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ANGLE-RESOLVED PHOTOELECTRON SPECTROSCOPY APPLIED TO THE
DETERMINATION OF THE SURFACE ELECTRONIC STRUCTURE

OF CRYSTALLINE METALS

Richard Stanley Williams

ABSTRACT

The experimental determination of solid state electronic band
structure has been shown to be feasible through angle'reéoived'photol

electron SPectroscopic‘(ARPES) studies of the valehce bands of Qriehted

' copper single crystals. In order to assign features observed in ARPES

spectra to solid state energy bands, the theoretical description of
the photoemission proéess must be understood in detail. Por this

purpose, the influence of the excitation process, hot electron trans-

" port, and surface effects on observed spectra are considered carefully.

First, photoemission from atomic neon is examined theoretically to leafn
the nature of the continuum final state and its ielationship to the
total and differential atomic cross-sections. The directionality'

of the band-like final states in é crystalline solid is then detef-
mined by examiﬁing ARPES spectra collected from Cu single crystals.
Inelastic scattering processes in a solid cause attenuation of photo-
current, which is studied by studying the surface sensitivity of plas-
mon loss satellites'in‘photoemission spectra of Al and In. The ef-

fect of photocurrent damping on ARPES valence band spectra of copper
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is then investigated by examining the relaxation of crystal moméntum
selection rules with increased surface sensitivity. The presence of
the surface itself is important in determining angulaf distributions,

as shown by measurements of photoelectron refraction. Photoemission is-
also possible from states localized at the surface, and examples of sur-
face state photoemission are found from the (111) and (211) surfaces

of copper. .Finally, the dynamic effects of thermal lattice disordering
are shown to be extremeiy important in photoemission studies applied to
band structure determingﬁions, as electron-phonon interactions can.sup-

press the information content of an ARPES spectrum drastically. :
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I. INTRODUCTION .

The study of electronic structure and the relationship of elec-

tronic to physical and functional properties of matter are themes of

major importance in chemistry. Most modern techniques used for the
elucidation of electronic structural information are spectroscopic in
nature; they deal with 6bservation of the interaction of a portion of
the electromégnetic spectrumbwith the system to be studied. In most
cases, the physical property of a system being studied can not be ob-
éerved directly, but must be ihferred indirectly by the observation

of a somewhat related spectroscopic property of the system. Photoelec—

tron spectroscopy (PES), however, provides a rather clear picture of

the quantum mechanical electronic level structure of matter, and is

- very closely related to the development of quantum mechanics it_self.'l

Physically, photoelectron spectroscopy is the measurement of

photoelectric current as a function of the kinetic energy of the elec-

trons emitted by a sample irradiated with a constant energy photon
beam. The kinetic energy (Ekin) of detected photoelectrons may be re-
lated to the initial state energy (or binding energy, EB) levels of the

material studied by the conservation of energy condition

EB = hy - Ek ' ' (l)

where hv .is the energy of the incident radiation. Thus, an electronic
energy level is detected in PES as a peak in the photoelectron current
versus energy distribution curve (EDC). Since the final state observed

is a continuum state of the system, the portion of the electromagnetic



spectrum whiéh may be used for PES studies extends from the ultraviolet

well into the hard x-ray regime (where Compton scattering and e_-p+ v 3
pair production become importantz). Traditionally, the field of‘photo—
emission has been segmented into two subdivisions due to the limited
number of photon source available; the ultraviolet PES regime-(Or UPS)
utilized radiation created in gas discharges (hv < 40.8 eV) and the

x-ray PES regime (or XPS) relied on emissions from standard x-ray tubes
(hv = 1254 eV). However, the advent of continuously tunable synchrotron
radiation sources is acting to close thé photon energy gap and obscure
the division into two separate research areas.

Over the past decade avances in techno;ogy have allowed great im-
provements in experimental technique to collect, and theoretical appre-
ciation to interpret, PES data. Perhaps the most important contribu-
tions'have'been in the areas of vacuum technoldgy, which allows better
éontrol of the sample and experimental parameters, and the introduction
of large capacity, high speed computers, which enable extensive compar-
ison between theoretical models and experimental data. This interac-
tion between theory”and experiment has been the essential driving force
which has propelled PES to its present level of sophistication.v

The detailed application of photoémission theory to atomic sys-
tems has been described by Fano and Cooper.3 In particular, the photo-
~electron cross sections, both total and differential, have been shown ¥
to be extremely sensitive to the initial and final atomic wavefunctions.

Thus, the measurement of atomic photoelectron cross sections as a func-

tion of excitation energy and emission angle is potentially a very
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powerful technique for determining the ground staté charge diétributibn
of atomic species. Chapter II of this dissertation, which acts as an
intrbduction to the photoemission proceési investigates fhe nature of
the'final state in a photoemission transition involving a singié atomic
center; the specific example chosen is neon. Several‘appréximations
tb the continuum state are testéd,_and it is found that excellent agree-
ﬁent betwéen experimental and calculated absolﬁte and differential
cross sections for neon can be obtained for the proper choice of‘final
state wave function. Due to the extreme accuracy with which Atomic
cohtinuum states may be determined, atomic phbtoemission is extremely .-
well understood.

The level of general understanding is quite different for photo-
emission from solids, although interest in solid state photoeﬁission is

intense as demonstrated by the number of recent theoretically related

’SI 14

afticles appearing on the subject. The

and review monographs
essential aspects of angle-resolved PES (ARPES) as applied to crystal-
line solids were presented by Mahan9 in 1970, but only recently has the
theory presented then become fully appreciated.. The remainder of this-
thesis is devoted to considering various aséects éf'the extreﬁeiy in—‘
volved theory of ARPES spectra from the valence hand region of sinéle
cryétalline soiids and providing experimental verification and clarifi—
cation of the points raised.

In Chapter‘III'the peak strucfure of valenée band ARPES of Cu.

single crystals is interpreted in terms of a simple model which only

considers single electron excitations to a free-electron-like final



state band structure of an infinite solid. This model explains the
energy positions of the spectra quite well. 'Experimental demonstra-
tions of many body effects on solid state photoemission spectra are
presented in Chapter IV, which considers photoelectron finite mean-free
paths in solids and their influence on plasmén loss features observed
in PES spectra of Al and In. Chapter V reveals how thé simple direct
transition model outlined in Chapter III is modified by the presence of
a surface and attentuation of photoeiectric current during transport
through the crystal to the surface. The effect of these factors is to
introduce a crystal momentum broadening into the final states of.the
transition and consequently increase the number of initial states
sampied in the ARPS yalence band spectrum. The effect of the surfaceA
itself is considered in Chapter VI; in particular measurements of the
amount of refraction suffered by a photoelectron crossing the solid-
vacuum interface at Cu(l00) and (111) surfaces are presented. Photo-
emission from electronic states localized at Cu (111) and (211).single
crystal surfaces is considered in Chapter VII. Finally, Chapter VIII
investigates the nature of the temperature dependence of ARPES spectra
of copper and shows that electron-phonon interactions break down the
so0lid state crystal momentum selection rules af elevated temperatures.
The emphasis of this thesis is the experimental demonstration of
several of the major factors influencing photoemission from solids.
Several effects have beéh neglected;primary among them the influence of
the Auger lifetime of the hole left by the photoelectron on the exper;

imental spectra. The work presented in this thesis builds upon and is



coﬁplementary to the dissertations of Kowalczyk10 and McFeely.ll
Although.primarily an experimental thesis, detailed éesdriptions of the
equipment and procedures.utilized for the research presented here are
omitted for brevity, as they have already-bésn_co&efed thoroughly by ‘

: 3 v v . . .
Apai12 and Wehner,l who collaborated in most of these investigations.
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II. DIFFERENTIAL PHOTOEMISSION CROSS SECTIONS OF Ne

Observation of photgemission spectra provides detailed informa-
tion about both the initiél and final elecfronic structure of the system
under study. Energy and angular dependent_studies of photoemission
cross sections made possible by several new.photon sources, especially
synchrotron radiation, can provide a sensitive probe of gaseous species,
liquids, solid surfaces, and adsorbates. However, in order to.interpret
PES in terms of electronic struéture a good model of the transition from
initial to final states is necessary;

Thé detailed many-electron theory of photoemission for gaseous
atomic species is well known.1 Recently, steps have been taken to for—
mulate viable theorieé of photoemission for molecular specieé2 and solid
surfaces.3 In many cases, these approaches consider one—electrén transi-
tions to fina; continuum states that are approximated by a plane wave
(PW) or an orthogonalized plane wave (OPW).4 The wvalidity of calcula-
tions employing PW or OPW continuum functions and neglecting final state
relaxation must be estéblished before they may be applied to the inter-.
pretation of éxperimental results that are now appeéringt

This chapter presents photoemission cross sections and asymmetry
parameters5 for the ls; 25; and 2p orbitais of neon, calculated by sev-
eral methods. Intercomparisons of these results and comparison with .
experiment are utilized to ascertain the validity of the various approx-

imations employed. Chapter II.A focuses onvarious approximations to .

continuum functions; Chapter II.B deals with the effects of final state



' relaxation. Further discussion concerning the relation of photoemis-
sion cross sections to ground state wave functions (charge distributions)

appears in Chapter II.C.

A. Atomic Continuum Wavefunctions

'The final state ofva photoemission transition is éf special inter-
est because at least one electron of the system under study is in the
continuum. In this section the différential photoemission cross section
do(e)/dl of neon, calculated using plane wave (PW), orthogonalized plane
wave (OPW), and Hartree-Fock (HF) continuum functions are compared with
experiment. The rationale for this comparison is to test the sensitivity
of photoemissibn cross sections to the form of thé final state céntinuum
function and to evaluate the accuracy of the PW and OPW approaches. It
is shown that calcualted neon cross sections depend strongly on the model
used for the continuum state and that both the PW and OPW models are
quite poor approximations for those continuum states which exhibit large
phase shifts.

Following Cooper and Manson,6 the differential photoemission cross
section from the nlth shell of an atom as avfunctiOn of final state con-
tinuum electroﬁ kinetic energy € in the dipole approximation is

dong‘(e) . onz(e) |
an 4T

1
[} - E'B(E) P2(cosﬁﬂ ' (1)

where 6 is the angle between an incident beam of unpolatized radiation
and the photoelectron wave vector. In the one electron partial wave

approximation the total cross section is

v
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2 2.2 N 2 2
_w(2m” ek nf eL-1 eL+1
Ong (€)= c 3L + D) [’L(an ) + @ (Rn_z ) ] (2)

where w is the angular frequency of the ihcident radiation, an is the

occupation number of the nlth subshell} and the Rﬁﬁil are. defined in

the dipole length and velocity formulations by

+ o ‘ '
Rel_l_ (3)

i, —.f Pelil(r) rpnz(r) dr =
: o

o

d 22 + 1 + 1
Pezil(r) (d—r+ ——-z'—"‘—> Pnl(r) dr .

1
wo
e o)
The'continuum functions Pel(r) are normalized to a Dirac delta function

in €.

The asymmetry parameter8 B(e) is given by

B(e) = ‘ . (4)

2 N2
el-1 e+l e2-1\/ €2+1 .
£(2-1) (Rnﬁ ) + (2+41) (8+2) (an ) - 62,(9,+1)(Rnl )(Rng ) cos (5“1—52_1)

(20+1) [2(122%’%)2 + (241) (Rii-‘-l)z}

for continuum function phase shifts €2+1(€) in the 2*1 channel defined
for scattering from a nonzero potential.
In this formulation two outgoing channels for the photoelectron

are explicitly defined by dipole selection rules. The total photo-

electron flux depends only upon the sum of the electron fluxes in the
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two channels, but the angular dependence of intensity is sensitive to

the interference between thg'channgls. Thus the phase shifts glil(e)

can have a significant effect upon the angular distribution of photo-

electron flux. | _ ' i
Utilizing the Rayleigh expansion,9 a PW can be expressed as a

superposition of sphericél waves, each with its associated n and %

values. The normalized radial component of the PW £ channel is

2Mo K

nhz

PW .
.Pel(r) rjg(kr) (5)

_Zrie; sin (kr - -;-— l‘n) .

ﬂhzk

where jz(kr) is a Spherical Bessel Function. 1In this zeroth order Born
approximation the effect of the atomic potential on the photoelectron
is completely ignored. One way fo intxoduée an effective atomic poten-
tiallo is to Schmidt orthogonalize the PW.orbital to the bound states

of the system. The radial component of the OPW is then

o«

OPW [Zhek ). 2 : . '
Peg = ;?S__ rjl(kr) - -/. Pn,z,(r) r]z(kr) drPn,l,(r) (6) |
: 2'=2 o v

where the summation is taken over all bound states with the same angular ¢
momentum quantum number as the continuum channel. This orthogonaliza-
tion alters the wavefunction near the origin but has no effect on its

delta function normalization or asymptotic form (i.e., no phase shift
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is introduced).

A more exact method of including the effect of the atomic poten-

‘tial is to require that the continuum function be an eigenfunction of

the atomic Hamiltonian. In this study the single particle Hartree-Fock

.'équation including Lagrange multipliers to assure orthogonality to the

bound states was integrated numerically for the given atomic configura-
.11 ' o ’ .
tion and photoelectron kinetic energy €. The asymptotic form of these

numerical solutions is .

eM
HF , | 2M. . 1 : e
P, (r)—= e sin{kr - = 47 - l1n 2kr + £,(€) ' (7)
€2 MVm E 2 h 2% L ,
where
Ez(e) = 52(6) + 01(8) e _ (8)
ezM '
o,(e) = argT2 + 1 - i—% _ , {9)
'3 : th .

and 62(6) is the phase shift of the HF continuum function with respect
to the regular Coulomb wavefunction. The wavefunctions were generated
. 12 ... . e, 13 ,
using Bates' program™ modified to yield phase shifts. The bound
. ' 14
state orbitals used were those of Bagus.

The partial wave approach for the PW and OPW cross section calcu-
lations was used to allow a direct comparisbn with the more exact HF
results. Another mathematically equivalent formulation utilizes the

. . . : - 15
fact that a plane wave is an eigenfunction of the momentum operator.

The dipole velocity transition matrix element is proportional to the

product of the magnitude of the electron wave vector and the Fourier:
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transform of the initial-state orbital. Including the constraint of
orthogonality to the bound state orbitals yields the cross section

section

Bﬂezk ' an

3M cw (22 + 1)
e

2.2 2 .
(22 + 1) x fnﬂ, + Q'(Gk—l + 2kf .G ) | (10)

OT(E) = DQ« 9;’1

, :
+ (2 + 1)(?2+1 - 2kfn2G2+l)€

and the asymmetry parameter

2.2 2 2 '
B(e) = [2(22, + 1)k ntL + (L - 1) (Gl-l + 2kanG2_l) + (2 + 1R + 2)
2
Qsl+l - 2kfn£G2+l) v e+ l)(kanGQ-l - kanGg+1 Gg_ng+1i]/ (11)

2.2 2 2
3(22 + 1) [(22 + 1) k fnl + 2<G9,—1 + 2kfn2G£-1> + (2 + 1)(GIL+1 - 2kfn2.G2+1)]{ ’

where
£, =J‘ rj, (kr) P, (x) dr (12)
o)
~and
Gpap = > f rigeq kT) Pyp, (2) drf P g () (13)
n' © 0

a 22+1:1)
(dr + 2r Pnl(r) dr .,

t . .
for photoemission from the nf h one-electron orbital and the summation
extending over the bound orbitals with the same symmetry as the £*1

continuum channel.

#
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From Eq. (11) it is seen that B(g) =2 fbr plane wave photoioniza-
tion independent of the energy € and the symmetry of the initial bound
state. In the OPW case, B can assume values other than 2, but must

approach'Z in the limit of large k. The remaining aiscussion of PW and

‘OPW cross sections will deal with the partial-wave form. In these cases,

the velocity and length total cross sections have the same qualitative
appearance, but the length calcﬁlations yield cross sections an order of .
magnitude greatef than the velocity results. The PW and OPW length re-
sults are excluded from the following discussionf

Comparisons of Onﬂ(e) and sz(e) calculéted for the various con-

tinuum wavefunction approximations with experiment are shown in Figs.

1-4. The PW and OPW calculations give poor results for ls and 2s photo-

emission, but the 2p total cross section results are qualitatively cor=

rect. However, the angular dependence given by the PW and OPW calcula-

‘tions for 2p photoemission is totally incorrect. The different HF con-

tinuum function calculations agree very well with experiment, and will
be more thoroughly discussed in Chapter II.B. In the remainder of
Chapter II.A the PW and OPW results are discussed.

For ls photoemission (Fig. 1), the PW velocity cross section rises
slowly by several orders of magnitude from threshold to a maximum near -
a photon energy of 1400 eV and then falls gradually‘at higher .energies.
The OPW calculation is closer to the observed‘cross section at thres-
hold, but then falls to a spurious local minimum at about 1050 eV and
rises from there to approach the PW cross section asymtotically. The

PW and OPW results are qualitatively incorrect for hv < 1500 eV and
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have not attained the correct slope at hv = 2000 eV. Orthogonalization
of the plane wave for the 1s - €p photoemission channel does not improve
the calculated cross section over the PW case.

The 2s -+ €p channel (Fig. 2) shows large increases in cross sec-
tion at threshold and spurious minima for both PW and OPW calculations.
Again the slope at high photon energy is too gradual and the OPW result
is no.better than the PW result.

The 2p + (€s,e€d) PW and OPW calculations (Fig. 3) are quite close
to both the HF and experimental results. The PW and OPW values are too
large at higher energies, but they appear to have the correct limiting
slope. Orthogohalization of the €s channel to the 1ls and 2s occupied
orbitals appears to have improved the agreement with experiment‘consid-
erably in the medium energy range. Finally, both PW and OPW cross sec-
tions are fair even close to threshold.

