +4.5 kV anode voltage and 16 mA
emission current the NeZp peak quickly broadens to ~ 2 eV FWHM (Krause
reported 0.6 eV with YMg for the same peak.s) This is probably due to
oxide build-up over the yttrium surface. When the voltage is increased
to 5.5 kV, both the intensity and line width improve dramatically. The

explanation probably lies in the fact that more energetic electrons
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sample more of the bulk yttrium and less of the surface. However, even
at 5.5 kV the 0.6 eV NeZp linewidth was rarely achieved. Electron
bombardment may be responsible for the creation of reactive ions. Thus
a bakeable x-ray tube would be highly desirable in order to eliminate
ambient impurities. Interestingly, when the yttrium is heated to the
point of evaporation, a fresh layer is exposed resulting in excellent
intensity and resolution. Unfortunately, this is detrimental to the
window and hence was not done routinely. The electron beam is very well
collimated by the bias tube resulting in ah electron image on the anode
perpendicular to the filament direction (see Fig. 14).

Most windows lasted anywhere from 24 hours to several days. The
lower part of the 3/8'" diameter x-ray port'waé masked off to prevent
direct irradiation by the filament. A grounded mesh was placed over,
but not touching, the outer (gas side) surface of the Formvar. This was
necessary to prevent charging of the Formvar layer. Instead of narrow
peaks, only a bénd several electron volts wide is obtained without the
mesh.

Essentially constant intensity and linewidth can be maintained
for days when the anode voltage is +5.5 kV or aboVe. The emission current
was never allowed to exceed 20 mA. Scanning times of 24 hours or more

were sometimes necessary for an entire molecular orbital region (up to

v 50 eV binding energy).

4. Advantages

Although the above x-ray tube has so far only been used with an

yttrium target, it is important to emphasize its flexibility as to
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permissible anode sources. The electrostatic field lines resulting from
a positive bias on the anode are such that the electrons are repelled by
the x-ray tube walls instead of being attracted by them as in the old
design. It is therefore no surprise that when the x-ray tube is operated
without a window (such an arrangement would be feasible for studying
solids) no electrons can be detected by the electron multiplier in the
analyzer. Cooling of the x-ray tube walls is another factor in ensuring

a reasonable lifetime for fragile windows. Altogether, these modifications
should allow for a number of different anode-window combinations. For
example, polypropylene trimmed down to 1 1126 can be used with a magnesium
or aluminum anode, yielding v 80% transmission of AlKo x-rays. An added
intensity gain should result from the shorter distance of anode-to-gas-
target (v 1'" compared to > 1%'" in the old design).

Possible improvements in the design of ultrasoft x-ray sources
were cited by Krause.5 For example, a hidden filament geometry (no
direct line-of-sight between.anode and filament) would be desirable,
since it prevents evaporation of impurities from the hot filament onto
the anode surface. This so-called Henke design can be incorporated in
the present x-ray tube by placing the filament behind the bias tube
instead of above it. This would probably result in a space-charge-
limited power output, a problem that can be overcome by raising the

filament to a negative potential of several hundred volts.

D. Gaseous Sample Arrangements

The sample chambers discussed in this section are all compatible

with the old (magnesium) x-ray tube source housing (shown most clearly
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in Fig. 4), but not the yttrium source design. The gas sample arrangement
for the latter was discussed in the previous section. Here we describe
four sample holders: 1) the old (Fadley) design, 2) a new room temperature
arrangement, 3) two high—temperature gas cells. The first is designed

for pyrolyzing a gas into another gas, the second is capable of vaporizing

solids as well as heating gases.

1s The Old Room Temperature Gas Cell

This is discussed in Fadley's thesis15 from which Fig. 16 is taken.
It was rebuilt out of gold-plated copper to prevent possible charging in
aluminum,'although none had been observed in the past. The gas is bled
continuously and randomizes inside a box with a rectangular 0.4" by .010"
slit and a window facing the x-ray tube. The assembled gas cell and x-ray

tube are viewed from the analyzer side in Fig. 17.

2. The New Room Temperature Gas Cell

One disadvantage of the old gas cell is the necessity of having a
window to prevent excessive gas losses. Fortunately, the window does not
need to be as durable as the one on the x-ray tube since it is not subject
to the same harsh conditions of high temperature.and electron bombardment.
Thus B. E. Mills found that 20 ugm/cm?-thick Formvar can be used (these
films are essentially 100% transmitting at MgKoa and AlKa energies).
However, even with no gas inside the cell, background counts can still
be obtained. Their origin is probably either the outer wall of the gas
cell facing the x-ray tube and subject to irradiation, or the gas cell

window itself. This problem was overcome in a new design, similar to the
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Fig. 16. The old room temperature gas cell.
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The magnesium x-ray tube (right) and old gas cell (left) viewed

from the analyzer.

Fig. 17.
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one used in the yttrium arrangement. A slit holder fits into the circular
opening in the source housing leading to the analyzer. Thus the whole
source housing becomes the gas cell and the window is eliminated (see

Fig. 18). Viewed from the analyzer, this arrangement looks very similar
to the yttrium target assembly (see Fig. 11). The new gas cell is
particularly valuable with weak peaks where an improvement in intensity
and peak-to-background ratio can be crucial. This gas cell, however,
exposes the x-ray tube to a much higher (v 100 p) gas pressure than before.
Corrosive gases can thus conceivably reduce window lifetime. Still, there
is no question that, overall, the new design is_far superior to the old.

It was used in all the sodium experiments described in this work.

3 The 01d Heated Gas Cell

C. S. Fadley et al.l5

were the first to construct high temperature
devices for the Berkeley Spectrometer. For example, they built an oven
and used it successfully to vaporize europium and ytterbium. The basic
idea was to employ non-inductively wound tantalum wire encased in boron
nitride plates to heat the solid sample. The same manner of heating was

i in another heated cell design. This is shown in Fig. 19.

used by Davis
The intent here was to heat a gas and dissociate it before reaching the
irradiation chamber. To achieve this the gas was first passed through a
preheater compartment. Heating plates were bolted onto the outer walls

of the (stainless steel) container. They are not shown in the figure.

4, The New Heated Gas Cell

The flat boron nitride heaters are expensive to make and awkward

to use because of their fragility. Furthermore, part of the heating
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The new slit-blade holder, very similar in appearance to the
corresponding part in the ultrasoft x-ray tube assembly (Fig. 11).
Note "0'" ring on the lower side for sealing the gas target chamber.
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Fig. 19. The heated gas cell designed by D. W. Davis. Gas is admitted from
the top and heated inside the upper portion prior to reaching the
target chamber (lower box). The circular opening is covered by a
beryllium window during operation. The heating plates are not shown.
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" element is invariably exposed to the gas.resulting in quick deterioration.
The new‘design, shown iﬁ Fig. 20, obviateé these problems. in this case,
the heater is a ceramic cylinder with an outside thfead. Platinum wire

is wound bifilarly into the thread grooves; The heater slips around
copper tubiﬁg through which gas can.be passed,'festing on the upper wall
of the gas bOXr The latter is welded to the copper fubing and to thin
(.020" wall) stainless tubing, which in turn is Siiver-soldered to the
mounting flange. In this fashion the gas cell gan'be heated by conduction
from outside the vacuum, the stainless tubing prbviding thermél insulation
from heat éiﬁks. The brassvsupportingvflange is wﬁter cooled to prevent
damaging the "O" ring seal to the source hbusing. The heater can operate
COntinuously:in air for a long time. The'bottom'of.the gas cell is
demountgble for loading solid samples to be heated. Thus this device

is capéﬁlé of heating a gas or a solid. By filling_the heater compartment
~ with the appropriate bath, it can even be used as a cooled gas cell.

Examples of species studied at high temperatures are given in Section V.
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Fig. 20. The new heated gas cell.




IIT. ENERGY AND INTENSITY MEASUREMENT
‘-A‘photcelectron spectrum can be used to calculaté a number of
physical quahfities provided the relationshipibefween these quantities
and the raw data is known and.understood. 'fhis chapter examines the
_theoretical basis}of all the "experimental' quantities reportéd in this
work.
| - A photoelectron. spectroscopy experiment measures two quantities
directly: .thé kinetic energy and number of electrons emittéd by the |
sample in a certain direction. The source of the electrons is avlevel
in an atom or molecule subjected to irradiation by x;rays. Traditionally,
the energy measurement has been used to obtain binding energles (E 's)

of electrons in molecular orb1tals via the relatlonshlp -

Ee xin = b - By | ()

: where ‘hv is the energy of exc1t1ng radiation. Some minor'terms have
been disregarded in the above equation. ThlS approach is used frequently
in this thesis, in particular with regards to the fluoromethane series

| discussed in Section X. A novel way of 1ooking_at 3 is to note that

hv and E, are equivalent.27 This implies that the x-ray energy can be -
measured if the levels of the system (called the converter by Krause since

it converts x-rays to electrons) are well known.27

This approach is
~adopted in the next chapter. Note that in some cases an x-ray energy

can be referenced to a standard x-ray line, in which case the energy of

" the converter level need not be known.27
The intensity measured can also be rélated.thothér physical

quantities. For a magnetic analyzer and non-relativistic electrons we
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d") Nv) o (4)

N(e) = GNT(w)n (1 - a) Eq kin (&5 )

- where N(ej is the mumber of photoelectrons with‘e'certain kinetic energy
‘spfead dE, N(hv) is fhe number of X-ray photons,kG is a constant
containing the vafious solid angles, N is the dehSity of gas particles,
T(hv) is the window transmission, n is thevdetectof efficiency (which is a
function of electron energy), o is the fraction of electrons seattered"
-out of the beam, and ( ) is the dlfferentlal phot01onlzat10n cross
section of the level n& at the angle 6 between the unpolarized x-ray
- beam and‘obsefved electrons (90° throughout this thesis). Relative values
‘of any of the variables in Eq. (4) caﬁ be.obtained‘withOut'knowledge of
~either G or N, provided the energy'depehdence’of the remaining‘terme :
can be determlned A major part of this work deals with relative ( 900
_ values. N(hv) ratlos are the subject of the follow1ng section. n was
assumed to be the same at all energies, which is reasonable since no
appreciable decrease in backgreund counts could be detected even at:
energies below 100 eV. Ignorance of a is probably the largest source
of error in eqmputing CTross section ratios. Ideally an auxilliary
experiment should be carried out using an electroﬁ.gun to determine the
degree of scattering at the phbtoelectron energies of interest.
In order to determine photoelectron peak areas ‘and positions
. accurately, Lorentzians (or in some instances Gaussians) were nonlinear
- least-squares fitted to the data points. A computer program (SUNDER)
' 28

was written for this purpose by Claudette Lederer™ of this laboratory.

In addition to performing the fit, the program corrects the data for
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the change in spectrometer transmissioh with electron energy. It also
vconverfs thé current (mqmentum) distfibﬁtion to an énergy distribution.
Counts due tb x-ray satellites (for example'Ka3 and Ka4 of magnesium)
are determined by supplying the program with the satéllite pdsitions and
ihtensity relétive to the main e&citing line. (Up to 39 satellites may
be included.) However, all x-ray lines mst have equal FWHM.

" In order to account for scattered electrons, the program provides
an option for édding a tail to the left (low kinetic energy) half of the
peak. This tail can be constant or can decrease exﬁonentially. A linear
background is subfracted out from the SpeCtrum. Ifs slbpe can be spécified
or optﬁmiiéd,by thé program. | |

» The'fitting program is particularly'valuabie Whén moré than one j
level iS'thpught to lie under a single experimentalbpéak. In‘these_
instéhces; fiking the area.ratios and separations of the underlying peaks
may aid in 6btaining the fit. In more favorable cases this information

is determined by the program itself.
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Iv. X-RAY EMISSION WITH NEON_AS THE : CONVERTER ATOM
We bcgin by taking a brief look at .some of the x-rays employed in
this work. Our primary purpose is not so much to assign the different
X-ray emission transitions-as it is to determine the energy and relative
intensity of'the satellite lines accompanying the main x-ray. Knowledge
of interfering x-ray lines is important in calculating'intensity ratios

- in photoelectron spectra.

