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HIGH TEMPERATURE UV PHOTOELECTRON‘SPECTROSCOPY
Sefik Siizer
Materials and Molecular Research Division, Lawrence Berkeley Laboratory

and Department of Chemistry, University of California,
Berkeley, California 94720

ABSTRACT

A commercial spectrometer, the model PS-18 Perkin Elmer Photoelec-
tron Spectrometer, was modified to achieve better vacuum to reach
temperatures 6f up to 800°C. It was also provided with a better data
handling system.

Atomic vapors of Ca, Sr, Ba, Zn, Cd, and Hg were studied by Hel
(or Nel) radiation, using photoelectron quctroscopy. Several satellite
lines were observed and were attributed to initial state configuration
interaction in the ground states of these atoms. The relative intensity
ratios of the 2D lines of Zn, Cd, and Hg were studied by different
radiations, using both HeI and Hell lines.

Pb in thé form of atomic vapors was studied by’HeI'radiation. Rela-

tivistic effects were observed to cause the ratio of the peaks arising

from Pb+(szp; 2

. +.2 2 . .
p1/2)' Pb (s"p; P3/2) states to be 1.000:0.071 instead
of 1.000: 2.000 as given by the simple L-S picture. Several final states

inaccessible from an 52p2 initial state configuration were observed and
attributed to admixtures of the configurations spzd and'szdz.

Atomic and molecular bismuth were studiediby Hel radiation. Atomic
Bi showed again satellites due to admixtures of_configurations in the

ground state. Molecular Bi2 lines were observed and assigned to the
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corresponding states of Bi;. The ordering of (og, 6p) and (ﬂu, 6p) was

oy,
observed to be reversed from N2, and this reversal was correlated with

the increase in the internuclear distance in the isoelectronic series

N,, PN, P

93 2 and -812.
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I. INTRODUCTION

The iargest portion of this thesis_deals with 6bservation of satel-
lites which give informétion about the electron-electron correlation in the
valence shells of étoms, using the'experimental technique of phétoelectron
spectroscopy. High temperature techniques had to be applied to obtain the
samples in atomic form, since very few elements exist in the form of neutral
. free atoms at room temperature.

As_ the name electronfelectyon éorrela;ién implies)_it involves the
correlated motion of two or more electrons confined_iﬁ a fegion of space.

In the case of the "independent particle' or 'Hartree-Fock' approximation
this effect is most important for the orbital into which two electrons of
opposite spin aré put. This approximation inherently neglects the correla-
tion of electrons among themselves. "Configuration Interaction'' is a
formalism which takes this into account and improves the description of such
a system. In this formalism one writes the wave function as a linear com-

bination of all possible configurations of the same symmetry, i.e.,r
Y. = ¢ ? +c, O 6 + Cq ®3 + e, (H

where the.@i's are the independent particle wave functions of different

configurations. Qne'of.the coefficients (say Cl) is gding to be large
compared to the‘others, and thié configuration (@1):is_called the

"main'" one. In the cdursé of photdionization onevqf\the electrons is re-
moved to infinity from the atom, but the remaining one finds itself with-

out the necessity to correlate any longer. ‘Hence photoionization can be
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viewed as bréaking the parts of the wave function»(élg ¢2, .. etc.) which
were otherwisg»held together. Very simplistically.oﬁe cay say that the
photon ionizeé’electrons from different configurdtions (@1, @2, .. etc.);
this results in observation of ionic states corresponding to removal of an
electron from @1 and removal of an electron from @2 and so on. Their ob-
served experimental intensities will be roughly proportional to the squéres
of the coefficients cf, cf,

than the others, its intenéity will dominate over the others; we now call

. 'etc. . Since one of them (cl) is larger

it ''the main photoemission line" and the others with_much smaller inten-
sities are termed 'the satellite lines'. As an example, one writes the

ground state wave function of He as;

¥ = ¢ @ (19 +c, @ (Is2s) + ¢, (25%) + ¢, ¢ 2p) ... (2

In the photoemission spectrum of He one would see He+(ls;25) carrying a
large portion of the intensity (main line) from the‘ﬁain configuration and
He+(25;28), He+(ép;2P),:.. etc; in relatively small'intenéities, resulting
from the admixtures of the other configurations.

bhaptef 11 gives the experimental details. Chapper I1I deals mainly
.wifh satellites observed in Group IIA and Group IIB atéms. Chapter 1V
~deals with sateilites and relativistic effects in the valence shells of
Pb.atom, and Chépter \' égain discusses the satellites in atomic Bi and

also attempts to assign the photoelectron spectrum of the Bi2 molecule.
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IT. EXPERIMENTAL

A. General Description

The eXpéfiments can simply be described as.follows. The gaseous
samples are bémbarded by UV photons of known energy. -Some of the photo-
electrbns produced enter an electrogtatic energy;ahalyser. The photoelec-
trons are deflected in an electrostatic field maintained between two concen-

tric curved plates,'the inner one being positively Charged. For a partic-

'ular-fiéld value, only electrons of a.particular ehergy pass through the

~exit slit and enter an electron detector. The electron energy is propor-

tional to the potential drop across the plates;
E = c¢c.V 1)

and the proportionality constant is fixed for a given geometry and analyzer
design. The kinetic energy of the electron can be determined from know-
ledge of the electrostatic field; in turn the electron kinetic energy can

be used to find the characteristic of the sample, ''the binding energy",

defined by the following energy conservation equdtion;

hv = E +E o (2)

Eb is the binding energy and hv is the photon energy.

The applications of this technique to étomi;; molecular, and solid-

state problems have been discussed in great detail.1’2’3’4



. B. Perkin Elmer PS-18 Photoelectron Spectrometer

1. The Original Instrument

The instrument used in this work is a commercial spectrometer, the
model PS-18 Perkin Elmer Photoelectron Spectrometer. The design principlés
and details are.given elsewhere2 and a schematic illustration of the spec-
trometer is given in Fig. 1.

An intense beam of photons of energy 21.21 eV (95% or higher specfral
purity) is produced by an electrical d.c. discharge in helium. The photons
are directed ihﬁo the  ionization chamber through a capillary tube which
collimates the. photon beam and also helps to prevent.contamination of the
discharge tube by the sample, since there is no window in between. The
photoelectrons ére produced in the ionization chamber and are allowed to
enter the eiectron analyzer through a slit of dimensions 0.006'" x 0.5" and
analyzed by the électroStatic deflection in a fieid between two concentric
curved plates, and paés thropgh the exit slit, the-width_of which can be
continuously varied up to 1/16 inch (1.6 mm). The electrons passing
through the exit slit entér_the electron multiplier (Mullard B419BL). The
analyzer ié"encased in a metal shield to protect it from external magnetic
fields. The‘magnitude'of the analyzing potential is controlled by a
potentiometer driven by the recorder pen scanning mechanism and the chart
abcissca is calibrated in eV binding energy.

- The main Vacuum chamber is pumped through a wafér—cooled baffle
valve, by means of an oil-filled 3-inch diffusion pump (Edwards Pump, model
EOZ) backed by a two-stége rbtary pump. The helium discharge tube is

"pumped differentially by another rotary pump. The base pressure in the
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main vacuum chamber is about 5 x 10;67torr and goes as high as 107~ torr
when running a éample. This rise is due to (i) He 1eéking into the cham-
ber which is kept at about 300 micrbns in the discharge tube, (ii) the
sample leakiﬁg into the chamber fhrough the entrance slit. Sample pres-
sures of typically 10-30 micron are used.

'The upper part of.the discharge tube is the andde which is made out
of copper and,delivers the heat into the ionization chamber where solid
samples can be heated up in vacuum. The temperaturé is controlled by the
air (or water) cooling jacket around the copper anode.b Temperatufes of up'
to 400°C can be obtained with this arrangement . |

Some of the spectra were taken using this original arrangement, but

it has several shortcomings and had to be modified to fit our requirements.

2. Shortcomings of the PS-18 Spectrometer

(a)} Vacuum system

i. The water-cooled_baffle is not effective for keeping the oil
from creeping up into the main chamber, nor for keeping the diffusion pump
0il from being contaminated with the sample. Hence better trapping is
needed between the pump and méin chamber. |

ii. The helium rotary pump contaminates the discharge tube; hence
the oil cracks in the.discharge tube when the laﬁp is turned on.

iii. The automatié control solenoid valves are not reliable nor are
they clean.

(b) .Data collection system )

Only one analog spectrum is produced for each scan, so no multiple

runs can be made. For a better signal-to-noise ratio one needs to put a
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larger time édnstant (integrating over a larger time interval) which means
a larger time overall. The longer time is undesirable due to fluctuations
both in the photon flux and in the sample pressure in the ionization cham-
ber. One needs to be able to take fast spectra with multiple runs added
onto each other. |

(c) High temperature system:

Only 400°C can be reached, whereas this work requires higher temper-

atures.

The next section will describe the modifications to overcome these

problems.

3. Modifications of the PS-18 Spectrometer

(a) Vacuum system

ii. A right-angle liquid nitrogen trap with a .larger area of
water-cooled baffle is placed between the diffusion-pﬁmp and the main vacuum
chamber. This enables us to reach a base pressure of Better than 1 x 10_7
torr, and more important_no 0il creeps up into the chamber.

'ii. .The helium pump-out line isvpassed through the outside jacket
of the L.N. trap; whiéh prevents any rotéry pump oil from getting into the
discharge tube, enabling us fo keep.the tube cleanér;

iii. All the automatic control solenoid valves are bypasséd and
repiaced‘by'manual ones.

All three modifications were suggested and designed by Gene Miner
of LBL. | |

(b) Data collection system

The original analyzer power supply is réplaced'by a digital supply
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with a 4096-step'and 0-20 volt range. The digitally controlled analyzer
supply provides,control signals so that pﬁotoelectrdn counts are accumu-
lated in 256, 512, 1024, 2048, or 4096 channels of avmultichannel analyzer
memory in an MCS mode. .The schematics and parts of’this are shown in
Fig. 2. Mf:.Joseph Katz and Mr. Vincent Randolph suggested and designed
the necessary electronics. |

This.Systém enables us to take a spectrum of 7, 14, 28, or 56 eV
”range in 1, 2,'4, 8, or 16 minutes and store it in 1024, 2048, or 4096
channels of memory. Several scans can bé taken and added together.
The data can be taken from an X-Y plotter, dumped.on a magnetic tape/or
paper tape, or printed out on paper. We have been able to take spectra
for as 10ng>a$.42 hours non—sfop which corresponds to several hundreds of
scans with thié system. Also data manipulations aré possible (fitting,
deconvoluting, and area determinations).

Figure 3. shows the same spectrum faken with fwo different systehs.
The upper one is the original analog sbectrum of Cd taken at 290°C which
took -about 2.5 hours for the whole region. The lowef.one is the same
%spectrum taken with our new digital system for the same amount of time

and the same tempéfature. The 2P1/2 and 2P3/2 (see chapter for explan-

‘ation of Cd spectrum) peaks of cd" around 14.7 ev can hardly be picked up

from the background in the upper spectrum whereas they clearly show up in
the lower one; relative intensities being,the same.. Since most of this
‘work is devotéd'to satellite lines of few per cent‘intensity this was a
very importaht improvemenf., \

(c) High'temperature system

C. S. Fadley, 93_21:5 were the first to construct high temperature
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devices for use in photoelectron spectrometers. They built an oven and
used it to stﬁdy vapors of europium and ytterbium.  Their idea was to use
non-inductively wound tantalum wires enclosed by boron nitride plates and
heat the sample by passing d.c. current through the wires. Banna, 93133.6
“used a similér oven in their work. Many different designs have been sug-
gested. Khodeyev, E£“g£.7 used én oven similar t6 that of Fadley, et al.
to study lead and bismuth vapors. Some others suggested Laser heating8
as a cleaner way. The Perkin Elmer PS-18 utilizes the heat generated in
the d.c. discharge plasma of helium to heat the samples, but as mentioned
earlier can only go up to 400°C.