However, the sz(a) valué calculated by Eq. (4) is 2, as predicted
by Egq. (11). The OPW,sz(E) results are also in serious disagreement‘
with experiment. Thus, although OPW and PW closely predict the 2p total

cross section, they fail badly in describing the differential cross

section.

These findings may be interpreted in terms of the behavior of the
continuum functions in the region of space where the bound atomic states
have appreciable amplitude; this behavior being correlated with the phase
shifts of the "actual” continuum fun;tions. An illustration of this

effect is offered in Fig. 5. Here are presented the radial parts of the

HF and PW continuum functions for 1ls photoionization at hv = 1100 eV,
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near the region where OPW theory predicts a spurious minimum in the
cross éection. Although the shape of the two continuum functions is
.virtually identical after the first period there is a significant posi-
tive phase shift of the HF continuum function with respect to the plane‘
wave. This phase shift reflects the different behavior of the fwo_wave-
functions near the nucleus. It can be seen that the HF coptinuum func-
tion is orthogonal to the»2p radial wavefunction (the overlap integral
is less than iO_s). It is also fgirly obvious that orthogonalizing the
plane wave to the Zp wavefunction will decrease the PW amplitude in the
region where the ls radial fﬁnction is large, thus resulting in a very
small transition matrix element. This result is independent of the rel-
ative phases of the wavefunctions involved. An analytical illustrétion

of this result is obtained by writing Eqg. (6) in the simple form
lopw) = |Pw) - ( 2p|pw )| 2p), | (14)

then calculating (ls!§|0Pw), which will be minimal in the.energy range

for which

(1s|V|pw> ~ (1s|V|2p) C2p|PW). (15)

ﬁow (lsl§|2p) is a constant, while (15‘3!Pw> and (2p[PW are proportionél
to Fourier transforms of the |ls) and |2p) atomic functions. Since both
Iis) and |2p) are nédeless, the Fourier transform of each will rise Qith
increasing photon (and photoeleétroh) energy to maxima, then decrease,

with the maximum for the |2p) Foﬁrier transférm coming at a lower energy
than that of the lls). Since the value of (1sl312p) is in general large,
a cross over energy will exist at which (ls|§|OPw)==O. This spuridus 

zero in ©
, i 1s

is an inevitable and completely artifical consequence of
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attempting to represent the continuum photoelectron state by a basis set
of only the two functions |PW) and |2p).

Examination of Fig. 6 shows the phase shifts 62(6) of the ﬁF con-
tinuum functions. The phase shifts Ol(e) are much smaller than 62(6)
for all but the lowest energies. The €s and €p photoemission channels
have large phase shifts with respect to normal Coulomb waves. Thus, for'
these channels, both Coulomb waves.and plane waves (V(r) = 1/r ahd V{r)=0
continuum functions) must differ greatly from the actual continuum func-
tions for small r. Matri# elemeﬁts calculated with these approximations
will be very much in error. Howevér, the £€d channel phase shifts are
fairly small and the £=2 part of a plane wave should be a good approx-
imation to the HF and "actual" continuum functions. Comparison of the
individual matrix elements for s ~ p, p * s, and p > d transitions con-
firms these expectations (Table 1).

The fair agreement with experiment of the PW and OPW total cross
section calculations results from the dominance of the €4 channel to thé
total photoemission cross section. The impfovement of the OPW results
over the PW results is due to a fortuitous cancellation of €S intensity
by the orthogonalization to 1ls and 2s states. Since the HF 2p cross
section is ™~ 90% d-channel contribution over most of the energy range of
Fig. 3, we see that the PW approximation is improved by considering only
the 2p + €d PW channel. The marked disagreement between experimental
and OPW asymmetry parameters arises because of the poor OPW €s channel
approximation aﬁd the absence of phase shift information.

It is now possible to generalize the above information to estab-

lish the limits within which OPW and PW calculations may be used at
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lgastISemi—quantitativelf. Consulting Manson's paper16 on the 2, £, and
FE dependence of continuuﬁ electron phase shiftsvcalculatéd inba central-
potential model, one notes the.eXcellent agreemént between the phase
shifts of Fig. 6 and.those calculated by Manson fbr zZ = lO. By cénsider-
ing continuum channels with-émall phase shifts, rough upper limits on Z
can be assigned for which plane waves should be fair approximations to °
the "actual" continuum functions. Only the partial wave correspgnding

to the 2+ 2 + 1 finai state channel of a photoemission transition are
well approximated by plane wavés. For a particular angular momentum £
continuum function phase shifts become large for Z just great enough to
have a boundvstate with angular momentuﬁ f£. Calculations for which only
the £ > 2 + 1 PW chﬁnnel is considered should yield fair total photo-
emission cross sections for ls and 2s shells up to 2 = 4, 2p shells up

to 2 = 12, 34 shells up to Z = 38, and 4f shells up to Z = 88. For
slightly higher atomic numbers results should be qualitatively correct,
but agreement cannot be expected when Z is almost large enough to support
a bound shell with the same symmetry as the continuum channel in question.
For initial states with a node in the radial wavefunction, a PW cross
section calculation will yield a marked local minimum in the cross sec-
tion as a function of energy (Fig. 2 and Ref. 17), but assignment of this

minimum as a spurious result or a real Cooper minimum requires care.
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B. Many-Body (Relaxation) Contributions to

Atomic Photoemission Cross Sections

Previous exhaustive and extensive studies of atomic photoemission
processes5 have explicitly considered the effects of intrachannel coup-
ling, core relaxation,.interchannel coupling, and electron correlatién
(see especially the Ph.D. Thesis of R. L. Martin for a discussion of
photoemission satellite structures). In these caiculations, only single-
confiqguration initial and final states were utilized. Intrachannel
coupling was treated implicitly through the use of the Hartree-Fock con-
tinuum functions18 for cases both with and without inclusion of core
relaxation. Interchannel coupling was neglected, but has already been
shown to be small for neon photoemission.19

" The inclusion of final-state relaxation in the model for calculat-
ing photoemission transitions modifes the HF results in threé ways.
First, the one-electron transition matrix element is changed because the
continuum wavefunction is calculated in the relaxed potential of the ion.
Second, because one-electron orbitals of the initial and final states
with the same syﬁmetry but different priqcipal quantum numbers are no
longer orthogonal, virtual transitions of the type (1ls-+2p, 2p *€p) are
now allowed. Finally, because equivalent passive orbitals of the initial
and final states are not identical, their overlap integrals musf be less
than unity, which will decrease all the contributions to the total matrix
element. The expression for the total cross section, Eq. (2), énd the
asymmetry parameter, Eq. (4) retain the same form in the case of exciﬁa-

tions from closed shells except that the one-electron radial matrix

4y
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elements for a transition from a one-electron initial state nf to a .
final continuum state €2*1 are'replaced by sums over radial matrix

elements of the form

thlE: ‘ ' N :
= det P' . o. P . d '
nlnz e (1) (r) 5 P (9) (r) dr | _ (16)
k=1 0
ak ) 1 for 3 ¥k
J 1 4 28. +1 1
— [ & P R T
_ r or Mew ar + o for j§ k . (17)

where. N islthe total nﬁmber of electrons ef the system and the curly
brackets denote an N X N matrix with colﬁmn index.i (T(i) % (n%mlms)i)
for the N different final state one-electron orbitals, including the
continuum orbital, and row index j, for the N initial state orbitals.
The final state‘radial wavefunctions are primed to emphasize that they
are not identical to the corresponding initial state orbitals. The
ijth element is zero for j # k unless (szmsh_= (2+1 mlms)j' Thus the
transition metrix element for the HFR (HF with relaxation) case may be
quite different from the corresponding one-electron HF matrix‘element._
| The neon ls photoemission cress sections for the length and veloc-
ity approximations differed by less than 1% in both the HF and HFR cal-

culations. At energies above 1200 eV the HFR cross sections agree quite

"well with experiment (Fig. 2), and are to be preferred over the HF re-

sults. However, at lower energies the HF calculation is closer to ex-
periment, except very near threshold (Fig. 1, insert). This is probably

due to the neglect of correlation between the slow photoelectron and the
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. electrons of the remaining ion in our calculations. Right at threshold

the virtual processes are quite important, but at higher energies they

A &

become small (see Fig. 7). The turning-over of the experimental O(ls)
as threshold is approached from above (Fig. 1, insert) arises from such £
processes, and it is significant that the HFR hodel reproduces this
behavior while HF does not. The phase shifts for the HF and HFR €p
continuum functions (Fig. 6) differ by 10% over the whole range of thev
calculation, shqwing the fairly large effect of the relaxed potential in
determining the continuum wavefunction for an electron excited from a
core state.
Relaxation effects are small for neon 2s photoemission, as seen by
. the small differences in continuum function phase shifts (Fig. 6) and
total cross sections (Fig. 2). The HF and HFR cross-section calcula-
tions are only distinguishable below 200 eV photon energy, where the
HFR velocity approximation is seen to agree most closely with experiment.
Relaxation changes the potential experienced by the photoelectron
very 1itt1e for the 2p photoemission, yet the €d channel phase shifts
(Fig. 6) differ significantly for HF and HFR continuum funétions at low
energy. However, the cross-section and asymmetry parameter differences
are very small for the two approaches (Figs. 3 and 4). Both the energy
and angular dependence of 2p photoemission calculations are in excelleﬁf : e
agreement with expe;iment, with the velocity results being slightly
superior.
Slight oscillations20 occur in the calculated HF and HFR asymmetry
parameters above 500 eV which are absent from the OPW calculations.

However, these oscillations, which amount to 2% or less of the magnitude
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of B, are not entirely consistent among the various HF calculations.
Further calculations of B utilizing CI wavefunctions for the initial and
final states—and small energy separations between values of B(€) are
required to evaluate whether these oscillations are indeed real or arti-
facts of the present calculation.

For the cases reported heré virtual excitation processes were
largely compensated by the change in the one-electron matrix elements
due to the relaxed potential. Rela#ation is seen to have a very small
effect on valence orbital photoemission at all but the lowest photon
energies. The one electron picture of photoemission is a quite good
approximation for computing cross sections of primary transitions as

long as the continuum function used is adequate.

C. Determination of Initial State Properties

Several important considerations have arisen from the calculations
presented in the preceding two subchapters. The first is that the qual-
ity of the continuum state used to calculate a differential photoemission
cross section is of the utmost importance in achieving agreement with ex-
periment. Secondly, the photocurrent emitted by gas phase atomic (and
molecular) species displays considerable anisotropy, which is related to
interference between two (or more) outgoing % partial-wave channels.
Finally, including many electron effects in the cross section calcula-
tions modulates the one electron results, but does not drastically alter
the character of the computed photocurrent. The use of approximate

final state wave functions and the exploitation of the photocurrent
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anisotropy to determine initial state propérties (geometrical orienta-
tion and charge distributions) requires further di§cussion.

Rabalais and co—workers21 have calculaﬁed photoemission cross sec-
tions for neon and several small molecules‘using PW and OPW continuum
functions. They reported results for Ne PW total cross sections that
agree closely with the PW results reported here, but they did not list
enough OPW cross sections to make comparisons. Molecular photoemission
total cross sections calculated by the PW approach for CH4, NH3, and H20
resemble the Ne results closely2l and can be only slightly better due to
the smaller nuclear charges of the central species it is noted specific-
ically that all these molecular calculations exhibit a local minimum in
2s-like shells similar to that in Fig. 2). Calculations for s-like
shells of molecules with more massive atoms such as st are probably
not qualitatively correct.

Other workers have also considered molecular photoionization.
Hush22 used an OPW model in which the average potentiai experienced by
the photoelectron is used to give an effective kinetic energy for the
continuum electron. This model yields slightly improved total cross
sections for small molecules, but will still have the same difficulties
as the PW method for large atoms and will be unable to yield angular dis-
tributions of photoelectrons.

Ritchie23 is currently developing procedures to calculate molecular
photoemission which explicitly consider the nuclear and electronic poten-
tials. BAn important considération of this work is to formulate general

procedures for converting observed differential photocurrents into maps

of the initial state wave functions (charge distributions). Chapman and
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ﬁayes24 have developed methods for computing photocurrents using con-
tinuum state expansions about the molecular center of mass. Pseudo-
potential models have also been considered25 and have yielded very
promisng results for molecular photoemission. Using an X-0 scattered
wave approach, Dehmer apd Dill found strong interchannel coupling ef-
fects26 at low energies which are strictly molecular phenomena and re-
quire accurate wavefunctions to handle correctly. These "shape res-
onances" may be considered to arise from scattering of photoelectrons
between atomic centers of a molecule. Davenport27 has used such a for-

mulation to compute photocurrents from oriented CO and N, molecules,

2

which have been used extensively in phdtoemission studies of adsorbates.z8

Gadzukéand Liebsch4 have considered photoemission from adsorbates
on oriented surfaces in PW approximations. Their work has concentrated
on obtaining angular distributions of photoelectrons from the adsorbate-
surface system. Although the angular dependence of photoemission for a
given % channel of an adsorbed species and surface geometry may be cor-
rectly determined, the plane wave treatment is incapable of treating
interference between different allowed % channels.

The information content of valence band differential cross sections
of solids (especially single crystals) and adsorbate systems is poten-
tially very great. Since crystalline axes and adsorbed molecule orien-
tations are fixed in space, the anisotropies in photocurrents should be
much more pronounced than in the gas phase, where an average over all
orientations must be considered. Indeed, as mentioned above, the orienta-

tion of CO on several transition metal surfaces has been studied by
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several groups28 who compared experimentally determined photoemission
intensities with Davenport's calculations.27 A proper understanding
of photoemission dafa should also yield the nature of the bonding at
surfaces and in solids through the determination of the electronic wave-
functions of the systems studied. However, before this understanding
can be achieved, the nature of uniquely solid state photoemission phe-
nomena must be studied. The remainder of this thesis will focus on
solid state photoemission. Perhaps it should be mentioned here that
photoemission from solid surfaces and adsorbate systems is far from
being completely explained, but the promise of determining not only
energy levels but also initial state wave functions from photoemission

measurements is rapidly being fulfilled.
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Table 1.2
2s * Ep 2p * €s 2p + €d

Photon -
Energy HF PW HF PW HE. PW
50 .205 -.074 ~.199 441 -.445 <.342
100 332 -.447 -.154  .484 -.437  -.375
200 .329—.-.121 -.110 .388 -.307 -.301
300 .293  -.036 -.086  .309 -.216 -.239
400 260 -.110  -.070 .251 -.161 -.195
500 .233  -.147 -.059  .210 -.126 -.162
1000 .153  -.171 -.031 .105 -.055 -.081
1500 114 -.147 -.020  .065 -.022 -.035
2000 .091 -.125 -.0.14 .045 -.022 -.035

®Numerical values of the matrix element <f|
2s and 2p and for some HF and PW final states (f).

4

4

|i> for initial states
Note that the

plane wave matrix elements for the 2s - €p and 2p + €s transitions
have the opposite sign of the corresponding HF matrix elements.

(1)
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FIGURE CAPTIONS

Calculated neon ls photoionization cross sections versus
photon energy compared with the experimental values of
Wuilleumier (W) in Ref. 30. For the ﬁartree—Fock continuum
function calculations the dipole length and velocity approx-
imations yiéld results indistinguishable on the scale pre-

sented here.

Calculated neon 2s photoionization cross sections versus

photon energy. The experimental values (W) are from Ref. 30.

- Dipole length and velocity approximations are denoted by L

and V respectively.

Calculated neon 2p photoionization cross sections versus

photon energy. The experimental values are (W) from Ref. 30

and (S) from Ref. 31.

The asymmetry parameter B for neon 2p photoionization as a
function of photon energy. The experimental values (W) are

from Ref. 30.

Comparison of the radial part of the HF €p wave ejected from
Ne 1ls by an 1100 eV photon with the p'componeht of a plane
wave with identical kinetic energy. The continuum furictions

in this figure are not normalized.
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The phase shift §(€,%) with respect to a normal Coulomb wave

- for Hartree-Fock continuum functions calculated in unrelaxed

and relaxed (R) final state atomic potentials versus continuum

electron kinetic energy.

Percent contribution to the total n electron transition matrix
element due to the various virtual processes allowed when

relaxation is considered in the Ne 1ls photoionization.
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Fig. 3
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III. ANGLE RESOLVED PHOTOEMISSION FROM SOLIDS

In discussing ARPES from solids, one must firsﬁ define the angle
of interest. Solid state PES spectra are functions of the photoelectron
emission angles with respect to bulk crystalline axes and the sample
surface. They are also dependent on the anglé between the incident
photon direction and the photoelectron momentum vector, the sample
surface (and whether the radiation is unpolarized or s- or p-polarized),
and the crystalline axes. Most frequéntly, ARPES is used to denote
momentum resolution of photoelectrons - ie. the angle of photoelectrbn
emission with réspect to.fhe crystalline axes - and this is the usage
intended for the purposes of this chapter. The effects of the other
angles on solid state ARPES spectra will be discussed in varying detail
later. |

The seléction of the final state momentum of a photoelectron as
well as the energy locates the final state rather precisely in the
extended zone scheme. Due to the direct or vertical nature of the
photoexcitation process, the initial state of the photoelectron can be
determined knowing only the excitation energy and the reciprocal lattice

vector involved in the electronic transition. Thus, an experimental

determination of the initial state band structure of a crystalline solid o

should be possible using ARPES.