A. The X X-Ray Spectrum of Sodium

Figure 21 shows the Nels photoelectron“spectrum taken with NaKa1 2

and its sateilites up to v 10 eV higher energy. The spectrum has been
-corrected for the changé in spectrqmetér-transmissioﬁ with enérgy by
 mu1tip1ying thé,counts in the nth channel by (Il/Ih)Z’ wheré Ii and In
are the‘épectrometer currents neededbto focus'electrons'in the first
(lowest K.E.j and nth channelé respectively. Due to the small size of
the energy range scanned, Fig. 21 can immediately be viewed as an x-ray

.spectrum. (The change in 0, Over the entire Spectrum is small.) The

s
transitions are readily identified as shown in the figure. As mentioned
earlier, Kal_is the transition 2p3/2 + 1s and Kazlis 2p1/2 +1s. In |
order to reproduce the slight asymmetry on the low kinetic energy side
better, subéequéﬁt least-squares fits of peaks obtéinéd with NaKocl’2
X-Tays wefe médé assuming two x-ray lines with a separation of 0.18 eV
>(cho$en somewhat arbitrarily) and'an area ratio of 2.2:1 (the smaller

:'peak is on the low kinetic energy side), determined empirically for a

fixed separation of 0.18 eV. It was not considered meaningful to obtain

the spin-orbit splitting from atomic data, since four states exist instead
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of two.29
The remaining lines in Fig. 21 corréspond to transitions in doubly-
ionized sodium (a hole in each of the K and L shells). Double ionization
results from shake-off accompanying the ionization of the K shell, induced
by electron impact;
It is interesting to compare satellite ratios and separatioﬁs in
'sbdium to those of the two neighbofing atoms aluminum and magnesium. This
is done in Table I. Seven kV.electrons were used in the sodium-x-ray tube
(vs. ~ 13 kV with magnesium and aluminum). The shake-off probability

should not change with electron energy in this range.30

TABLE I. Ko x-rays of sodium,_magnesiumland alvminum.
(Ratio/Separation eV) - '

Element . Ka Ka' Ko Ko
| 1,2

3 4
Na ©1.00/0.00 0.02/4.00 0.12/7.00  0.094/8.52

Mg 1.00/0.00 0.006/5.00  0.063/8.41  0.030/10.14
A1) 1.00/0.00 - C.075/9.77 .035/11.77

a)B. E. Mills, private commnication.

Recently, Wuilleumier and Krause9 determined shake-up intensities in neon.
The intensity ratios of transitions with the same final states as those of

K“3» Ko, and Ka' were found to be 9:(17 - 22): < 6.

4
When a fresh sodium charge is used in the x-ray tube, the linewidth

improves, since oxidation is the probable cause of line broadening. The

best Nels spectrum we have obtained is shown in Fig. 22. To our knowledge,

0.58 eV is the narrowest Nels peak ever recorded without monochromatized
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x-rays. (A FWHM of 0.39 eV was obtained by Gelius gg_gl} - with mono-
chromatic AlKa.) Furthefmore, a yet narrower line should be attainable
if the resolution of the instrument is pushed to’thellimit (approximately
0.1 eV was contributed by the spectrometer in the above experiment). The
Nels FWHM with MgKa is .69 eV under similar conditions. Gelius g;_gl}
obtained the inherent width of the neon 1s level by deconvoluting the
photoelectron peak. Using their'value of 0.23 eV we can determine the
Kal,z x-ray linewidth for magnesium and sodium. Negiecting contributions
from the spectrometer resolution we obtain a FWHM of 0.65 eV for MgKoul’2
and 0.54 eV for NaKal,z. These values should be regarded as upper limits
to the corresponding linewidths. |

From the experimént described in Section II.B, part 3.(b); it is
possible to calculate an approximate value of the NaI(ozl’2 x-ray‘enefgy.
Since both the magnesium and sodium runs were made without changing the
slit positioh, the kinetic energy difference is given by Eq. (2), where
the currents now cbrrespond to the neon 1s peak position with M_gl(ozl,2

and NaKo A value of 212.21 eV was obtained. This yields a NaKa, ,

1,2
energy of 1041.4 eV from the known MgKa1 , energy of 1253.6 eV, in good

agreement with the literafure value of 1041.0 eV.2

B. The M_X-Ray Spectrum of Yttrium

Usihg NeZp as the converter level (since it is probably the most
intense single level at the YMg energy) we have obtained the satellifes
at energies higher than the main YMg line. They are shown in Fig. 23
with the assignments taken from a similar spectrum reported ¢arlier by
Krause.'5 In order to convert Fig. 23 to an x-ray spectrum two major

corrections must be applied. The first is due to the increase in
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spectrometer transmission with photoelectron energy. (This correction
results in a 30% decrease in count rate at the high energy end of the

spectrum.) The second correction is'opposite to the first, and is necessary
do

_ dQ " 90°
decreases with photon energy in the yttrium M energy range. According

because the differential photoelectric cross section of Ne2p, (

to.Wuilleﬁmier,21 the count rate at the high energy and of Fig. 23 should
be increased by ~ 80%. The overall result is that Fig. 23 underestimates
the intensities of the YMz satellites. For the purposes of subtraéting
out the interfering x-rays in a photoelectron spectrum taken with YMg,
eight Lorentzians with equal FWHM were fitted to the raw data iﬁ Fig. 23.
The separations and area ratios relatiQe to YM# ére shown in Table II,
aftef correcting for spectrometer transmission (buf not for changes in
(%)900). These values were used in all the fittéd YMg spectra reported
in this work. The reason for the neglecﬁ of the cross section correction
(large as it may be) is the lack of information aboUt‘the exact changes

of the photoelectric cross section with energy for the systems considered

in this thesis. In effect we are assuming that in the neighborhood of

the YMz energy, (99-)90° for a given MO decreases with energy in the
do ' '
same manner as (-— for Nelp.
o re (dQ)90° P

TABLE II. X-ray satellites used in fitting YM{ spectra.
. ' (Satellitefratiofseparation [eV])

1 2 3 4 5 6 7 8

1.00 0.058 0.018 0.025  0.018 0.018  0.038 0.013
0.00 1.90 3.24 4.45 5.95 8.69 10.65 13.09
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Krause and Wuilleumier4 obtained a YM; photon energy value of
132.29 eV by measuring the energy difference, AE, between photoelectrons
X¢N1v,v (YMz) and Auger electrons Nv- O.II, IIIOII,III of xenon (see Ref. 4
for details). This result is in good agreement with the results of other
- workers.sl The exact photon energy was not needed in this thesis since

no measurements of absolute binding energies were made with YMg.
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V. EXAMPLES OF HIGH TEMPERATURE GAS-PHASE SPECTRA
Thevstudy of the speciés discussed in this chapter required the
use of one of the two heated gas cells described in Section Ii.D. NF,
was produced by pyrolyzing N2F4. The remaining compounds are solids at
room temperature with insufficient‘vapof pressure for study as gases
(under ~ 10 microns) in our apparatus. They wereithérefore heated in

the new gas'cell.

A. NFo Radical

N2F4 was heated to ~ 200°C at a pressure of approximately 50 microns.
Under these conditions it should be essentially completely dissociated
into NF2.32 Since NF, is paramagnetic, the core-ionization spectrum should -

show two peaks depending on whether the remaining core electron 1is coupled

parallel or antipafallel to the valence spin.12 This expectation is borne

out in Fig. 24 showing the core spectra of NFZ and NoF,- The Nls splitting
of 1.93 eV'in'NF2 is the largest observed to date in a gaseous species.

The intensity ratio of the multiplet-split Nls peak is 3.4 to 1, in excess

of the simple multiplet ratio (S+1)/S = 3. Positive departures from the

33

multiplet ratios have been observed in NO and 02. | According to Bagus

33

et al.,” these departures are at least partially caused by differences

in charge distribution between the high- and low-spin final states. A

detailed discussion of NF2 and NZF4 is given in Ref. 12.

B. Paranitroaniline

Paranitroaniline powder was heated to ~ 50°C (temperature was not

monitored carefully). The Nls and Ols spectra are shown in Figs. 25 and
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26, respectively. The choice of this compound was motivated by a study

of a number of nitroanilines in the solid phase.34

One interesting
- feature of this series is the occurrence of extra peaks in the core
spectrum. For example, the NO2 nitrogen 1s of solid nitroaniline shows

34 The

two components of nearly equal intensity separated by 1.8 eV.
corresponding peak in the gés-phaSe (Fig. 25) does not show eny_visible
splitting. It is broader than fhe NH,, nitrogen peak, however, and a fit
of two edual intensity peaks gave é separation of 0.6 eV. In both the |
solid and gas phase spectra the NO2 nitrogen peak area is larger than
that of NH, (the ratio is 1.16 in the gas phase). |

The oxygen 1s spectrum has a definite extra peak in both solid
and gaseous nitroaniline. The separation is 2.38(3) eV in the gas; in
good agreemeht with the 2.2 eV obtained in the solid.34 |
It is possible to understand the occurrence of multiple peaks in

the core spectra of some nitroanilines in terms of shake-up theoryss_

36 the sudden change in potential

(double excitation). As noted by Gelius,
due to the removal of a core eiectron is felt most strongly by the
electrons in molecular orbitals with a high degree of localization on
the ionized atom. Furthermore, charge transfer.to the ionized center,
both in the neutral molecule and in the-ion, should favor high'ehake-up

probabilities.33

Using paranitroaniline as an example, Pignataro and Distefano34
argue that charge transfer from the amino nitrogen to the nitro nitrogen

occurs via the resonance structure

o
+ +
HN=C_)=N o
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" Fig. 25. The N1s spectrum of p-nitroaniline run in the new heated gas cell.
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"This-claim'is'supported by the decrease in the binding'energy differeﬁce
34

between the two nitrogens (the difference is.5.5 eV in the solid and'
5.3 in the gas), compared to the nitrogen binding energies in aniline and
‘nitrobenzene (6.9 eV separation34 in the‘solid and 6.1 eV37 in the gas).
When the nitro Nis is ionized, charge flow is enhanced by the presence of
Vthe positiye hole, resulting in high shake-up intensity. Similarly,
ionization of the oxygen 1s is accompanied by ihtense shake-up, but the
charge flow in this case is impeded by the presence of a negative charge
on the oxygen. _ | o
?ignatato a;d.Distefaho compared the separation_of the double
excitation peak from the main peak with the'energy of the V<N ultraviolet
transition. (N denotes the ground state and V the lowest excited singlet
state of the neutral species. This transition requires an energy of 3.3
vt in patanitroaniline.) It'is‘not'éurprising that the separation in
oxygen seemSitovagree better with the ov transition energy tﬁan does the
hitrogen separation: more orbital reofganization and contraction takes
place in the latter case due to electron flow. The  discrepancy between
the solid and gas phase measurement of the separation in nitrogen (1.8 eV
versus 0.6 eV) is intriguing. It may well be due to differences in
relaxation mechanisms in the twovphases. |
| As noted earlier, the intensity ratio of the nitro Nls plus shake-up
to the amino le is not unity. In terms of the sudden approximation

33

(overlap) picture pufsued by Bagus et al.,”~ this departure should come

as no surprise. For example, for molecular oxygen ls ionization, a
probability of 0.406 was predicted for *] , 0.178 for 2}, and 0.417 for

multiple excitation. In this approach, there is no a priori reason to
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expect equal intensities for the two nitrogens.

C. Other Systems

The new heated gas cell was used by S. A. Ayehzino to run the
recently synthesized bis[N,N,-bis(trimethylsilyijamino]tin(II), for
which the binding energy of the Sn 3d5/2 level (Qsing argon 2p3/2 as the
- reference levei) was found to be 491.93 eV. The spectrum is shown in Fig. 27.
T. F. Schaaf studied the aluminum 2p, oxygen'ls and carbon 1s levels

of the following derivative of aluminum acetyl acetonate:

] 0
*Bu—C—CH, —C— ‘Bu
Al
i
C===a==c
th/// \\\tBu

where ‘Bu stands for the tertiary butyl group.

The above two species, together with a number of other systems

currently under study, will be discussed in futufe‘publications.
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VI. EXAMPLES OF SPECTRA OBTAINED WITH SODIUM X-RAYS
All theAsystems discussed in this chapter have been investigated
earlier by other workers using conventional MgKo or AlKa x-rays. Some
Were recently studied with monochromatized AlKa x-fays (by the Uppsala
Group). The measurements on these molecules are repeated here with NaKa

x-rays in order to assess the advantages, if any, of the new photon source.