We wanfed to construﬁt an oven which would be‘easily demountable
and cleanable and relatively cheap, to study reactive samples such as
atoms. Fadléy’s deéign was attractive and simple. Tantalum wire was a
good choice for its ruggédness and inertness. Boron_nitride was chosen
for easy machining and finally a tantalum ionization chamber and tantalum
shields were chosen again for inertness and easy cleaﬁing. Essehtial com-
ponents of the oven are shown schematically in Fig. 4. The whole assembly
fits onto fhe anode of the PS-18 system. ) |

The tantalum wires are‘non—inductively wound and encased in two
cylindefs of boron nitride. ‘The wire concen;ration ié more on the lower
half of the boron nitride than thé upper one, gi?ihg effectively higher
temperature ar§und the slit wﬁich we found to improve electron flux
through the slit into the analyser.. Fig. 5 shows phé removable components;
each component is explained in the $aption. The samples are loaded into
the stéinless-steel capsule and put in the upper part of the tantalum

ionization tube, the tantalum cover is put around it and the whole thing
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is inserted into the boron nitride-heater which again is enclosed with
tantalum heat shield and the screws both ground and hold the different
parts together. Fig. 6 shows how each component is put together and

Fig. 7 shows all the components assembled together;



-10-

C. Present System and the Experimental Procedure

-
N

1. Performance of the high-temperature system

We ha&e'been able to use the oven up to temperatures of 800°C which
requiréd 1!5 amp. current (45 Watt) through the wires for heating metals
to vaporize them. The spectra have been reproduced at least three times
for each sample}. Fig. 8 shows the spectra of N2 atrtwq different:temper-
atures. Assignments are taken from earlier work.2 ‘At high temperatures
we see a new peak‘at 16.40 eV apparent Einding energy due to thermal

excitation of N, molecules into the v = 1 vibrational state in the ground

2
state'which is 0.291 eV separated from the v = 0 vibronic state (hot bands).
At Toom temperature only v = 0 state is populated, but at 700°C the v = 1
state is becoming pbpulated too. This feature was first observed by

S. T. Lee gg_gl,.g

2. Use of the high témperature syStém

The samples, usualiy in the form of small.places, are loaded into
the stainless steel crucible in air and the oven éssembled and put into
the spectrometef in about 10 min.. Hence oxides are also introduced to-
gether with the metals, but usually do not give any appreciable vapor
pressure; as a result no interference is detected. ‘The metal samples used
are 99.5% or bétter pure and we do not detect any impurity lines except in
St where appreéiable Ba impurity lines are observed. (see Chapter III)
The gas pressufe is never measured directly but the optimum operating
temperature is determined for a count rate of (1-4) 10? counts/sec on the

most intense peaks. Then the same spectra are taken at temperatures of
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+30 C from the optimum to differentiate between the inelastic loss peaks

and the real photoionization peaks. Almost every spectrum contains one or

‘more of these inelastic loss peaks, but they are easily identified. The

temperature is honitored on top'bf the sample compartmént outside the
vacuum chamber by a thermocoﬁple which reads approkimately 15-256C lower
than the temperature in the ionization chéﬁber. |

_ Since this‘work deals mostly with reéctive metals, the ionizétion
chamber and tﬁe other parts of the instrument (deflection plates, anode of
the discharge tﬁbe etc.) get coated with the metals or oxides of them

which charge up very quickly; as a result the electron flux into the

analyzer is reduced and a loss in the resolution is detected as well.

. t )
Coating these parts of the instrument with graphite (Dry graphite lubricant,

Crown 8078) helps to keep the electron flux and the{resolution for longer
periods‘of time, Frequent disassembling and cleaning is necessary. Under
these conditibns a FWHM of 0.050 eV measured with Ar peaks (about SeV
kineti¢ energy) is confinuously achieved, which corresponds to about 1%

energy resolution.

3. Calibration of the Spectra
The constant in equation tl) is given more precisely,4 for the cen-
tral ray of electrons.and for the 127° cylindrical analysers, as;

(3)

Radius of the inmer plate.

In]
1

2]
1]

ﬁRédius of the outer plate.
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v Potential difference between the plates

E
o]

‘Kinétic energy of the central ray of electrons.
Hence the absolute value of E0 can be calculated, for the present
1= 9 cm and r, = 11 cm which gives the value of c as

.10033. However, it is more instructive to use some other known lines for

spectrometer T

internal calibration of individual spectra because usually the apparent
binding energieé"are shifted due to charging‘effects. Table I gives the
phdtoemission lines commonly used in this work for calibration. The cali;
bration gas (or gases) are introduced into the spectrometer together with

.the samples in a separate run.

4. Transmission of the Spectrometer

In a éylindfical analyzer of a set resolution the transmission of
the electronsvis ﬁfoportional to their kinetic energies (i.e. A E/E =
coﬁstant forvthe Spectrometer). vHence the area under each peak divided by
the central kinetic energy (Eo) gives a measure of the relative intensi-
ties 6f the individual peaks. There afe three important factors which
affect the relative intensities; | |

(a) Angular disfributions:

The reiative strength df eééh peak is a function of thé collection

angle and thé tbtal gross—sectidn is dependent on this angle through the

10, 11, 12 -

relation: for unpolarized light and randomly oriented atoms;

5
a(9) _ 1 B (3 Cos 6-1
ototal ~  4r _[l ) ( ')J (4)

8 = Angle between the photon direction and photoelectron direction

o
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o = Total integrated cross-section
total

o(®) . = Differential cross-section at ©
B8 = Asymmetry parameter

® can change from 0° to 180°. For the present spectrometer 6 = 90°

reducing the equétion (4) to

0(90°) _ 1 B
stotal - 47 (1+* 7)) ' (5)

B itself can change between -1 < 8 < 2, hence a quantitétive comparison of

the relative intensities requires the knowledge of the asymmetry parameter.

(b) Inelastic scattering of electrons
Finite'sampie pressure céusés the'electrbns tévbe scattered "inelas-
tically.. The scattering probability is also a function of_the energy of
'electrons; hence it affects'the_transmission of electrons at differeﬁt
kinetic energiés, Corrections for this effect can:be made by extrapolation

13 . - o Lo C s
i.e.. one measures the relative intensities of two different

méthdds,
peaks,at.different sample pressﬁres'and extrapolates them to zero
pressure. No sﬁéh a coxrection is made for any spectra in this work.
However, ihis effecf‘is not very pronounced for kinetic enérgiesvover 5 eV

and for moderate sample pressures (10u).

(c) Chargihg effects

As already mentioned the samples condense on or around the ioniza-
tion region or the analyzer which causes charging and in turn affects both
the resolution and the transmission of the electrons.  This causes very

severe discrimination especially for 1-2 eV energy electrons. Graphite

coating greatiy_reduces this effect. Again it is not expected to affect

\
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the electrons wiﬁh 5 eV or higher energy.

5. Performance of the He Discharge Lamp:

The capillary discharge produces many discrete as well as continuous
lines of Hel and HeII. Fig. 9 shows the photoemissibn spectrum of Hg.
Table II summarizes the lines and their relative in£ensities measured for
the Hg 205/2 line without taking the photoelectric chss-section changes
into consideration. The Hel line at 21.21 eV domiﬁates and gives about 95%
of all the distinct lines. Table II also gives the_Nei and ArI lines used
in parts of this work as well as the HI and OI impuriﬁy lines observed in

the present set-up due to iﬁcomplete removal of HZO.
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D. Possible Improvements of the Instrument

The\pr¢3éht Perkin-Elmer PS-18 Spectrometer can be improved in several
ways: -

i. Tﬁe vacuum system can be improved by making some parts bakable
to get rid of water completely, which would help to solve the charging
pfoblem and thé impurity lines out of the discharge tube.

Ciid. Iﬁcorporating a carbon or po_lystyrene6 window to.filter out
the low energy lines and also the impurity lines.bl'

iii. :Incorporatiﬁg a pre-accelerating set-up.before the entrance
slit to increase the transmission of low energy electrons.

iv. Iﬁébrporating an oven which can go to'témperatures higher

than 800°C.
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Table I. Photoemission Lines Used for Internal Calibratibn of the Spectra.

N2 (adiabatic)

Gas . “He  Ne Ar Kr - Xe.

Ionization from 1s 2p 3p 4p . 5p ‘0u2s ﬂuZp OgZp

- Binding Energy 24.580 21.656 15.937 14.665 13.436 18.759 16.691 15.579
(eV) ' 21.559 © 15.759 14.000 12.130 »

_8‘[-
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. Table 1I. Exciting Radiations Used in this Work.

) 2
(b). Relative to kDS/Z

consideration.

it
(). Re}at{vc to SI/Z

line of Hg without taking the

line of Ba (the hain bnc).

cross section effects into

Source Type of Commonly Wavelength(a) Energy Relative Remarks
transition cited as (in A) (eV) intensity
2 . i - (b)
1s7+1s2p dela 584.334 21 2}/ 100
1$2+153p' HelB T 537.030 23.086 4.5
s 1sdp He Ty 522.213 23.741 0.6
He
Capillary
Pischarge 1s>2p Hella 303.782 40.812 4
1s+3p HellB 256.317 48.370 0.25
1s+4p HeIly 243.027 51.016 0.06
—_ ‘HIy - 1215.67 10.199 - Impurity lines
trom H,0
— o1 1306.029 9.493 -
- orr - 320,979 38.326 -
Ne
i » . " ! o (0)
Capillary —_ -743.718 16.6704 30
' : - Nel C .
Discharge 735.895 16.8476 " 100
Ar ) -
. ) 1066.659 11.623
Capillary - Arl
. 1048.219 11.828
Discharge | ’ -
(a). Ref. 15.
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FIGURE CAPTIONS

Schematics of the PS-18 Spectrometer.

Schematics of the Digital Data Collection of the PS-lS Spectrom-
eter. |
Spectra of Cd takenbwith, (a)- -the originalidata collection sys-
tem;'(b)- the new digitally controlled system. ("I'" refers to an
ineléstic loss and '"s'" lines are from Hel and Hel).

Schematics of the oven and the ionization chamber.

Compéhents of the oven assembly. (From leff fo right) Screws which
hold the different parts together and ground theml Tantalum heat
shieldfahd the defining slit. Boron nitride; the heating wires
are in‘between'the two layers of boron nitride; Tantalum spacer
(fits to the window in the middle of the boron nitride). Tanté—
lum removable cover. Ionization chamber (tantalum). Sample
cruéible.

Oven partly assembled,

Oven'with all the parts pﬁt together.

taken at, (a)-700°C, (b)-room temperature. The

2

""hot band" at 16.4eV only shows up in (a). Assignments are from

Ref. 2.

Spectrum of Hg. He discharge lamp produces both Hel and Hell

radiations with varying intensities.
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II1. CORRELATION SATELLITES IN THE ATOMIC PHOTOELECTRON SPECTRA
OF GROUP IIA AND GROUP IIB ELEMENTS*

Abstract

Atomic vapors of Ca, Sr, Ba, Zn, Cd, and Hg were studied by
photoelectron spectroscopy in a special high-temperature cell using
HeI (and in some cases NeI or HéII) resonance radiation. In addition to
.strong lines obtained by photoemission from the nominai n52 + (n—l)dlons2
configurations; weaker lines were observed that are attributed to
admixtures 6f:the configurations npz, (n-l)dz, etc. Cin Group IIA
elements) or hpz, in Group IIB elements, into the grqund—state. In the
Group IIA cases, the satellite intensities are consistent with expecta-
tions based on multi-configuration Hartree Fock résults. Photoelectron
spectroscopy thus appears to provide incisive_infotmation about the
details of electron correlations in these atoms. Intensity ratios of
‘spin-orbit partners fall near the multiplicity ratios in Zn and Cd, but

deviate in Hg due to relativistic effects, in agreement with expecta-

tions based on earlier work.

*This chapter has been submitted to Phys.  Rev. A in co-authorship with
S. T. Lee and D. A. Shirley.
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A. Introduction

Quantum states of multi-electron atoms are commonly labeled by
their dominant éonfigurations in one-electron orbital bases. For exam-

ple, the‘groundFstate of the helium atom is designated (152;18), while

the Group'iI"eléments are described as (nsZ;IS) if only the valence
electrons are considered. Such a simple descriptionvcannét be rigorously
correct, of course, because it implicitly neglects electron correlations.
Correlations may be treated theoretically by admixing additional config-

,urafions of the same symmetry: thus the ground-state of calcium would

be described by
v W(ISj = a(452) + b(4p2) + c(3d2) ot (1)

This theoretiéal approacﬁv(configuration interactiohsj is commonly used
to carry atomic or molecular calculations beyond thé Hartree-Fock limit.
The total energy is usually employed as a criterion of quality of fhe
cbmputation.

The expefiméﬁtal situation is much less straightforward. Conven-
tional spectroscopic methods usually invdive excitétion of an N-electron
(bound) excited.state. The selection rules are governed by the total
symmetries of both states. Configuration mixing méyubeimanifested as
deviations from interval rules, irregulétities of iﬁteﬁsities, etc.,
but conventional spectroscopy isinot_particu1ar1y sensitive to détail§
of electron cgr;elétion.