Copéer has been the subject of numerous angle-integratedl-3 and
angle-resolve62'4—8 photoemission (ARPES) studies. Because of its
accurately known band structure,g'10 it has served as é model system

for the theoretical interpretation of the details of the photoemission




-39~
process.l's'lo Following the early work of Smith,ll it is now_generéliy
accepted that bulk photoemission from polycrystalline and singlé
_crystal Cu surfaqes is adequately described by direct (momentum
conserving) transitioné in:the yhree.step model.12 At photon energies
which allow the entire valence band (VB) region to be studied (= 10 ev)
caiculation of the excitation step is usually suffiéient to explaihvthe
energy positions of the dominant experimental features.sflo'll
Although direct transition theory accounts quite well for low

photon energy photoemission from polycrystalline Cu samples, the
interpretation of ARPES speétra was somewhat clouded by the existance

of different models for the inclusion of the additional constraint‘V’

of momentum resolution which were consistent with the angle integrated .
studies. Most of the difficulty encountered when constfucting a model
of'angle—resolved photoemission involved the directional nature of the
final state bands in the crystal12 and the extent to which the surface‘
and photocurrent damping effects altered conservation rules.13 A
‘popular construct was the one diménsional density of states model
(ODDOS),14 which hypothesized the breakdown of the crystal momentum
conservation condition normal to the crystal surface due to the termina—
tion of the bulkvperiodicity at the interface and the existance of a |
finite inelastic mean free path for the photoeiectron; Hoﬁever, a

much simpler direct transition modei,8 which ignores thekéurface
altogether, has been shown to yield excellent agreement with experimental
energy distribution curves (EDC's) collected in ARPES studies of Cu

single crystals. In this chapter, studies are presented which relate

directly to the nature of crystal momentum conservation conditions,



-40-

the high energy conduction bands, and the seléction rules governing
photoemission transitions within the framework of this simplified

model.

A. Experimental
The data presented here were collected using the variable photon

4°16 and 8°17 ports of Beam Line I at

energy sources available -at the
the Stanford Synchrotron Radiation Laboratory (SSRL).18 Copper single
crystals were cut with surface Qrientations paralleling the (100),

(110), (111) and (211) planes, with the orientations and quality of

the surfaces checked by taking Laue back-reflection photographs and

in some cases LEED spectra. After polishing and etching of the surfaces,
the crystals were installed in the photoemission chamber. Final cleaning
of the crystal surfaces was accomplished by argon ion bombardment,

- followed by annealing to high temperatures (~-800°C) to rembve surface
defects. The cleanliness of the sample surfaces could then be monitored
in situ by Auger or photoemission spectroscopy. Further specific details
of the facilities, cleaning procedures, and geometries used for these

experiments are considered individually.2'7’15'19

B. Normal Emission Geometry and Band Mapping

In Fig. 1 are shown_a series of ARPES spectra collected normal
to the (111) face‘ofva Cu single crystal. The spectra were obtained
usihg the 7-35 eV photon energies available from the 8° beam port at
SSRL. The large variations in the spectra as a function of photon

energy are immediately obvious. Since all these spectra have the same
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component of surface parallel crystal momentum (k“ = 0), the ODDOS model

would predict only minor spectral changes with photon energy and so is

~obviouély not applicable to Cu ARPES in this photon energy regime.

The band structure of Cu extending 25 eV above the Fermi level
is presentea in Fig. 2>in order to réconsider ﬁhe direct transition
model in more detail. The final state band (bar;d 7) along the I'-L
direction of momentum space (ie. momentum along the [111] axis of real
space) appears to be very freg electron-like from 7-25 eV above the
Fermi level. This band is nominally the final state to which the
photoelectrons are excited in Fig. 1.

In the threevstep model of photoemission,20 photoexcitation of .
an electron to a final state abové the vacuﬁm level, transport of the
photoelectron to the surface, and escape of the hot electron acfoss
the solid-vacuum interface are considered separately. A simple modei
méy tﬁen be constructed for angular dependent photoemission, which was
first treated in detail by Mahan21 for free electron-like metals, by

considering the Fermi's Golden Rule formula

kCBZ E <E

> > > > 2
J(E ,kf,h\)) « Z Z Re Xk |a- PIEj.kiH
E (k ) :
xG[EF-Ej—hV]_ | - , (1)

for the photocurrent J inside an infinite crystal as a function of the

photon energy and the photoelectron energy and crystal momentum. The
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summations are over all initial momentum states Ei in the first
Brillouin Zone (BZ) and all the occupied energy levels Ej <:EF. The
K’E term is the usual interacfion Hamiltonian between a time varying
_elect?omagnetic field and an electron eigenstate, where the spatial
part of Z is proportional to Z exp(ifhv";) with E and Khv the
polarization and wavevector of the photon field, reépectively (the
wavevector will be taken as real since the attenuation of the electro-
magnetic field in a solid is negligible with respect to electron mean
free paths). The ;°'K ﬁerm cannot rigorously be set equivélent £o zero
by any Gauge transformation due to the anisotropy of the electric field
across the vacuum-solid interface, but will be neglected anyway. The
delta function’expresses'the necessary conservation of energy condition.
For the final state a single plane wave IEf,E

) = exp(ik, * ¥)
g’ = explikger

N .
is chosen, where k_. denotes the photoelectron propagation direction

£

as well as the wavelength inside an infinite crystal. The mechanics
of how this final state is detected will be ignored for the present.
The initial state wave function must in general satisfy the Bloch

condition
- 3.3 N v
|E. k) = § iR 4 (r-R) (2)
S R > J
R
. -> .
where the ¢j's are atomic or Wannier functions and the R's are all the

lattice vectors of the infinite solid. Using the above wave functions

22
to evaluate the matrix element in Eq. (1) yields the result:
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> > > 2 2 2 > - . >_12 o
A'pIEj,ki) |© = cos“y Qj(kf)lz exp[l(kf-ki—khv)'R]] . (3)
>

>
| [KEg kg

i . > -> >
Here Y is the angle between € and Rf, ¢j(kf) is the Fourier transform

. > T
of ¢j(r) evaluated for ke and the term

IZex[i& —K -k )-%HZ is zero
LR TR T
R

> > > > R L.
unless (kf-ki-khv)° R is some multiple of 27, in which case the sum
becomes infinite. Thus, invcrder for a transition to be allowed,
> > > . . -
k. -k, -k must be a reciprocal lattice vector G of the crystal.

£ i hv
The final form of the squared transition matrix element in this

approximation is

K Ef,]_z

> > - 2 2 2 > -> - - > )
prlEj,ki)l « cos“y Qj(kf)é(kf-ki—khv-c) . - (4)

>

For photon energies below ™~ 200 eV the momentum khv is completely

negligible; the delta function (or crystal momentum selection rule) then
is the so called direct or vertical transition requirement. It is a
consequence of the assumptions that the initial state is a’Blochvsum
and ﬁhat the crystal is infinite in extent.

The energy and crystal momentum conservation requirements for a

photoemission transition are illustrated by rigidly shiftihg the final

state band of a band structure vertically downward by an amount equal to
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the photon energy. A . transition isAallowed whenever the final and
initial state bands cross, and should manifest itself as a peak in an
ARPES spectrum. Conversely, by assuming a nearly free elec;ron-like
final state as shown in Fig. 2, it should be possible to assign peaks
in ARPES spectra of sipgle crystals to initial stéte bands and thus
map out the band structure of the material studied. Such a comparison
is shown in Fig. 3, where the agreement between Burdick's band structure
and the experimentally determined bulk band positions is excellent.
ARPES spectra have also been collecfed in a normal emission
geometry from the Cu(lll), (110), and (100) faces for photon energies
ranging from 32 eV to 160 eV. The validity of a nearly free electron-
like final state band approach in this enefgy regime has been questioneg.
due to the increase in the density and crossing frequency of bands |
populated at these higher photon energies. However, a single ehpty-
lattice band and the spectra collected at these energies (Fig. 4) yields
experimental band structures in excellent agreement with Burdick's
calculations, as seen in Fig. 5. Thus, perhaps surprisingly, the
validity of the single band final state approximation and the vertical
_transition requirement holds quite well for Cu photoemission using
photon energies from 7 to 160 eV.

This observation may be used to analyzelthe nature of the final

state bands themselves. The unbound electron states may be conveniently

expressed in a plane wave basis as

|E k.) = Y oa exp[i(z + G -¥], where
£'°fF G £ ! _

(21
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the summation is over all‘E vectors (including |E|==O), and Kf is the
nominal single plane wave momentum of the state considered in the extended
zone scheme. However, the actual final state band must have nearly the
same directional phafacteristics-for election propagation in the solid

as the free electron band already considered. The apparent validity of
this model in accounting for photoemission peak positions implies

2(0.,0,0) >baE?5(O,O,O)' This observation is further supported by the
observation that none of the Cu spectra presented show clear evidence
for photopeaks arising from G vectors othér than (0,0,0) (termed
secondary Mahan cone eﬁissionzl). However, a single plane wave final
state is not expected to yield accurate cross section infofmation.

This may be seen by writing the transition matrix element for.the actual

final state23

IX'EIE- ,Ki) |2 < I z a_écos YE (I)J (]—:f'l'—G).) 6(]-:f—§i-a) l2 (5)
- ) ‘

_)
l(Ef,kf i

G

' -> -
where YG is the angle between k_. + G and the polarization vector of the

£
radiatibn field Z. It is seen from this expansion that the

cos YE Qj(ff-+a)‘term in the summation may act to offset the small aa
term for & # (0,0,0) and modify the value of the transition probability
considerably from a single plane wave form. .In fact single plane wave

_ final states do yield rather poor results in calculating relative peak
intensities in ARPES spectra,8 and the number and quality of ferms that -

must be retained in the expansion of the final state is uncertain.

Perhaps methods using atomic continuum functions that couple to the
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high energy bands of the crystal would yield valid results more readily24

than a plane wave expansion.

C. Polarization Selection Rules

In addition to the conservation conditions there exist uniquely
solid state selection rules in ARPES that deal with final states

observed along symmetry directions and the vector nature of the exciting

radiation. From a group theoretical point of view, the final state

in solid state photoemission must be compatible with the symmetry of the
outer product of the initial state and the transition operator.25 Since
an ARPES experiment chooses a particular final state (which has
particular symmetry propertieé), the initial states that may be sampled
are determined by the orientation of the radiation polarizatioﬁ with
respect to the crystalline axes of the sample.2

Again considering photoemission in an infinite solid lattice

(ignoring how the fadiation got there) the transition matrix element
has been expressed as (Ef,§£|z-;[Ei,Kj). To detefmine the polarization
selection rules for photoemiséion from fcc cfystéls, the character
tables of Slater are helpful.25 The procedure is to form the outer
éroduct of the irreducible representations of the vector components

%' € ,vand €Z (ie., the projections of the polarization vector onto
the crystalline coordinate axes) with the irreduciblé representation
ofvthe final state IEf,Kf } (which belongs to the identity element for -
the group of symmetry operations about the axis of emission). fhis
product is simply the irreducible representation of the component of

the vector potential considered, which must also be the symmetry of the




-47-

initial states allowed in the photoemission transition. Table 1
contains the photon polarization selection rules governing photoemission
transitioﬁs into the [o01], [o011], [111] and_[2ll] directioﬁs of an

fcc crystal. The;e rules are only rigoious,along tﬁe emission
diréctions specified, but they should be generally applicable for

ARPES spectra with good angular resoluiion;

Thus it is seen ﬁhat by properly orienting the radiation polariza-
tion along the crystalline axes, it is possible to select.(and‘fﬁus
identify) initial states according to their éymmetry classification.
Figure 6 shows spectra collected normal ﬁo a (211) crystal face for
two different photon polarizations, as shown in the insets, »The
differences in photoemission peak.intensiﬁies for spectra collectgd
with the same photon energy but different polarizations (excepi at.14
and 16 eV photon energies, to be discussed in chapter V), are quite
well correlated to the selection rules presented in Table 1. Figure 7
presents the occupied bands of copper for the [211] direction in moméntum

space compared to ARPES peak positions for the two symmetry orientations

in which the spectra were collected.

D. A Note of Caution

The crucial revelation that yielded band structure information
from ARPES data was that the final state baﬁds in a solid dQ-contain
directional information. Although Mahan's21 definitive work on
photoemission appeared in 1970, several later imélementations 6f
AR?ES spectra calculation séhemes obscured the relatively simple

relation between ARPES spectra and band structure. A case in point is’
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provided by the work of Christensen and Feuerbacher,12 (CF) where the
"direct transition”" model employed by these authors differs from the
one presented above. In the CF model, any final band state that
appears on the momentum axis of the BZ that points into the electron
detector and conserves énergy is an allowed photoemission final state.
In tﬁe spirit of angle integrafed UPsS speqtral calculations,ll theb
ARPES spectrum is generated by computing the energy éonserviﬁg product
of the initial and final density of statesvthat lie on a particular
symmetry axisvof the BZ. VThe spectra calculated by the CF model
cqntain "secondary Mahan cone" intensity from bands(that lie oﬁ the
symmetry axis weighted equally to the primary emission. This model
yields the same results as the single band direct transition for low
.electron kinetic energies, since only one band is present in the band
structure. However, at energies high enough above the vacuum level
that adaitional E vectors begin to contribute.states to the band
structure, the CF model becomes invalid.

For ARPES spectra from W single crystal faces the CF model achieved
reasonable agreement to the experimental measurements at low photon

7 (EHNR) applied the same model

energies.12 However, Heiman, et'al.2
to calculate photoemission spectra nérmal to a Cu(ll0) surface for

16.8 and 21.2 eV photon energies. Therevare‘two energy conserving

bands along the I'-K-X symmetry axis of the band structure for hv.= 16.8 gv
and three for hv = 21.2 eV. When the calculaged spectra did not agree
with their measurements but their experimental spectra were very |

‘ similar, HNR concluded that the direct transition model had broken down

for photoemission from the Cu(l110) face. In fact, their spectra are
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in exéellent agreemént with the single band direct transition model,15
as are the spectra collected in the 32-160 eV photon energy range
presented in ?ig. 4, fhe results of HNR do show that secondary‘Mahan
cone emission in their spectra is unimportant, since strong peaks due to
secondary cones in their calculation do no£ appéar‘in the experimental
spectra. |

This section is intended as a precautionary note. vThe photd—-
emission literature contains a great many excellent papers dealing with
the different aspects of ARPES from valence bands. Howéver, there are
many different models that bear the name "direct transitidn theory,"
and care should be taken to ascertain the physical assumptions used
in a model and then classify it according to taste rather than gather
a possibly incorrect notion regarding the contents of a paper from its
title or abstract.

In this regard, comparing calculated spectra to experiment to
fest the hyéotheses of a model rather than selecting specific féatures
(ie. peak positions) to compare can be deceiving due to the great deal
of uncertainty that still exists about solid state photoemission. 1In:
the remainder of -this theis, trends observed in experimental ARPES
spectra will be discussed in terms of the available theory without

attempting to synthesize the spectra themselves.
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Table I. Bulk Photoemission Polarization Selection
Rules for fcc Crystals.? '

. _ Irreducible Final State Allowed Initial
Coordinate Axes R L
o Representations Symmetry Symmetries

X | Y z ) Ex Ey EZ_

[100][010][001] | A1A1A2A2A5 | Al As A5 -Al
fooi1]l{110][110] 21222324 : : Zl 23 | 24 Zl
{110][112][111} A1A2A3 Al A3 A3 Al
[1111{0111[211] AP a A B ' A

a . . . . .
The electron propagation direction defines the z-axis in each case.

b_, C s .
Since the [211] axis in momentum space has no special symmetry
designation, the symbols A and B chosen to represent the even and odd
states, respectively, are those for the usual C, symmetry classification.




Fig. 1.

Fig. 2.

Fig. 3.
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FIGURE CAPTIONS

ARPES spectra collected normal to the (111) surface of a Cu
single crystal for photon energies between 7 and 32 eV. The
feature seen in most of the spectra at 0.3 * 0.1 eV EB is due
to a surface state present on the (111) face of Cu. The
remaining features arise from tranéitions out of bulk initial
state bénds.

The band structure of Cu alohg several of the major symmetry
axes of the BZ is shown for electron energies up to 30 eV above
EF' In the I'-L direction, corresponding to an electron
propagation direction along the [111] axis, there is only a
single (free-electron like) final state band available for
photoelectron transitions, making this an especially attractive
direction for band st;ucture studies by ARPES.

A>éomparison of the theoretical bulk band structure of Burdick
with the peak positions of the ARPES spectra of fig. 1. The
experimental data were located on the E vs ﬁ plot by shifting

the final state T'-L band (Fig. 2) vertically downward by an

amount equal to the photon energy of the transition in question .

to locate the allowed X coordinates, and then on this line the
peak binding energies, referenced to the Fermi 1evel; were
plotted (as illustrated for the spectrum at 20 eV photon
enerqgy) . A photon energy scale for fhe transitions is shown

above the Fermi level for clarity.




Fig. 4.

Fig. 5.

Fig. 6.
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ARPES spectra’collected normal to fhe three low-index crystal
faées-of Cu in the photonvénergy regime spanning 32 to 160 ev.
The angular resolution was ~ 15 msterad and the energy
resolution was bgtter than or equal to 0.2 eV.

Comparison of'experimental peak positions from Fig. 4 with
Burdick's band structure of Cu for the three directions
investigated. Due to the lack of calculated band Structures
for Cu more than 30 eV above EF, an empty lattice final state
band (with the zero of energy chosgn to.coincide with the.
s-like initial state of the band structure galculation at )
was used determine the k coordinates of the experimental points.
The inset of the top of each panel shows the propagatibn
direction of the photoelectron in the extended zone scheme, and
the bottom inset establishes the correspondence between photon
energy and the part of thé BZ sampled. The scales for each
panel are arbitrary.