A. Oxygen (1s)

The oxygen core spectrum has been reported by a number of'workers.38

It is shown agaih in Fig. 28, as obtained with both magnesium and sodium
' X-Tays. The sodiumbspectrum shows some improvemeht in resolution over
magnesium (0.66(2) eV versus 0.81(1) eV FWHM when the two multiplet peaks
are constrained to have the same 1inewidth), But is still inferior to the
monochromatized x-ray spectrum1 (0.46 eV). The multiplet peak separation
of 1.13(2)-eV'is in excellent agreement with pre&ious measurements.38
Under the constraint of equal iinewidths for the fwo multiplet peaké, the
intensity ratio is 2.51(3) with magnesium and 2.48(5)}with sbdium, again
in very good agreement with the mean ratio measured by Davis‘gz_§l§3 '
(2.47(3)). ‘Interestingly, when the linewidths are allowed to vary, the
above ratios change. With magnesium, oﬁe now gets 2;16(7) (thé new
linewidths are 0.90(5) eV and 0.78(2) eV for 2}  and *]  respectively),

and with sodium the ratio changes to 2.3(1) (FWHM of 0.71(7) eV and 0.65(3)
eV respectively). This result is in excellent agreemént with the célculated
value of Bagus gg_gl;S (2.28). Bagus calculated ground state wave functiéns

as well as hole state wave functions for the two final states, finding

that the valence shell charge distributiohs changed considerably in going



Fig. 28. Oxygen 1s taken with magnesium (upper) and sodium (lower spectrUm)
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from the neutral to the ionized system. Furthermore, the charge distributions
in the high- and low-spin final 1s hole states were found to.be different.>
This latter observation is important, and is the basis for the departure

of the intensity ratio from the simple multiplet ratio of twb. According

to Gelius gz_glqsg different charge reorganizations with ionization
frequently résult in different Franck-Condon factors and hence different
linewidths. All this seems to suggest that the vaiﬁe obtained by varying
the linewidths of the two multiplet states independently may well be the

correct ratio (rather than the one reported by Davis et a1.33).

| B. Methane (Cls)

The recent introduction of monochromatized-eray,sources into thé
field of gas-phase photoelectron spectroécopy1 has méde possible the study
of inherent shapes of electronic levels in atoms and molecules. One
interesting result of such studies is the realization of the importance
of vibrational excitation in core-level spectra. Core ionization results
in a reorganization of the electronic charge of the system, which frequently
leads to a decreased bond length and a narrower molecular potential of the

3 This results in vibrational excitation. Thus Gelius et

excited state.
21}9 were able to measure Franck-Condon factors in a number of core spectra
(for example, CO and NZ)' One particularly favorable case is the carbon 1s
of methane. The monochromatized x-ray spectrum39 shows definite evidence
for two vibrational levels, the third being obtained by curve fitting:

(The experimental spectrum also seems to suggest its presence.) With

sodium K x-ray (Fig. 29) we were able to observe a definite asymmetry

on the high binding energy side. Using the experimental Franck-Condon
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of increasing binding energy. Compare this spectrum with
Fig. 2 of reference 39.
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factors of Gelius et al 39 we obtained a‘gdod fit of the overail peak
(weighted variance was 1.48). Wé aléo obtained the separation of the
‘vibrational levels of the excited state, 0.43(2) eV and 0.41(7) eV, in
~order of increasing binding energy. (Compare with'0.43(2) from Ref. 39.)
Since the core hole is symmetrically located with respect to the four
hydrogens, only the symmetrical C-H stretching mode will be excited. The
agreement with theory40 and with the results of Gelius et al. speaks well

"for the ability of NaKa to probe vibrational envelopes.

C. Meta Difluorobenzene (Cls)

Core level ionization in the fluorinated benzenes is the subject -

of é paper by Davis, Shirley and Thomas'.41

The authors measured core binding
energy shifts relative to binding energies of standards. A CNDO potential
model was used to predict the shifts. Starting with the electrostatic

potential of an electron at a nucleus

e? (] 1/r;) - e ] Zj/Rj | (5)
i j -

where ry is the distance between the parent nucleus and theAith'electron,
and Rj is the distance between the hucleus and the j?h other nucleus with
charge Zj' One takes the negative of the difference in electrostatic |
potential at a nucleus between two molecules to be.the 1s binding energy

Az In the fluorobenzene

_shiff of an electron associated with that nucleus.
wérk, the first term was evaluated exactly. The second was calculated in
two ways: 1) éll basis functions were assumed to be spherically symmetrical
and only the diégonal matrix elements between them were retained (point

charge); 2) r-1 integrals were evaluated exactly, retaining the diégonal
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elements as well as the off-diagonal inatrix élements between p érbitals
on"the»same‘ center (p-p'). In bbth_cases, CNDO wavefunctions were used.’
The model provides a l?inding energy shift fof evefy 1s electron
in a fluorinated benzene. In comparing with éxpériinent, however, Davis
et al. were limited by the inability of thé existing resolution to distinguish
between carbon atoms with small binding energy differences (roughly under
1 eV). One interesting case is metadifluorobenzene. Four types of carbon
may exist in principle and this is confimed by model calculations (Table
II1). Expgfiméntally, the Cl, 3 type is easily separated from the rest
(see Fig. 30). The remaining carbons are not easily distinguishable, but
deconvolution o'vf the main peak into three peaks of equal FWHM and areé
.ratios of 1:1:2 yields the separfﬁltions listed in Table III. The results
~are in good agreement with the theoretitcal.predictions"of Davis et al.

TABLE III. Comparison of carbon ls shifte in metadifluorobenzene with
- ‘theoretieal CNDO potential model predictions. :

Nucleus Expt1 Calcd (eV) Calcd (e)*!
(eV) (point charge) diagonal +p-p'
, : ~ elements
F Cy 3 0.00 - 0.00 - 0.00
C, -2.12(3) -2.33 - -3.01
G5 -2.46(1) -;.39 - | -3.04
. G -1.90(3)  -1.82 -2.26

F

The smaller linewidth of the peaks obtained by deconvolution, compared to
that of the C, 5 peak (0.62(3) versus 0.82(3) eV), is somewhat disturbing

but not necessarily unrealistic. There is no experimental basis for
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distinguishing C, from Cg; our assignment was made‘following the model
predictions. _Clark gg;g;?s measured the XPS shifts of solid metadifluoro-
- benzene. From comparison with the other fluorobenzenes they concluded
- that the carbon meéa to the fluorines (CS)'should'have the higher binding
energy. By decqnvoluting the main peak, the authors also found that G,
and'C4’6 had the same energy (0.5 eV lower than Cc). A good fit of our
experimentai aata was.obtained when the composite peak was deconvoluted
’ into two peaks with a constrained area ratio of 3:1. The separation thus
determined was 0.42(3) eV, in good agreement with Clark gg;gl. | |
Figure 30 shows two satellites on the high energy side separated

by ~ 2.3 eV. This is the séme as the distance betweén the two main carbon
peaks. vIt therefore seems possible that the same transitions aré'involved
in both satellites.' The distanée between each of the two carbon peaks and
the associated satellite is ~ 7.5 eV. 'The author has obsefvedbsatellites
with roughly:this separation in a'nuﬁber of aromatic compounds. For example,
' in benzene itself,.é satellite having an intensity 0.25 that of the main
peak is present ~ 7 eV away. A sméller peak occurs at v 11 eV beldﬁ the
main péak. This indicates that the satellites observed in metadifluoro-
benzene are probably characteristic of the benzéhe'ring in generél. Optical
data on benzené44 indicates the presence of four Rydberg series converging
to the first ionization potential (9.247 eV). Severéi members of these
series have energies around 7 eV. Thus the most likely interpretation of
the‘satellites'in Fig. 30 is that they correspond to electroﬁ energy loss
due to transifions in neutral metadifluorobenzene, since this is by far

the most abundant species in the target'chamber. This'interpretation is

4

in line with the conclusion of Aarons et al. 5 drawn on the basis of simple
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shake-up theory and a localized-hole final state, that no shake-up transitions
are likely to occur in benzene at energies < 10 eV from the main peak.
However, the pressure dependence of the satellite peaks must be determined

before a definite assignment can be made.

D. Phosphorous Pentafluoride (Fis)

The XPS core spectrum of PF¢ has been'inVéstigated by Shaw, Carroll,
and Thomas.4§ One interesting feature of this molecule is the éxistence_of
two types of fluorines. The two axial bonds are longer and weaker than |
the three eqﬁatdrial bonds. As Shaw et al. note, all five fluorines become
equivalent in an nmr experiment abgve -197°C, due ﬁo}rapid exchange brought

about by the large amplitude vibrations.47

An XPS.experiment,'on the other
hand, is fast enough to detect the‘inequivalence. ' '

The Fls binding energy Splitting in PF5 is not as large as in SF4
and C1F;, the other two molecules studied by Shaw;gg_gl. An analysis of
the fluorine charges in these molecules by the authors_confinns this by
 predicting a smaller difference in charge between the two types of fluorines
in PFS' Our NaKa spectrum (Fig. 31) strongly suggests the existence of
two peaks, aﬁd a fit constraining the area ratios to 3:2 gave a separation
of 1.08(3) eV, in good agreement with the 1.2(1) eV value obtained by Shaw
gz;gl.46 The linewidths wére found to be 1.85(3) eV for_theAequatorial
fluorines and 2.00(5) eV for the axial. (Shéw et al. fixed the FWHM at
2.0 eV.) Gaussians were found to be far superior to Lorentzians in this
case. When our linewidth values are considered along with the linewidths
in SF446 and C1F3,46 it is seen that in each of the three molecules, the

peak corresponding to the axial fluorine(s) is broader than the peak due

to the equatorial fluorine(s).
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Fig. 31. Fluorine 1s of PFg. The area ratio was constrained to 3:2.
' .The separation obtained is 1.08(3) eV. Linewidths of the
two Gaussians are 1.85(3) eV (equatorial) and 2.00(5) eV (axial).
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VII. THE RARE GASES NEON, ARGON, KRYPTON AND XENON

Photoionization in the rare gases is a popular subject of study by
eiperimentalists and theoreticians alike. From the eXperimenfal'point of
view, the rare gases are the only species present in afomic form at room
temperature. - Prompted by the availability of experiméntal-data, many
Calculationé have been performed. The rare gases offer an excellenf
introduction to the study of other elements in the periodic table. In
this chapfer, we are primarily interested in the relétive cross»sections
of the two outermost subshells at the MgKa and YMz energies. We also report
briefly on thé'YMc spectra of ‘the 3d.ananNN_Auger lines of krypton, as

well as the 4d levels of xenon.

A, Results and Discusséion

1. Neon

The most comprehensive expérimental study of photoionization in
‘neon was conduCtéd by Wuilleﬁmier énd Krause.9 Since both single—gand
multiple—électron proéesses,vas well as angular dépendence were investigated,
~ the authors were able to partition thé total photoionization crOsS sectibn
| - among the different photoionization events. Furthefmore, by using sixteen
.different x—ray‘energiés, they determined the Variation of the cross section
with photon energy. |

In the present work only the 2s and 2p subshglls were studied,
using MgKo and YMz (see Fig. 32). The binding energies were measured
relative to each other and the resulting separation is compared to the
value obtained by the Uppsala group in Table IV. The three measurements

are in good agreement.

48
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The intensity ratios at the two energies are compared with other
‘measurements in Table V, after correcting for the variation of spectrometer
transmission with energy. The possible change in detector efficiency with

electron energy was not taken into account.

TABLE IV. Binding energy separation of the outer s and 2
subshells of neon, argon and krypton (in eV).

Atom MgKa YML MgKa*
Neon 26.69(3) 26.90(1) 26.83(5)
Argon 13.40(3) 13.44(2) 13.5 (1)

Krypton 13.47(3) 13.56(4) 13.3 (2)

*From ref. 37.

D meorm—

This may explain why our ratio is high compared to the value obtained by

9 It must be noted, however, that the background

Wuilléumier and Krause.
counts in the 2s and 2p regions are comparable, which. seems to indicate

. that there is no marked decrease in detector efficiency at v 80 eV kinetic
energy. The p/s ratio at MgKa is in excellent agreement with the measure-

ment of Wuilleumier and Krause..

TABLE V. Valence shell p/s tntens¢ty ratios of the rare gases
at MgKo. and YMC energzes ,

MgKa Relative Inten51ty YMz Relative Intensity
Atom This Work Ref 37 Other This Work Other
Neon . 0.42(4) 0.34(2)  0.39(9)" 7.1(3) 6.3(3)"
Argon  1.87(5) 2.0 1.8’ 5.3() 5.3 (2ot
Krypton  3.04(5) 2.5(6) 4.7(2)7 ©2.10(7) -
Xenon -- 4.0(8) 4.52)7 - -

*Reference 9.
tReference 10.
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2. ;&*go_r:;'
As‘with neon, the two outer subshells were prdbed with YMz and
'MgKa (see Fig. 33). The resulting binding energy.separétions are listed
in TablevIV_and thé area ratios in Table V, where the YMz (132.3 eV) area
| ratio is §0mpared with the ZrMg (i51,4 eV) measurement'of Spears,.
_Fiééhbeck and _Carlson.10 It is unlikely that the fafio would éhange
by much over such a small energy range in this region of photon energies.
The YMz 3s peak'shows some structure on the high kinetic energy side. |
As can be seen from Fig. 33, this region‘was not included in the fit.
Both the binding energy separation and intehsity ratio agree very

well with previous measurements.