Photoelectron spectroscopy provides a relatively direct measure of

configuration mixing. A photoelectric transition excites an N-electron

\
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system to an N-electron final state in which, however; one electron is
unbound . Thus a calcium atom in our example woulo.oe taken, by photo-
ionization of a valence electron, to a state in ca* plos a free electron.
" The total N-eleotron final state must have lP symmetry. Thus the
(dipole) selection fules are as Stringeot for-photoelectron spectroscopy
~as for conventional spectroscopy, when applied to the total system. How-
ever, the NQeleetron 1P state can be made up of any one of a wide var-
iety of states“in ca’ plus a continuum state of symmetry appropriate to
satisfy the selection rules. In particular, any one-eleCtron state in
Ca® that can be reached by removal of an electron from a basis configura-
tion in Eq.'(l)yshould be reached by photoemission.  For example, the
Ca+(4p1;2P) Statee are accessible from the b(4p2) part of the Ca ground-
state wave function in Eq. (1), with the second electron leaving in a
continuum s or d state. Similarly, Ca+(3d1;2D) states are accessible
from the c(SdZ) portion of'tﬁe Ca groﬁnd-state wave fonction, etc. None
of these states could be reeched'by a one-electron process if the Ca

ground-state were simply 452: thus observation of the 2P, 2D, etc.,

2; 3d2, etc., config-

lines giVesva measure of the extent to which the 4p
orations.are admixed into the ground-state. A rigorous quantitatite
interpretation would require further theoretical developments, to correct
for differences in photoelectric eross sections for the different nf
orbitals and -for two-electron processes.

In thisioaper we report experimental photoemissiontstudies of
vapors of the Gfoup iIA'metals Ca, Sr; and Ba and the Group IIB metals

Zn, Cd, and Hg, in which several satellite peaks arising from electron

correlation have been observed. We have reported similar results for
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Cd1 and sz éaflier, while Berkowitz et al.3 have feported satellite
peaks in Hg.v The alkaline earth atoms have been'treaféd theoretically
by Kim>and Baéus4 using the multi-configuration Hafiree Fock method.
They found[fhat considerable electron correlation must be included tb
bring the cqlculated genefalized oscillator strengths into agreement
with experimgnt; Their galculétions included the configurations np

and (n-l)dziin the ground states, and they‘found apbréciab1e mixture of
these éonfigﬁrations. Judging from their resulté; we would expect to |
find satéllitéipeaks correspoﬁding to np and (n—ijd ionic states in the
photoemission‘spectra of alkaline-earth étoms. ‘Grdup_IIB atoms would
be expected‘tdvshbw similar correlation effects.

In tﬁigvpaper, experimental details are given‘in Section B and
results in Section C. Section D-1 discuésesvthe ﬁaﬁure of these sat-
ellites and béz déals with the relativistic effects on the brénching
ratios of the spin-orbit components. Conclusions are given‘in Secfion

E.
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B. Experimental

The.expefiments were carried out in a Perkin—Eimer PS-18 photo-
electron specfrometer.modified for high-temperature work. The details
of the modifications have been given in Chapter II.

The speefrum Qf Hg was taken at about 55°C and that of Cd at about
290°C using fhe original heated probe provided with'the PS-18 spectrom-
.eter. The Cd spectrum feported here is different from that of the
earlier workl in that digital data.acquisition was employed, as described
earlier.2 Zine was run at 380°C, Ca at 740°C and Sr at 650°C using our
high-tempefature cell and Hel radiation. Barium spectra were taken at
700° C using both Hel and Nel radiation. The Hel spectrum of Ba showed
very strong éutoionizatioh features, in agreement with results reperted
by other workere,s' Thesevfeatures are absent in Nel spectrum. Because
of this phenomenon, ‘we shall repotrt here only the Nel spectrum of Ba.
The Hel spectrum will be discussed in a separate papef.

At lower pressufe, our He lamp produces sufficient Hell radiation
(ca. 5% Hel) to record the HeIl spectra of Zn, Cd and Hg. This was.
actually done, te see how the relative peak infensities changed with
photon'energies.

Samplesiwefe loaded in air, then introduced into the spectrometer.
- Oxides, which were invariebly preseﬁt in-the‘samplee, did not show up
in the spectra because of their low vapor pressures. All samples were
99% pure, and no impurity peaks were found in theISpectra except in the
case of Sr. The first Sr sample used (from Alfa Inorganlcs) was stated

to be of > 99. 5° purlty and contalned ca. 0.3% of Ba . Because of the
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strong resonant aBsOrpfion’of HéI radiation in bafidm; the Ba peaks
showed up in fair intensity in the Sr spectra. Strontium samples of
99.99% purity (frdm Orion) were then tried, but withodt much success,
because thé Ba peaks‘gaiﬁed in intensity as the pérCentage'Qf Ba
ihcreased Qith time. However, all impurity peaks ;ouid be identified by
comparison with the Hel spectrum of pure Ba; thus they did not affect
the interprétation of the Sr spectra. |

Peak areas were corrected for fhe change ofvtﬁg spectrometer trans-
- mission with electron kinetic energy usiﬁg the approxiﬁate relation |
AE/E = qoﬁstanf. All the observed lines aré broad iﬁ comparison with the
inStrumentai reéolution due to the effects of charging in or around the
ioﬁization regioa} This alsd affects the transmission function of the
spectrometef,-Whiéh severeiy disériminates against the low-energy elec-
trons. No correction was made for this effect or for the inelastic
scattering of thé electrons due to a finite sample presSure. The latter
wés shown to affect the1area'ratios of peaks at different energies.
However,.neither of these effects is'expected to be Qéry important for
high—enefgy.electrons.' Hence the area fatios repdrted for the HeII
bresults, shdu}d Be reiiable. Thése for the low energy satelliteé must

be regafded'as only qualitatively correct.
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C. Results

The Hel spectra of Ca and Sr and the Nel spectrum of Ba are shown
in Fig. 1. Peak assignments were done by comparison of their binding
energies with optical data.7 These assignments and derived parameter

are set out in Table I.

The spectrum of atomic Ca(452,1S), (Fig. 1la), shows one main peak

at 6.11 eV'corresponding to the Ca+(4s,28) final stéte and four addition-

al peaks at 7.82, 9.24, 12.60, and 13.16 eV, corresponding respectively

2 2 2

: 2 s
to (3d, D3/2’5/2), (4p, (5s, ) and (4d, D

Py/2,3/2) 51/2 3/2.5/2)

final states. The peak designated by I at 9.04 eV is an inelastic loss

peak, resulting.from excitation of the transition (452+4s 4p, 1Pl)

in neutral Ca by monoenergetic electrons from the:Cé+Ca+4s transition.
The Specfrum of'atomic Sr(Ssz,IS), (Fig. 1b)-, again shéws oné main.

peak at 5.69 eV, from the (Ss, zsl/z) final state, and.five additional

peaks at energieé 7.53, 8.64 (plus 8.73), 1l.61, 12.30 and 13.25 eV,

. L . L2 2
gorrespondlgg respectively to final ;tates (4d, D3/2,5/2)’ (5p, pl/Z,&Q)’

(6s, 281/2), (Sd_,'ZDS/2 5/z)vand (4f, 2F5/2 7/2).,‘Th¢ peak designated

by I is agéin anvinelastic loss peak from the traﬁsition (552+555p, 1Pl)
in neutral Sr. The peaks marked with stars arevfroﬁ tfansitions in the
Ba impurity. |

‘The_NeI'SPecfrum of atomic Ba(652,18), (Fig. léj, shows a main
%5190 |
doublet with 0.18 eV separatiqn],8 énd five additional peaks at 5.81

peak at 5.21 eV (6s, [ the most intense Nel lines actually are a

(plus 5.91), 7.70 (plus 7.92), 10.46, 10.92 and 11.20 eV corresponding

2 (7s, 2

81720

. 2 ' “p.
respectively to (5d, 03/2 5/2)’ (6p, p1/2 3/2)’
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(6d 2 ) and (4f 2F ) final states of Bavl.+ Th k desi
s 3/2 5/2) 5/2,7/2 s a . e peak desig-
nated by I is an inelastic loss peak (652+6s 6p, lPi in neutral Bé) and

those marked by A's are belleved to be Auger lines arlslng from ioniza-
tion of core electrons by Nell radlatlon

The Hel photoelectron specfra of Zn, Cd and Hg are shown in Fig. 2.
Figure 2 also depicts the 2D lines of these atoms taken with HeIl in the
same run as also shown on Figs. 3, 4, and 5. Assigﬁmehts and derived
parameters are tabulated in Tabie II. The area ratios of the main lines
taken at different photon energies are given in Table III. The spectrum

2 1

of atomic Zn (Sd1045 , S), (Fig. 2a) shows three main peaks at binding

energies, 9.39, 17.17 and 17.50 eV, corresponding to the Zn® final

10, 2 9%s2 2 9,2 2, .
states (3s 4s, Sl/2)’ (3d74s /2) and (3d74s”, 3/2), and two
additional peaksvat 15.40 and 15.51 eV corresponding to (Sd O4p, 2P1/2)
2

and (3d104p, ) final states embedded between 2D lines excited by

3/2
the Hel B (23.08 eV) radiation. The peék I is an inelastic loss peak .

(34102525310 4s4p, 1P1)' The peaks at 18.6 and 18.8 eV cannot be iden-

tified w1th‘any known transitions.
The spectrum of Cd (4d10552,1 ) (F1g 2b), shows, in agreement

“with our earller*work 1 two satellites at 14.45 Y and 14.76 eV corre-
sponding to (4d105p3 2 1/2) and (4d Sp, 2P3/2) final states. ‘There is
also an 1nelast1c loss peak (I), near the ( Pl/z)_liner The statisticai
accuracy of the present spectrum is much better.

The Hg spectrum (Fig. 2c) showsbsatéllites et 16.83 eV end 17:96
eV.correspehdiﬁg te-(5d106p, 2 1/2) ‘and: (Sd 6p, 2 ,/2) final states.

These have been reported before by other workers,5 .and are 1nc1uded here

for comparison. The line I is again an inelastic IOSS»peak.
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The Figures 3, 4, and 5 show also some othér inelastic lines

designated IA'and IB and OITI is a radiation at 38.33 eV coming from

_H20 impurity.
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D. Discussions

1. The Nature of Satellite Peaks
- Recent theoretical analysesg’lo‘have been made of the manner in
which corfélation effects can lead to satellites‘in photoemission spectra.
There are.three hechanisms that describe the breakddﬁn of the one-
electron picture: initial—stafe configuration interaction (ISCI)}, final
ionic statée configuration interaction (FISCI), and continuum-state
configuration interaction (CSCI), or interchannel coupling. FISCI is
weli-known in atoms,li molecﬁlés;lz and solidé,lsuwhile ISCI was
reported for Hg by Berkowitz, et al.3 and by Sﬁzér et al. fof Cd1 and
sz.
| The distihction aﬁong these three mechanishS'isfnot completely
unambigﬁous, because precise sfatements aboﬁt cdnfigurationbinteraction
can 6n1y be made within the context of a particular basis set. In the
Group IIA and Croup IIB élements, however, the FiSCI.mechanisms is‘ex-
pected to bé relatiﬁely unimportant, because the-final—ionic states have
only one’electrén outside a closed shell or major subshell (for hélium,
FISCI could be rigorously excludedlo). .The initial.sfafes of these
closed-shéll atoms possess near-degenérate configufations that are kndwn
to mix strongiy with the ground-state. ~This phenomenon 1is terhed '
”internal cﬁrrélation” by McKéy anavSiﬁanoglu.14 In Croup ITA elements
both the np and'the (n—l)d shellslare empty and IQW—lying, while in Ba
~ the 4f shell is also available for configuration ﬁiXiﬁg. In Grpup IIB
atbms, the (n-1)d shell is filled, but the np shell is expected to mix

substantially. We therefore believe that ISCI rather than FISCI is
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dominant in the spectra reported here, and a qualitative interpretation
neglecting FISCI seem justified.

The impdrtance of interchannel coupling (CSéI) is difficult to
evaluate, and it may constitute a sizable correction to the interpreta-
tion of our spectra in terms of ISCI alone. In their study of the 2P
satellites in the photoionization of Hg, Berkowitz et al.3 calculated
that ~ 80% of. the intensity arose via ISCI. This_sﬁpports our approacﬁ.
The other 20% was calculated to arise via "conjugate shakeup", in which
the photon's angular momentum is transferred to one of the passive elec-
trons. We‘nbfe that conjugate shakéup can be regarded as a specific
configuration'ihteraction that falls under the general categofy of

2k final states in our spectra could

intérchannel-coupling} The 2D and
not arise via conjugate shakeup, but-CSCI through continuum channels
could lead to these states. In general CSCI is expeéted to be.most
important near threshold énd/or for ions with closely-spaced states of
the same symmetry. Thus it should be a good approximatioh‘to neglect
CSCI in intérpfetating these satellite spectra, espééially.for the
1owest—energy ionic states. | |

Even within the constraint of interpreting the spectra entirely in
termé of ISCI, we still do mot have enough theoreticél information for
a complete quantitative interpretation. In particulaf; the relative
photbemission cross-sections from various subshellsvére unknéwn, as is
the angular dependenée (our spectré were taken in 90? geometry with un-
polarized radiation). Our results are set out in the tabies fé facili-

tate a more complete interpretation when more theoretical parameters be-

come available. We give below an'approximate interpretation in which
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line intensities are compared directly;with ISCI;admixture coefficients,
neglecting cross-section differences, angular dependences, and FISCI and
CSCI effects.