ARPES spectra collected iﬁ normal emission from a Cu (211)
surface for bhoton energies between 8 and 34 eV. The spectra
in the two panels arise from different orientations of the
electric field polarization vector-g with respect to the
crystalline axes, as shown in the insets of each panel. For
the panel on ﬁhe right,'g was contained in the (011) plane

(a reflection plane for the (211) surface),'While for the panel
on thé lift E had components both normal‘to and within the

(011) plane.
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Comparison of the peak positions of Fig. 6 with initial state
bands of Cu plotted for the [211] direcfion (calculated by an
interpolation scheme fit to Burdick's bandsg). In both panels
the B symmetry initial states are plétted as broken lines and
the A symmetry states as solid lines. The most intense peaks
in the spectra from the left‘panel of Fig. 6 correspond to B
initial states (top panel). The most intense peaks from the

right panel of Fig. 6 correspond to A states.
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' *
IV. PHOTOELECTRON INELASTIC MEAN FREE PATHS

In the past several years photoemission spectroscopy (PES) has
become a widely used probe of the electronic structure of solids, with
increasing emphasis being placed on the surface éapabilities of tﬁis
and other low-energy electron spectroscopies. “® as previously dis-
cussed, the photoemission process in solids may be explained heufis—
tically in terms of the three-step model outlined by Berglund and
Spicer.7 Within the framework of this model, the first step (electron
photoexcitation) is responsible for the observed pgaks in a photoelec-
tron spectrum. The other two steps (tranSpoft through the solid and
escape into vacua) contribute the background of electrons scattered out’
of the main peaks. However, thése background effects, such as electrdn-
hole coupling, plasmon excitations, collisionally_induced inter-band
transitions, etc.s’9 contribute structure tovthe photoelectron spectrum
which may, as in the case of free-electron-like metals,10 contain more
spectral intensity than the main photoemission peaks.

The study of thié background structure, especially plasmon loss
peaks, yields important information about the electronic structure of
solids and the nature of the photoemission process itself.11 Surface
and bulk plasmon frequencies are easily determined via PES. Recent
studies of plasmon sateilites have relied on intensity analysis to
determine the importance of intrinsic versus extrinsic processés in

plasmon excitation.lz—15 This chapter is concerned mainly with the
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relation of experimentally observed plasmdn losS intensities to.the
inelastic mean free path (Aee) of photoelectrons propagating through.
a éample, and mb:e genegally the effect of Aee on observed PES spectra.
In this work, sﬁrface and bulk plasmon loss intensitiés normal-
ized to the main peak intensity were studied in the PES spectra of Al
and In. The variations of these relative intensities were étudied as
functions of electron take-off (for Al onlf) énd electron kinetic energy
Eo (which was varied using photons from a synchrotron radiation source).
These two parameters determine the effective sampling debth for the
photoelectrons which escape into the vacuum. During the course of these
studies, possible bindiné energy differences between bglk and surface
atoms and variations in the electronic density of states with surface
proximity were investigated utilizing surface sensitivity enhancement

techniques.

A. Experimental

The photoemission measurements reported in this paper were per=.
formed in two separate experimentél chambefs. The measurements in-
volving electron take-off éngle were conducted in a specially modified -
Hewlett-Packard Model HP 5950A electron spectrometer16 which utiliies
a monochromotized Al ka (hw = 1486.6 eV) radiation source. The disper-
sion compensation lens system has an electroﬁ angular acceptance cone
of approximately 15 msterad,17 which is sufficiently narrow to allow
angle-resolved studies. The details_of the angle variation procedpre

have been previously _reported.18 The measurments dealing with plasmon



-66-

intensity variations due ﬁo changes in initial electron kinetic energy
were performed in an ion-pumped UHV stainless steel bell jar system
installed on the 4° station of Beam Line I at the Stanford Synchrotrén
Radiation Laboratory (SSRL).19 The photon source was synchrotron radi-
ation fxom the electron-positron storage ring SPEAR at the_Stanford
Linear Accelerator Center (SLAC).  The radiation was monochromatized
and the photon energy was varied by a grazing incidence "grasshopper"
monochromator.20 Photoelectrons were energy analyzed with a double-pass
cylindrical ﬁirror analeer (CMA), Physical Electronicvaodel PHI
150255G. The experimental geometry is shown in Fig. 1. Note that the
experimental geometry was chosen to integrate over electron take-off
angles between normal and grazing escape.

A freshly evaporated aluminum film was used in the angle variation
studies. Possible carbon and oxygen contaminants were monitored by scan-
niﬁg the photoemission spectral regions near their respective ls binding
energies. .Contaminant levels were below the detection sensitivity of
XPS, i.e., less than 0.1 monolayer. The Al sample used for the Synchro-
tron radiation studies was an evap&rated film from a 99.999% pure foil
on a stainless steel substrate. Repeatedvdepositions of Al were required
to minimize the intensity of the oxide satellite of the Al 2p peak. The
base pressure of the systeﬁ was < 2 xlo_lo torr and the reiative inténsi—
ties of the Al 2p and its oxide satellite did not change during thg 26
hour duration of the experiment. The In sample was cut from an ingot qf
99.999% pure In. The sample was mechanically polished, then etched in

warm aqua regia immediately prior to installation in the experimental
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chamber. The base pressure in the chamber Qas 1x 10.-9 torr, as no bake-
out was performed. The sample was‘Ar% ion~-bombarded b;iefly to remove
bgurface impurities. The In spectra revealed no core line shifts due.fo
contamination.

In order to analyze the ;elative intensities of the core peaks and
plasmons, the spectra were ieast-squares fitted to Gaussian peak shapes

plus a background using the program GAMET.21

The overall spectral back-
ground and individual peak tail functions were chosen to yield é‘best
fit to the experimental data, and do not necessarily represent a justi-
fiable separation of physical effects (i.e. electron-hole coupling) from

the main peaks. However, processes causing peak asymmetries should be

self cancelling when considering relative intensities.

B. Surface Sensitivity Enhancement of Photoemission Measurements

1. Vvariation of effective escape depth with photoelectron take-off

In 1969 Harris22 showed that the surface sensitivity in Auger eiec—
"tron emission is enhanced by using low electron take-off angles ¢.
Enhancement of surface-sensitivity in XPS by this technique was first
demonstrated by Fraser et 21.23 and by Fadley 25_31.24 Subsequently
Fadley and.co-workers have.carried out detailed studies of the effects
of such parameters as surface roughness on the ¢-dependence of XPS
spectré'.25 This-section presents data illustrating the surface enhance-

ment effect for the 2s line of aluminum at XPS energies.
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Values of the electron attenuation length Aee have been measured
for a variety of solids by the use of such methods as overlayer deposi-
. 26-29 , o
tion. For XPS photoelectrons from loosely-bound orbitals (kinetic
energies ~ 1000 evV), the Aee values lie in the 15.30 & range. Thus in

. ' - .
normal emission the effective sampling depth Aee is 5-10 atomic layers.
: ]
Figure 2 illustrates the relation between'Aee and ¢, defined as the

angle between the electron propagation direction and the sample plane.

Clearly

A = Aee sin¢ . (2)

ee

Thus for Aee ~ 15-30 A, observation at practically achievable angles
(¢ ~ 5°—lO°) will give very high surface sensitivity.
Figure 3, which shows the Al 2s spectra taken at ¢ = 7.5° and
¢ = 51.5° from the samé Al film, demonstrates this sensitivity. The
Al film was freshly evaporated from an Al charge which was not completely
outgassed (the measurement at ¢ = 7.5 was obtained before that at
¢_é 51.5°). Spectrum (b) shows just one peak with an asymmetry to higher
binding energy which is often seen in meta}s and.generally attributed to

39,31

electron-hole coupling. However, spectrum (a) clearly reveals two

peaks, one due to the metal andléne due to a surface oxide. In the case
of Fig. 3, the surface sensitivity of spectrum (b) was increased by ap-
proximately a factor of six over that in spectrug (a). Thus-Aee in XPS.
can become as low as 2 A or nearly one atomic layer. Such surface sensi-
tivity enhancement should be of great utility in investigating surface
phenomena and in differentiating betﬁeen surface and bulk contributions

to XPS spectra. This is-a practical method of depth profiling in a non-
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destructive manner, i.e., without having a ion-sputter.

Figure 4 shows the Al 2s spectral region from ah evaporated metal
film in XPS measurements at threé different takeoff angles. The spéctra
show only the Al 2s core-level peak and the first surface ana bulk plas-
mon peaks. The binding energy of the Al 2s peak was measured to be
117.85 eV with respect ﬁo the Fermi level of Al. The surface and bulk
plasmon energies, 10.5 eV and 15.2 respectively, agree with previously
reported values (Ref. 12) and do nqt vary Qith take-off angle.

Inspection of Fig. 4 shﬁws that the surface plasmon loss peak in-
tensity increases greatly relative to both the primary peak and the bulk
plasmon peak as the electron take-off angle is decreased. This isvto_be
expécted because at low ¢ the escaping photoelectron has a lowervcompo-,
nent of velocity normal to the surface and thus "spends mofe time" in
the surface layer than an electron with higher ¢. The bulk plasmon peak'
intensity relative to the primary peak decreases only slightly_at lower

o. These observations will be discussed in more detail below.

2. Surface sensitiVity variation as a function of photoelectron kinetic

energy

The well known "universal curve", Fig. 5, illustrates the variatign
of electron attenuation length, or mean fiee path; with kinetic energy
for nearly all materials for which these determinations have been madé.32
The strong dependence of Aee on E_ suggests that PES experiments could be
performed utilizing different photon energies to selectively pfobeithe

electronic structure of solid surfaces; i.e., photon energies would be

chosen such that the photoelectrons from the peak being studied would
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have a kinetic energy corresponding to tﬁe minimum possible Aeé.' Un-
fortunately, there are too few discrete photon sources to carry out
extensive measurements of this type (Fig. 5 shows the main laboratory
sources now in use in relatiop to the univereal curve). However, syn-
chrotron radiation provides an intense source of c0ﬁtinuous radiation
throughout the range of interest. With proper monochromatization, it
is possible to obtain spectra throughout the universal cur&e and in paf-
ticular in the most surface-sensitive region. | |

Such experiments have been performed for the 130 eV < hw < 280 eV
photon energy range using synchrotron radiation to study the Al 2p peak
and with 80 eV < hw< 180 eV for the In 4d peak. These experiments were:
performed in an angle-integrated mode; i.e., utilizing the full accept-
ance cene of the CMA, due to the low count rates in the plasmon loss
peaks. The spectra for the Al 2p region including the bulk (B) and sur—‘
face (S) plasmons are given in Fig. 6 for several photon energies near
the minimum of the universal curve. As can be seen in these spectra, the
film is somewhat oxidized. For comparison, the A1.2p spectrum obtained
at XPS energies is given in Fig. 7. The surface and bulk plasmon ener-=
gies were independent of photoelectron kinetie energy. Representative
spectra from the In 44 region are shown in Fig. 8. The su{face and bulk
plasmon energies (8.6 and 11.7 eV respectively) displayed no measurable
dispersion. The In 44 XPS spectrum (after Ref. 12) is shown in Fig. 9

for comparison.
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3. Binding energies of bulk atoms vs. surface atoms.

Before discussing the plasmon intensity variations, some ancillary
results obtained during and in cpnjunction with the plasmon studies will
be presented. The effect of the solid vacuum interfere at the surface
blayer of a solid is a subject of considerable interest. Changes in both
the core binding enérgies.and the ﬁalence level density of étates from
the bulk values may be expected at the surface sihée each atom no longer
has a full complement of‘neighbor atoms. The surface sensitivity achiev-
able in PES measurements should illuminaté these points.

Several XPS spectra were taken of core-levels of Al ahd Ni films
which were freshly evaporated in situ under UHV conditions. These'films
exhibited no sign of contamination as revealed by in situ chemical anal-
ysis of core-level spectra of possible common contaminants. The measuré4
ments at low (¢ = 7.5°) and high (¢ = 51.5°) take-off angles found no
evidence for a difference between surface and bulk binding énergies,
referenced to the Fermi level, within *0.15 eV. The low angle spectrum
of Al (Fig. 4), did reveal a shoulder due to a minute amount of surfacg»
oxide ( < .05 monolayer).

. In the synchrotron radiation studies, the binding energies of the
In 4d peaks with respect to the In Ferni level shdwed no discernible
photon energy dependence. Also, there weré no observable satellites
attributable to surfacé atoms in the high resolution spectra taken of
the In 4d levels at surface sensitive electron energies. Further ev-
idence against large binding energy shifts of surface atoms came in

angle-resolved33 studies of the 4f levels of a clean platinum (111)
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single crystal surface. These étudies utilized different photon ener-
gies and electron take-off angles to vary the effective photoelectron
sampling depth. As in the other experiments, thére were no observablé
satellites or binding energy shifts in the most surface sensitiveIPES
spectra. The lack of a core level binding—ehergy shift between surface
and bulk atoms is surprising if one attempts to undersﬁand the condenéed—
phase core-level binding energies in terms‘of free-atom values. There
are large shifts (5-10 eV) from free atom values for condensed-phase
binding energies.34 These shifts are usually explained as arising from
combinations of differences in initial~state charge distribution and |
extraigtomic reléxation. Apparently these iﬁitial and final state ef-
fects are either very small or cancel each other to a large extent.
Further theoretical developments and experimental results are required

to determine the nature of such electronic structure and perhaps isolate

cases in which significant binding energy shifts due to atomic location -

exist.
' " 5 . .
Even though the calculation of Sohn, et al., indicate that sub-
stantial variations in the density of states occur as a function of depth

below a solid surface, experimental evidence for this effect collected

at SSRL are negative. ‘In general, PES studies of clean surfaces are

studies of bulk electronic properties.
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C. Photoelectron Energy Loss Mechanisms '

1. Angular dependence of Al plasmon loss intensities.

A general review of plasmon éxcitations in solids was given by
Raether.37 Compreﬁensive £heoretica1 treatments of the relatiéﬁfbetWeén .
electron mean free paths (MFP's) and plasmon satellite intensities were
given by Feibelman’ and‘éunjié and §ok5evié.ll The latter authors have
treated the specific example of plasmon loss strudigre from th? Al 2p
level. Reference 11 shall serve as a basis for thé?interpreta;ion of
the above experimental data. | {

If it is assumed that the bulk plasmon excitation process. is pre-

dominantly extrinsic and has the form (Ref. 13)

2

o
Is XB/(li-AB/Aee) (2)

where I; is the first bulk plasmon loss to main peak intensity,;atio,

AB is the electron MFP for bulk plasmon creation events, and Ae; is fhe‘
MFP for all collision processes, then Ig is independent of ¢. A further.
simple assumption, that surface plasmon excitation ﬁrobability is pro-
portional to the amount of time required for a phot§eleé£ron td traverse
the surface layer, yields a surface plasmon to main peak ratio‘KIg) pro-
portional to (sin,¢)_l. However, Refs. 9 and 11 have shown that the in-
troduction of‘a solid-vacuum interface alters the local character of buik
(and surface) plasmon excitations. Thus surface and bulk excitation

probabilities (QS and QB) become functions of the electron excitation

depth (L) and takeoff angle (¢) as well as electron kinetic engrgyf
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Figure 10 shows I; and IS

as fungtions of ASr and ¢ for photo-
velectrons excited from the Al 2p level with Mg Ko radiation (electron

kinetic energy = 1176 eV) where'ASr is the MFP due only to short-range

interactions (i.e. electron-hole.creation). The values.fo; Ig and I: -
were generated by fitting plasmon excitation probabilities QB and QS of
Fig. 5 in Ref. 11 to a series of line segments and performiné the inte-
gration of Eq. 21 in Ref. 11 analytically. Since gunjié and éok;evié_
presented plasmon eXcitation'probabilities for only three exit angles
(¢ =' 90°, 50°, and 20°), interpolated and extrapolatea QB and QS values
were used to compute the plasmon intensity angular dependence from nor-
mal to grazing ¢. Thus Fig. 10 is presented bnly to indicate trends.

The experimental data, presented in Taﬁle 1, represent mainly
plasmon loss structure following the Al 2s peak using Al Ko radiation
as an excitation source (kinetic energy = 1368 eV). However, itiis still
jﬁstified to compare the experimental data to Fig. 10 since Fig. 6 and
7 in Ref. 11 show that QB and QS for Al are insensitive to 200 eV dif-
ferences in electron kinetic energy for energies above 1 keV.

Direct comparisoniof the experimental results to Fig. 10 indicate
that the plasmon loss probabilities QB and Qs have been underestimated
in Ref. 11. However, the ratio I;/IZ (which is more sensitive to Aéeand
¢ than either Ig or Ig) may still be correctly predicted. Figure 11
(Ig/Ig versus ¢) was generated from a complete set of I; and IZ curves
taking Asr to be 25 A,39 Except for small angles, the resulting I;/Ig
curve follows the sin¢ prediction of the simple approximations men-
tioned at the beginning of this section. It is also seén that surpris-

ingly good agreement exists between the three experimental values and

the predicted I;/Ig ratios.
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The main point of disagreement between the predictions of Fig. 10

[e)

B ratio decreases

and the experimental results is that the observea I
with decreasing ¢.. That the computations prediét the opposite behavior
is most.likely due to.the rough parameterization and extrapolation of
‘the results of Ref. il. Since the sin ¢ behaviqr’of I;/Ig is valid over
a large angular range;.the variation of bulk plasmon excitations from a
local process occurs only in a region very.near the surface. For XPS
spectra with a large effective sampling depth, the observed electron

loss spectra can be interpreted mainly in terms of a MFP due to local

bulk plasmon excitations and short-range excitations. From the slope

of Ig (¢ = 90°) for large Asr one can approximate AB=:42A‘(AB is the
mean free path for bulk plasmon excitation). Thus, Aée==U\;t + X;l)—l

or 15.7A, which is close to the experimentally observed value of 18A

from Ref. 24.

2.. Kinetic energy dependence of Eg_and lg for Al and In.

C . . . ' o
The variations with electron kinetic energy of Ig and Is are shown

in Fig. 12 for the Al .2p case and in Fig. 13 for In 4d4. All spectra
were angle-integrated. A detailed interpretation is not feasible be-

cause no calculations are available which treat the explicit angle,

(o)

S in the energy range of these

energy, and Aee dependence of Ig and I
experiments.