3. Kizgton _
,Thé MgKa and YM; spectra of the 4s and 4p subshells are shown in

Fig. 34. With YMg the count rate was low probably duévto the small cross
section of these levels. The spin-orbit spiitting, obtained by constraining
the two peaks ﬁnder the 4p level to an area ratio of 2:1, is .77(3) eV
with MgKo and .68(5) eV with YMg (compare with Moore's value of 0.67 eV).49
It is well knownl® that the region below the 4s is rich in satellite
peaks. We‘have repeated the earlier measurement by Spears etAal,10 using
‘MgKa, and fhe_resulting spectrum is shown in Fig. 35., Our yttrium spectrum
(Fig. 34) also shows part of the satellite regionQ It is interestihg to
note that the intensity of satellites (3 and 4), relative to the 4s level,
| increases substantially in going from ﬁaghesium to yttrium. Spears et al
assign the finél—state configuration 4s?4p*5p' to satellite #4 and

4s24p*4d’ to #3. The first state is described as a shake-up since it
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Fig. 34. The krypton 4s and 4p levels with MgKa and YMz. 4p was fitted
with two peaks of area ratio 2:1. MgKoa gave a separation of
0.77(3) eV and YMg 0.68(S) eV.
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1nvolves a monopole single electron exc1tat10n accompanylng 4p ionization.
The second is a configuration interaction state, involving a two- electron
tran51t10n (assoc1ated with 4s ionization). It is interesting that the
 iYMc spectfum:appears to support the existence of'a.state associated witﬁ
p lionizétion: "the fact that the satellite intehsity is greater than the
4s intensity makes it unlikely that the whole strﬁctﬁre can 6riginate with
4s ionization.'
The remaining numbered_peaks (1, 2 and 5).probab1y correspond to
~ LMM Auger lines. The arrows indicate the kinetic energy values measured
by Siegbahn et al.”? These are 1209.8 eV (LgMy My 3), 1216.9 eV and
1222.9 eV. The authors found, using electron impaéf, that line #5 is
approximately twice as intense as line #2. This is in clear disagreement
‘with our reéglts; Thus if their measurement is cofrect, it would indicate
that line #2 ébhtains contributions due to other transitions.
| © We ha&e:also investigated the 3d region of krypton (Fig. 36).
Coincidentally, this region also contains the MNN Auger lines,50 some of
which overlgp»with the 3d levels. (This explains why'3d3/2'appears more
intense than 3d5/2.) The'arrpws in Fig. 36 point to the line positions

.as determined by Siegbahn et al.50 The corresponding kineticvehergies are

collected in Table VI, together with the interpretations of Mehlhorn.51

According to BUrhop and Asaad52 the lines below MSNlNZ 3 (lPl) are probably

satellites of M4 SNINZ 3> corresponding to the initial state ionization

My 5Nz 3 | |
The peak with a designated approximate linewidth of 0.4 eV in Fig.
36 is a composite of three Auger lines having an:energy of ~ 31 eV. This

is probably the lowest kinetic energy ever investigated with the Berkeley
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Iron-Free Spectrometer. The narrow linewidth speaks well for the.performance,

of the magnetic-field'compensatioq system (see Sec.'II;A,'part-S).

TABLE VI. Some MNN Auger lines of krypton.

- Line o Kinetic Energyb
 Number® (eV) +0.10 (eV) -  Transition®
10 29.39
12 | 30.64
13 30.89 '. M5N1N1(1SO)
18 32,14 M,N,N; (1Sp)
23 | 37.67 M5N1N2’3(1p1)
2 - 38.91 M4N1N2;3(1p1)e
o’ 0,19  MNN, (CPp)
2 | 40.46 MNN, S CPp)
30 40.89 OMNGN, SCP))
33 | - a2 - M4N1N2’3(3P2)

aLine'numbers the same as in Table B.4, p. 162 of Ref. 37.
bFrom ref. 37. |
°From refs. 37 and 51.

We were unable to obtain the 5s and 5p levels with YM§; The.4d
levels, however, are quite intense and are shown in Fig. 37. A spin-orbit
splitting ef'2.00(2) eV was obtained in excellenf agreement with the

optical spectroscopy measurement of Codling and Madden‘r_’3 (1.97 eV). The
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Fig. 37. Xenon 4d levels. Linewidths are 0.91(4) eV for 4d3 /2 and
0.95(3) eV for 4d5/2. Area ratio is 1:1.36(4). '
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léast-squares fit yields an area ratio of 1.36(4) té 1 instead of the

1.5 to 1 multiplet ratio.

‘B. Comparison éf Relafive Subshell CrOés Sections with Theory

| A largéﬂhumber of_theoretical.papers have dealt with.soft X-ray
photoionization in recent years. Many include calculations of the photo-
electric cross sections of the rare gases. For a review of the literature
up to the middle of 1968, the reader is referred to the comprehensive

work of Fano and Cooper.54 Of the more recent calculations,55 the data

56

- of Kennedy and Manson™ is perhaps most suited for comparison with our

experimental results. The theoretical values of Debies and Rabala1557 for
~ neon wi}l be considered in conjunction with the isoelectronic second-row
hydrides (seé Section VIII). |

| To obtain the radial part of the continuum_anefunction, Kennedy'
and Manson solved the one;electron Hartreé-Fock équation assﬁming a
frozen core for the ion with an appropriafe ne' hole. The same discfete
orbitals58 weré used for both the initial and final state. Since the
wavefunctions employed were not exact, the dipole-léngth and dipole-velocity
expressionsﬂwould hot be expected to give thé same result. Both were
therefore computed to check the accuracy of the method. Iﬁ addition-to 
‘calculating the total subshell cross sections at phofon energies up to
400 eV, Kennedy and Manson also determined B, the anisotropy parameter,’
as a function of photoelectron energy. B is related to the differential

photoionization cross section through the equation

(do/dR) = (otot/41r) [1 - 4B (3 cos?6 - 1)] | (6)
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where 6 is the angle between the unpolarized photon beam and the photo—,

ejected-electroh. At 90°, the geometry of our apparatus, we have:

Thus we see that the work of Kennedy and Manson provideé us‘with the
nécessary data for comparison with our YMZ results. Since the total
specific subéhell cross sections were.tabulated as functions of phbto-
electron energy, the photon and binding energies were needed. They were
obtained from refs. 9 and 37 respectively. The cross sections of interest
were interpolated linearly from the tables in ref. 56, where the values
are listed at two Rydberg (27.2 eV) intervals. The B's for the p-levels
were read from the various figures. The anisotropy parémeterbfor's-shells
was assumed équal to two.

The numbers are collected in Table VII and compared to our experi-
mental ratioé. For neon the agreement is reasonable; The theoretical
p/s ratio is low because, as observed by Krause,9 the calculatibn
exaggerates the 2s intensity by‘at least 20% compared to the experimental

>9 cross section calculations involving the

value. According to Fadley,
sudden approximation implicitly include the effect of both the single

and multiple electron transitions. It seems that édrrelation effects

are quite impértant in neon 2s ionization. This is.further’supborted

by the success of the model of Amusia et al,SSb’C which includes correlation,
in predicting“the correct 2s cross section. |

The agreement of the argon p/s ratio with theory is poorer. We

are not as confident in this case about the 6rigin of the discrepancy




TABLE VII. Differential photozontzatton crose sections (6 =290°) for

- individual subshells in the rare gases at hv=132.3 eV
' (in megabarns)?

mon  Level ot om0V om” @ w9" ey,

‘Neond  2p  0.280 0.211 |
| o 5.27 . 4.30 L 7.1(3)
25 0.0531 0.0491
‘Argon®  3p  0.0902 0.0760 / |
ST 3.15 3.28 5.3(2)
35 0.0286 0.0232
Krypton’  4p 0.0138 0.0124 | '
- 0.767 0.918 2.10(7)
4s  0.0180 0.0135
" 3d 0.199 0.171°
" Xenon?  5p  0.0141 0.0385
55 0.0148 0.0104
ad  1.73  0.955

Theoretical values of subshell cross sections at 132.3 eV were inter-
polated linearly from the tables in ref. 56. L and V stand for
length and velocity formulation respectively.

Theoretical differential cross sections (6 =90°) at 132.3 eV.
Calculated from the subshell cross sections of ref. 56 by means

of eq. (7) in text.

" Outer p to outer s subshell intensity ratio at 132 3 eV.

2p asymmetry parameter B interpolated from Fig. 21 of ref. 56 as
follows: B = 1.45, By = 1.5.

3p: B = 1.56 and By = 1.5 from Fig. 24 of ref. 56.
4p: By = 0.13 and By = 0.45 (Fig. 25 of ref. 56);-
3d: B = -0.05 and By =-0.1 (Fig. 22 of ref. 56).
Sp: B = -0.07 and By = 0.23 (Fig. 26 of ref. 56);

4d: B = 1.1 and By = 1.2 (Fig. 27 of ref. 56).
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because absolute experimental 3s and 3p cross sections are not available.
However, it again seems likely that 3s is overesfimated by the calculation.
As noted by Krause,9 correlation in the outer s level is more important
in the case of argon and krypton than it is for neon. Thus is is not
surprising that the krypton p/s ratio is also in serious disagreemeht with
experiﬁwnt. Note, however, that theory does predict s to be more intense
than p, as found by experiment. (The ekperimental.value in Table V
should be divided by 3, since 4p is triply degenerate.) We were unable
to measure the exaét 3d intensity relative to the outer shells due to the
interference of the MNN Auger lines. vAécording to theory, the 3d differ-
: ential photoionization cross sectibn is roﬁghly an order of magnitude
larger than that of 4s or 4p. |

The assumption that;8=é2 for xenon 5s may not be valid iﬁ view of

60 ‘The authors show that when relativistic.

the work by Walker and Waber.
effects are important, B nmy depart substantially from its nonrelativistic
value. Still, the xenon theoretical differeﬁtial_cross sections in Table
VII are interesting to the extent that they show 4d to be ~ 100 times as
intense as 5s or 5p. Our experimental observations support this trend:
the 4d spectrum was quite intense (Fig. 37) while 5s and 5p were too
weak to be observed.

The MgKavand YMz p/s ratios in Table V show a definite trénd. 'Ai_
132.3 eV (YMg), the ratio decreases as one goes froﬁ neon to krypton.
The opposite is true with MgKa. The overlap arguments used by Price et

a16‘and Cooper61

can be adapted to qualitatively explain this trend.
For a fixed x-ray energy, let us assume a plane wave for the outgoing'

electron with a wavelength roughly the same for ionization from s or p
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(~ 1.2 R.with_YMc and v 0.35 & with MgKa). At thé YMz energy, this
wavelength is such that’the outgoing electron wave oﬁerlabs better with
the diffuse'and nodeless 2p orbital of neon than with thercontracted 2s
orbital. The overlap is proportional to the photoelectric cross section
of the OrbitaITih question; As one proceeds to argon, then krypton, the
outer p orbital acquires first one then two nodes{ which makes for Iéss
overlap with thé dutgoing electron.wéve. The s orbital, on the cher
hand, becomes more diffuse as thé total number of subshells is increased.
A more diffuse s hmvefunction overlaps better with the photoejécted
electron wavé.‘ |

The situation is‘réversed at the MgKa energy. The outgoing electron
wavelength (v 0.35) is shorter than in the yttrium case. .NeZS thusboverlaps
'with it better than NeZp, but the overlap with s; decréases,in argon and
krypton relative to the overlap withvp. The s orbitals match the
photoelectrén wévelengthAless as they become more diffﬁse; the p ofbitals

match it more as they acquire nodes.
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VIII. "THE: ISOELECTRONIC HYDRIDES CH NH H,0 AND HF

4> "3 72
The second row hydrides offer an interesting series of molecules
for study by YMr because they involve a central atom in a relatively

simple bonding situation. Further incentive for their study is provided

by the recent availability of theoretical cross section values as functions

57

of photon energy. As with the rare gases, we report the molecular

62

orbital spectra with MgKa and YMg. We also report the intensity of

the nitrogen 1s level relative to the molecular orbitals of ammonia.

A. Experimental

CH4,-NH3'and HF were obtained commercially (Matheson Gas Co.). In
order to help stabilize the gas flow into the spectrdmeter, the samples
were cooled using standard baths. Methane was cooled in'liquid nitrdgen,
ammonia in a dry ice/acetone bath, and hydrogen fluoride in icéf .Watef,
ammonia and hydrogen fluoride were frozen at liquid nitrogen temperature
and pumped on prior to the start of the experiment. Counts were obtained
at kinetic enefgy increments of v 0.3 eV in the magnesium spectra and
N 0.2 eV with yttriun. In the former case (except for HZO)’ the energies
were calibrated using the neon 2s level, at a binding energy of 48.42 eV.37
The results are shown in Figs. 38 - 40.