The grouhd-states of Groﬁp ITIA and Group IIB atoms can be approxi-

mated as
v('s) = ams?) + b(mp?) + c(n'd?) + dEY) + ... @
with ' o
| - n' = n-1 if available

n" = n-2 if available
The photoi§nization spectrum should therefore be domihdted by tﬂe pri-
mary ionic stété (ns;ZS), with’sateilifés correspoﬁding tb‘(np;ZP),
(n'd;ZD), (ﬁ”f;zF), etc. Within the approximations discussed above,
the satellite:intensitieé shouid vary roughly as azg b2: cz... etc.
Kim et al.4 did a multi-configuration Hartree—Fock éélculation to evalu-
ate thenéeneralized oscillator strengths of IIA atoms by including (np)2
or (np)2 gnd (n'd)2 configuratiohs in the ground-state. We compare the
squares of mixing coeffiéients az, bz;véz etc. from their results, with
our experimentally observed i;fensities of the corresponding satellites
in Table III. Thére i§ aﬁ almost constant Qalue of §%Ifor the calculated
intensities of (np)2 configuration. Experimentaliy the intensities of
the (np,ZP)'linés decrease going down the Periodic Table from 10% in Ca
_'and 5% in Ba. .This agreement is qualitativeiy good in view of the ex-
periméntal accuracy and[ﬁhe assumptions made in thé comparison. By

o . 2 . .. o
contrast, the experimental (n'd, D) intensities are much higher than

the calculated values and the discrepancy gets worse going down the
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Periodic Taﬁlg. For Ba it is 22% experimentally;'cpmpared to 1.1% calcu-
lated. This suggests either that the difference between the phétoioniza-

‘ _ , o
tion cross séctions of ns and n'd electrons is very large in the compari-
son or that another mechanism also contributes to the satellite intensi-
ties. The othér possible contributors are autoibnization and
interchannel coupling. We have measured the spectrum of Ba using Arl
(11.83 eV) radiétion; and found that the relative intensities of the 5d
lines remained:essentially the same as in the NeI'caSe. This indicates
that the th'aforeﬁentioned mechanisms are probably not major contribu-
tors to the disérepancy, because their contributibns:are expected to be
strongly dependent on the photon energy. Similar conclusions can be
drawn for Ca and Sr, becéuse we observed about the same relative inten-
sitieé of (n'd, 2D) lines in the Hel and Nel spectra. This leads us to
conclude that the differences in photoionization cross-sections are too
large’for such a comparison to be meaningful for the (n'd; 2D) lines.

One factor thatbcould account for part of the enhanced intensity of the
2D lines is‘tﬁe (22+1) multiplicity of the final continuum state;. The
d electron wduld go into p or f waves with a total multiplicity of

3+ 7 =10, coﬁpared to 3 for the s electrons, which go into p waves.

In the spectra of’Ca*, Sr+, and Ba+, a few weaker satellites with
relative intenéities less than 2% were also detected; they cérrespond to
higher excited states of these ions. Their existence can again be
accounted for-by ISCI, by interchannel coupling, 6r by a combination of
the two. For fhe excited [(n+1)s;ZS] lines, FISCI (or shakeup) is also
a possible mechanism. Here it 'is even more difficuit to differentiate

the individual contributions. We note, however, energy considerations



-43-

alone give a fairly good indication of how important the ISCI effects on
satellites .are, while no such a prior? rule is a?ailable foflthe inter-
channel_coupling effects. Thus the increase of sateilite intensities
toward lower bihding energy is éonsistent with thevISCI interpretation.
For GfonIIIB atoms, the satellite intensities of the satellites
amouﬂt to - 20% of_the primary peak. Agaiﬁ both‘ISCI and interchannel
coupling can be contributory, and it is difficult:ﬁo distinguigh between
them. Howéver,‘by comparing with IIA atoms, we tend to believe that
>ISCI is thevdéminant mechanism. Unfortunately no‘CI calcuiatidns én

'GroupilIB atoms are available for comparison with these spectra.

2. Relativistic Effects on the Branching Ratios of Spin—Orbit {(s-0)
Components ' : ' :

It is widely fecognized that the presence of s-o coupling can
cause‘the brénbhing ratios of s-o éomponents to deviate from the statis-
tical ratios. Recently, Walker et al.15 found the'zDs/z'/ ZDS/2
bianching'ratios for Cd and Hg to be significantly greater than the
_statisticél value 3/2 for photoemission at 584A. These deviations were
attributed%? méinly to two causes, the‘difference‘in the initial state
wavefunctions for d5/2 and d3/2 bound orbitals and ﬁhé:difference in
: pﬁbtoelectroﬁ.kinetic energy. It was further pointed out that the effect
of energy difference is imporfant:dnly at lower phbtoh enefgies, wheﬁ
the photoelgcfron energy is not too large compared to the s-o splitting.
As the photoelectron energy becomeé much larger than‘the s-o0 splitting,
its effect'dihiﬁishés-and the deviation from the statistical ratio will

be predominantly due to difference in wavefunctions. Furthermore, the
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generalizafiénAhas been made that if the partial cross-section is rising,
the ratio df cross-sections is greater than statistigal, and vice versa.

| In Hgg6 the wavelength dependence of the ZDS/2 / 2D3/2 ratio was
observed to follow the generalization. The markéd deviation (dropping
from 2 to 1.3 for the range 600A 2 X\ = 200A) of the ratio from the
statistical is understandable in view of the large $-0 splitting, and is
to be attributed to the difference in the initial state wavefunction.
in_view of this, it is interesting to see how the ratios for ZIn and Cd
behave, and thus how important are the relativistic effects. We. have
measured the:ratios for Zn, Cd and Hg using both HeItand Hell radiation
(Table IV)ﬂ Ou?vrésults for Hg,,after being adjusted for angular depen-
dence using B,ésymmetry parametérs given in Ref. 6, a?e in good agree-
ment with those;reported bvaehmer et al.,6 excepfvat‘584A. The agree-
ment tends to sdpport our expectation thét‘the results for Hell radia-
tion are less ;usceptible to the influence of inelastic loss and
charging, and thus are more reliable. Turning to Zn and Cd, in view of
the experimgqtal accuracy, the ZDS/2 / 203/2 branching ratios at both
304 and 256A can be regarded as little different from‘l;S, in contrast
“to Hg. Thisibehavior of the ratio suggests that fhe relativistic effects
in Zn and Cd éfé too small to cause an appreciable difference in the
initialsstate wévefunction, and thus the ratio is around 1.5 at higher
photoelectron energy. The deviatioﬁ of the ratio in Cd at 584A is most
probably dué-fo the phofoelectrdn energy.difference.

In thé caée of open shells, s-o coupling introduces. still another

relativistic effect on the branching ratio.3 As the‘s—O coupling getsv

larger, it may then be more appropriate to use the‘j-j ‘coupling scheme,
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‘and the cOmpohéhts with lower J vélue lies lower in energy when the éhell
is less than ha1f-fi11ed. In the j-j coupling‘deséribtion, as one goes
down the series Zn, Cd and Hg, (pl/z)2 will mix increasingiy stronger

N than the (ps/é)z configuration, with the (ns)2 primary cqnfiguration due
to increasiné S—o splitting. As é result'the observedlzps/2 / 2P1/2
branching‘ratio'will to a first approximation be éiven by the ratio of
the squares Of the corresponding mixing COefficients.. Depénding upon the
magnitude of this relativisfic effe;t, the obserfed 2P3/2 /'2P1/.2 ratio

may differ significantly from the statistical value 2 given in the L-S
coupling limit. Experimentally the ZP:,,/2 /YZPI/2 branching ratio

Table IV) is 1.7 for Zn and 2.0 for Cd, but decreases to a dramatically
low value of 0.28 for Hg. This indicates agaih that_reiativistic effects
are significant in Hg, but small iﬁ Zn and Cd, in accord with the con-

: . 2 2 . 2 2 .
clusion drawn from the DS/Z / 03_2 ratio. The P3/2 / Pl/.2 ratio

of 0.28 for Hg is in good agreement with the work of Hotop and Mahr,16
who measured.a va1ue of 0.25 from their high resolution spectrum of Hg.
It is significént to note that the measured ratio is much smaller than
the value of 0.8 calculated by the relati?istic configuration interactipn
method.3 This large discrepancy is surprising in view of the fact that
the relativistic calculation has actually included. the conjugate 'shake-
up' mechanism, which would be éxpected to be the major Contributor in
the interchaﬁnel coupling. However, the célculatipn‘did not include the
effects of the difference in the partial cross-séctiOns arising from the
differences in the photoelectron kinetic energy and in the initial state
wavefunctions.rt | |

For the alkaline earth atoms, the experimental resolution did not
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permit us to resolve the s-o doublets (e.g. 2D5/2 3/2° 2P3/2 1/2 etc.).
In any event, the s-o splittings are not large (e.g..6p splitting is
0.21 eV forbB_a+ vs. 1.13 eV for Hg); thus we do_notAexpect the relativ-
istic effect to be significant. In fact, the branching ratio observed

for 6p doublefs (Table I) is not much different from the statistical

ratio, corroborating our expectation.
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E. Conclusions

This work has demonstrated the feasibility of doing ultraviolet
photoelectfon spectroscopic measurements on highétemperature“atomic
metal vapors up to 750°C. Satellite lines have nbw been identified in
a total of six Group IIA and IIB elements; The lines were attributed
mainiy to initial state configuration interaction. .A complete quantita-
tive interptéfation awaits further theorefical proéfess on cross-section
calcuiétions'as well as on estimates of the magnitﬁde of final—state.
| and coupled-channel contribufions. Especially after these refinements
afevmade, pﬁotoelectron‘spectroécopy holds promise of becoming a decisive
‘method for studying electron correlation. Finally;'inteﬁsity ratios for
the spin-orbitfsplit components of p and d shells were found to deviate
from statistical value in.Hg but not in Cd and Zn, sﬁpporting and ex-

tending the results of earlier work.
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Observed States of Ca+, sr*

+
and Ba

Apparent relative

Binding
energy, ev(a)

S

Energy trom
3,

optical Jdata, evih)

Ton Final state intensity(a)
) )
Ca 578, 100 6.11(2) 6.111
2.
3d “03/2 5/2 .5 7.82(2) T.803; 7.811
4p. 2"1/2 3/2 10.3 9.24(2) 9.234; 9,202
Ss 251/_, 1.6 12.60(2) 12.579
e }
4 g, 5/2 1.5 13.16(2) 15.158;13.161
cal® as dp lp1 — 9.04(2) ) 9,022
L+ 2 .
sr 5.8/, 100 5.69(2) 5.602
i
ad ‘D_’/7 5/2 4.5 7.53(2) 7.397; 7.541
il
5p “pl/, 3/2 6.5 8.64; 8.73(2) 8.032; 8.752
2
65 _51/7 1.0 11.61(2) 11,611
2
5d “D_S/2 5/2 0.6 12.30(2) 12.300;12.309
c
L R TT 0.4 15.25(2) 15.250
sr(®) 55 6p P, — 8.38(2) 4 83824
+ -2 .
Ba 65 7S, 100 5.21(3). 5.211
N
sd “03/2 5/2 22.1 5.81; 5.92(3). 5.816; 5.915
> - . .
6p 2"1/2 3/2 1.5; 3.2 7.70; 7.92(3) 7.723; 7.933
7s 251/2 0.7 10.46(3) 10.463
6d % 0.7 10.92(3) 10.908;10.934
3/2,5/2 v
2
4 “Fs/z 7/2 0.5 11.20(3) 11.195;11,222
Ba (¢ 65 6p ll’l — 7.a5(5)4) 7,450t

A . ) . : : s . .
This work, Xe and N, were used for calibration. Areas were corrected for (AL/E) the Ca and Sr were

taken with Hel radiation, the Ba with Nel.

bReference 7.