An Al 2p oxide satellite peak appears in all the'spectfa in Fig;6
with ~30% the intensity of the main peak. However, the Al plasmon in-
tensities of this work agree well with the spectra of S. A. Flodstrom,

40 . _ ;
et al. 0 taken on an oxide-free sample at fewer energies. (see Fig. 12).
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The Al LMM Auger peak (evident at ~ 100 eV "binding energy" in the 170
eV photon energy spectrum of Fig. (6) renders an accurate determination
of Ig and I: impractical for photon energies 130 ev <hw<170 eV. Aléo,
for hw < 130 eV both a strongly nonlinear inelastic electron background
and rapidly decreasing plasmon intensities preclude accurate tracking of
Ig and Ig to their respective threshold energies.

Figure 12 shows that for‘electron kinetié energies. above 93 eV,
I; increases with energy while Ig decreases. The calculations of Ref.
11, which were all for initial electron kinetic energies 2 100 ev, sﬁowed
that the bulk plasmon excitation probability decreases with increasing
electron kinetic energy. This is consistent with the experimental re-
sults if Aee increases faster with kinetic energy than the bulk plas@on
excitation probability decreases. Figure 7 in Ref. 11 aléo shows that
the surface plasmon excitation probability can increase or decrease
rapidly in the energy range around 100 eV, depending on the effective
escape depth sampled. The observed slight decline in intensity is most
likely due to sufficiently large (~3A) and steadily increasing Aee for
electron kinetic energies between 93 and 193 eV. From Ref. 39 it is
seen that Aee in Al is predicted to be a minimum (~3A) at 50 eV and
rise to 6 A at 200 eV, which is in qualitative agreement with Fig. 5
(the calculations of Kleinman41 place the minimum of Aee near ‘15 eV and
are thus not in accord with experimental observations). At these low
electron kinetic energies much of the plaémon loss signal orginates in
a region where the bulk plasmon excitation process is non-local, thus

requiring very detailed calculations to predict the angle and energy

dependence of the plasmon loss peaks.
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The observed Ig/Ig ratio for Al at 53 eV is greater than or equal
to that in the range of 93-123 eV. By the;considerations of the pre-
ceding paragraph and Fig. 10 this would indicate that the minimum in Aee
occurs somewhere between 53 eV and 93 eV photoelectron kinetic energy.
In thié case a better determination is not possible due to the Auger
interference in.the région of interest. Further complications in.the
interpretation of plasmon intensity data may also arise due to elastic
electron scatterihg from the surface potential considered in Ref. 29.

The predicted Aee for In is lower than for Al at all electron

-kinetic energies,42 so surface effects should be more enhanced for In

over Al. 1Indeed it is observed (Figs. 6-9) that the ratio Ig/Ig for

In is much lower than for Al, although the bulk plasmon excitation prob--
ability is smaller for In. Figure 13 shows ;hat Ig'and Ig for In are
nearly equal over the range of elect;on energies 53-123 eV, and chaﬁge
little with energy. A narrow energyregion is obsered over which

Ig > Ig (hw=160 eV) and the intensities then invert (hw =180 eV). . The
electron kinetic energy of this very surface sensitive region is around
143 eV, which is near the bottom of the universal curve. However, there

may be a resonant process which accounts for the apparent narrow minimum

in Aee which has not been explored theoretically thus far.
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D. The Self Energy Perturbation in Photoemission

This chapter has demonstrated that surface sensitivity in PES cén
be greatly enhanced by either using‘low electron take-off angles or by
utilizing a photon energy such that the photoelectron kihetic energy is
near the minimum of the "universal curve". Further, the surface senéi4
tivity of a particular take-off angle and energy can be monitored by
observing surface and bulk plasmon loss intensities. The angular'depen-
dence of the bulk to surface plasmon loss feature ratios in photo-
emission spectra of Al was predicted quite well by §unjié and éokéevié}l

An important auxiliary result that arises in considering plasmon
loss phenomena is that the three step model of photoemission is not
valid for calculating plasmon excitation phenomena. Intrinsic plasmon
creation, i.e., a collective excitation produced by the "sudden" cre-
ation of a hole, is associated with the "first step" of photoemission
from a solid. Extrinsi¢ excitations are due to the coupling of the
photoelectron to the plasma modes, which occurs during the "transport
step." ‘The proper computation of the total plasmon creation probability
results from squaring the Hamiltonian matrix element which cdnnects the
éround state of the system to the excited state which is comprised of a
photoelectron and a plasmon. Thus, there are cross terms in the plasmon
excitation probability which contain contributions from both the "excita-
tion" and "transport" steps. This argument merely illustrates that fact
that photoemission is in essence a one step phenomenon, and thét the
three steps are in effect virtual éhenomena which are not physically

separable
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The question that must now- be addressed is how to.formulate a

one electron description of photoemission which retains most of the

'simplicity of the three step model (which has beén shown to be nearly

valid for no loss photoelectron features) yet recoghiZes thé true one
step nature of photoemission. A majdr improvement in the di;ect tran- -
sition theory outlined in Chapter III is the inclusion of a loss term
in the Hamiltonian of the system studied. This is achieved by defining
an imaginary component of the potential energy which is itself a func-
tion of the photoelecfron kineticvenergy. This term, known as the self
energy, accounts for the finite photoelectron inelastic mean free path
which is the result of such many body effeéts as plasmon or pair cre-
ation. The inclusion of the self energy into the éhotoemission model
being constructed and its physical consequences are the dbminant topics

of the next chapter.
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Table I

Angular Dependence of Al Plasmons in XPS

Plasmon loss structure Take-off angle
54 38° 7.5°
o .
Al 2p IS 0.17(1)
o
Al 2p IB . o 0.57(2)
Al 2s I 0.11(1) 0.14(1) 0.22(3)

wo ®no

Al 2s T 0.55(2) 0.58(3) 0.46(6)




FIGURE CAPTIONS -

Fig. 1. Experiméntél geometry. for the experiments performed using
fhe storage ring SPEAR as a source of synchrotron radiation
is shown. The angle of the sample with the CMA symmetry
éxis waé choseh-to maxiﬁize the count rate with the angle
between the incident photon beam and the CMA symmetry axis
fixed. The cross-hatched area illustrates the acceptance

cone of the CMA.

Fig. 2. The ekperimental éeometry for the XPS angle resolved exper-
iments is shown, illustrating the concept.of effective samp-
ling depth, A;e (Eq. 1). The photon source, monochromatized
Al Ko radiation, is fixed with respect to the electron

analyzer.

' Fig. 3. The XPS spectra of the Al 2s region of an oxidized evaporated
film is shown. The oxide peak is greatly enhanced at low
take-off angle because of the increased surface sensitivity

with smaller effective sampling depth.

Fig. 4. The Al 2s spectr;l region as a function of take-off angle
obtained using Ai Ko x-rays. Note that the spectrum taken
at ¢ = 7.5° shows a sliéht shoulder at higher binding ener—:
gies due to oxide contamination, even though a scan of the

0 1ls region revealed no detectable signal.
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This is a representation of the universal curve—the electron
attenuation léngth (Aee) as a function of electron kinetic
energy. Superimposed on this plot are discrete laboratory

photon sources which are commonly used in PES. o , .

The Al 2p spectral region at various photon energies in the
ultra-soft x-ray regimé; 'The iﬂ-éiEE evaporated Al film had
an oxide component, séen as a shoulder on the Al 2s peak at
higher binding energy. The spectra broaden at higher photon
energies due to the degradation of the monochromator resolu-

tion.

The Al 2p spectral region obtained with Al Ko (hw~1486 ev)

radiation is shown for a takeoff angle of 38°.

The In 4d spectral region obtained at various photon energies
in the ultra-soft x-ray regime. Note the change in plasmon

loss peak intensities between 160 eV and 180 eV.
The In 44 spectral region obtained with Al Ko radiation.

This figure shows the predicted dependence fof Mg Ko excita-
tion of the first surface and first bulk Al 2p plasmon loss
peak intensities normalized to the main peak (IZ and Ig) on
take-off angle and Asr’ the mean free path for short range

inelastic collisions. : : .
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Variation of the surfaée to bulk plasmon ratios (Ig/I:) as

a function of electron take-off angle ¢ is shown. The solid

‘line is the predicted ratio variation from Fig. 10 assuming

an electron_'Aee of 25 A, The dashed continuation of the solid
curve is proportional to sin ¢. Experimental values obtained
in this study are shown with error bars to denote the uncer-

tainty in the plasmon peak intensity determination.

Variation of the normalized Al bulk and surface plasmon loss
peakiintensities (Ig and I:) with energy (bottom). The filled
circles and the crosses repregent Ig and Ig respeétively from
this work; the filled diamonds and squares represent the data
of Ref. 40. The top portion shows the ratio Ig/Ig:(filled'

circles from this work, filled squares from Ref. 40).

The variation of Ig (filled circles) and Ig (crosses) for -

plasmon losses following the In 4d peak as a function of

photon energy.
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V. FINAL STATE CRYSTAL MOMENTUM BROADENING

The direct transition ﬁodel'was outlined in chapter III and shown

. to be generally valid for interpretting ARPES spectra from Cu single
crystal faces. The model as presented so fsr has considered transitions
in an infinite'crystal lattice; the effects of electrcn transport to

the surface, tﬁe interface region itself, and escape’of'the.photoelectren
into vacuum on the measuredvphotocurrent have been ignored. vHéwever,
chapter IV was devoted to the observation of transport effects in
photoemission spectra, in particular the existence of a finite inelastic
mean free path of hot electrons due to energy loss to plasmon modes and
the cfeation of electron-hole pairs. 1In this chapter, the Cu ARPES
spectra presented earlier wiil be reexaﬁined to analyse the:effect that
the solid-vacuum interface and photocurrent damping have on measured

" photoelectron energy distributions.

A. Electron Transport and Crystal Momentum Broadening

The influence of.the surface and inelastic scattering have been
considered previously for both LEED1 and photoemission - processes.
Figure 1 is a representation of a photoemission process which raises
an electron ffom a free electron-like bulk energy band to a continuum
state in the crystal. Due to scattering processes, photoelectrons
created more deeply within the solid have a smaller probability of
reaching the surface, escaping into the vecuum, and Seing counted by an

electron detector. This is the physical basis for the damping of the

excited state wavefunction into the solid. Mathematically this damping
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arises from an imaginary componentAof tﬁe potential energy, the self-
enérgy term, in the hot electron Hamiltonian.

To see the effect of the.self-energy in photoemission, the transi—_
tion matrix element'(Chabter III, Eg. 2) may be evaluated using a damped

)y =

>
plane wave for the final state inside the crystal, ie. |Ef,kf

-> -> A~ . . . ’
exp(ik_.*r)exp(0z), where the z direction is taken to be the outward

£

pointing surface normal. The‘factor 0 is most easily related to the

photoelectron mean free path £ and the angle 6 between the momentum

A 5
vector and z by

w1
~ fLcosh

(1)

. Evaluating the transition matrix element in this approximation

yields

X-;IE ,K.)IZ o coszyéi(ﬁf)l Zexp[i(zf—ﬁi)-ﬁ]exp(aRz)|2 . (2)
1
Since the suﬁmation is now only over a half space and each exponential
is weighted by a damping tgrm, the strict crystalAmomentum conservation
condition (delta function) is né longer valid. To obtain an idea of how
severely the direct transition requirements are violated, the summation
in Eg. (2) can be evaluated by considering consecutive layers parallel ' v
to the surface. The phase factors are summed within each layer first, |
then the resulting layer phase factors are summed slab by slab,

beginning with the surface, as illustrated by
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r lX';‘E.,k. )I2 = I Zexp[i(;f—zi) ‘;+0La] 2 exp[i(-lzf-zi) °-ﬁ|‘|3 1 12 (3)
a gl

> _ ' >

where a is the layer index and {Rm} are all the lattice points within
- | *a | . s

the layer a. The sum over R“ in Eq. (3) yields the condition that the
crystal momentum parallel to the surface for a photoemission transition
must be conserved modulo a surface parallel reciprocal lattice vector
> . : '
G“, in direct analogy with the three dimensional case presented for the

1,2

infinite solid in Eq. (4) of chapter III. ' The summation over the

layer indices may be treated as a sum of a geometrical series and,

neglecting cross terms, yields the approximate solution2’3’6

Lo > S 2 1 1
| 1 explitk k) a+eal|” « 5 ——03 — (4)
5 a® o+ (k%)) -G

a : - £

This Lorentzian constraint, rather than requiring a strict conservation
rule for the component of photoelectron momentum normal to the surface

c _ .
(kfh_ {(as a delta function does), allows a finite distribution of momenta
. N _
about the value of Gy (the surface normal reciprocal lattice vector)
that is specified by the vertical transition requirement in an infinite
lattice. Thus, the surface perpendicular component of the final state
momentum suffers a total broadening Akl comparable to 2a, which is the
FWHM of the Lorentzian distribution. The momentum constraint approaches
. 2 2 : . > .
a delta function for a"a” <1, or in other terms k, is very nearly a

> 6 . .
good quantum number (ie. conserved modulo Ql) for fcos®*a, which is

neariy always the case for photoelectrons emitted normal to a Cu surface.
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This modified direct transition model explains trends observed
in the ARPES spectra of Chap. III quite well. Figure 2 concentrates
on spectra collected from 32 to 160 eV photon energy normal ﬁo the (110)
surface of a.copper single crystal. in Chap. III (Fig. 4) the peak
positions of these spectra are well correlated by considering direct
transitions from Burdick‘s7 initial state bands to an empty lattice
final state.8’9 Inspection of the experimentai band structure generated
by the ARPES spectra reveals that photon energies of 45 eV and 130 eV
probe very similar areas of the initial.state band structure. Yet the
prominent band 6 featuie observed at 0.5 eV EB in the 45 eV spectrum8 is
completely missing from that at 130 eV. This large difference in the
photoelectron energy distribution curves is due to the volume of the B2
{(number of initial States) sampled at the two differenf photon (photo-
electron) energies.

Momehtum broadening due to finite inelastic mean free path effects
certainly plays a major part in the form of the spectra studied above.
Figqure 3 shows a plot of the inelastic mean free path of hot electrons
in Cu10 as a function of electron kin;tic energy. From the consideratiﬁns
of Eg. (4) above, kl momentum broadening should be much more severe for
the hv = 130 eV transition. Since the layer spacing in the [110]
direction of Cu is 1.81 A, the a/f ratio predicted from Fig. 3 for the
45 eV (130 eV) transition is ~0.22 (~0.60), which cofresponds ﬁo a final
state FWHM momentum broadening of ~6% (~20%) of the BZ dimensions. These

final state broadenings are represented schematically in Fig. 4. Also

represented in this figure isAthe angular acceptance of the electron
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eﬁergy analyzer in terms of %l projected back into the first BZ. From-
this projection it is seen that for a fixed angular resolution, the
number of initial states sampled increases with increasing photoelectron
kinetic energy. The total effec; for the two cases considered here is
that the.volume of the first BZ sampled by the ARPES spectra at 130 ev
is roughly twenty times that accessedvat 45 eV photon energy.

Some important general considerations arise from this observation.
Due to the dispersion of the initial state bands, changes in the ﬁomentum
space region sampled in ARPES cén cause_very‘large changes in the observed
photoelectron energy distribution curves. Slight momentum broadenings
can cause large spectral energy broadenings. Also, even ﬂear the minimum
of the inelastic mean free path versus photoelectron kinetic energy curve
(where broadening in k is maximized) the momentum broadening for Cu'is
‘ still small with respect to the BZ dimensions, which shows that a ohe |
dimensional density of states model is invalid even for this case.
However, even though the broadening is relatively small, it can
drastically smear out features in the initial state bands. Thus, the
enhancement of surface sensitivity is realized at the cost of broadening
of the final momentum states and thé resultant loss of initial state
specifiéity. One final point is that the width of features observed
in ARPES spectra depends upon both the final momentum state width and thg
energyvdispersion.of the initial state bands. Thus, in order to obtain
information about inelastic mean free paths frbm peak widths™’  in angie
resolved EDC's of valencevbands; initial state dispersion information

is necessary; in cases where the initial state bands are flat, no such

correlation is possible.
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B. Band Gap Photoemission

A topic closely related to inelastic collisional damping of
photoelectron states is the excitation of electrons into bapd gaps.

In a band gap region the electronic states are not propagating, thus the
complex wavevector has a significant imaginary part. Figure 5 illustrates
the nature of‘the wavefunctions involved. Even though the wavefunction
is strongly damped inside the érystal, it can couple at the surface to

a plane wave state which can carry electron flux away fromvthe crystal.

A simplified physical explanation for this pheomenon is that due
to the spacing and orientation of the crystalline planes electrbns
initially traveling in a certain direction withva specified energy
suffer strong elastic scattering (viz. Bragg scattering) into other
directions. This short elastic mean free path accounts for the peaks
observed in LEED spot inténsity versus beam voltage measurements.l
Conversely, band gap photoelectrons originating inside a solid are
very likely to be scattered into a new direction before reaching the
crystal surface. However, the possibility of photoelectrons elastically
scattering into this direction and consequently escaping into the vacuum
is also present.

Band gap photoemission potentially has extreme surface sensitivity,
but at the cost of retaining practically no momentum specificity
(perhaps a true one dimensional density of states regime).3'4 Most
' observations of band gap photoemissionll'f2 have been for transitions
into the gap between the vacuum level anq_the bottom of.the lowest

unbound conduction band for emission normél to several single crystal
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faces. Emission directly into these gaps is not yet completelyvunder-
stood. ‘Theyrafe usually evident in the low kinetic energy pdrtions.of
photoelectron EDC's as an attenuatioh in the "inelastic tail."