Oxidation of the yttrium surface led to broadened lines in some
cases. However, it was always possible to distinguish the individual
levels and to perform the curve-fitting without constraining the FWHM.
Such a constraint‘could Have changed the area ratios_sbmewhat. In the

ammonia YMz spectrum, an interfering structure was observed between the

two outer orbitals. Water has intense peaks in that region (see Fig. 40),
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left of le (MgKa) is a satellite of '2a1 resulting from MgKa3 4
The structure between le and Sal (YM) is due to Nls photo-
electrons ejected by OKa x-rays. Oxygen is a contaminant

on the 'anode surface.
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Fig. 40. Water with MgKa (top) and YMLj(bottom); The MgKa spectrum
is taken from reference 37.
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but its presence was unlikely since the sample was éooled to dry iée
temperatures.‘ The kinetic energy of the electrons iﬁ the interfering

band is ~v 119‘eV. When this is added to the binding energy of'nitrogén

1s ih‘ammdnia (405.6 eV)16b an x-ray energy of v 525 eV is obtained. |
Thus the most likely interpretation is that the oxide layer on the yttrium
.surface produces OKo. x-rays which eject Nls electrons with an energy
fallihg in the MO region with YM; x-rays. Future workers with the yttrium
source should thus be aware of this type of intefferehce, espeéially where
nitrogen coﬁpounds are involved. Fortunately in our case the peaks could
be distinguished enough to allow Lorentzians to be fitted to the data
points, ignorihg the Nls contribution. Interfering x-ray sources of

- another kind, the Ka3’4'of magnesium (aluminum in the case of methane)
rendered the positions and areas of the 1t, orbital of methane (Fig.b38j

and the le orbital of ammonia (Fig. 39) somewhat uncertain.

B. Binding Energies

The resulting binding energies are listed in Table VIII. Since
the YMz spectra were not referenced, one of the ionization potentials
measured with MgKo was used to obtain absolute energies. We also list

63

in Table VIII the results of UPS measurements > on the accessible levels

of the different hydrides. The binding energies obtained by all three
radiation sources are seen to be generally in good'agreement. The

largest difference between x-ray and UV measurements is in the caée of

the le level of ammonia. We attribute this to the uncertainty introduced
by the interfering x-rays discussed above. It wés also difficult to

determine the mean of the le peak because of the flattened summit.63b
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' TABLE VIII. Molecular orbital binding energies of CH4, NHg, Hy0, HF
and Ne (in.eV).

Molecule Orbital - By (MgKa) Ep (YMr) EB(UPS)a
a1, 1, 142 (2) 0 14.5 (D) 14,0
| 2a, 23.05(2) 23.05(3)9 23.0
NH, ¢ | 32,  11.04(2) - 11,049 10.85
B le 16.74(6) 16.49(4) ~15.8
2a, 27.74(2) 27.76(5) |
H,0 b, 12.6. 12.609 12.61(6)
3, 14.7 14.75(3) 14.73(6)
1b, 18.4 18.74(4) 18.55
2a, o 32.2 32.61(5)
HE® U 16.12(4) - 16.12(4)9 - 16.04
30 19.89(7) 19.89(5) 19.90
26 - 39.65(2) 39.30(4) -
Ne 2 21.59
2s 48.42(5)
a

" Vertical ionization potentials.

AlKo values from ref. 65 and UPS values from ref. 63a.
'UPS values from ref. 63b. -

MgKo values from ref. 37; UPS values from ref. 63c.
¢ MgKa values from ref. 65; UPS values from ref. 63d.

o o

Q.

From ref. 37.
9 Reference value obtained with MgKo (AlKo in the case of methane).
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For each hydride except CH, the-peak corresponding to the deepest
lying MO is broader than the rest. The overlap populations between the
central atom and the hydrogens in these MO's indicate that they are

64 This accounts at least partially for the large

strongly bonding.
linewidths. There is also a marked asymmetry on the high binding energy
side of the 2a1 peaks in water and ammonia which probably reflect the

shape of the vibrational envelop composing the peaks.

Calculétions64 show that the Za1 levels are mainly 2s in character.

It is interesting to note that their binding energy ié a smooth function

of the atomic number Z (Fig. 41). The core binding energies correlate

similarly with Z, suggesting that, in each case the electrons in the

innermost MO are screened from the nucleus by thegSame amount of charge

throughout the hydride series. |
The 1t, level of CH, and le level of NH; are known to exhibit

63a,b

Jahn-Teller'splitting. A fully split lt2 band should consist of.

“three levels, hence the three-Lorentzian fit in the YMg spectrum. The
area ratios and separatios in this particular case'were not unique; our
objective was simply to reproduce the overall peék'well. The shape of
the 1t, band obtained with YMg is very similar to the UPS result.63a
For the le level of ammonia, a splitting of 0.5 eV was approximated by

63b Consequently the le level was deconvoluted as two péaks

Turner.
constrained to have equal areas and halfwidths, with a separation of

0.5 eV.




(eV)

Innermost MO bindlng' ene'r.gy

1s level in CH NH

* number.

H_O, HF and Ne plotted against atomic

Values are lls%ed in Table IX.

S0 1000
1- g
40 — 800 @
>
30 600 2
‘ Qo
o
20 400 .£
: ©
<
o
10 1200 o

| I 1 N I

CH, NH; H,0 HF Ne .

XBL 752-2298
Fig. 41. The b1nd1ng energy of the innermost MO and of the central atom

-66_



-100-

C. Intensity Ratios

The same argument employed in the case of the rare gases (Sec.
VII.B) can be applied here to account for the cross section variation
~ with photon energy. The photoemission transition probability is proportional

to the square of a one-electron momentum matrix element,
. . 2
T.P. = [(Xe(G) | B | 6;G)) - (8)

Here ¢i(j), Xf(j), and Ej denote, respectively, the initial bound state,
final continﬁum state, and momentuﬁ operator for electfon j. The matrix
element correéponds very roughly to é Fourier trénsform of ¢i(j). .It
tends, therefore, to be largest when the curvatufe of ¢i(j) is such as
to yield iarge Fourier components at the deBroglie wavelength of the -
outgoing elecfron continuum state X. For second-row elements the inner
radial nodes of_fhe atomic 2s functions have curvatures that match the
ﬁavelength of valence electrons ejected by high energy (v 103 eV) photons,
but not those of low energies (v 102 eV). (The wavelength of electrons
with these two kinetic energies are 0.39 R and 1.2 R respectively.) On
the other hand; 2p functions have no nodes and their size matches the low
energy electrons better. Thus o(25)/d(2p) would be éxpected to decrease
dramatically frém excitation by Mgl(etl’2 to YMz; and as a result of such
a change these XPS-MO spectra should reflect atomic orbital composition
of each MO.

Inspection of Fig. 38, which compares the YM¢ and MgKoal’2 spectra

of CH, and HF, shows clearly that these expectations are fulfilled. The

4
intensity ratio I(Zal)/I(ltz) in CH4 drops by a factor of ~ 22 from Mg



-101-

to Y energies; confirming the C2s character of the‘a1 orbital and the
C2p character of the t, orbital. o
The changes in peak intensities in HF are équally dramatié, and

the spectrumvié cleaner. We need cdnsider only thé fluorine atomic orbitals.
The 1w orbital is made up entirely of p functions, with no s admixture,
by symmetry. Using the Im peak as a reference, we note that the 20 peak
.intensify drops significantiy in going from the magnesium to the yttrium
spectrum. This confirms the s character of the Zobqrbital, It sets a

véry low limit on the atomic 2po contribution. The 30/1ﬂ intensity ratio
also drops, indicating some 2s0 character, but the decrease is much less
drématic, showing that this orbital is méinly 2po in nature.

| The intensity changes with photon energy in ammonia (Fig. 39) and
water (Fig. 40) are also in line with the overlap picture. In the YMg
“spectrum of water, 1b2, which is purely 2p in character, gainé substantially
relative to the 2s-like 2a; orbital. The 2p contributions to 3a; and 1b; also
result in an intensity increase, but the p?ésence of some s character

in Sal makes this increase less dramatic than for ibz. ‘Interéstingly,

1b, retains roughly the same intensity relative to 1b, in going from

MgKa to YM¢. This behavior would not be expected on the basis of 2Zp
populations alone, since 1b2 is totally 2p in character whilé 1b1 is

64 One possibility is that the hydrogen

only 60% 2p and 40% hydrogen 1s.
1s cross section increases faster than the oxygen 2p cross section

when the photon energy is changed from 1253.6 eV to 132.3 eV. Another
more likely explanation is that, sincé 1b1 is strongly O-H bonding,64
its diffuse electronic population overlaps with the outgoing electron

better at 132.3 eV, thus resulting in a cross section that is higher than
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‘would be expected on the basis of 2p population alone. Similarly in

64 Erom Fig. 39

ammonia, one of the le orbitals is strongly N-H bonding.
it can be seen that le becomes more intense than 3a1 at the YM¢ energy,
despite the fact that 3ay is 90% 2p while le is only 60% 2p. Both le.

and 3ay gain with respect to 2a1 et low photon energy, as expected.

In colums 4, 6, 8 and 9 of Table IX we cempare, respectively, ﬁhe
hydride area ratios at 21.2 eV (Hel), 40.8 eV (Hell), 132.3 eV (YMz) and
1253.6 eV (MgKal’z) exciting photon energies,‘from:which it ié seen that
the relative intensities obtained with helium resonance lines are generally
quite similar to the values obtained with YMcg. Furtheimore, orbital
ordering is the same with all three sources. These observations are in
line with the overlap picture‘discussed above, since, as with YMQ, the

wavelengths of electrons ejected with the helium lines match 2p orbitals

better than 2s.

36 ;s useful in this context.

The simple model proposed by Gelius
According to this model, the photoelectric cross section at high photon
energies (roughly 1000 eV and above) for electrons in molecular orbital i
is related to the atomic-orbital cross section as follows

o; (MO) = Zpij oj(AO) . | (9
J
Here Pij is the electron population in AO ¢j, for molecular orbital i.
Equation (9) probably becomes less accurate as the photon energy is

6 Still, we considered it useful to obtain a set of semi-

reduced.3
empirical ozp/o25 ratios for the central atoms of the hydrides under-
study. We therefore used gross populations obtained from the wavefunctions

of Snyder and Basch64 and the area ratios listed in Table IX to obtain




TABLE IX.

szférentzal photozonzzatzon cross sectzon ratios at 21.2 eV, 40.8 eV, 132.3 eV, and
1253.6 eV emcztatﬁon energy (8 = 90°) :

. a - b , b b . b
Molecule MO EB(eV) Ie Xp(MgKOL) Ith eo(MgKOL) Iexp(YMc) theo(YMZ;) Iexp(HeH)» I xp(HeI) |
¢ 1, 142 (D) 0.12(2) 0.052 2.69(7)  7.54 7.14

2a,  23.05(2) 1.00 1.00 1.00 1.00 1.00

la, 290.8 d 30(1) 26.41 . -- -

Mi, 33, 11.04(2)  0.20(3) 0.020 0.81(5)  22.27 0.81 0.81
. 1le  16.74(6)  0.13(4) 0.038 1.04(4)  18.71 1.54 1.78
2a,  27.74(2)  1.00 1.00 1.00 1.00 - -
la, 405.6 7 33(1) 24.11 .- -- -- -
HO  1b, 12.6 ¢ 0.095 © 0.040 0.92(5) . 32.38 0.92 0.92
32,  14.79 0.26 ¥ 0.222 1.04(6)  20.56 0.96 1.08
b, 18.4¢ 0.081 F 0.020 0.70(5)  12.56 0.77 0.92
2a, 32.2¢ 1.00 © 1.00 1.00 1.00 - --
la, 539.7¢ 197 19.28 -- -- -- --

HE  In 16.12(4)  0.24(2) 0.122 2.93(4)  23.30 2.93

30 19.89(7) 0.19(3) 0.167 1.18(5)  6.33 1.20
26 39.65(2)  1.00 1.00 1.00 1.00
lo . 694.0° 34(1) 12.70 .- --
Ne 2p  21.59¢ 0.42(4) 0.26 7.11(2) 8.20
25 48.42(5) % 1.00 1.00 11.00 1.00
1s  870.2 (1) @ 54 -- --

10.
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Footnotes to Table IX

2 MgKa values for all exéept 1t2 and 2a1 of CH4, which were measured using AlKa.
b Ref. 57; theoretical results were kindly commmicated to us by J. W. Rabalais.

© AlKo used instead of MgKo in obtaining the experimental ratios.
d .
- 7 Ref. 37. ,

® B. E. Mills, private commmication.
7 Calculated by the authors of Ref. 57 from the spectrum in Ref. 37.