“Inclastic loss peaks in neutral Ca, Sr and Ba origihate.from 251/7 lines (see text).

dApparent hinding energy.
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. L.t + +
Table 1. Observed States of Zn | Cd and lig

Apparent relative Binding. Energy from
fon Final state inrcnsity(u) onerygy, cY(“) optical Jdata, ovlhl
) 2 -
ot 3dl(‘45 51 100 9.59(2) 0,301
L1000, TP : , .
3d dp, 1/2 7 15.40(2) 15.400
PS/2 ) 12 15.51(2) 15.509
9 2% 611 17.17(2) 17 ot
3d Is 15/2 g 7.17(2 7.106
2
D3/ 429 17.50(2) 17503
(S 3a% 454p P — 15.19(2) 15,187 W)
. 5
cd* 4d'? 56 S 100 8.99(2) 89901
10 “p . e - .
4d Sp 1/2 S 14.45(2) 14.4062
2
2, : 7
Pss R 14.76(2) 14,770
.
< 2 2 7.57
4a® 552 D55 622 . 17.58(2) 17.570
) 3 .27 5.2
13/2 305 18.27(2) 18.274
cat®) 43955 5p ‘pl ' — 14.40(2) ) 1an @
+ 10 2.0 2 -
iy 547765 78y 100 10.43(2) 10.435
5
Sy - 3 33(2 C
Sd“)()p lvl_/3 25 16.83(2) 16.8106
5
Ps/ 7 17.99\(2) 17.947
R .
2 . 5 -
5d9 6 DS/Z 1719 14.84(2) 14.83
D;/z 781 16.70(2) 16.700
iV s osop P — 17.13(2) 17,132
Yhis work, Xe and Arv used for calibration. Areas corrected for (AE/E).
hRofcrence 7.
. ) b
“Inelastic loss peaks in neutral Zn, Cd and Hg (see text). Originates ftrom 'Sl/, lines.

dAppurCnt binding energy.
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Table III. Comparison of Experiment with MCHF Calculations

Calculated miking coefficients:

Ratios of the Squares of the coef- | Experimentally observed
» ficients normalized to (nsz) (a) intensities normalized to ns peak(b)

v =ams)’ + bp)’ + cm'd)’
at b ? a'?(ns’s) b'z(npzp) ¢?(n'a’)

Mg  1.00 0.075  0.0010 | — — o —
n=n'=3. ’ ' ' . _

Ca 1.00 0.087 0.0034 1.00 0.103 0.045
n =4 :
n'=

St ' 1.00  0.085 0.0055 | 1.00 0.065 0.045
. . v v
n'= 4 :

Ba 1.00 0.092 0.011 1.00 0.047 : 0.221
n=6 ‘ | . '
n''= 5

aReference 4.

bThis work. Observed intensities of satellites. Areas are the total of

the spin—orbit doublets). See Section IV-A.
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Table IV. ,EXperimeﬁtélly Observed line Intensities for Zn, Cd and Hg

y |——- A Area -Ratios
State : ~ . (
Zn cd Hg (&)
231/2 0.23 0.33 0.13(0.08) (0.025) P
584 %p 1.42 2.0 2.20(2.28) (2.00)
5/2 | _ _
2 - 1.00 -~ 1.00 1.00(1.00) (1.00)
3/2 |1 ) .00(1. .),( .
2g ' 0.04(0.03) (0.027)
1/2 B P . -_— . ' . .
304 205/2 | 1.46 1.53 1.38(1.36) (1.37)
2
Dy 1.00 1.00 1.00(1.00) (1.00)
2 .
5172 T "' "' _"
256 ZDS/Z 1.48 1.56 1.32(1.31) (1.32)
2 | | |
Dy /s 1.00 ~1.00 1.00(1.00) (1.00)
2 , I |
172 "" - "‘
2 ' o (c)
243 “0 = _— 1.30 - (1.30)
) | _ 1.00 (1.00)
3/2 ) ,— . . . E . . .

a . ' v . e s .
~“Values in parentheses are branching ratios, where angular dependence is

corrected as was done in reference 3.

b . . : .
Values in this column are taken from reference 3 for comparison.

“Estimated from Fig. 4 of reference 3.
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FIGURE CAPTIONS

Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.

Fig. 5.

Photoelectron spectra of: (a) Ca(Hel radiation, 740°C);
(b)vSr(HeI'radiation, 650°C); and (c)'Ba(NeI radiation,
700°C). Peaks of interest in this work are labeled by
spectrbscopic symbols. ''S" denotes a peak arising from
satéllite lines in the incident radiation, and "I" an
inelastic loss peak. Asterisks denote peaks in the Sr
spectrum that arise from autoionizing Ba impﬁrities (see
textj,‘ Peaks labeled "A" in the Ba spectrum are tentatively
identified as Auger transitions arising from excitation by
NeIl radiation. ' | ‘
Photoelectron spectra of Zn, Cd, and Hg, with notation as in
Fig. 1. Inserts denote Hell - excited 2D lines taken from
the paffs of Figs. 3, 4, and 5. ' A
HeI and Hell photoelectron Spectrum of Zn taken in the same
run.  IA is an inelastic loss peak and OIII is impurity radi -
ation at 38.33 eV coming from water.

Spectrum of Cd as in Fig. ‘3. IB is another inelastic peak.

Spectrum of Hg as in. Fig. 3 and 4.
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IV. RELATIVISTIC AND CORRELATION EFFECTS IN THE,
21.2-eV PHOTOEMISSION SPECTRUM OF ATOMIC LEAD

Abstract

Photoelectron spectra were obtained for atomic lead in the 700-800° C
range, using Hel radiation (21.2 eV). Relativistic effects were obvious,
most notably in the relative intensity of 1.000:0.071 in the peaks

arising frqm be(szp; 2Pl/z): Pb+(szp; 2p3/2)_stat¢s. This is a conse-

quence of the Pb(szpz;SPo) ground state being in fact mostly 32p1/22
Correlation effects were also apparent. Several final states inacces-
sible from anvszp2 initial-state configurations wege reached: this was
explained by adhixtures of the configurations spzd and 52d2 into the
initiai'stafe.' All transitions that would be allowed by the presence
of these peaks.were actually found. These "direct" observations of
configufation interaction give an operational meaning to.this conéept
that 1is not»ayailable to most spectroscopic methods. Energy-loss peaks

were observed at higher pressure and attributed to excitation of optical

levels in neutral Pb by photoelectrons.‘

* . . '
This chapter was published in J. Chem. Phys. 63, 3473 (1975} in
co-authorship with M. S. Banna and D. A. Shirley. '
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A. Introduction

This is the second in a series of papers repdfting photoelectrdn
spéétroséopic:studies of atomic.species in the g;s phase, using samples
heated to high:temperatures. In the first baperl;von‘atomic cadmium,
we reported the observation of initial—state‘configuration interaction
(ISCI). This paper is addressed to atomic lead...

When an N-electron system absorbs a photon, ;he process ‘is usually
constfained té 6bey electric dipole selection rules;i This constraiﬁt
is often quité,resfrictive for ordinafy absorptionvépectroScopic'expeTi_
ments in which the N electrons are all bound in the final stafe. Foi

photoelectroh7spectroscopic transitions, of the form
L o
N> (N-1) +e (D

however, any state of'thetN;l electron system can -in principle be reached
if dipole seleCtion>ru1es can be satisfied fbi.thé:overall system, with
the continuum state of the photoélectfdn included. >This substanﬁially
removes the restrictions imposed by'thé dipole seleétién'rule, and thé
§trongest remaiﬁing selectionrrule'is that the trénsitioﬁ must be acces-
siblé.via one-electron Operators. |

| Tleimeftént implicatiohs-follow directly. “First, most or all of
the electrqnié states of the N-1 electron system that are reached by one-
electron operétors will appear in the photoelectron spectrum. The
eleetron kinéfic energieé yield the ievel energies direétly., Thus a
more or‘leés complete arréy Qf final stafes is ébﬁéined, with each dt ifs

correct energy.
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Second,.correlation effects, as manifested*through configuration
interaction, éan be observed directly. This foliqws because those eigen-
states of the (final) N-1 electron sysfem possessing'a given symmetry are
described as admixtures of the nominal N-1 electron cdnfigurations of
that symmetry;v Thus each eigénstate may consist in:part of the nominal
lowest-energy N-1 electron configuration, and may'be directly accessible
by photoemission from the ground state. In addition, the ground state
itself may beicompfised of several admixed configurations, allowing tran-
sitions to states that would not be reached if only the domingnt config-
uration weré'preéent. This latter effect is in fact the important one
H in the'systeﬁs that have been studied to date. In neutral cadmiuml and .
mefcuryz, for example, admixtures of the configuraiion (npz;IS) into the
nominal grouhd?State configuration (nsz;IS) alloQS the [np; 2P1/2] and
[np; 2P3/2] final states to be reached.

Group IV elements, with a nominal.szp2 ground-state configuration,
present an im?ortant series that has received .considerable theoretical
attention. In carbon, the first member of the seriés,-Bagus et 31;3-5
have shown that explicit correlation effects must be introduced to account
for the observed Sb,llD, 1S mulfiplet separations_aé-well as their ratios
(3P - 1D)/CSP - 15). In lead, the last member, phesé effects are expected
to be similar magnitude, and relativistiﬁ effects shpuld be important as
well. |

In this paper we report the observation of correlation and relativ-
istic effects on the Hel photoionization spectrum of Pb vapor! Experi -

mental details are. given in Section B and results in Section C. Rela-

tivistic and correlation effects are discussed in Section D. Section E
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deals with the inelastic loss spectrum. Conclusions are given in

Section F.

B. Experimental

The experimental details were given in Chapter II.

C. Results
The He I photoelectron spectrum of Pb at 715°C is shown in Fig. 1.
Assignments 6fvthe peaks were made by comparison of their binding ener-

gies with optical data.9 These assignments and derived parameters are

shown in Table I.
The'spéctra from atomic Pb(és%ipz;spol is expeCted_to show four
peaks at binding energies 7.415 eV, 9.160'eV, 14.593 eV, and 18.353 eV,

arising reSpectively from transitions to the (6526p; 2'1)1/2),'((>526p;2[33/2),

(656p2,4 1/2), and (6s6p2,2 1/2) final states of Pb In addition to
.these four 11nes, we have also observed four weaker peaks at 15.61 ev,
15.96 eV, 16.06 eV, and 16.58 eV binding eﬁergies. corresponding respec-
_tively to the (6s6p>; P Py/p) (63 264 05/2), (6s26d; 03/2) and (656p2,4P5/2)
final states. Also,_three more peaks show up in the spectrum. The peaks
designated in the figure by HI and 0l are assigned fo imburity lines;
i.e., photoionizatidn of Pb to fhe Pb+(2P1/2) line at 7.4 eV through ex-
citation by'the‘résonant radiation from the impuritieé HI .and OI (atomic
hydrogen and oxygen). The peak at 9.85 eV can be identified neither

with any known transition nor as any saﬁplé impurity.

The first unusual feature noticed in the spectrum is the inversion

of the.intensities of (szp;zpl/z) and (szp;ZPS/z),vwith the former
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dominant. This is explained in Section D-1. It is a consequence of rel-
ativistic effects (j-j coupling).

A second feature is the presence of the afofémentioned four extra
peaks. ThéSe,are attributed to the correlation effécts, as discussed in
. Section D—2.’

Finally;‘in going to higher temperatures, we see new peaks arising
from inelastic losses. In Section E we present the spectrum and discuss

the nature of these transitions.