However, a rather interesting band gap occurs in the band structure
of copper for the [211] momentum space direction in the range 12-16 eV
above the Fermi level. Figure 6 shows the Cu energy bands for this
directidn up to 25 eV above EF. This figure was derived from an
interpolation scheme13 fit to Burdick's gréund state bands, so the
precise location and size of the band gap are uncertain. Normal emission
ARPES spectra obtained using two different photon pblarizations
(Chap. III) are compared for several photon energies in Fig. 7. Only
the spectra obtained using hv = 14 and 16 eV are not interpretabie from
direct transition theory, and these are thé two spectra for which the
final states are predicted to fall in the band gap shown in.Fig. 6.

_The séectra at these two photon energies show considerabie polarization
dependence. Also, they do not appear to bé-manifesting a one dimensional
density of states behavior, although the number of peaks evideht and
their width suggests considerable final state momentum broadening. The .
amount of surface layer specific information these spectra contains is
potentially high, but atbpresent the nature of this particular surface
and final state band are not well enough understood to allow a detai;ed
interpretation; Extending band structure calculations to higher
enerdies and LEED calculations to léwer energieé to cover this electron
energy region so important to photoemission.should help greatly in

understanding band gap photoemission as well as aid the interpretation

of other photoemission,results.
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FIGURE CAPTIONS

A schematic”representation'of the wavefunqtions and energy '
levels involved in a photoemission»transition froﬁ a bulk,
free-electron%like'initial state Ej’ﬁi ) to a damped final
state |Ef,zf,) which is matched to a.free electronic state

propagating in the Z direction outside the solid. The inner

- potential of the solid is a step function of magnitude_vo,

‘with the step chosen at some distance outside the first atomic

layer of the solid. The measured electron kinetic energy Ekin'
is related to the initial state binding energy Eé.by the
modified Einstein relationvEB =B, * ¢ - hv,‘where ¢ is the
work function.

ARPES spectra collected normal to the (110) face of.a Cu single
crystai for photon énergies between 32 and 160 eV.
Photoelectron mean free path in Cu asba function of kinetic
energy obtained from Ref. 9. No data are available for the
dashed region of the éurve.

Illustration of the number of initial states sampled in ARPES
spectra due to momentum bfoadening and finite acceptance angle
measurements. The top portion of the figure shows the
broadening in k” of the final (and initial) states detected as
a function of photon énergy for a fixed angular acceptance of -
24 msterad. (5° half angle cone). Within ﬁhe extended zone
scheme plot of the Cu bands along K-I'-K (ie. Cu (110) face

normal ARPES) are superimposed the final state bands (showing



Fig. 5.

Fig. 6.

Fig.. 7.
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the FWHM broadening due to inelastic effects) accessed by

Photon energies of 45 and 130 eV. The total increase in the

initial states sampled at-hvl= 130 ev accbunts for most of the
differences obsérved in the ABPES séectra.

A schematic representation of the wavefunctions and energy
levels involved in a photoemission transition from a bulk,
free-electron-like initial state |Ej,Ki ) to a final state
lEf,zf > that lies in a band gap and is thus severely aamped.'

The band structure for Cu corresponding to electron momentum

in the [211] direction of the crystal extending to 30 eV above

EF. The bands were generated by an interpolation scheme fit

to Burdick's bands, andvillustrate the band gap in the final
states sampled in photoemission for electron energies 10-13 eV
above EF'

Comparison of normal emission ARPES spectra collected frdmva

Cu (211) crystal face for two different polarizations (inset).
The spectra collected at photon energies of 14 and 16 eVZaré
those for which emission from the Cu d-bands should fall in the
final-state band gap. The spectra at these photon energies
display considerable polarization dependence, but do not appear

to be related to the initial state band structure in any simple

manner as all the other spectra collected from this face do.
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*
VI. -THE SOLID-VACUUM INTERFACE

This chapter is concerned with the influence of the solid-vacuum
'interface on ARPES spectra obtained from Cu single crystals. In partic-
ular, the first direct measurement of the refraction of a photoelectron
as it crosses the solid-vacuum interface is presented. It is also
shown that copper exhibits a small amount of surface photoemission, rel-
ative to direct transition processes, for large angles of incidence of
p-polarized light. Finally, the utiliéationvoff—normal photoemission
orientations is shown to be a useful technique to suppress surface con-
tributions to ARP spectra, allqwing'bulk direct transition features to
be more clearly resolved.

For this study, the "band six" peak which has been observed for
hv = 45 eV in normal photoemission from Cu(l110) was chosen. As dis-
cussed previously, this resonance arises from a direct transition in-
volving the Vﬁ closest to the Fermi 1eve1 (EF) at k = (-0.5, -0.5, 0),
in unit; of 2m/a (where a is the.lattice constant of Cu), as shown in
Fig. 1. Photoelectrons created by this transition travel along the
[110] direction inside the crystal and thus provide a sensitive indica-

tor for directional effects in ARP.

A. Experimental

The experiment was performed utilizing the variable photon energy
source available at the 4° éort of Beam Line I at the Stanford Synchro-

tron Radiation Laboratory (SSRL).l The experimental chamber and sample
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preparation have been described in detail elsewhere.2 Variation of the
polar‘photoelectron gmission angle ) (meaéured with respect to thersur-
face normal) was achievea by'rotating thé crystal about an.axis (here-
after called the crystal-rocking axis) ?erpendicular to theFPoynting
vector g of the source light and to the axis of the photoelectron'déteé—

. . >
‘tion cone defined by the final-state momentum k_ (for a fixed angle be-

£
>
tween S and kf).
Two different orientations of the crystal-rocking axis with re-
T . . o
spect to the polarization direction e (for uU(t) = yocos(wt)) of the
light were investigated. In the first mode (utilized in previous stud-
. 2 >
ies of ARP from Cu surfaces) the radiation was p-polarized with Y

-

-> . ' -
in the plane containing S and k_, at an angle of 27.3° frpm k

£ £ In the

seéond mode, ﬁ; was parallel to the crystal-rocking axis, with ﬁf 132°
from g. Thus, the incident light was s—polarized with respect to the
sample surface, and (Kf°ﬁ§) for all choices ¢f 6 was equal to zero.
This second configuration yielded no useful spectra, as discussed in
Section IV.

The samples were single crystals of Cu cut along the (100), (110),
and (111) planes. Sample preparation included azimuthal orientatidn-of
the qrystal on the sample holder. The crystals were mounted on a PHI
model 10-504 precision manipulator with whicﬁ the relative sample pésif
tions could be measured to within +0.5°. The absolute orieqtations Qf
the crystal on thevmanipulator were checked using Laue back-reflectiqn’
photography énd found to be withip +2° for all axis. Short cycles of

+ : : v
Ar bombardment and annealing with an electron gun produced crystal
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surfaces free of detecﬁable contaminants, as determined by iE.EiEE
chemical analeis (photoemission spectra taken at different photon
energies to enhance possible contaminant peaks with respéct to the Cu
substrate), Contaminants remained undetectable for the c.a. 10 hour
duration of the experiments, which were performed at pressures less

© Torr. Spectra taken at the beginning and end of each

than 5 x 10 ©
run -were essentially identical.

Spectra collected in the first crystal-rocking geometry discussed
above are shown in Figs. 2-5. Each figure displays VB spectra as a
function of 0 near the [110] axis for four different crystal orienté4
tions, shown in the inset of each figure. Common to all figures is the
trend observed for the band éix resonance. This feature exhibits ex-
treme angular sensitiQity; it appears with appreciable intensity only
for if within +10° of the [110] axis in Figs. 3 and 5.

The most interesting information, however, is contained in the

striking differences observed in the corresponding spectra of the dif-

ferent figures. Comparing the spectra for equivalent crystal-rocking axis

orientation with respect to the crystalline axes (i.e., Figs. 2 and 4
with Figs. 3 and 5, respectively) reveals that the band six peak does
not appear along the external projection of the [110] axis for off-
normal photoemission (Figs. 2 and 4), but is shifted significantly
toward the sample surface. Further differences among these spectra are
noted in the "d-band" region; spectra with similar band six intensities
exhibit features at equivalent binding energies, but the relative inten-

sities of the features often differ drastically. An important difference
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between spectra Qith similar crystalliné orientations is that‘thé.peaks
observed in off-normal photoemission are generally sharper and more pfo—
nounced than their near-normal emission (Figs. 3 and 5) counterparté.

Large differences are also observed between the correspondiné
spéctra of Figs. 3 and 5, for which the azimuthal’crystal orientation
‘differed by 90°. The relative héight of the band six peak'with r;spect
to the main d-bands is different for the two orientations. Equally

remarkable is the valence region just above the peak at 2.5 eV E the

B
spectra of Fig. 5 exhibit a strong peak between 3 and 4 eV Eg for 8=0°,
whereas those of Fig. 3 reveal only a weak shoulder. Also, the spectra
within each figure do not display symmetry about the [110] axis.

Finally, an important experimental observation arose from the-
second crystal-rocking axis orientation described in Chapter III.B. In
this geometry, the phétoemission intensity was c.a. two orders of magni-
tude lower than in the first mode in the photon energy range available
(40-200 eV); Unfortunately, such low intensity precluded collecting use-
ful spectra in the amount of beam time available, even in the region of

. . - 1
maximum transmission of the monochromator (150 eV).

B. 1Influence of the Surface ig;Photoemission

1. Initial states sampled

According to the theories outlined earlier, the constraints of

energy and momentum conservation greatly restricts the portion of the

1,3

initial states in the Brillouin Zone (BZ) sampled in ARP. For normal

+ .
emission measurements, the region of k-space sampled may be approximated
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by a cylinder of radius |Ak”|, determined by the finite angular res-
olution of the analyzer, and height lAkll' the consequence of momentum
broadening in the final state due to the short inelastic mean-frée—path
of_the photoélectron in_ﬁhe solid.4’5 In terms of the spectra taken in
normal'emission geometries, the i-space cylinder sampled had a radius of
0.19'(5° half-angle aperﬁure) and a height of 0.07 (8A& mean free pa_th)2
in units of 27m/a, for a total volume of 0.2% that of the BZ. We note
that in this case kl is nearly conserved.

The sampling cylinder becomes distorted for off-normal photoemis-
sion geometries. This distortion, however,-is small for all the speétra
reported here and does not significantly alter the shape of the i-space
sampling region. Observation of equivalent symmetry directions for dif-
ferent emission angles is:also complicated by different evolution of the
sampling volume through E¥space with the energy of the final state, but -
again this éffect is small for the orientations reported'here. Although
refractionrof the radiation at the metal surface can be appreciable
(2°-6° for our geometries), the photon momentum Eﬁv for hv = 45 eV is
so small that this has a negligible effect on the momentum selection
rules. Thus, to a good approximation, the only effect of varying 6 is
to change the portion of the initiallstate BZ sampled. Observation of
ARP spectra in equivalent crystalline orientations (corrected for refrac-

tion outside the crystal) should differ only due to surface effects.
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2. Electron refraction

One of the most importaﬁt surface .effects and the least studied
experimentally is the refraction of the escaping photoelectron.as it
traﬁsverses the potential'barrier at the surface. This particular effect
has received some theoretical éonsideration,6 but has been deemed to be
unimportant experimentally for electrons with kinetic energy greater
than about 20 eV.5 This subchaptef considers this effect and the in-
formation that the above data provides concerning it.

The conservation laws determining the behavior of an dff—nOrmal
photoemitted electron as it transverses thé solid-vacuum interface en-
route to the analyzer have been discussed in detail,by‘Mahan.6 If E~is
the wavevector of the photoelectron inside the crystal, it is related to
the free eleétron wavevector E outside the crystal by the followin§

relationships:

o, = (1)
P =9

2
hl/om* (|p, |2 - |q |?) = E(m/m* - 1) - v_. (2)
1 d B o
- . -> > . >
"Here Py and q, are the surface normal components of p and q, while ﬁl
->

and q" are the parallel components. Vo denotes the inner potential; the
energy difference between the zero of energy inside the crystal and the
vacuum level. As seen from Eq. (2), electron refraction in this simple .
model depends on both the ratio of the effective mass of the electron
(m*) inside the crystal to that outside (m-the free electron value) and

the magnitude of the inner potential. The angle 0 between the emerging

-5
photoelectron and the surface normal n becomes
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‘0 = arcsin[(m*(E + Vo)/mE)l/zsineﬂ,' (3)

where €' is the angle between the photoelectron and K inside the crystal
and E is the measured kinetic energy of the detected photoelectron.

The validity of Eq. (4)>in photoemission has been assumed in the past

for m* = m. To the best of our knowledge, howe&er{ no previous exper-
imental test of the relation batween 8 and 8' exits. It is easy to
understand why, however. In order to know 6' accurately, a distinctive
ARP feature in the bulk photoemission spectrum (that is a feature nar-
roﬁly restricted in angle) is necessary. The band six resonance provides
such a feature and was discovered only recentl_y.7

The inner potential Vo is usually takan as the sum of the work
function for the particular surface in question and the separation be-
tween the zero of energy for the free electron bands and the Fermi level
(8.9 eV in copper), which yields a VO of ~ 13.8 eV. We may thus predict
the surface rafraction for photoelectrons with a particular Ef inaide'
the sample. 1In particuiar, for electrons originating from the band six
peak in copper in the [liO] direction at 45 eV (using V_ = 13.8 eV and
m* = m) Eq. (1) predicts refraction angles (8 -8') of 10° and 7° for
photoemission from (lOOY and (111) surfaces, respectively.

Inspection of Fig. 6 (parts a and c) indicates that the observed
refraction angles are both ~5° larger than predicted above, a difference
consiaerably greater than the estimated 2° uncertainty associated with
the measurements. Using the measured values ofve to determine Vo from
Eq. (4) (m* = m) yields an inner potential of 18-20 eV. However, the

inner potential for hot electrons should be less than that for valence
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electrqns, due to the decrease in magnitude of the exchange-correlation
poten_tial8 with increasing electron energy. _Thus, another effect must
bé important in deterﬁining electron fefraction. To ascertain if tﬂe_
calculated electron refraction is sensitive to the form of‘the potential,

as noted by Gartland and Slagsvold9 for 5 eV photoelectrons, the step

potential was replaced by a softer potential of the form V(z) = a/{(c+2z),

where a and ¢ are constants and z > 0 measures the distance of the éhoto-
electron from the surface, fo account rﬁughly for the image chargé in-~ |
duced in the metal by the photoelectron.lo’vll The recalculaﬁed refrac-
tion angles as functidns of the parameters a and c revealed that for_gi
final state electron energy of 40 eV, there is no significant_differencg
in refraction angle caused by the two potentials (i:e., A8 < .2°).

If the position is taken that Vo is fixed at near 14 eV fqr copper
(this is certainly an upper limit for hot.electrons), two possible
causes remain for the unexpectedly large refraction angles. Since
h2k2/2m is effectively a measured quantity, and Vo is taken to be fixgd,
the data can be fit by Egs. (2) and (3) only Sy increasing m*. An ef-
fective mass of m* = 1.15 m (and Vo = 13.8 eV) yields 6 = 45.5 and
61.7 for the (111) and (100) faces, respectively; That m* may assume
a.value other than thg free electron vélue for the final atate photo-;,'
eléctron.is shown to be plausible in Fig. 1. The nominally observed
final state for a = (fO.S,.—O.S, 0) and G = (2, 2, o) is degenerate
with another band ofvfhe same symmetry (Zl) arising from G = (0; 0, 2).
The perturbation of the levels should be small, as they mix through a

Fourier potential component U_ for G = (2,'2, 2). However, the inter-

G

action may be large enough to affect the hot electron group velocity,'
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i.e., induce an.effective mass different from the free electron value.
.Furthermore, Moruzzi, et al. find that a value of m* = 1.68 m for hot
electrons 20 eV above the Fermi level allowé a good fit of their calcu-
lated Cu band structure to photoemission data.12

" The other possible cause of large refraction angles is surface
roughness. It is not plear, however, exactly how surface roughness
would affect the observed vaiﬁes of Q. In fact ﬁhe effects on 0 for all
the geometries studied in this work are expected to be model-dependent
and quite small for plaﬁsible models.l3 - It seems very unlikély that an
increase in © by as much as 5° could arise from surface roughness. A
more probable result of:surface roughness is a spread in 6, and in this
connection, it is noted that the band six resonance persisté over a
laréer range of angles for the off-normal geometriés than would be ek—

pected from the normal-geometry photoemission experiments on the (110)

face.

3. Light polarization effects

In addition to the conservation laws discussed above,'photoelec—”
tron transitions must satisfy dipole selection rules. For ARPES from
single crystals, the location of the analyzer specifies the symmetry of
the final states detected. Specifically, for emission in the [110]
direction the axis of the sampling cylinder will coincide with the
I' - K- X 1line in EFspace, and the final state must have Zl symmetry.l4
The selection rules governing transitions into the final Zl state are
that, for components of the light polarization vector :L parallel to
the [110], [100], and [110] axes, emission will be allowed frém Zl, 23,

24 initial states, resp.ectively.14 Due to the dipole nature of the
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excitation process, 22 bands should not be;seen. For all the specfra'
in Figs. 2-5 there is a vefy large component of the photon polarizatioh
vector in the [110] crystalline direction, accounting in part for the
high intensity of the band six peak, whiéh'has Zi s&mmetry ahd a large
amount of.d-character'in an LCAO tight-binding sense.7 An impdrtant
observation is that Zl symmetry bands that are predominantly s-derived
‘do not have a iarge cross-section.