-¥01-
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croés section ratios at both‘the magnesium and yttrium -energies. The hydrogen
~ 1s cross section was taken equal to zero in all Céses, since Qe found it
impossible to obtaiﬁ a spectrum of hydrogen 1s with either MgKo or YMc.
The fdur s 'ﬁunctions used in the doublevzéta basis set of Snyder. and
Basch were not separated into 1s and 2s contribufions. All four were
considered 2s in the analysis of the MO spectra. For each hydride, one
area ratid of two M0's is needed (in conjunction with the appropriate
v"gross populations) to ébtain OZp/OZS‘ We have used the area ratios of
Za1 to each of the remaining MO's (Table IX) to obtain more than pne.valué
,df each of the atomic cross section ratios (except CZp/CZS’ since methane
has only two MO's). The results, listed in Table X, are an average of
the differenf obtainable ratios.: |

The fatios at the MgKo enérgy'(AlKa ihvthe.case of methane)'are

66

compared to thé theoretical ratios of Huaﬂg and Ellison > and Nefedov et

gl;67 The former assumed a plane wave for the outgoing electroh, employing

66a

Slater—type orbitals orthogonalized to the 1s core, or SCF Clementi

66D to represent the bound-orbitals. The CAO results

- atomic orbitals (CAO),
| ére in excellent agreement with our semiempiricél calculations. Slater-
type orbitals yie1d ratios that are somewhat smailer than ours, but the
agreement is still good. We note that the SCF reiativistic Hartree-Fock-
‘Slater calculations of Nefedov et al67 (Table X) represent ratios of
total (as opposed to differential) Zp-to-2s crdss sections. ’H0wever,

as the authors point out, the correction in this case is small (a factor
of 1.00-1.08). It should also be noted that the oxygen and fluorine

ratios of Nefedov et al.were computed for O and F , respectively, instead

of the neutral species.
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TABLE X. Relative photoelectric cross section ratios
(0, 2p/o, 2s) for second row atoms. @

Atom R P R P R (STO)® R (CA0) ¢ R ©
(132 eV) (1254 eV) (1254 eV) (1254 eV) (1254 eV)
C 1.16 0.0527 ~0.012 '0.048 0.0327
N 0.66 0.083 0.023 o 0.077 0.058
0 - 0.90 0.11 0.042 -~ 0.11 0.070
F 1.39 0.13 0.077 0.17 0.098
0.14"

Ne

2.37 0.149 0.12 - 0.25

2 To take the 2p degeneracy into account all ratios in this Table
must be multipled by 3.

b

were calculated from Ref. 64 and area ratios from'Table IX.

‘Semiempirical ratios calculated using Eq. (9). Gross populations

® From Ref. 66a; Slater-type orbitals were used to represent the - -
occupied orbitals, with 2s orthogonalized to the 1s AO. The
continuum state was represented by a plane wave.

d From Ref. 66b; SCF Clementi atomic orbitals used instead of STO's
® Theoretical total cross section ratios using a Hartree-Fock- Slater

potential (Ref. 67). Oxygen and fluorine cross sections were
computed for O- and F~ respectively, the rest for the neutral

species.
Cross section ratio at 1487 eV photon energy.
9 Experimental value.




0 U QO 4206035 2

-107-

| _The four sets of MgKa ratios listed in Table X all indicate that
°zp/°zs increases in going across the periodic table from carbon to neon.
At the YMc'enefgy, the ratios do not appear to change'monotonicaliy with
vatdmic number, but the generai trend séems £o be the same as that at the
' -MgKa energy. The YMg values are.generaliy much closer to unity than the
MgKa values. Thus the YM¢ energy seems to fall in a fegion where the 2s
and 2p intensities are about equal.

In cdiumns 5 and 7 of Table IX we‘list the theoretical

molecular orbital area ratios of Debies and‘Rabalais.57

The

calculations are based on the equatiohs derived by'El.lison,68 again
employing a plane wave for the continuum electron and the frozen orbital

- approximation for the remaining ion. Ab initio molecular wave functions
with minimal basis sets of nohorthogonal Slater-tYpe.orbitals‘wére

used. Orbital exponents were chqsen aécording to Slater's rulés. The
computations cdfrectly‘predict that the intensity ordering of the Zai énd'
1t, levels of methane iS reversed in going from the MgKa'to the YMg
excitation energy (Fig. 38). The correct intensity ordering at 1254 eV

| is also predicted for ammonia. However, at the YM; energy, 3a1 is calﬁulated
to have a slightly higher intensity than le, contrary’to the experimental ‘
result. Similarly, the calculation reverses the‘intenSity order 6f the |
duter two MO's of water at 132 eV. It is interesting to note that if peak
‘heights were compared instead of peak areas, the calculations would yield
the correct intensity‘ordering, both in water and in ammonia. In HF,
however, the wrong order is predicted for the oufer two M0's at the MgKo

energy. The theoretical fluorine 1s intensity also compares poorly with

the experimental value. Finally, the neon 2p/2s relative intensity agrees
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quite we}l with experiment,both at 132 eV and 1254 eV excitation energies.

As shown by Fadley,59

the assumption that the orbitals of the ion
remain frqzen during ionization,vinvoked in the present calculations, |
leads to-cross sections which include the probability for multiple as
well as single electron excitations (see Sec. VII.B. for a similar
discussion). In the case of the hydrides, one 6bserves no intense
satellite peaks in the MD region. Core ionization,'however,'is often

- accompanied by.multiple electron transitions. In hydrogen fluoride, for
example; the probability for multiple electron transitions is ~ 20% of

69 ‘The core spectrum of

the probability for single electron ionization.
neon is known to contain discrete satellites totaling ~ 12% of the main
line. Addition of multiple-electron intensities to the core intensities
of these two SYStems widens the gap between the experimental and:
theoretical ratios.

In general, the theoretical results are in better agreement with
experiment at 1254 éV than at 132 eV. This is not sﬁrprising, since the
plane wave approximation becomes better the higher tﬁe.electron energy.
For all the hydrides as well as neon, the intensity of-fhe 2p-like to

the 2s-1like orbitals seem to be overestimated at the YMg energy and

underestimated at the MgKa energy.
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- IX.  NITROGEN, CARBON MONOXIDE, ETHYLENE AND OXYGEN

'We contimue our investigation of small molecules by considering
three more systems for which theoretical cross sections are available:
hitrogen, carbon monOxide; and ethylene. The calculations were performed

| - by Rabalais et:a1.70

and are similar in quality'to the hydride cross sections
considered in the previous section. Tﬁe 1ast-part'of this section deals
with the molécﬁlar ofbitdl spectrum of bxygen up to v 30 eV binding energy.
Oxygen présénts an interesting case for study by XPS bécauSe’of multiplet

splitting (see Sec. VI.A. for a discussion of the core spectrum).

A. Nitrogen and Carbon Monoxide
The‘YMc‘Spectra'are shown in Figs. 42 and 43, together with the
37 As in the case of ammonia, nitrogen

&

magnesium results of Siegbahn et al.
1s photoelectrons excited'by OKa. x-rays ére expécted fo appear in the YMg
MO spectrum, primarily under the lﬁu and 20, peaksl Sincé the outer threé v
__peaké of nitrOgen are well resolved, it seems thét 6xidation was insignificant
in this partiéular'run.' The regidh.of the spectrum correspohding to higher
' bihding energy is taken from a separate run. Thus the rétio of the inner-
most MO to the outer three is approximate.

Sateilite structure was observéd in both'nitrégen énd carbon

monoxide, part of whi;h éppears to 6ver1ap'with the péak corresponding'to
~ the deepest lying MO. ' The satellite at n 25 eV binding energy in the
nitrogen spectrum was assigned by Siegbahn 93.él§7 as a Shaké—up state )
:associated with the Zou level. The monochromatized AlKa spectrum of A

carbon monoxidel shows three satellite bands at ~ 24, ~ 28 and ~ 32 eV

binding energy. These are visible in the YM; spectrum (Fig. 43), though
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not as cleafly. Only the satellite at v 32 eV wasvfitted with a separate
peak. Judging from its intensity in the YMg spectrum; this satellite
appears to be associated with transitions involving the outer three
orbitals. |

We observe that the qualitative'changes in cross section in going
from MgKa to.YMg excitation are similar to those observed in the hydride
series. The level composed entirely of p orbitals_(lﬁu in nitrogen and
1w in carbon monoxide) gains substantialiy in'intensity at the YM¢ energy
relative to the deep-lying (s-like) o MO. The intensity change in orbitals
of mixed (s and p) parentage is again seen to be intermediate between those
orbitals of predominantly s or p composition.

In Table XI we compare the area ratios at.thengKavand the YMc

energy with the theoretical results of Rabalais et 51,70

who also determined
the experimental magnesium intensities from Siegbahn'537.spectra.

We note that the intensity ordering of the outer three MO's 'is
predicted correctly by the calculations, both for_CO and N2' The experi-
mental intensity ratio of th¢ hitrogen 1s level was not corrected for the
change in spectrometer transmission with energy. For a magnetic spectrometer,
the change is Substantial, in this case being close to 50% (using the
intensity of the MO's as a reference). This'would bring the experimental
value into very good agreement with theory. 'However, é'shnilar correction
on the core-level intensities of carbon monoxide would result in 1e$s
agreement with theoiy.

The Hel and Hell experimental intensiﬁy ratios70 listed in Table XI

are again similar to the relative areas at the YMg energy, and the orbital

intensity ordering is the same with all three sources.



" TABLE XI.

Theoretical o at 132 eV is 5. 43 x10°2° cm? and 7.32x1072% cm? ‘at 1254 eV.
Theoretlcalol is 3.04 x10°2° cm? at 132 eV and 9.81 x10°23 cm? at 1254 eV.

Relative differential photoionization cross sections for nitrogen and carbon monoxide.
Orbital % I MgKo)? I, Mgk)® I (WMg) I (YMg)?’ I (HeID® I (HeI)c
E_B exp theo exp theo exp ™ exp
d . 3 W
N2 , 30g o 15.5 -1.00 1.00 -1.00 - 1.00 1.00 1.00 -
In  16.8 0.50 0.22 3.03(7) 1.64 2.1 1.4
Zou 18.6 5.0 4.96 1.68(7) 0.14 . 0.47 0.32
20, 37.3 3.50 5.23 2 0.20 | |
1cu,1og 409.9 145 193.44 -- --
Co. 50 ¢ - 14.5 1.00 1.00 1.00 1.00 1.00 1.00
1n - 17.2 0.5 0.31 3.44(7) 1.88 3.85 - 1.25
40 20.1 2.5 1.63 1.46(7) 1.65 2.00 - 0.26
30 - 38.3 5.0 5.15 2.33(9) 0.36
20 295.9 55 - 45.36 --
1o 542.1 120 92.73 -- --
2 From Ref. 37. .
b Experimental area ratios determlned by Rabalais et 3170 from the spectra in Ref. 37.
¢ Ref. 70; YMz values communicated to us by J. W. Rabalais.
d

-¢Tl-
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Carbon monoxide and nitrogen are of course isoelectronic, and it
is interesting to note the similarity between their spectra, both at fhe YM;
and the MgKa energy. It is also apparent from the monochromatized AlKo
resultS“lthat the satellites between " 22 eV and ~ 35 eV have similar
~binding energies and relative intensities in both molecules. Our YMg
results reflect a change in the appearance of these satellites. This
may or may not be significant since the extent Qf éontributions from

inelastic scattering was not assessed in this case.

B. Ethy Lene |

The.MgKa and YMz spectra are shown in Fig.'44. With MgKo, the
outer four orbitals are very weak. There is also the problem of inter-
ference from the Ka3’4 satellites of fhe more infense Zég ana 2b3§ 1evels.

Consequently, the close-lying lbzu, Sag and lbig could not be distinguished
clearly. The arrows in the figure point to their expected peak positions

72

on the basis of UPS results. Only one peak was employed in the least-

squares fit to represent all these M0's. On the other hand, the mono-

chromatized AlKa spectrum71 shows the individual levels, but their areas

appear somewhat uncertain due to the low intensity. Robin et a172
detemmined the orbital ordering from ab initio calculations. His results .

nn using the model described in Sec. VIII.C.

were confirmed by Gelius,
The Mqu spectrum was reference to neon 2s. However; only the
binding energies of the three intense peaks in the spectrum could be
determined accurately. The values are listed in Table XII, together
with the UPS results of the remaining MO's. With YM:, we were able to

distinguish 1b1g’ but 1b2u and Sag again could not be meaninfully separated.
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 TABLE XII. EthyZene binding energies and differential photoionization cross section ratios.
. a a a a
Orbital  Ep(eV) LexpMeka) Loy, (MgKa) Toxp (M) Ty (VM) Lesp®HeTD) Iexp(HeI)
16, 10.51(4)¢  0.05(2) 0.015 0.9(2) 4.42 0.9 0.9
Ibj, 12.85° -- ' 0.017 0.6(4) 2.20 1.12 1.31
3a, 14.66 € 0.35(9) 0.033 -- 1.96 1.33 1.41
| (lblgﬂ-Sag'+1b2u) 2.4(2)
LI 15.87°¢ -- 0.023 (32, + 1b,) 1.84 1.02 0.89
by 19.23(2) 0.93(3) 0.68 S 1.2(D) 1.34 0.21 0.20
zagl’ 23.65(2) 1.00 1.00 1.00 1.00 0.24
MO shake-up 27.39(5) 0.39(6) -- 0.2(4) --
d
la ,1bs, 290.7 69.98(3) 43.6 -- --
core

shake-up 299.10(7) -

14.87(9)

Reference 70; theoretical values commmicated to us by J. W. Rabalais.
b Theoretical o, at 132 eV is 5.83x107?! cm® and 2. 00 x 10722 cm? at 1254 eV.