D. Discussion

1. Relativistic Effects
'Spin—brbit coupling splits the 6p shell into pi/z and P3/2 subshells,
with the former being lower in energy. For the two-electron case we have
. . 2 2

three conflguratlons, (pl/z) s (p1/2p3/2) and (p3/2) .. The ground
state of p2-(J = 0) can, in general, be written in terms of j-j coupled
states as

. 2 2

¥omoep () vy Pyl
In terms of L.S coupled states this corresponds to a mixture of 3PO and
1So.states. The relative weights of the two configurations,will depend
on the strength of the Spin—orbit coupling. Relativistic Hartree-Fock
(RHF) caiculationsé predict the ratio (éz/ﬁ_)z = .081, showing that -
j-j coupling is a better approximation for Pb than is L-S coupling, which

gives the ratio as 0.5.
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Photoionization from the outer 6p subshells yields 2Pl/2 and 2P3/2

states of Pb+ t6526p), corresponding to the removal of an electron from
6pl/é or 6p3/2 §ubshells, reSpectively. Hence the intensities of the
observed fineérgive a measure of the relative weights of these subshells
in the ground state. From Table I, our experimental intensity ratio is
.071, in Very.géod agreeméht'witﬁ the RHF prediction. However, one would
have to correct for any differences in the photoionization cross sections
before a fihai_cdmparison could be made. The photoionization cross sec-
n_tions may be ébnsiderably different fof'each indiyidual subshell, because
>the radiai functions are different>(RHF calculationé for the méan values
of (r) .give respectively 3.07 and 3.52 atomic units for the 6p1/2 aﬁd
6p3/2 subshell?6 compared to the non—relativistic'Valuelo of 3.46). Also,
the RHF caléulétion did not include some correlation effects that we will
sh6w to be imbortant, which again may affect the calculated intensity
'ratio! |

Removal df an s electron from (szpz; 3P ) giveé 4P and 2P '

: _ - o . 1/2 7, 1/2
(spzj lines. VBUt.for Pb+; (6s 6p2; 4p1/2) corresponas to.6s(6p1/2)2 and
?Pl/z
alone we would expect to see an intense 4p1/2 line ahd a relativeiy wgak
2p1/2 , | _
respectively. While the cross sections may be somewhat different for

s

corresponds,to,6s(6p1/2'6p3/2) in j-j coupling. On this argument
line, but from Table I the relative intensities are .075 and .110,
these two processes, we believe that the main reason for the Zpl/é inten-

sity being so high is configuration interaction in the final state. A

discussion of correlation effects is given below. -
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2. Correlation Effects

' Final-state correlation effects have been reported in the photo-
emission spe¢tra from noble gases,11 molecules,lz and solids.
Berkowitz,.et_'al.8 reported that the quasi-degenerate 6p2 configuratioﬁ
mixed into'6s2 in the ground state of Hg, giving satellites in the He I
photoemissioh spectrum of atomic Hg, and we reported a similar result
for Cdl.

In open-shell atoms or moiecules, the quasi-degenerate configura-
tions are known to mix strongly with the ground state. This effectvwas
terméd "int¢rna1 correlation' by McKoy and SinanEfglu.14 For the 6526p2
ground—stéte cdnfiguratidn of Pb,_6p4 is pérhaps'thé conventiohal con-
figuration to be admixed, but Desclaux6 found thié hixing to be very -
smali, because it iﬁvolves promotion of two 6s electrons into the ener-
getically unfavorable 6p3/é subshell. Bagus et 31.3;5 reported config-
urations of the type 252p23d‘to mix substantially into the ground state
of carbon (2522p2),.a1though the -3d shell is not quaSi—degenerate Qith
2p. But in.Pb, the 6d shell lies very close in energy to 6p, and it is
of‘course quasi-dégénéréte. Hence we expect 6d mi#ing fo be important
in the ground-state of Pb. Because the spin-orbit §oup1ing cénstant is
small both the 6d3/2>aﬁd 6d5/2 subshells are expeétgd'to contriﬁute.

In Tablé I1, we give the configurations expééted to mix strongly
with 6526p2, their final states upon photoionization, aﬁd their spectro-
scopic designations? We used the-j—j coupling séhemé7and coupled the two.
p electrons (or fwo s-electrons) to the remaining fwo electrons to get
the J = 0 initial state. We have Iisted only the final states which can

be reached by (21.2 eV) He I radiation (these states can all be regarded



00004503438

-67-

-~

as resulting from the ionization of a 6d electron, in an approximate de-
scription).

From Teeles I and II one can see that configurafions I.A would
give 4P3/2’ wﬁich is ebserved to be 0.024 the inteneity of the main line;
I.B and I.C would give 4P5/2’ also observed, in inteﬁsity 0.040; I.D and
2 and 2D derived from the 52d eenfiguration, agaiﬁ

Sl 2
I.E would give DS/ 3/2

observed, Qitﬁintensities of 0.022 and 0.019. Coﬁfigurations II.F and -
I1.G would‘giVe 205/2 and 2D3/2 derived from the configuration sp2
These were not.observed to be present. This is easily understood, be-
caﬁse they cenemix directiy only.with the (631/2)2.(6p3/2)2 part of the
ground state (they would involve three—electroe excitation from the
(6si}2)2(6p1/2)2‘configuratiop and weuld therefore be expected to mix
negligiblyvinforthis cOnfiguration).

rMixing of 65?6d2'énd 656p26d configurations into the ground state
of.Pb‘can thus'totally account.for the presence of the satellites observed
in this exéeriﬁent. Howeyef it would be necessary to consider the mix-
ing among finel states as well as veriations in photoionization cross-
section_befoie{eefinite mixing coefficients could be derived from these
experimentai,peak intensities. We are presently'inyestigating techniques
by which such‘quantitative comparisons with theory might feasiely be |
made.

Anothervmeehenism has been suggesfed to account for the satellite
structure, namely ”conjugate'shake-up",-2 in which the angular momentum
of fhe fadiation field is transferred to one of the passive electrons

(i.e., the electron makes a transition to an emptyjorbital with higher

2 quantum number). We can write this process for Pb as follows:
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. 2 2 2 2 .
Main process:. (651/2) (6p1/2) + hy > [(651/2) -6p1/2] Pl/2 + ed or €5
Conjugate ] 5 ' 2 2

shake gp: B (651/2) (6p1/2) + hv » [(651/2) 6d3/2]J - 32 + €p
or © (6s,,)%(6p )72 + hv = [ (6s.,.)(6p, ,,) (6p,,,)] + €
i | 1/2 1/2 01727 P WPy 00 gy T EP
and | (6s )2(6p )2 + hv >~ [ (6s,,.)(6p: ;) (6p., )] f o+ €p

R e VAR S VE 1/2’ P72 P32 g=3/2 7 P
Since'AJi= 0, *1 selection rules are operative, only Csp2;4P3/2)

and (szd;zD ) lines would be expected to be present in the spectrum.

3/2

The (sp2;4P )} and (szd;zD

5/2 5/2
part of the ground state, and would be extremely weak if not absent.

o)
) lines could only result from the (6p3/2)“

Hence we believe this mechanism does not contribute much to the observed
intensity 6f the four satellite lines. The theoretical situation as to
the importance of the conjugate shake§up mechanism is.unclear. Detailed
caiculations_héve shown that this mechanism is unclear. Detailed cal-
culations have.éhown that this mechanism is very weak for Hels, although
Berkowitz 33_31,2 made estimates that suggested it could be as strong as

the CI mechanism in mercury.
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E. Inelastic Loss Spectra

When the.Pb spectrum is taken at 765°Cvsevera1 strong inelastic
loss peaks appear. Figure 2 shows the spectrum'and Table III summarizes
the results. All the observed five peaks are interpreted to result from
electron impact excitation of neutral Pb by photoéléctrons emitted in
exciting the 2Pl/z_line, at a kinetic eneréy of 13180(1) ev.

- Lines 1 and 2 correspond to excitation of a:6p1/2 electron into
-the 6p3/2 subshell; with final states 3P1 and SPé.' Intensities are in a
ratio of ~ 1:4 which clearly deviates from the sfatistical ratio of 3:5.
" The final state lDz, 2.66 eV away, corresponding to-a (6p3/2)2 configura-
tion is notrpbservea, which again is a consequence of strong j-j coupling.
Lines 3 and 4 are the results of excitation_from 6p to 7s and -6d shells.
Line 5 cannot be identified by any known transitiOn, and we tentatively
assign if to an excitation from the 6s té the 6p shell. The breadth of

this line indicates more than one final state, or perhaps that the ex-

citation takes place in Pb2.
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F. Conclusions

This work has demonstrated the feasibility of obtaining photoemis-
sion spectra of atomic Pb at temperatures of 700;860°C, with good reso-
lution and signal/noise ratios. The spectra showed in a very direct
way—through dramatic infensity ratios or the existence of satellite
lines——thét‘relativistic and correlation effects are indeed present in
the 6326p2 gfound—state configuration of lead. This‘may be contrasted
with the relétively indirect nature of most spectroscopic methods for
studying these effects. Further théoretical developments are'nécessary
before a really quantitative interpretation of these peak intensities
will be possible. With these developments, we believe ‘that photoemissipn
studies of this nature will be able to bring more oﬁerational meaning to

the concept of configuration interaction.
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Table I. States of Pb® observed in photoemission'from Pb Vapor.

_ a Binding - Energy from
Final States Relative intensity energy,eV optical data, eV
6s"6p p : 1.000 7.42(1) 7.415
1/2 : .
P3/2 .071 (5) 9.16(1) : 9.160
2 4 ¥ ' .
65 6p Pl/2 : A .075 (5) 14.59(1) 14.593
P3/2,' .024 FS) _ 15.61(1) - 15.611
PS/Z v - .040 (5) 16.57(1) 16.576
2 2 > N A e
6s6Dp p1/2-' - .110 (5) 18.35(1) : 18.353
2 2 »
6s 6d D5/2 .022 (5) 15.97(1) 15.963
2
D3/2 019 (5) 16.06(1) 16.059
d . '
(?) . .014 (5) 9.85(1) -

a ) . e e . ‘ L
Relative areas divided by their kinetic energies to correct for the
spectrometer efficiency.

bThis work. Values given are averages of three runs. Errors in last
place are given parenthetically. The Xe lines at 12.130 eV and 13.436
eV and the Ar lines at 15.759 eV and 15.937 eV are used for calibration.

CRef. 9.
dNot identified.




Table II. - Configuration which can mix with the ground state of Pb and their final ionic states of

+ . 2 2 2
Pb  excluding the P1/2 and P3/2 states of s°p.
‘ .. a
. : N : . Spec. Binding .
Initial state of Pb Final state of Pb J ~desig.” . energy,eV Remarks
N 2  > 2 Y’ iy N2 S PR - S
I, (651/2)J=0 (6P1/2)J=0 651/2 (6p1/2)J=0__ -1/2y 2f4p1/2 14.593 - Main line
N 2 2 .
; 5 ) S
II. _(6§1/2)J=0 (§p3/2)J=0 651/2 (6p3/2)J=0 1/2 1/2 20.343 Not observed
| 1/2 2. o - b
PI/Z | 18.353 Obse?ved
I.B. (6p 6P~ ;) ;_,(6s. ,.6d.,.) - _ o a) r
1/2 "%3/2°3=2"""1/27"3/2" J=2 s (tp. , 6 ) 5/2 s 2 4PS/2 16.576 Observed
1/2 ‘*P1/2 ®P3/27 522 3/2 p A E
, o VP32 20.389  Not observed
I.C. (6p1/2 6p3/2)3=2(651/2 6d5/2)J= |
1.D. (65 ; )2.' (6d 32- (6s: )2  66;' . 3/2 ) %y, 16 055-» Observed
ST NTTL/27=0 T3/27°0=0 1/2°J=0 ~3/2 $24) 3/2 .
"1.E. (6s,,.)% . (6d_,.)2 2 , 2 - ,
] 1/2°J=0 *775/2°3=0 (651/2-)J=0 6d5/2 5/2 D5/2 15.963 Ob;erved
S 2 - — X
LLE (6pg 0) 5.y (65,5 6dg0)50) ] . 5/2) 2 205/2 ~ 17.713  Not observed
- 93172 OP3/27 322 | P
I1.G (6 )2 (6s 6d._ ) 3/2 2-Ds/z 18.443 Not observed
0 WPz/005-0 1©%1/2 %527 522 '
a. Ref. 9. ~ b. Also borrows intensity from the main lire at 14.59 eV.

_SL_
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Table III. Inelastic loss peaks observed in neutral Pb.

Transition Relative Excitation  Energy from
. ! . c
Peak from the ground state intensity energy,eVb  optical data,eV

2 .
0 6s’6p” 3p0d ——- - —--
1 esep’ “p, 1 0.97 (1) 0.969
2 6526p2_3p2 4 % 0.5 1.32 (1) 1.320
2, 2. 3.°
3 6s‘6p(P,,,)7s P 4+0.5 4.37 (1) 4.374
1/2 1 _ .
o
S 392 5.709
4 6s“6p(“P; ,,)6d | 5 4+ 0.5 5.71 (1)
. Dlo 5.710
,e. ' v _ '
5 656p D 16 + 1 10.52 (2) -—-

a. Areas divided by theif»kinetic energies, relative to peak 1.

b. Values given are averages of two runs. The Pb’ lines from Table I
are used for energy calibration.

c. Ref. 9.
d. ‘ZerO’loss_line (i.e., the main peak).

e. Assignment is tentative as explained in the text.




Fig. 1.

Fig. 2.
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' FIGURE CAPTIONS
Phbtoemissién spectrum of Pb vapor at 7159C using 21.21 eV Hel
radigtion. Lines marked HI and OI arise respectively fr;m HI
10;199 eV énd OI 9.493 eV radiation.