Comparison of the normal emission spectra for the two azimuthal
orientations (Fig. 75 reveals a considerable polarization dependence in
the spectra. Table I presents the direction cosines for the polarization
vector relative to the [110], [100], and [110] crystal axes. Results are
presented based on the angle of inéidence of the light beam and also for
the estimated orientation of the polarization vector inside the metal.
The refraction of the light at the surface was estimated from Snell's
Law using a refractive index n = 0.949 determined experimentally1 for
hv = 45 ev,

The spectra in Fig. 7 indicate qualitative agreement with the dif-
‘ferences in the selection rules for the two azimuthal orientations. 1In
Fig. 7a and 7b the lower binding energy portion is enhanced with respeét-
to the rest of the valence band due to the allowed transitions from the‘v
24 state at 2.8 eV EB. The large intensity of the higher binding energy
portion of the "d-band" region in Fig. 7¢ and 74 can be understood in
terms of the aliowed transition from the Z3vinitial state at 3.7 e?IEB;
However, polarizatién selection rules do not account for the strbng in-
teﬂsity observed in all spectra at 2.5 ev EB. For a prim;ry»cone direct

transition process, the band corresponding to this binding energy has 22
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symmetry and should not contribute to the photocurrent in the [110]
direction. Secondary cone emission for these final state energies is
probably very small. Thus, the intensity in this spectfal region 'is
most likely due to indirect transitioné. This is'supportéd by the fact
that the high temperature ARP spectrum of‘the baﬁd six resonance region,
which emphasizes indirect.transitions due to thermal-disordér, is peaked
stropgly at 2.8 eV EB.l6 ‘

Another important polarization effect in photoemission ariées from
tﬁe interaction of the photon electric field vector E (parallel‘to J;)
with the metal surface. As discussed by Kleiwer,'17 p—polarized light
can cause a significant surfacé photoeffect, i.e., indirect transitions
caused by the interaction of the time-varying electric field with the
metal surface; These interactions are weighted by a factor of l/l;lz,
where 3 is thé difference in wavevector between the normal direct transi-
tion channel and the indirect transition channel. Thus, most indirect
transitions will occur in an area of ﬁ-space localized near the direct
transition channel.

Surface photoemission is expected to contribute most heavily to
ARP spectra for near grazing incidence p-polarized radiétion and normal
electron emission diréctions.l7 Thus, the enhanced peak structure in the
off-normal spectra (compare especially Fig. 7a to Fig. 7b and Fig. 7c to
Fig. 7d) may be explained by the reduced yield of indirect transitions
due to the surface effect. The off-normal spectra of Figs. 2 énd 4 have
generally sharper and narrower features than their near normal emission
counterparts in Figs. 3 and 5. This is actually contrary to the expecta-

tions of peak broadening by an increase in the number of momentum states
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allowed when the effective photoelectron sampling depth is reduced by
the loWer emission- angles. Thus, some broadening mechanism mustvbe pres-
ent for the normal emission caée, and that.bioadening-is apparently quite
severe. Nevertheless, the photoemission‘spectra from Cu(liO) are dom-
inated by direct transition processes -for the range of photon energies
4s eV < hv < 160 eV. "Surface emission" accounts for relativel? little
of the observed intehsity for hv = 45 eV even if the differences betwéeh
Figs. 7a and 7b .and Figs. 7c and 74 are totally due to the surface effect.
The effect of the polarization vector in determining the magnitude
of the transition matrix elements should also be mentioned. In the sim-
ple free-electron final-state picture_18 the intensity of é photoelectron
transition is weighted by a cosza term, where o is the angle between ﬁ;
and Ké. Smith, et al.1l routinelybcollect ARP spectra in the photon 

energy region below 20 eV for o = 90°. They explain the photoemission

final state as a Bloch sum of plane waves,

> -> - > >
k) = )¢ (kpexp(-ilk; + ©) )
-

G

(@)

' ->
that can allow emission into any direction with respect to lo because

; > o
of the sum over the reciprocal lattice vectors G. However, the co-
N . 3 -> + . 3 3 ]
efficients Q+(kf) for IG] > 0 are expected to decrease with, increasing
final-state energy, leading to a more plane wave-like final-state. This
is in fact observed experimentally; the photoemission yield for an orien-

> > _ - '
tatipn with k_* o = 0 for photon energies 2 40 eV is considerably lower

£

(about two orders of“magnitude) than that for the orientation utilized
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to collect the spectra presented here. This would indicate that in this
energy range initial states allowed by the component of the polarization
vector in the detector direction will be strongly enhanced over the

other possible transitions.

cC. Summafy

AFinally, possible spectral effects due to deviations from the bulk
band strucfure as the final—stafe‘becomes more surface sensitive should
be mentioned. The most speetacular surface specific effect is the appear-
ance of photoemission from surface states. None of the features in the
spectra presented here can be assigned to such initial states. However,
bulk bands are predicted to change upon approeching a solid surface.
Sohn, et al.19 have performed several calculations for the low index
faceé of Cu which indicate that the total d-band width narrows for states
near the surface. Indeed, a slight narrowing of the x-ray photoelectron
VB spectra of copper for near érazing electron emission angles confirms
this expectation.20 Thus, difect-transition features in.ARP epectra are
not expected to co;respond exactly to bulk band positions. The fact that
they do correspond so closely confirms that photoemission is indeed a |
technique capable of band_structure determination, and that the surface.
electronic structure is almost (surprisingly) unchanged from that of the
bulk.

In summary, it is shown that refraction of photoelectrons at the
_solid—vacuum_interface does occur and that the refraction angle is some-
what larger than expected in a simple plane wave picture for the case

studied. This latter result cannot be uniquely explained, although the
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inner potential of the hot electron and its group velocity (or effectiVé.
mass) are the mosﬁ important factors in determining surface refraction.

In addition, considereble polarization dependence has been observed in
the featﬁres of the ARP spectrum of Cu and are in qualitative agreement
with direcﬁ transitions obeying dipole selection rules. However, addi-
tional intensity is found in the spectra that cannot be due to direct
transition processes. Near grazing incidence p—polarized light is shown
to contribute a small amount of surface emission to the epectra'which

can obscure direct transition features. It is concluded that a success-
ful theoretical descriptiqn of ARP spectra will have to include indirect
as well as direct transition processes; the caiculation of the relative
magnitudes being the mest important, and probably most difficult, theoret-
ical parameter in the interpretation of experimental spectra. Experimen—v
tally, utilizing off-normal emission geometries with the light polariza-
tion in the electron detection direction may be the best method for 05-

taining spectra free from indirect transitions due to surface emission.
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Table I. Direction Cosines of Ko wrt the Bulk Crystalline Axes

Allowed Plane of [110] and [;OQJa Plane of [110] and [llllb
Initial State Crystal Axis IncidentC Refractedd IncidentC Refractedd
D [110] 0.889 0.875 0.889 0.875
23 [001] 0.0 0.0 0.459 0.483
L, [110] 0.459 0.483 0.0 0.0

a) Orientation of Fig. 7b.
b) Orientation of Fig. 7d.
¢) Incident angle between po and [110] of 27.3°.
d) Refracted angle between Ii, and [110] of 28.9°.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.
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FIGURE CAPTIONS

Burdick's band structure of Cu21 aloné the 'K direction. The
dashed curves are empfy—latticevenergy bands (referenced to
ﬁhe zero of the crystal potential) shifted.down in energy by
45 eV, the photon energy employed in this study. The empty-
lattice band with positive slope nominaily carrieé electrons
in the [110] crystalline direction. The negative slope final
state band is doubly degenerate, consisting of Zl_and 24 bands

which would be split by a crystal potential.

Experimental results obtained as a function of 6 from a Cu(100)
crystal surface. The experimental geometry is shown in the

inset. The angular acceptance was a cone of 5° half angle.

Experimental spectra obtained from a Cu(l10) surface. The

crystal orientation is illustrated in the inset.
Spectra obtained from a Cu(l1ll) crystal face.

Spectra obtained from a Cu(ll0) crystal face. The azimuthal -
orientation of this crystal differs by 90° from that in Fig. 3,

as illustrated in the inset.

This figure summarizes the intensity variations of the band
six peak as a function of © for the spectra presented in Figs.
2-5. The area under the band six peak relative to the total

valence band intensity is plotted as a function of 0 for the
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four sets of data collected. The [110] axis for each of the
crystals is shown. The azimuthal orientations of the crystal-

: > - :
line axes with respect to the plane defined by S and k_ were

f
equivalent for parts a and b and for parts c and 4 of thié

figure. The refractién'angles can be determined by the maxima

of the plots in parts a and c.

Here are presented the spectra collected neareét the [110]
internal emission di;ection for each of the crystal orienta-
tions of Figs. 2-5. The dashed lines areAthe initial state
lattice band from Fig. 1, and are labeled by the symmetry of

[y

the initial state band.
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VII. PHOTOEMISSION FROM SURFACE. STATES

Surface electronic states on low-index planar metal surfaces have .
received considerable thebreticalbattention, and experimental gxamples
are known for Mo and W(lOO)l and Cu(lll).2 Until now, however, the
detailed surface electronic structure of steppéd crystals hés received
much less attention, in spite ofvits obvious importance, and no detéiled
theoretical predictions of surface states on stepped érystals are
available. This chapter reports angle-resolved photoemission studies
of the Cu(lll) surface state and a recently discovered surface state on
a stepped Cu{21l) crystal, for which the (211) face is known to have a
'stable surface configuration consisting of three-atom (111) terraces and
single-atom (100) steps.3 The surface state was found at 0.20 * 0.07 eV
below the Fermi energy. This stéte — the first surface state to be
observed on a stepped crystal — was characterized by the angle- and
energy-dependence of its photoemission spectra, and particularly by
comparison with the surface state at 0.29 * 0.07 eV below E_ on Cu(l1ll) .
It is further demonstrated that the (211) surface state is associated
with the Cu(lll) terraces. Implications about the nature of the'étepped-
crystal surface potential are noted below, and further expefiments that
demonstrate the increased reactivity of a (211).stepped crystal relativé

to a (111) crystal are also reported.

A. Surface State Emission

Photoemission from a surface localized initial state is
represented in Fig. 1. The surface state wavefunction is strongly

damped into the solid and is thus very sensitive to the conditions at
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-thé interface region due to its highly 16caiized nature.

Figure 2 depicts a segment of. an ideal (S)-[3(111) X (100)]
surface;3 monatomic (100) steps are separatéd by three—atom.(lll)
terraces. Ohly one-third of the surface atoms (in "C" rows) have the
complete éoordination geometry of a (111) surface. ' Surface electronic
structure effects associated with excess charge at step sites  should
therefore be substantial, if indeed they are present.5 Angle—resolvéd
photoemission is the techniqué of choice for studying these effects.

Single crystals of copper Qere cut to within *0.5 degrees of the
(211) and (111) planes. The crystals were cleaned and annealed in
vacuum. Sharp LEED patterns were obtained for each crystal, with the
characteristic (S)-[3(111) X (100)] surface geometry evident on the
‘Cu(211) surfaces. In situ Auger analysis showed no surface contaminants
present within the limits of detectability (appfoximately 0.03 monolayer).

Photoemission spectra were run on the 8° branch line of Beam Line I
at the Stanford Synchrotron Radiation Laborétory, using a photoemission
chamber described previously:6 photon energies in the range hv = 8-35 eV
were available. The incident beam was highly (> 97%) polarized in the
horizontal plane, and the electron analyzer was fixed in this plane, ac-
éepting electrons emitted at 145 relative to the photon -beam direction.
The acceptance angle of the analyzer was 24 msterad (5° half angle).

‘$he electron take-off angle was varied relative tq the crystal by
iotation of the sample about the vertical axis. The total exéerimental
resolution increased from ca. 0.17 eV at hv = 8 eV to ca. 0.26. eV at

hy = 35 ev.
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Figures 3 and 4 show photoemission spectra taken at several
electron take-off angles 0, with abphoton energy of»ll eV from the
Cu(lll) and (211) surfaces, respectively. The (211) surface state
appears as a peak at a binding energy of 6.20 * 0.07 ev at»@ = 20°,
the [111] bulk direction (Fig. 4). As O is increased or decreased
from this value, the peak decreases in intensity and shows some
dispersion, disappearing at O = 10° and 30°. These are the same
characteristics exhibited by the sﬁrface staﬁe on Cu(l;l)2 (Fig. 3),
for rotations about the normal.to the surface. It is_inferred that
the Cu(lll) surface state, which shows a maximum in both binding energy '
and intensity in normal photoemission, is present in slightly ﬁodified |
form on the (111) terraces of stepped Cu(211), with maxima in these
properties normal to the terraces; i.e., also‘along thé_[lll] direction.
This is fhe first observation of a surface state on a stepped crystal.

A puzzling feéture about the emission from this state is that it appeérs
to show very little or no photoelectron refraction, despite the con-
servation of parallel crystal momentum implied by the dispersion of

the feature with take-off angle.

While the Cu(21l1l) and Cu(lll) surface states are very similar, -
they are not identical. Certain differences are evident in Fig. 5,
which compares photoemission spectra in the [111] direction frdﬁ
Cu(211) and Cu(lll) crystal for selected photon energies. The (211)
surface state binding energy is apparently slightly lower than that
of the (111) surface state, as noted above. The intensity of the (211)

surface state also appears to be lower relative to bulk band-structure
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features. It is tempting to attribute this reduced intensity to a
smaller relative "areaf of unperturbed (111) face on the stepped
crystal. This iﬁterpretation can only be tentative pending further
study, however, because of the extremely high sensitivity of surface
states to surface quality and the difference in the radiation polariza-
 tion at the two faces.'

Turning to the bulk-derived features of the photoemission spectra,
the Cu(211) results are similar to those from Cu(lli). The Cu(211)
bulk features do show refraction, and they can be interpretea within the
direct transition ﬁodel (Chap. IIi). Evidence for refraction is provided
by comparing the angle-dependent spectra in Figs. 3 and 4. The two |
data sets are nearly brought into register by a sh;ft AD® ~ -10° in the
angle from the surface normal for the Cu(211) data; i.e., bulk_spectral'
features from the Cu(211) face that would be observed along the [111]‘
direction in the absence of refraction appear instead at a larger angle
from the (211) surface normal.

Further evidence for refraction of bulk features is presented
in Fig. 5, in which photoemission spectra in the [111] direction are
compared for Cu(211) and Cu(lll) surfaces. At the lowest photon
energies (hv = 9 eV) the bulk feature in the two spectra are relativély
shifted both because the refraction angle is larger for low;energy
electrons and because the initial-state bands sampled at these energies
happen to have a-steeper dispersion. ObserVed positions of bulk band
features, interpreted on the direct-transition model, agree well with .

the bulk copper theoretical band structure (Chap. III). The surface
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state is conspicuous in its separation from the bulk bands and in its

dispersion behavior.

B. Chemisorption on the Cu(2ll) Surface

As a final observation preliminary studies of the enhanced
surface reactivity of Cu(2l1l) are reported. On simultaneous exposure
of a Cu(lll) and a Cu(21ll) surfaée to 103L of 02, the Cu(1lll) surface
revealed no detectable oxyéen, while the Cuf21l) surface showed ca.
0.8 monolayer of oxygen, as measured by the Auger signal. Ahgle-resolved
‘photoemission spectra in the [111] direction (Fig. 6) showed that the
(211) surface state had essentially disappeared (see the hv = 9 eV
spectrum) while a feature appeared at '‘a binding energy of ca. 1.6 eV
that has been attributed to a Cu-0 antibonding orbital.7 For emission
normal to the (211) face at 18 eV photon enérgy,-another.oxygen induced

feature may be observed at 2.5 eV EB which has not been reported previously

(Fig. 6). "

s
Wy

The greater oxygen sticking coefficient at room temperature for
Cu(211) surfaces as opposed to the (111) face demonstrates the enhanced
chemical reactivity of steps (viz. defecfs) as compared with more planar
or regular surfaceé. Thé'study of chemisorption on irregular surfaces
is difficult, but valence band ARPES using a synchrotron radiation
source can allow a very thorough search of the valence band region to
detect small changes in the substrate valence feafures due to adsorbafe
bonding at the>surface. However, additional work is required before
photoemission intensity modulations in valence band spectra'caﬁ be

interpretted in terms of bonding between adsorbate andvsubstraté.v
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In'summary, it is concluded that the surface potential on (111)
terraces of stepped Cu(211) is sufficiently similar to that of Cu(111)
to support a similér, but not identical, surface state. Otherwise the
electronic structure of the (211) surface resembles that of bulk copper,
or of a (111) surface even at an fair level of detail. This suggests
that the enhanced reactivity of the stepped surface — observed in this

case for O, . — may well arise more from steric effects due to step-

2

adsorbate geometry than from any particular electronic-structural

property of these steps.
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FIGURE CAPTIONS

A schematic representation of the wavefunctions and energy
levels involved in a photoemission transition from a surface

o . >
state |Ei,ki ) to a damped final state |Ef,kf ).

An illustration of a segment of a 3(111) X (100) stepped

surface (an ideal termination of the fcc bulk crystal lattice

at a (211) plane). The step terraces are three atoms (in a
(111) plane) broad with step heights one atom high (along a

(100) plane). The surface periodicity is composed of three

" adjacent inequivalent atomic rows (labeled A, B, and C). Only

the C atoms have the Cu(l1l) surface nearest neighbor structure.
ARPES spectra collected from a Cu(lll) surface at a photon
energy of 11 eV as a function of the anglev@ from the surface
normal. The angle between the photon beam and the e detector
is fixed at 37° aﬁd the polarization veétor lies in the plane
of the inset. The surface state emission is thenspectral
feature observed at 0.3 eV Eg in the © = 0° spectrum.

ARPES spectra collected from a Cu(21l1l) surface at a phoﬁon
energy of 1l eV as a-fﬁnction of the angie © from the surface
normal. Surface state emission is observed at 0.23 eV EB in
the spectrum collected at © = 20°, which corresponds to the
[111] direction of the bulk crystal.