¢ UPS results of Ref. 72.
d Reference 16a.

-911-



-117-

In bbth spectra a satellite was observed at n 27 eV, which had
been obtained earlier with filtered AlKo radiation. The MgKo results
- indicate that it must b¢ largely, if not entirely, aSsociated with zaé'
or 2b3u’ judging from its high intensity.,'Gelius711also cited its high
~energy as an indication that it does not driginate from any of the outer
four MO's.  The possibility of it'being due to an ehergy loss is ruled
out since then two satellites of nearly equal infensity woﬁld be expected,
corresponding to transitibns in neutral etﬁylene induced'by electrons |
from 2bg and:Zag. | | |
A satéllife was also observed in the core spectrum (Fig. 45). The
core region was scanned alternately with the MO region, in 6fder to obtain
relative intensities. Of course, the core satellite must beAtreated'with
, caré, since the possibility of énergy loss cannottihmédiately be ruled
dut. It was studied with AlKo and at two differenf pressuréé. No change
- in intensity relative to the main péak, or in poéition was detected. Our
ethylenevsampie was c.p. grade, with a stated purity of at least 99.5%.
A carbon contéining impurity with such a Cls binding energy (Cls of ethylene
plus 8.4 er almost certainly contains fluorine. Howe?er, none could
be detected when the Fls region was monitored. We therefore believe that
the satellite corresponds to a state of ionized ethylene. The sloping
background on the high binding energy side of Fig. 45 indicates that more-
structure may be present at higher binding énergies.‘ A preliminary run
with AlKa showed this to be the case. However, the pressure dependence
of tﬁose peaks was not'examined; | |
It is interesting to note that thevMO satellite is 8.13 eV away

from 2b which is close to the core satellite separation from the main

3u’
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~peak (8.4 éV), Thus analogous transitions may be involved in both.cases.
.It mst be noted, howevef, that the core satellite is considerably
‘gfoader than the Cls peak (2.7(3) eV versu§'0.84 eV). In contrast, the
satellite in the MO regibn has a linewidth roﬁghly comparable to that of

Zag‘and Zbg, (2.3(1) eV versus 2.02(4) eV for 2a_ and 1.81(4) eV for 2bz ).

g
The broadening of the core satellite may indicate that more than one
transition is involved. If a simple shake-up mechanism is invoked
(mbnopolektransition in the yalence'shell acc0mpanying ioniiation), then
two final States would be expected, depending on.the coupling of the three
unpaired electrons in the ion. Broadeﬁing‘may also be due to a short

lifetime or to vibrational exci1:a'cion.71

The latter would be especially
likely if the’shake—up'involves a transition from a bonding to an anti—
bonding orbital, a$ is probably the case here.

iTherpossibility that.the core and MO satellites correspond to
analogous'tranéitions is further supported by the infensity analysis.
From Table’XIi we see that the core sateliite is 21%, the intensity of
Cls, while the ﬁ[)satellite is 42%, the intensity'of'Zb3u (39% the intensity
of Zag). Since the Cls peak is composed of twp ievels, 1ag and 1b3u’ of
essentially the same binding energy, it.seems possible that the shake-up
transitions are aséociated'with only onevof them, most likely 1b3u (jﬁdging
from the energy spparafion discussed above) .

Gelius71

performed_multiple-scattéring Xa calculations75 to deter- .
mine the energy of the transition by, 1bzg (ﬂ'*ﬂ*j in the presence of
. a valence hole. w~m* is a transition from the highest occupied orbital,

1b to the lowest unoccupied orbital of ethylene, 1b2g. From optical

1u’
data73 on the neutral species, the energies of the resulting 3B3u and 1B3u
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states are 4.6 eV and 7.6 eV respectively. Gelius found an average
energy of v 5.4 eV from the hole-state calculation. Accordingly, he
proposed that a 2a_ vacancy is involved in the MO satellite, since the

g
latter is 3.74 eV away from the Zag peak. The satellite was therefore

assigned as the 2B3u state: Zgg[lhlu leg*(SBsu)] (undgrlining indicates

2, » .
B3u state resulting

removal of an electron), which interacts with thé,
from simple ionization of a 2b3u electron. A similar assignment may be
possible in the core spectrum, provided the lblu 4 1b2g transition in the
presence of a core hole is shown to have an energy close to 8.4 eV. A
more likely explanation, which is probably valid at least for the core

shake-up, is possible if the core hole is assumed to be localized. The

reduction in symmetry in the ion means that the 1b, - 1b,, transition

now becomes b2-+b2, which is monopole. This mechanism is further supported

by the agreement between the energies of the lblu > 1b2g(133u) transitibn,
7.6 €V, and the energy of the shake-up transition, 8.4 eV. More detailed
caiculations are needed, however, before a definite aésignment can be
made.

The chaﬁge in the relative intensities of the various orbitals with
photon energy is qualitatively the same as in N2 and CO. At 1253.6 eV;
the outer four orbitals have low intensity because they are predominantly
2p in character. When the excifing radiation energy is lowered to 132.3
- eV, they ére seen to gain intensity relative to 2ag and 2b3u’ With
regard to relative intensities, the spectrum of ethylene is reminiscent

of that of methane (Sec. VIII), both at the YM; and the MgKa energy.

70 70

The experimental intensity ratios at the HeI, = Hell, =~ YMg and

MgKa energies are listed in Table XII, from which it is clear that the
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relative intensities do not seem to change much in going from Hel to Hell
radiation in this case. Both resemble the intensitYiratios with YMg |
‘radiation? except for the 2b3u and Zag relgtiVe intensities. Thé theoretical
resulfs of Rabalais gg_gl?o at 1254 eV and 132 eV are shown in columns 4

and 6, respectively. Only the intensity ordering of 3ag-+1b2u relative
‘to lb1u (at 132 eV) is reversed by the calculations. Addition of the
satellite iptensity to 2b3u bringé it ihto very good.agreement'with theory
at 132 eV. This is not the case at 1254 eV, howevef; .The theoretical'

Cls relative intensity is too low, even without adding the area of the

satellite to the experimental area of the main'peak.

C. Ozygen |

The spéétra taken with MéKa and YMg are sﬁown in Fig. 46. Only
the region'below ~v 30 eV binding energy was considéfed. Essentially‘the
same region (12 - 28 eV) has been studied preViousiy with the 584 X and

76 while the entire MO spectrum with MgKo was reported

304 & He lines,
earlier by Siegbahn et al.,37 referenced to the Ar 2p3/2 line.

The ground state electronic configuration 6f molecular oxygen is:
2 2 4 2 37"
KK (0 28)? (0,25)* (r 29) * (ng2P)” I

Ionization from ngp yields one doublet state, ing. This level appears
well resolved in our spectra, and therefore constitutes a good energy

~ reference for the remaining states. Its vertical ionization potential is

12.33 eV from UPS, indicating that the 13.1 eV value of Siegbahn et all’
is probably tooihigh. Edqvist et a1.76 measured 3-2"1/2"2“3/2 spin-orbit

splitting of 23 meV. Such a small splitting is, of course, beyond the



-122-
~ Oxygen
_ AZy |
T ’ MgKa ]
"
O
= sl ﬁ - ]
(8]
&
o
o .
< 6 B
~
W
b=
e ]
e
O g} 7
ol . |
oL .
1 T
YME '
4 7
& 3 B
o
Q
&
S 2 B}
o))
~
2
S Py
3 +
(®] | L—- —i ]
0
Binding energy (eV) XBL752-2225

Fig. 46. Oxygen MgKa spectrum (’top) and YMz (bottom) up to v 32 eV
binding energy. With MgKa, counts were obtained at increments
of v 0.15 eV; and with YMg at increments of ~ 0.2 eV.




0 0 U o« 2 0 5 0 & 0

-123-

reSolution cababilities of XPS. The intensity of thevXZHgbstate'rélative
to the ¢,2s levels is much enhanced in going from the MgKo to the'YMt
spectrum, which is tb be expected since this sfate.is entirely 2p in
character by symmetry | | ~

Ionization from the fully.occupied T 2p orbltal may y1e1d the
- following states: a“ L, AT IL,s Znu; znu and 2¢> - As Edqvist et al. 76 point
out, abu cannot be reached by a one-electron transition from the ground
state of 0, and would therefore not be expected to appear'in the photo-
electron specfrum.- The a*nu and'Aznu.states are Severely overlapped in
the UPS spectrum, and can only be séparate& by careful deconvolution of
the twb vibrational progressions.76 Since their vertical 1.P.'s differ
by 1 eV (see Table XIII), 1t m1ght have been possible to deconvolute them
in the XPS spectrum, had it not been for the 1nterference of the b“z
state at 18. 2 eV As it is, only the a“H state-could be d15t1ngu1shed
clearly, and its energy is in excellent agreement with the UPS result.

It is interesting that the intensity ordefihg of the partially
resoived peéks.at 16.7'éV and 18.2 eV is reveréed in'going from the MgKa
to the YMg spectrum.‘ This confirms the Zs character of.b“Zg and the 2p
character of a'l . '

In least-squares fitting of our experimehtal spectra we found thaf
the two innermost peaks of the MgKa spectrumvare best represented by
Gaussians, while the remaining peaks may be fifted’Well with either
Gaussians or Lorentzians. We only show the Gaussian fit in Fig. 46, but
in Table XIII we list area ratios from both.

The quantitative relative intensities obtaihed by curve fitting

are helpful in confimming the existence of Aznu, which is otherwise very
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TABLE XIII. Oxygen binding energies (eV) and MO relative intensities.

State  Ey(Mgka)  Ey(M)  Ep(Hel)  I0g6)°  106L)°  1(wMp)
X1, 12.33(2)¢  12.33(1)¢  12.33 1.00(3)  1.00(7) = 1.00(2)
' 16.70(2) ' 16.72(2)  16.70  1.41(4) 1.0 (1)  1.00(5)
A, - - 1773 | .
1.514) 1.7 (1)  0.71(7)
b“{g 18.17(2) 18.09(2) 18.17 B R
B2l 20.39(7)  20.42(3)  20.43 1.0 (1) 0.7 (1)  0.22(9)
2 23.0 (4)  23.47(6)  24.0 0.9 (6) - 0.13(5)
'L 28.51(2)  24.56(2)  27.4 6.58(7) -- 0.65(4)
2y 27.25(2)  26.96(8) - 2.31(4) -- 0.2 (2)

a From‘Ref. 76.
b Gaussian fit.

¢ Lorentzian fit.

d

Reference value.

e e e S ot o 30 Lt
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vdifficult to.observe-directly by XPS because dflinsufficient resolution.
Since this state is separated from‘b“Zé by only'm_O.S eV (see Table XIII),
the peak at ~ 18 eV must be a composite of the two states. Now the ratio

of b?Zé to leé would not be expected to change by much when the excitation
source is changed. From Table XIII, the relative intensity of the ~ 18

eV peak (b“Z; + A’ ) to the BZZé peak increases by a factor of ~ 2 when
MgKo is replaced with YM; (taking the average of the Gaussian and Lorentzian
fits).v This behavior indicates the presence of a 2p-like state which

gains in intensity at the YM; energy. | |

77 performed seml emplrlcal conflguratlon interaction

Dixon and Hull
calculations on the oxygen ion resulting from Hu ionization to determlne '
the relative intensities of the different Hu states. They predicted an
 intensity ratio of a'l to the three Il states of 2:0.34:0.001:0.64.

76 found an experimental a“H to A’ ratio of 2:0.3. They

.EdQVist et al.
also 1dent1f1ed the diffuse band at 24.0 eV in the Hell spectrum as 2Hu,
since its intensity relative to a“H is 0. 75 2. Our YMz spectrum shows
definite evidence for a state at 23.5 eV. The same state in the MgKo
spectrum can be obtained by deconvolution. It is‘clear from Fig. 46 that
the reeolution with MgKa is somewhat better than with YMg in this case. |
Thus the state at 23.5 eV must have a hlgher 1nten51ty at 132 eV relative
to C“Z than at 1254 eV. This CoanIﬂS its p character and its 3551gnment
as 2Hu- Our energy value is somewhat lqwer than the UPS result, however.