Photoemission spectrum of Pb vapor at 765°C using 21.21 eV Hei

radiation.
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. V. PES OF ATOMIC AND MOLECULAR BISMUTH

Abgtract

Photoeie;tron spectra of Bi and Bi2 were reéorded by sfudying
bismuth vapor at 750°C. The spectrum of Bi was found consistént with a
j-J coupling.description of the ground state. HoWever, relativistic
effects séemed tovhave little influence upon the felative photoionization
CToss secfions of the 2P0,1,2 lines. Satellite péaks 1D2 at 11.49.eV,
and possibiy.also 3D132 at 17.12 and»z)Fz’3 at 17.47 eV were observed.
They were assigned to admixfure of the configurations
[(651/5026—1/2(6p3/2)2]3/2, [6526p6d2]3/2 into the main ground-state
configuration [(651/2)2(6p1/2)26p3/2. An autoionization process at the

energy of Hely radiation (23.74 eV) was suggested by the large intensity
of the Hely'spéctrum. The photoelectron spectrum of Bi2 showed three
distinguishablé bands at 7.53 eV, 8.94 eV, and 9.30 eV corresponding

. .. 2 2 : 2.+ : .
respectively tp the ionic states Hu,3/2’ Hu,l/Z’ an@ Eg due to ioni-

zation of a (ﬂuﬁp) or (0g6p) electron. A probable fourth band was ob-
served at 14.87 eV, and was tentatively assigned to 22; of Bi; formed

2 was found simjlar to those

~of lighter Group VA diatomics. A relationship betwéen the equilibrium

from (oubs)'ioniZation. The spectrum of Bi

internuclear distance and the difference between the binding energies

of (cgnp) and (ﬂunp) orbitals was established for the Group VA diatomics.

* . . X
This chapter is sent for publication to J. Chem. Phys. (1976) in co-
authorship with S. T. Lee and D. A. Shirley. '
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A. Introduction

Recéntly photoelectron spectra of atomic v5pors have been demon-
s'traltedl_4 to be~cépab1e of providing unique information about electron
correlation effects in the grpund states of atoms. This is accomplished
by observing directly in the spectra correlation satellite peaks due to
configuration interaction in the initial state. 1The theory of correla-
tion Sateliite§ has ‘been extensively discussed,s’6 and will not be
reviewed héré; In this paper, we present a photoeiectron spectroscopic
study of atomic bismuth, which.also shows relativistic and correlation

effects. .

The bhotoelectron spectrum of Bi was obtained from bismuth vapdr
at ca. 750 (¥20)°C. The composition of bismuth vapor has been well
dotumented}7—10 At 800°C, bismuth vapor consists mainly of monoatomic
and diatomic species in the ratio of 1:1.5 with less.than 1% of heavier
- species. The. same vapor composition was also observed in a recent ESCA
‘stuclyl"1 where 4f7/2 iines were monitored. Therefore;_bismuth vabdr will
also provide us a chance to study Biz. As the heaviest, kinetically
stable diatomic'molécule, Bi2 provides an interesting case to study the
: relativisfic effects in moiecular bonding. In the same context, it is

interesting to compare the photoélectron spectrum of B12 with those of

other Group VA diatomic molecules.
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B. Experimental

The éxperiments were carried out in a Perkin-Elmer PS-18 nhoto-
electron spectrometer modified for high temperature work. The details
of the modifications have been described in Chapter II.

The sbectrum of bismuth was taken at (750 * 20)°C, as determined
by an iron-constantan thermocouple. ¢ The sample was introduced in the
form of ‘small pieces of metal.  In this témperature range the vapor
merely consists of atomic and diatomic bismut>h.7—.11 From published
thermodynamic data we estimated the dimer to monomer ratio under our
experimentalléonditions as 1.7 * 0;2; No other lineé were detectedAwhiéh
could be identified with any othér species or knoQﬁ_sample impurities.

Peak areas were corrected for the change of the spectrometer
transmission with electron's kinetic energy using thé_approximate rela-
tion AE/E-=.constant. No other correction was made for inelastic scat-
tering or chargihg effects.12 Hence the area ratios reported here carry

large experimental uncertainties, especially for the molecular bands.
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C. Results

The Hel photoelectron spectrum of Bi and Bi, is shown in Fig. 1.

2
Assignments of atomic peaks were made by comparison of binding energies

with optical data.13 Some of the molecular lineS‘of'Bi2 are easily dis-

tinguishable by their larger widths. This»can-bé seén most. clearly in
- Fig. 2, which depicts the portion of fhe spectrum bétween 6 and 11 eV.
binding ehergies. Additional identification was accomp1ished by noting
~the behavior of the line intensities with respecf to the oven tempera-
ture. The intensities of the group of lines beldnging to Bi2 decreaséd
with increasingbtemperature relative to that of atomic peaks, while the
relative inteﬁsities within each group remained unchgnged. In one experi-
ment, the Bi'vapor was superheated, and consequently only weak molecular
iines were detected, thus confirming our i&entifications. Table I sum-
marizes the e#perimental results for both Bi and Biz.

The.speétrum of atomic Bi (6526p3 : 453/2).shows four main peaks

at binding energies 7.29 eV, 8.94 eV, 9.40 eV, and 16.73 eV corresponding

respectively to the,(652_6p2 . 3PO), (6526p2 : Pl), (6s76p~ : 3Pz)‘ermd

(656p3 : 582)-States of Bi" and 3 additional weaker peaks at 11.50 eV,

17.12 eV and. 17.47 eV corresponding to the (6526p2::‘102), (6526p6d3

3D2 or 3Dl) and (6526p6d : 3szoi‘ 3FS) states of'Bif; The peaks desig-

nated by B or Y are from HelB (23.09 eV) and Hely (23.74 eV) radiation,
and the peaks designated by HI and OI arise by photoionization to the

Bi+(3P0) state by, respectively, the HI (10.199 eV) and OI (9.493 eV)
’ 14

radiation that are present due to traces of H,0.

The spgctrum of diatomic Biz(lzg) shows three distinct bands at
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vertical bihding energies 7.53 eV, 8.94 eV, and 9.30 eV cofresponding

tivel t di ion) to the ZH and 2H" states of Bi.
respectively ;ee iscussi w,3/2 u,1/2 s i,

. 2

resulting from ionization of the (ﬂu, 6p) orbital and the Z; state of
Bi; from the (0g6p) shell. A weaker line at 14.87 eV is also observed
and tentatively attributed to Bi;, since its intensity followed those of
the other molecular lines. It is aSsigned to the 22: state arising from

ionization of -the (Ou6$) orbital.
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D.' Discussion

1. Atomié Bismuth

'In the photoqléctron spectrum of Pb, Siizer Eimél:z reported sat-
éllitevpeaks due to admixture of (6526d2) and (656p26d) configurations
.into the (6526p2 : 3PO) ground state. Furthermore, it was éonfirmed
that j-j coﬁpling is appropriate for describing the ground state of Pb
as a result of:strong spin-orbit (s-o) interactibn. Consequéntly, the
ground state'rs better approximated by Y = a(6p172)§ + b(6p3/2)g with
a >> b;“as predicted by relativistic calculations,ls. Being next to Pb
‘in the periodic table and thus having'a slightly larger s-o interaction,
Bi (6526p3-: 453/2) is certainly expécted to follow the j-j coupling
scheme closeiy; Therefore, the ground state of Bi can be approximated
as a simple CI expansion

W(4sské) = 3[(651/2)2(6p1/2)2(ﬁps/2)]3/2

2 02 _ 2 3
+ b[(6sl/2) (6p1/2)(6p3/2)2]3/2_+ 0[(651/2) (6p3/2) ]3/2. : (1}

The relative‘weight§ of a, b, and ¢ depend on thé'magnitude of the s-o

_ coupiing constant; .Qualitatively, éimbly on energy grounds (()pl/2 lies
lower than 6§3/2) and by analogy to szf'one éxpects the coefficients to
fall in the 6rder a>b> c.v Furthermore, considering the near-
degeneracy;of Sd and 6p shells, and again by énalogy to Pb, one may
expect the ground étate éf Bi to have an admixture of configurations

arising from 6p > 6d excitations, e.g., [6526p6d2]3/2.
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Let us first concentrate on the main configuration in the groun&
state, i.etv[(551/2)2(6p1/2)2(6p3/2)]3/2. Removal.of an electron from
the 6p3/2 shéll gives one statévSP0 (L-S designation) at 7.289 eV and
the remova;'éf an electron from the 6p1/2 shell giveé two states 3Pl,
and 3Pz (since‘the‘total J can couple to 1 or 2) at 8.942 eV and 9.401 eV,
respectively.: These three peaks are observed experimentaliy in the
ratio of approximately 1:3:5 (Table I), close to their statistical
ratios. This.is a bit,Surprising.considering that ﬁbw the 6p1/2 and
6p3/2 shellé are rather different from each other because of large s-o
interaction [the calculated <r> values for 6p1/2 énd 6p3/2 shells are
respegtively-2{56 and 2.94 a.u from Ref. 15]. This suggests that photo-
ionization crbss sections for these sub-shells are abproXimately the same,
which agrees with the behaﬁior of the 6p_sub—shellsiof Pb2, butlcoﬁtrasts

3.12

with that of Hg.Sd sub-shells in which the observed ratio deviated

from the statistical ratio. Perhaps angular distribution studies would
clear up this point.
Removal of an electron from the 6s shell gives two states (again

two possibilities for total J); only one of these'i.e., 582 could be ob-

served at 16.730 eV, the other one 38 is expected to have a binding

1

energy higher than 21.21 eV. The intensity of the SS2 line is much

lower than those of the 6p lines, again similar to the Pb case.
 Turning to the secondary configurations in eq. 1, we note they can
give rise to observable satellite peaks if their coefficients are large

enough. Tonization of a 6p3/2_electron from [(651/2) (6p1/2)

(6P3/2)§] gives the 3p_, and P, state of Bi+, ‘but no new ionic

3/2 1’ 2

states. HoweVer, the removal of the 6p1/2 electron‘gives the
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[ (6s )2(6p’ )2] state at 11?49 eV with'the'L-S designation of 1D s
1/2 3/2°2° 2 - . 2

which can only arise in the spectrum through configpration interaction.
The Bi® 6526p2(180) state at 12.766 eV, which cofrésponds to
[(651/2)2(5-3/2)310 and would result from the remoyallof 6p3/2 electron
from the lasf configuration in eq. 1, has not been observed. This con-
firms our expectation that the coefficient c¢ is the smallest in eq: 1,
because the‘cdnfiguration-[(651/212(6p3/2)§/2]3/2‘involves two electron
excitation from thg 6p1/2 sub-shell into the 6p3/2 sub-shell and is
highly unfavdrable on energy grounds. The éorresponding configuration
was not observed in the Pb spectra.2

At leaét,two more lines are observed at 17.12 eV and 17.47 eV,
~corre$ponding to states of the 6s26p6d configuréti§n of Bi®. They can
originate from the 6526p6d2 configurations in Bi. Both configurations
are favorable because the 6d shell is neaf-degenérate with the 6p shell.
‘Agaih Such,coﬁfigurationé were found to mix with fhe main configuration,
and to give satellite lines, in the Pb spectra.

There;afe several anomalies ‘in the infensities of the ;P linesvof
Bi' ionized by HeIY radiation, as shown in Fig. 1.  In Téble 11 we have
listed the reiafive intensities of these lines eXéited by the different

14 that in a cold cathode discharge

Hel resonance_lines. It is knbwn
lamp such as that used in the Perkin-Elmer spectrbméter, the HelIBR line

normally amounts to %S% and the Heiy line <1% of fhe,dominant Helo radi-
ation. Our own e*perience with thisllamp confirms this. Therefore, the

observed 3P line intensities (Tablé II) produced by HeIY radiation

0,1,2
are unexpectedly large. They cannot reasonably be attributed to fluctu-

ations of the lémp‘output. The observation was reproduced in three
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" independent runs. By contrast, the molecular lines of Bi; produced by
Hely radiation are hardly‘deté;table (Fig. 1) as expected. The possibil-
ity of impurities was carefully checked and ruled out by using Nel
radiation, where no corresponding lines were obsérved. The first anomaly
is thus an enhanced overall intensity in the Hely spectrum. Seéondly,
the ratio of 3PO : 3P1 E 3P2 in the Heiy spectruﬁ is 1 : 1.1 : 1.2, sub-
stantially different from the statistical ratio 1 : 3 : 5, which seems to
be followed By:the Heiq spectrum quite closely. The cause of the sudden
rise of thé_stline‘inténsities atVHeIY'radiation (23.74 eV) and their
unexpected inténsify ratio-cannot be determined at the present. We note,
however, this is the type of behévior expected if a resonant sta£§ of Bi
resulting from 5d + np or'hff excitation is reached‘by Hely radiation,
and if this state éubsequently autoionizes to give the SP lines. Further
study with.a monochromafic‘iight sources 1s needed toiclarify this point.
The intensities in the HelB spéctrum (Table II) appéar to reflect
the ekpeCted‘HeIB radiatioh:intensity. The observed ratio 3PO/SPI, 1.5

seems to deviate appreciably from 1/3; however, the large experimental

uncertainty precludes any definite conclusion.