Comparison of spectra collected in normal emission from the
Cu(lll) surface (dashed 1iﬁeé) to spectra collected at © = 20°

from the Cu(21l1) surface (solid lines) for selected photon
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energies. At hv = 9 eV, the peaks arising from bulk features
(ie. EB > 1 eV) have significantly different binding energies
in the two spectra due to strong electron refraction at low
kinetic-energies and the large E vs K dispersion of -the initial
states sampled.

ARPES spectra collected from clean (dashed lines) and 0.8
monolayer oxygen coverage (solid lines) Cu(211) surfacés. The
surface étaté seen in the (111) bulk crystalline directipn is
seen to be mﬁch more sensitive to surface contamination than
other features. ' Oxygen induced peaks are seen at ™~ 3 eV EB

in the normal emission spectrum and ~ 1.5 eV Eg in the [111]

direction spectrum at 18 eV EB.
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VIII. THERMALLY INDUCED BREAKDOWN OF THE

. *
DIRECT TRANSITION MODEL

Shevchik has suggestédl that thermal_broadening leads to a more
complete sampling of the first Brillouin Zone (BZ) in angle-resolved
x-ray photoemission than would be expected from a rigorous direct-
transition model. He expressed the angle-resolved photoemiésion‘cross—
section as the sum of‘a k-conserving direct transition term and an
afomic term, with the relative contributions of the two being governed

by the Debye-Waller factor, which may be written as

£ = exp[- (@ 22°)] | (1)

- - -
(kf and ki are the final and initial electron

here g = k_ - k, - k
waere 4 = Xe 7 X T %hv
-> .
momentum and khv is the photon momentum) and ArT is the instantaneous
thermal displacement of an atom in the lattice.

-The energy distribution function for photoelectrons inside a crys-

. . 2
tal is given by

k DBZ E (E
I(E K V) o E E ‘ £k,
E (k )
> > . ’
G(Ef(kf)-Ej(ki)-hV> . | (2)

: >
where the summations are over the initial momentum states (ki) in the
first BZ and all occupied energy levels. 1If electron transport and sur-

face transmission do not alter N in some unknown way, an experimental
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energy distribution curve (EDC) can be obtained by summing Eq. (2) over

the final energy and momentum states (Ef énd Kf) allowed by.the finite

vangular resolution of a measurement. If a tight-binding initial-state
and plane-wave final-state are assumed3, the matrix élement of Eq. (2)

demonstrates a temperatﬁre dependence similar to diffuse scattering

theory;4 i.e.,

> >
I(elkf rlK-;IEj (K_i)>|2 « coszy f Oij(-l:f) ;6(3—3) +

e ,
> > 2,4 ->
(l-é (q—G)) [(kBT)~ m ¢l + (k,T) lq] ¢2 (@) + ]g . (3)

Here Y is the angle between the electric field polarization vector and

> . . . 52 . . .
Gij(kf) is the atomic cross section, G is a reciprocal lattice

>
kf,
: >
vector, kB is the Boltzmann constant, and ¢l and ¢2(q) involve sums over
phonon modes familiar from first- and second-order temperature diffuse
' . 4 S s . .

scattering. In Eq. (3) it is assumed that the temperature is high
enough that equipartition holds for the phonon modes.

According to Eq. (3) there are two contributions to the photo-

' s >

emission spectrum; one from direct transitions (g-G=0) and one from a

phonon-assisted indirect transitions process. With increasing temper-

ature or phonon energy this latter process will increase in importance

relative to the former. For room-temperature photoemission studies the
direct transition process should dominate in most metals at ultraviolet

photoemission (UPS) energies, while the phonon-assisted process is
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expected to contribute most of the spectral intensity at x-ray photo?
C s " 1 . . . ‘s
emission (XPS) energies. This ¢an explain why the direct transition

’

model fits experiment at low energies while a model based on the

atomic cross. section oij(Zf) in Eq. (3) worké better at high.energy.s'8
Shevchik noted that either.of these limiting cases might be altered by
varying the temperature, i.e.; cooling in the XPS cése to remove thermal
disorder and emphasize direct transitions or heating in UPS to decreése
f and emphasize phonon assisted transitions.: The latter approach is
used here to test the predicitons of Eq. (3). The recently-discoverea '
fs—p band"” resonance7 in normal photoémission from Cu(ll0) at hv==45/eV
was employed because of its vefy high sensitivity to the exact portiqﬁ
of the BZ being sampled. This resonance actually arises as the 6th
yalenée band approaches EF between I' and K, where Band 6 has mostly
d-character. Accordingly it is called the Band 6 resonance.

A single‘crystal'of copper was cut with av(110) surface orienta- .
Ition.and cleaned as described previously.7 It was heated with a button
heater mounted on a two-axis manipulator. ' Spectra taken in the expef—
imental geometry of Ref. 7 at 25°C, 200°C, 400° cn, 600°C, and 800°C ar‘e;
shown in Fig. 1. A total of three heating cycles were carried out, with
two different heaters and manipulators. Thekspectral variations with.
temperature weére reversible and reproducible. Several possible sources:
of systematic error were tested and eliminated. - Of most concern was the
angular sensitivity of the resonance. The button heater was non-

inductivity wound: magnetic fields induced by the heater -and leads were

calculated to deflect the electrons by less than 1°. spectra taken at
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‘high temperatures but with the heater off éroved to be independent.of
‘the heater current. That the observed effect was not due simplyvto
dimensional variations with temperéture (ifé" rotation of the sample)
was confirmed both by Visual-inspectién and by varying fhe sémple orienta-
tion at high temperatures.

Experiments were also performed on the same crystal.in a separate
LEED chamber. The current through the buttonbheater did not visibly
deflect the LEED pattern observed at low beam voltages, nor did inéreas4
ing tempefature alter the LEED pattern (i.e., no faceting occurrea). The
spots merely lost intensity until they blended into the béckground at
the higher temperatures (~ 800°C), in accord with LEED theory.9 Figure
2 shows the intensity variation of the (OG)IEED spot for a 26 volt in-
cident beam as a function of temperature. Thus, it is seen that the
scattering of low_energy electrons is also strongly perturbed by the
thermal effect.. |

The Band 6 resonance at 0.5 eV binding energy is an extremely
sensitive indicator of the direct transition channel, betause this peak -
arises only through traﬁsitions from a band that goes throuéh EF steeply
between T and K. As phonon-assisted processes become more important
with increasing temperature, this peak decreases dramatically in inten-
sity, as expected. In Fig. 3a the Band 6 intensity is plotted versus
samplertemperature. Also shown are plots of £ (n = 1,2,3), where the
values of(Ari) used were bulk mean-square deviations for copper mea-
sured by temperature diffuse.scattering.lo Calculations for a (110) sur-

face layer are three times the bulk value, and decay exponentially to the
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bulkvvalue by the fifth layer. The inelastic mean free path for 45 eV
electrons at room temperature is = SAle Since fcc ¢110) planes are
separated by half the nearest-neighbor distance; i.e., 1.3 A for Cu, the
effective mean-square displacemen£ seen in the photoelectron spectrum
should be larger than the bulk value. Our data are consistent with this
expectation: they agree best with n >1.

Another noteworthy change with temperature occurs.in the main
d-band peak itself. At room temperature this peak shows at least three
components, correspondihg to the band energy positions at kx==kyE - 0.5
in the BZ.7 At high temperatures the d-band peak becomes asymmetrié,_
with more intensity at the top if the bands, until, at 800°C, the spec- -
trum resembles that of polycrystalline coppef for hv = 40-50 eV.13 For -

copper, an electron-phonon interaction can change the electron wave vec-—

tor from the I' point to anywhere within the BZ with no more than a 30

meV14 change in the electron energy, thus allowing more of the k states

in the BZ to be sampled without greatly disrupting their enexrgy distri-
bution. In Fig. 3b the ratio of indirect to direct transitions is plot-

ted as a function of temperature, assuming two different values for the

‘'ratio at room temperature. This plot bears out the temperature depen-

dence predicted byIEq. (3); It is noteworthy that the total integratéd
valence-band intensity in the speétra in Fig. 1 is nearly (within.S%) 
cons£ant with temperature, indicating that f and the power series gov-
ernihg the indirect transition intensity balance each other.

Additional spectra at two other photon energies (Fig. 4) are com-

pletely consistent with this interpretation. At hv = 80 eV, at room
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temperature the:bands are being sampled near F.7 There is thus no
intensity in the "s-p band" region, 0 < EB < 2 eV. At high temperatures,
however, thermal broadening facilities sampling over more of the BZ and
the familiar "s-p band" plateau appears. At hv = 140 eV the reverse oc-
curs. The “s—é band” region is initially unusﬁally intense, mainly be-
cause Band 6,-which gives rise to the resonance at hv = 45 eV, is being
sampled on the other side of the B2 (kx = ky = + 0.5).

Momentum broadening due to thermal diffuse scatteriné has a marked
effect on the Cu spectra. Increasing temperature brbadens the d-band
region of the speétra of Cu (110) collected at hv==86 eV by ~0;15 ev,
which is five times the maximum phonon energy for Cu.» This broadening,
as well as the dramatic intensity 1os$ of the band six resonance of
hv = 45 eV, is due to sampling a larger number of states in momentum
space. As with mémentum broadening caused by finite photoelectron atten-
uation lengths, a small amount of momentum smearing due to phonon excita-
tions can change the energy distribution curves of ARPES spectra drasti-
cally due to the dispersion of the initial state bands. An idea of how
much smearing temperature effects cause may be gained by compafing the
600° spectrum of Fig. 1 of this chapter to the rOO@ temperature speqtrum
at hv = 130 eV shown in Fig. 2 of Chapter V. The similarity of the spec-
tra reveals that the effective momentum broadening.in the two cases is
roughly equivalent.

Thé effect of thermal disorder on photoemission spectra is now es-
tablished. - More work is needed to test its.range of applicability. It

is already clear, however that many uses can be made of this effect to
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elucidate atomic properties in solids. It is also clear that thermal
disorder is an essential ingredient in understanding the transition of
ARPES spectra from UPS energies to the XPS regime, because of the depen-
dence of the Debye-Walter factor on the E - vector, and thus the kinetic

enerqgy, of the photoelectron.
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FIGURE CAPTIONS

Temperature dependence of the normal photoemission spectrum

from a Cu{(110) crystal at hv = 45 ev.

The (0 0) LEED spot intensity for a 26 volt incident electron
beam. The dashed line is the spot intensity versus samplé
temperature curve as measured by a spot photometer (the upward
turn seen near 700°C is due to light emitted by the sémple

and heatér). Thé dotted line is a measure of the béckgrouhd
lightvoq the LEED screen, collected by moving the spot photo-
meter just off the 0 0) LEED spot. The solid curve is the dif-
ference between these two mgasurements and represents>the actual

I vs. T behavior of the LEED spot.

a) Experimental intensity of the peak at ~ 0.5 eV bindihg energy
in Fig. 1 (Baﬁd 6 resonance) as a function of temperature (full
circles connected by a dashed line) as compared tovthe Debye-i
Waller factor f° (solid lines). The different curves for £
correspond to éalculations éssuming:a mean-séuare displacement
of n times the bulk value.

b) Ratio of indirect to direct transitions as derived from the
spectra-in Fig. 1 versus temperature. For the data points shown
as squares and‘triangles Qe have assumed that at room temperature

the main d-band peak is composed of 100% and 85% direct transi-

tions, respectively.
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Normal emission ARPES spectra of the Cu(110) face collected
of room témperature (solid lines) and 600°C (dashed lines)

for photon energies of 80 and 140 ev.



-170-

| 1

T(°C)=

Intensity (arbitrary units)

R

- Cu(l10), hv =45 eV
Normal emission

| I

T

!

[ {1
E- | 2 3 4 5 6 7
Binding energy (eV)
: XBL 774-818

Fig. 1



-171-

Intensity (arbitrary units)

T T T 1T T T T T T T T
-
| - 0O LEED spot
N 26 eV beam -
\ , '
\\; . Cu ( [ (:))

1 I 1 ] ] 1 | TR | 3 . ~jgg=-.d
I00 200 300 400 500 600 70O
‘Temperature (°C) '
' XBL 785-8689°

Fig. 2



o

Band 6 peak intensity
(0)} @

N o D

Ratio indirect/direct transitions

O

h
—
__A
| |a-===10 | ]
o) 200 400 600 800
Temperature (°C)
, XBL 774-819

Fig. 3



_ 25°C
———-600°C

Intensity (arbitrary units)

=

i ] . ] | 1 '
Efp | 2 3 4 5 6 7
Binding en.rgy (2

: XBL 785-8690
Fig. 4



-174-

ACKNOWLEDGEMENTS

The attainment of a Ph.D. degree is the culmination of many years
of hard work and sacrifice which is impossible without the support of
a great many people. This is my chance to thank those who have helpéd
me pursue my interest in science from rural southern Texas to the Depart-
ment of Chemistry at Berkeley, California. The chase has been long and
often frustrating, but the rewards have been maﬁy; I have'found the
study of science truly exhilirating, and %/héve néver, ever been bored.

First I must acknowledge the love, encouragement and enthusiastic
support of my parents, and I deeply regret thét my father did not live
to" see me achieve this goal. My mother.has been a constant source of
strength to me, for which I am grateful beyond words to express.

My first,fledgling steps as a scientist were taken at Rice Univer-
sity; I owe a special debt of thanks to Professors Robert Curl and
Phillip Brooks and many more of my friends there gor getting me started.

The biggest influence on my graduate career has been Professor
bDavid Shirley, my thesis supervisor. His qualities as a scientist, thé
depth>of knbwledée, physical insight and command of theory, have been
a continual source of amazement and inspiration to me, and he is besides
a damn nice guy. I have had the good fortune do work with and learn
from many members of (and visitors.to) our research group: Dr. Gary
Schwartz, Dr. Salim Banné, Dr. Bernice Mills,‘Dr. Richard streater,

Dr. Sefik Suzer, Dr. Shu%}:?ong Lee, Prof. Edkaft Matthias, Dr. Teikichi

['$S




©

-175-

Sasaki, Prof. Peter Sherwood; Prof. Nicholas Winograd, Dr. Paqlo Perfetti,
Dr. Vic Rehn, Mr. Alan'EWing, Mr. Peter Young( Mr. Richard Rosenbérg,

Mr. Michael White, Mr. Erwin Poliakoff, Mr. Dennis Trevor, Mr. Kenneth
Mills, and Mr. James Wong. I am especially indebted to Dr. Richard
Martin, Prof. Read McFeely, and Dr. Steven Kowalczyk for their scientific
guidancé and friendship. Mr.'David Denley, Mr. Sﬁeven Kevan, and Mr.
Richard Davis have been valuable additions to the solid state research
group, and their efforts in behalf of this last year's research are
gratefully acknowledged. My research colleaques throughout most of my
graduate career ha&e been Dr. Joachim St5hr,'Dr. Gus Apai, énd Dr. Paul

Wehner; I thank them sincerely for the years we spent collecting and.

‘arqguing over data, because in the last analysis it was teamwork that

brought us so far so fast.

The success of most of the scientific programs reported in this
dissertation has been due in large part to the efforts of several of the
people on the staff at Lawrence Berkeley Laboratory. Mr. Joséph Katz
and Mr. Richard Strudwick of the electronics support group have rescﬁed
many experiments from disaster.with their prompt, efficient, and remark-~
ably cheerful work. The counseling of Mr. Gene Miner, Mr. Dick Escobales,
and Mr;fDon Malone in engineering matters has been invaluable. Mr. Ed
Voronin and Mr. Charley Butler provided excellent shop support whenever
needed. Mrs. Wini Heppler deserves special thanks not only for her
diligentvtéchnical services but also for her friendship, which I value
greatly.. Mrs. Karen Janes has worked remarkably hard at preparing

manuscripts and in handling the tangles of administrative red tape, for



-176-

which she should be granted Sainthood. .

My graduate career has also been enriched by my associations
with Prof. George Jura, Prof. Kenneth Pitzer and Prof. Leo Falicov,
all of Berkeley. I have further benefited greatly throggh interac-
tions with members of Prof. William Spicer's research group at Stan-
ford University; in particular I wish to thank Dr. Ingolf Lindau, |
Dr. Pierro Pianetta, Mr. Dan Liﬁg, Mr. Mike Garner and Mr. Jeff Miller.
Most of the experiments reported in this thesis were performed at the
Stanford Synchrotron Radiation Laboratory, and the cooperation of the
staff of fhe facility, Dr. Herman Winick, Mr. Ben Salsberg; Mr. Axel
Golde, Mr. Ralph Gaxiola and many others was essential to the work
dbne there. 1In this line, the work of Dr. Bob Bachrach of Xerox Palo‘
Alto in getting us started in our efforts at Stanford is acknowiedged.

I have also enjoyed the assistance and friendship of dozens of
other people too numerous to mention. However, I must naﬁe here some
people who have been very special to me, ihe foiks with whom I have
lived (and who put up with me) for the past two years: Ms. Cathy
Pearsall, Ms. Shirley Richberger, Mr. Bill Butler, and Ms. Renelle
Johnson, ahd more recently Ms. Kirsten Jacobs.and Ms. Carol Young.

I have much to be thankful for; and so many to be thankful to.
The years precediﬁg my doctorate, have been very fulfilling, and the
opportunities I have been given bountiful. I am grateful for my
career in science not only because of tﬁe discoveries I have made

concerning the physical world, but also for what I have learned about




-177-

myself and for all the exceptional people I have met. I close with a
quotation from a fictional character, Jeremy Hilary Boob, Ph.D., the

nowhere man,

"Ad hoc, Ad Loc,
Quid Pro Quo,
So Little time
And 50 much to know."

Work supported by the U. S. Department of Energy.



This report was done with support from the Department of Energy.
Any conclusions or opinions expressed in this report represent solely
those of the author(s) and not necessarily those of The Regents of the
University of California, the Lawrence Berkeley Laboratory or the
Department of Energy.




o -

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