The energies of the C“Z- and.zz- states are v 0.8 eV lower than
the values reported by Siegbahn et al. 37 (25.3 eV and 27.9 eV respectively).
- Furthermore, the energy of c“zu differs'by almost 3-eV'from the_UPS result.

Our measured splitting of 2.74(3) eV (MgKa vaiue), on the other hand,
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- agrees better with the 2.6 eV result of ref. 37.‘ It is interesting that
the miltiplet splitting in the MO region is a factor of two larger than
the cofe splitting (1.1 eV). This is due to the larger exchange integrals
between the unpaired eiectron of the ionized level and the electrons in
the 7, orbital.’8 |

The area ratio of C“Z; to ZZ& appears tovbe in excess of the
degeneracy value bf 2. Positive deviations frOm,the.multiplet rafio
have been observed in the core spectrum (see Sec. VI.A.) aé well as in
other systems. In the present case, part of the deviation may be an
artifact of the fitting procedure. |

The a*ll /ZH- ratio of 2:0.64 predicted by Dixon and Hu1177vappears
to disagree with our experlmental relatlve intensity of 2:1. 3(6) with -

‘MgKo and 2: 0.26(7) with YMg. The MgKa value is too uncertain to permit

conclusions to be drawn. On the other hand, the YMg ratio is more reliable.

Still, one must be cautious in interpreting the result since the area of
a“Hu may contain contributions from the unresolved.AZHu state. The
latter is separated from a“Hu by 1 eV (see Table XIII) and is predicted

to have an intensity 0.17 that of a‘ll In view of this, the agreement

u’

with the calculation of Dixon and Hull must be considered satisfactory.
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X. THE FLUORINATED METHANES CH;F, CHZFZ’ CHE, AND.CF4

Most of the YM¢ results presented thus far have dealt with systems
with Well'esteblished orbital as_signments.’g The fluorinated methanes, on
the.other hand, present a challenge in thie respect since some ambiguities
in orbital ordering remain, in spite of numerous studies of this series.

In evfecent paper,65'we reported the MgKa spectra of the fluorinated
methanes, as well as methane and hydrogen fluorlde Discussion of both
the binding energles and orbital assignments were g1ven the 1atter
relying'on the Gelius model discussed in Sec. VIII.C. In the present‘ |
study, only relative binding energies werevmeasured. The speetra are
shown in Figs. 47 and 48. Comparison with the binding energy results of
ref. 65, obtained with MgKa, is made in Table XIV. As expected, the
agreement is good in most cases. | |

In colums 5, .6 and 7 of Table XIV we 1list the relat1ve intensities

s

obtained with HeIl, YMc and MgKa photon sources. Although the Hell
intensity ratios are only approximate,6sa'they do feflect the general
_trend observed in earlier sstems: Hell and YMg relative intensities
are roughlydsimilar Furthermore, the 1ntens1ty orderlng of the dlfferent
bands is generally the same at both exc1t1ng energies. |

Since no subshell cross Section calculations have been perfermed,
for the fluoromethanes, we decided to analyze the data using the Gelius
model. We have previously (Sec. VIII.C.) obtained\the o(CZp)/c(CZs) and
| o(F2p)/o(F2s) ratios at 132 eV from the spectra of methane and hydfogen |
fluoride respectively The O(FZS)/O(CZS) ratio is also needed in order

to calculate the relative intensities of the fluorlnated methanes. The

' 3a1 and 4a1,1evels of CHSF were used, together with the_populat1ons
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TABLE XIV. Molecular orbital binding energies and intemsity ratios for the fluorinated methanes.

Molecule M0 E (Mgko)?  Ep(YM)® Iexp(HeII)b. LMK I (M) r,oM)¢ 1, oMe)?

GiF 3a;  38.41(3)  38.41° 1. | . 1. 1.

| > da;  23.48(3) 23.48(6)° 0.3 .23(1) 4 (1) .40 .39
Sa;  17.56(9)  17.55(8) 1.5 .08(2) .9 (1) 1.00 1.00
le 16.85(7)  16.88(8)  (Sa, +1le) 11(2) 1.2 (1) 1.93 1.78
2e 13.31(4)  13.35(6) - 1.5 .13(1) 1.52(4) 1.30 1.56

CH,Fy  3a;  40.13(7)  40.13° 3.18(5) 1.3 1.55 1.50
b,  38.20(7) 38.20° . 3.57(6) ~n1.5 1.63 1.72

> 4a;  23.86(3) 23.86(3)" 0.4 1. - 1. 1. 1.

b, - 19.76(7) - 2.0 .14(1)9 -- 1.41 1.25
Sa;  19.07(3)  19.31(3)  (1b,*5a;+3b,) .28(1)7 1.13(4) 1.73 1.61
3, 18.51(4)  18.71(3) .28(1)7  1.81(4) 1.93 1.91
la, 15.61(2) 15.60(5)7 3.1 32(1)¢ 2.5 (1) 2.33 2.47
4b;  15.20(2) 15.19¢5)7 (1a,+4b;+6a,) .32(1)¢ 1.3 (2) = 2.29  2.55
6a,  14.91(2) 14.90(5)7 - B .25(1)¢ 1.1 (2)  1.74 1.98
2b, 13.17(2)  13.16(4) 1.0 .18(1)Y. 1.02(6) 1.12 1.45

CHF 3a;  42.03(9) 42.03° . 1. . 1.
2e 39.15(4)  39.15¢ . 2.38(2) 2.17(7) 2.12 2.41

> 4a;  24.38(3) 24.38(3)° 0.3 .43(1) .52(9) .89 .97

Sa;  20.89(3) 20.89(3) 1.4 .14(1) .78(7) 1.02 1.00
3e 20.25(3)  20.39(3)  (Sa;+3e) .21(1) 1.41(7) 2.52 2.66
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TABLE XIV (continued)

Molecule M0 Ey0gKe)®  E,OMD® I (eID” I (Mgko)® T M) Igomp)d nyomp)?
CHF de 17.03(4)  17.08(3) 1.0 ';21 g 12.35(8) 3.02 3.42
Se  15.99(4)  16.00(4)" 1.5 219 2.3 (1) - 2.98 3.59
la, 15.29(4) 15.30(4)" 0.9 129 1.8 (1) 1.53 1.89
6a, 14.67(4) 14.60(4)" 0.6 Y LA W) .92 1.28
CF, 3a,  43.81(10) 43.81° ' 1. 1. 1. 1.
- 2t,  40.30(4)  40.30° 3.45(3) 2.06(7) 3.16 3.73
> 4a1 125.11(2) 25.11(2)? 0.5 .55(1) .61(6) 1.14 - 1.30
3t2 22.14(2) 22.21(3) 2.4 .59(1) 2.46(6) 3.69 4,09
le 18.43(4) 18.55(3) 1.6 .28(1) 2.09(7) 3.07 3.53
4t2 17.41(4) 17.48(3) 3.1 .38(1) - 3.32(7) 4.42 5.49
ltl 16.23(3) 16.28(3) 3.7 A41(1) 3.66(6) 4.61 - 5.96
EB is M0 b1nd1ng energy in electron volts. EB(MgKa) were obtained from ref. 65.
b From ref. 63a. : ' -
¢ From ref. 65.
d Ig(YMz) is the calculated relative intensity using the atomic cross section ratlos in Table XV

and gross populations, Iy using net populations.-
¢ Separation from 4a1 level obtained from the. MgKo results of ref 65.
f Separations from ref. 65. .
9 Area ratios calculated from the Gelius model using CNDO populations.

h Separations obtained from the UPS results of ref. 63a.

t Referencevvalue_obtaihed from the XPS results of ref. 65; arrows indicate reference level.
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64 The atomic cross

calculated from the wavefunctions of Snyder and Basch.
section ratios obtained from Eq. (9) are shown in Table XvV. Three‘types
of popﬁlations were employed: gross, net and overlap (gross minus net).

The photoelectric cross section of hydrogen was again taken to be zero.

YABLE XV. Derived relative atomic photoelectric cross sections
at 132.3 eV photon energy.

Ratio, R R(gross)? R(net)® R(overlap)®
; |
o (C2p) /o (C2s)P 1.16 1.13 1.20
o (F2p) /o (F2s)° 1.38 1.22 1.82
o(F2s) /o (C25)% 3.82 3.67 6.81

aPopulations were calculated from the wavefunctions of ref. 64.
bFrom relative areas of 2a; and 1t, levels of methane.

°From relative areas of 20 and 1w levels of hydrogen fluoride.
dFrom relative areas of 3a; and 4a; levels of methyl fluoride..

The two right colums of Table XIV show the calculated relative

intensities. The gross and net populations were again computed from the

64

wavefunctions of Snyder and Basch. For CH3F, the experimentally derived

intensity ratios agree reasonably well with predictions based on either
gross or net populations. In fitting the YM 3a1 peak we have deliberately
excluded the structure to the right of the peak. This is probably due to
satellite peaks from the outer levels,80 and therefore should not be H
added to the area of 3a;. The large decrease in the relative intensity

of this peak and a similar but somewhat less pronounced effect in the'4a1

peak in going from the MgKa to the YMg spectrum, is characteristic of the
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F2s and C2s atomic orbitals, respectively. Although particularly clear
in'CHSF, it is also very apparent in the other fiuofine derivatives.

Thé improved energy resolution in the YMé spectrun makes it even
| clearer ‘than before65 that'thé peak at lowégt binding energy arises from
a single finalvstate (the 2e orbital) while_the'neXt peak has two components
(the 5a, and le orbitals). In fitting this cOmpOUhd'péak with two components
we found good agreement between the le - 5a, spacings as derived from the
MgKo and the YMc spectra (0.7 eV in both cases). The lower binding energy
component was more intense in each'spéctrum, and the le peak was predicted
to be more intense in each case. Thus on the baSié of intensities the.
lower energy éémponent of the second peak appears to belong to the le
state. o

In_CHZEZMthe 3a; and 2b; (flgorine‘Zs) states yield a low broad
. peak as éxpeéted. The two levels were deconvoluted by hand due to sévere'
interference from the outer orbital satellites. Their relative intensities
are therefore only'approXimate. The 4a1 (carbon 2s) state is also
identified by its loss of relétive.intensity in the YMg spectrum;‘ The
19 eV peak gains in intensity relative to the inhér three orbitalsvbut
ldSes relatiVe to those at 13 and 15 eV. This is strbng evidence for
mixed 2s and 2p character, thus strongly supporting the previous assignment
of the 1b,, 5a,, and 3b, states to this peak.’ The YMz data yield'ho new
information Qﬁ the order of tﬁese three stateS'within the peak; in fact
'thé MgKu‘sbectrum Waé better in thié reépect,“because only two éompohent
peaks were required to fit this peak in the YMg spectrum. (The complete
‘deconvolution of the MgKa spectrum of CHZF2 is shown in Fig. 3 of ref. 65.)

The high relative intensities of the 13 and 15 eV peaks‘in the YMg



-134-

spectrum confirm their 2p character, in agreement'with the previous
assignments.65 The 2b, peak at 13 eV is well resolved. The 15 eV peak
hasva slightly rounded but symmetrical appearance, indicating that the
laz, 4b1, and 6a; states lie close in energy. |

The CHFS and CF4 spectra are shown in Fig..48. Their general
appearance is similar to that of CHZFZ: tightly bound compound.F(Zs)
peaks near 40 eV, the 4a1 (C2s) peak near 25 eV, and‘two more peaks, of
which the one near 22 eV has strongly mixed 2s and 2p character. The
CF4 spectrum has been thoroughly discussed before, and we note only that
the YM; spectrum (see inset) shows a resolution of the le, 4t2; and 1t1
peaks that rivals the results obtained by Gelius71 with monoéhromatic
AlKo x-rays.

The CHF3 spectrum illustrates the power of using YMg radiatibn._
The peak at 21 eV is asymmetric toward high binding energy. Since the 3e
component peak is predicted to have at leaét twice the intensity of the
Sa1 peak, the former appears to have the 1gwer binding energy. The
spectral area between 14 and 18 eV requires at least four peaks for a fit:
its detailed shape further requires that the peakvintensities increase -
monotonically with binding energy, with the exception that the two most
tightly bound peaks can have similar intensities. The fit shown in Fig.
48 was based on the known UPS (vertiéal) energy separations63a amohg the
three least tightly bound components. The derived intensities agree
fairly well with predicted values, confirming the listed level ordering.

In summary, the spectra presented here again confitmed the anticibated
~ changes in relative intensities that were expected to accompany this

large reduction in photon energy. Intensity ratio predictions based on
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the simple’atbmic orbital population model show genefally good qualitative
agreement with experiment. These results give no basis for choice émong
gross or net populations. The YMg line appears to possess real diagnostic

value for molecular photoelectron spectroscopy. *
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