2. Molecular Bismuth

From an analogy with N2, Pz, etc., the ground-state valence elec-

tronic configuration of Bi2 may be written as

2 2 2 4 1.+
(cg6s) (cués) (0g6p) (wuép) ‘: Zg,

where (nf) denotes the dominant components of each molecular orbital.
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Considering the large internuélear distance ( 2.85_1&)-16 and the small

vibrational frequency (172;71cm_1)17 of Biz, one expects the:bonding

between the two bismuth atoms to be weak, and the core electrons to con-

tribute little to the bonding. Thus the valence photoelectron spectrum

2

of Bi, would divide into two groups of bands; the first group arising
from 6p MO's would be found close to the atomic 3P lines and the second

. from 6s MO's close to (65)—1 lines. The femoval‘of a (ﬂu6p) electron

' 2 2 X . .
would_glve the s-0 partner; 'Hu,3/2 and_'Hu,l/2 }n_the'flrst group, w;th

2
~Hu,3/2

close to the 6p atomic s-o couplihg‘constant; i.e. 1.25 eV,18 as was
| 9,20 |

lower in energy. The separation between the ZH states would be

found to be the case in diatomic halogéns1

_géhs.21_23 By analogy with'N;;24 PN+,25 and P;.26 The (ﬂuép) orbital

and in diatomic chalco-

- would be comparatively bonding and thus the ZH 5ands.of Bi; would be
rélativeiy brdad due to Qibrationalvstruéture whéfgas the other valence
MO's would be compqratively nonbonding and'givéjfelaiiﬁely shérp lines.
With fhese cdﬁsiderations, it is rathér a stfﬁigﬁfforward matter to
‘assign the molecular spectrum‘of.giz. Thus, we assign ﬁhe firsf pwo
bands (at 7,53 and 8.94'¢V.respectiveiy5 séparated by 1.4 eV and each
with a width éf "0.27 eV to the two 2H partners. The sharp'line’ét
9.30 eV is assigned:to the (ggéb)-l sta;e and the.Wéak linevéf 14.87 eV
to the (oués)il staté. As pointed out‘ip Sgction.III; the identification _
of the latter state is 6n1y fentative. We.néte the zii state at i4.87
eV falls in Fhe exéected energy region, as the biﬁdiné enefgy of the
:atomic\6s she?i'is abqut 16.8_év and the binding energy of (oués) is
expeéted to be 1Qw¢r than this value becaﬁse ofAits_sléghtly antibonding

_nature. Theifogés)“l state is however not definitely observed presumably

!
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to its small cross section (cf. the weak intensity of 22;), and/or its
binding-energy_being higher than 21.21 eV.
In view of the large s-o interaction in bismuth, it is interesting

- S L
to compare the spectrum of Bi, with those of the iso-valent molecules

2
2 : : '
N;, 24 PNf,zs'and P;. 6 For this. purpose, we have collected the relevant

data in Table III. We note the general éppearaﬁce of the corresponding
bands in eyéry.spectrum is strikingiy similar in that.only the 2H3/2,1/2
bands show apﬁreciable width due to vibrational structure while the rest
are relati?elY;éharp peaks.' This indicatés that oﬁly the (ﬂunp)'molecﬁ-
lar orbital is bonding while the other orbitals are-relatively nonbdnding.
While the general resemblance of the spectra is usually expected from
chemical similérity, the;gradual crossover in energy between the ionic

+

states ZZ; and ZHu from N+, PN , P;, to Bi; (Table III) requires comment.

2 ;, in which 22+ comes lower than

Hu state,:is the classical example of the breakdown of molecular orbital

The'phofoionization of N, to N
2 | |
ordering by Koopmaﬁs' theorem,27 since HartreeaFoék MO calculations of_
Nz28 invariaply predicts (ﬂ#Zp) as the highest'occupied MO. Various e;ab-
orate theoretical attempts29 have been made to elucidate the cause of the
discrepancy, while Price30 has given a simple physical explanation. Price
pointed out that the internuclear distance in N2 is‘so Short as.a fesulf
of its 'friple’ bond that the two nuclei have been pulled through some of
thve‘(GgZp)2 clogd'and‘fhis.orbital therefore supplies'nb bonding energy
.at this'separation. Consequentiy,'for N2 it takes 1655 energy to remove
a (og2p) than a (ﬂu2p)'electron. prever, going down the periodic table,

the atomic valence orbitals become larger, increasing the internuclear

separafion; thérefore, the (dgnp) MO will be expected to become
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increasing1y m§re stable with respect to (ﬂunp). The létter will even-
tually become the highest occupied MO and the i state the ground ionic
'state,las‘obséfVed (Table III). In Fié. 3; the.différence between the
;ertical'biﬁding énergies of the (dgnp) and (ﬁunp)‘MO's (the mean of the
2H energies is taken for the Bi; of P orbitai) is p10tted against the
internuclear:distances of the diatomics. An approximate linear relation
is obtained. - From Fig. 3, it is seen that the créséover occurs at
r, .9 A. Therefore, for AsN+with r, = 1.618 A,31 the 22; would be the
ground ionic state whereas for'As; and Sb;, with re~expected to be larger
than that ofiP;, the reverse would be true. ) ‘ |

In spite of the large error in estimatingvthe intengities of molec-
ular lines, the repprted_2H1/2/2H3/2 ratio of %1;5'15 significantly dif-
ferent from 1, the expected statistical ratio. This value contrasts
_shérply with the value of 10 for the intenéity ratiq XZIIg,l/z/XZHg’S/2
in Teé; which Berkowit222°23'attributed to the photoeiectron leaving
predominantly in an ﬁp& chénnel. Recently, we32 have:advoéated an alter-
" native explanation based.upon unequal popﬁlgtion.qf the ﬂg,l/z and
“g,S/ZMO}S', Ip other wor@s,,the ground state of the‘ﬂz'configurationfisg
bettef described QS‘W =.a(1r_g’1/2)2 + b("g,3/2)2 with a? > b2, as a resﬁl;

of large s-o coupling. In our picture, the ratio of the ZH partners
'should be 1 35 1ong as the molecule has a closed shell configuratipn,
wheteaé there isvpo a priori rgasbﬁ why the ratio for Bi2 shquld be so
much different from Te2 aécérding'to Befkowitz's.interpretation; On thé
other hand, thé slight deviation of the ratio from 1 in Biz_may arise
from a difféfence in thg wavefunctions of the_ﬂu"l/2 and‘ﬂu,s/z MO's

due to relativistic effects; a similar effect has been observed in Hg.
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. . . 2.+ . . 2
Finally, we note the intensity of the Zg line relative to the Il appears
to be proportional to their statistical weights, while the extremely weak

intensity of the (oués)_l,state is consistent with the intensity of the

atomic (6s)i1-peak, -
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E. Conclusions

The‘principal conclusion of this work can bévstated as follows:

‘1. . The Hel photoelectron spectrum of Bi was_satisfactOrily inter-
pretated by describing the ground state of Bi in the j-j coupling sbheﬁe.

2. Within experimental accuracy, relativiétic effeéts did not
seem to have caused sufficient difference in the initial state.wave
function to affect.the statistical infenSity ratio, i.e.,'l 3 :'5

of theySP

0,1’2 lines.
3. The configuration-interaction satellite péaks 1D2 at 11.49 eV
and possibly'SD . at 17.12 and SF' ' ati17.47-év were observed.

2,1 2,3

4. An autoionization process occurring at the energy of Hely
radiation (23.74 eV) wasusuggested by the spectral
5. Despite the large s-o épppling,>the photoelectron spectrum of
Bi2 followed the general trend'of.those vaother lighter Group VA
- diatomics.
. 6. The:differencg in the biﬁding energieé of ;he (ognp) and

(wﬁnp) MO's was found_to vary linearly with the_internucleat distances.
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Bi

Table I. Observed States of git and Bi;.
Vertical Apparent
Apparent . Experimental Binding Adiabatic Energy from
Relative (a) FWHM(a) Energy(a) Binding (b) -Other Data
Ton Final State Intensity {eVv) {eVv) " 'Energy(eV) (ev)
6526p2 ; 3, 100 0.075 7.29(3) 7.289¢¢)
' %, 320(50) 0.08 8.94(3) 3.942
%, 510(40) - 0.08 9.40(3) 9.401
2, 2 1 ‘ '
6s6p° . , D, 16(3) . 0.07 11.49(3) . 11.495
+ 3 : 5 ‘
Bi 656p : s, 26(5) 0.07 16.73(3) 16.730
65%6p, 6d,,, - 3 0.08 17.12(4) 17.090
- S, — —_ 17.274
} 54(10) ' v
2 3 : :
65°6p, 645, F) 0.07 17.47(4) ‘ 17.457
3 : _ :
r, S — 17.483
2 2 3 2 ' . {d)
(a,6s) (gg6p) (n,6p) My.3/2 220(20) 0.27 7.53(3) 7.35(5) 7.1(3)\"
n, 12 0(0)  0.26  8.94(5) . 8.65(5) 8.9
+ » ) ) )
2] o) togem) (mem)® Pny 260(30) 0.9  9.30(3)  9.30(3) —_
2. 4 2. ,
(0,65)(0,6p)° (1,6p) I 4(2) 0.07 14.87(3) 14.87(3) ——

a) This work, areas corrected for AE/E = Constant, Xe and Ar used for calibration. Experimental
errors are given parenthetiqal]y. .

b) No correction for thermal popuiation of vibrational levels in the ground state have been employed.
c) Optical data from Ref. 13.

d) Electron impact data from Ref. 9.
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Table II. Relative Intensities ~ of Pys Pys and “P, with Different
Hel Lines. _ R -
o © Hela Helg Hely ¢
Ion State (21.22 ev)  ~ (23.09 eV) (23.74 eV)
.3p.0 100 3.0(.8) o 67()  [.o]
% 320 (s0) a2 (1) 7.3 (1) [1.1 (.1)]
%, 510 (400 b— 7.9 (1) [1.2 (.1)]

a) Areas:corrected for AE/E =‘constant and hormalized to 3PO (Hela).

b)  This peak is overlapped by the 2H Tine of B12, thus no estimate

‘is possible.. »3/2 v
g) ‘Values in square brackets are normalized to 3P0.
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Table ITI. Electronic Structure Data on the Diatomics of Group VA flement.

d) Ref.

Vertical Internuclear
Binding Energy 2 distance, re
Molecule States from PES (eV) we (cm™ ') (R) Remarks
a 1.+ '
N2 Zg _— 2359.61 1.094 —_—
2.+, -1 . .
+ b Zg(og) 15.60 2340 Sharp, very little change in
N2 : . (Non-Bonding)- ‘
Zﬁu(nu)'] - 16.98 © 1810 Shows vibrational structure, large
o decrease in We (Bonding)
»
a 1.+
py —_— . 491 . -
PN (9) 1337.24 .1 491
2.+ R X . .
I, v(o, v} 11.85 1200 Sharp  (Non-Bonding)
+ e (g) " (g) :
~ PN : .
zn( (o ))“ 12.52 1050 Shows vibrational structure
urs i : {Bonding) '
a 1.+ - -
P2 Zg . — 780.43 1,894 —_—
-Znu(nu)'1 10.65 Shows a vibrational structure large
pt d : decrease in w (Bonding)
2 e
2.1, -1 .
Zg(cg) 10.84 Sharp (Non-Bonding)
. 1+ : g h
B12 Zg —_— 172.71 2.85 —_—
_ 6 L
2Hu(nu) ! éfgi Shows unresolved vibrational struc-
git ¢ . ture - {Bonding)
2 . : v
. 22;(09)_1 9.30 Sharp.  (Non-Bonding)
a} Ref. 33 e) This work
b) Ref. 24 . ¢} Spin-orbit partners
e Ref. 25 g) Ref. 17
26 .h) Ref: 16
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FIGURE CAPTIONS

Fig. 1 THe\HeI photoélectron spectrum of atomic and diatomic bismuth.

Fig. 2 The eXpanded‘portion of Fig. 1 from 6 to'li'ev, showing the
molecular lines of Bi,. |

Fig. 3 The plot of internuclear distances (re) vs the differences in
the_binding enérgies (AEB.E.) of the two lowest occupied MO's,

og(p) and nu(p).
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