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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 resolved photo~ 

electron spectroscopic (ARPES) studies of the valence bands of oriented 

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

spectra to solid state energy bands, the theoretical description of 

the photoemission process must be understood in detail. For 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 learn 

the nature of the continuum final state and its relationship to the 

total and differential atomic cross-sections. The directionality 

of the band-like final states in a crystalline solid is then deter-

mined by examining 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-

feet of photocurrent damping on ARPES valence band spectra of copper 
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is then investigated by examining the relaxation of crystal momentum 

selection rules with increased surface sensitivity. The presence of 

the surface itself is important in determining angular 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 extremely important in photoemission studies applied to 

band structure determinations, 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 observation of the interaction of a portion of 

the electromagnetic spectrum with the system to be studied. In most 

cases, the physical property of a system being studied can not be ob-

served directly, but must be inferred 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 itself~ 1 

Physically, photoelectron spectroscopy is the measurement of 

photoelectric current as a functi~n of the kinetic energy of the elec-

trans emitted by a sample irradiated with a constant energy photon 

beam. The kinetic energy (Ek. ) of detected photoelectrons may be re­
l.n 

lated to the initial state energy (or binding energy, EB) levels of the 

material studied by the conservation of energy condition 

EB = hV - ~ (1) 

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

+ well into the hard x-ray regime (where Compton scattering ~d e -p 

pair production become important2). 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 (6r 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 actins to close the photon energy gap and obscure 

the division into two separate research areas. 

OVer the past decade avances in technology 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 technology, which allows better 

control 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 bet':"een theory and experiment has been the essential driving force 

which has propelled PES to its present level of sophistication. 

The detailed application of photoemission theory to atomic sys-

terns 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 state charge distribution 

of atomic species. Chapter II of this dissertation, which acts as an 

introduction to the photoemission process, investigates the nature of 

the final state in a photoemission transition involving a single atomic 

center; the specific example chosen is neon. Several approximations 

to the continuum state are tested, and it is found that excellent agree-

ment between experimental and calculated absolute 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 

continuum states may be determined, atomic photoemission is extremely .. 

well understood. 

The level of general understanding is quite different for photo-

emission from solids, although interest in solid state photoemission is 

intense as demonstrated by the number of recent theoretically related 

. 4 5 6 7 8 
articles ' ' and review monographs ' appearing on the subject. The 

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 aspects of the extremely in-

volved theory of ARPES spectra from the valence hand region of single 

crystalline solids and providing experimental verification and clarifi-

cation of the points raised. 

In Chapter III the peak structure of valence 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 
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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-£ree 

paths in solids and their influence on plasmon loss features observed 

in PES spectra of Al and In. Chapter V reveals how the simple direct 

transition model outlined in Chapter III is modified by the presence of 

a surface and attentuation of photoelectric 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 

sampled in the ARPS valence band spectrum. The effect of the surface 

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(lOO) 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 

solid state crystal momentum selection rules a€ elevated temperatures. 

The emphasis of this thesis is the experimental demonstration of 

several of the major factors influencing photoemission from solids. 

Several effects have been 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 

• 
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. . 10 11 
complementary to the d~ssertations of Kowalczyk and McFeely. 

Although primarily an experimental thesis, detailed descriptions of the 

equipment and procedures utilized for the research presented here are 

omitted for brevity, as they have already been covered thoroughly by 

A 
.12 

pa~ and 
13 

Wehner, who collaborated in most of these investigations~ 
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* II. DIFFERENTIAL PHOTOEMISSION CROSS SECTIONS OF Ne 

Observation of photqemission spectra provides detailed informa-

tion about both the initial and final electronic 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 structure a good model of the transitionfrom 

initial to final states is necessary. 

The detailed many-electron theory of photoemission for gaseous 

1 atomic species is well known. Recently, steps have been taken to for-

mulate viable theories of photoemission for molecular species
2 

and solid 

. 3 
surfaces. In many cases, these approaches consider one-electron transi-

tions to final continuum states that are approximated by a plane wave 

(PW) or an orthogonalized plane wave (OPW). 4 The validity of calcula-

tions employing PW or OPW continuum functions and neglecting final state 

relaxation must be established before they may be applied to the inter-

pretation of experimental results that are now appearing. 

This chapter presents photoemission cross sections and asymmetry 
5 . 

parameters for the ls, 2s, and 2p orbitals 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 ~ocuses onvarious approximations to 

continuum functions; Chapter II.B deals with the effects of final state 
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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 of a photoemission transition is of special inter-

est because at least one electron of the system under study is in the 

continuum. In this section the differential photoemission cross section 

do (e:) /drl 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 photoemission cross sections to the form of the final state continuum 

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 nith shell of an atom as a function of final state con-

tinuum electron kinetic energy e: in the dipole approximation is 

(1) 
4TT 

where e 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 

• 
.I( 
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3 (2! + 1) (2) 

where w is the angular frequency of the incident radiation, NnR. is the 

occupation number of the nR.th subshell, and the RER.±l are defined in 
nR. .. 

the dipole length and velocity formulations by 

1 
MW 

e 

(3) 

The continuum functions P£1 (r) are normalized to a Dirac delta function 

. 7 
~n £. 

8 The asymmetry parameter S(£) is given by 

S<£> = (4) 

for continuum function phase shifts ~HI(£) in the R. ±I 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 ot intensity is sensitive to 

the inter~erence between the channels. Thus the phase shifts ~£±l (£) 

can have a significant ef~ect upon the angular distribution of photo-

electron flux. 

Utilizing the Rayleigh expansion,
9 

a PW can be expressed as a 

superposition of spherical waves, each with its associated n and £ 

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

PW f!fMek P 0 (r) = ---2- rj 0 (kr) 
. £A- 7T 11 A, 

(5) 

where j£(kr) is a Spherical Bessel Function. In this zeroth order Born 

approximation the effect of the atomic potential on the photoelectron 

is completely ignored. One way to introduce an effective atomic poten­

tial10 is to Schmidt orthogonalize the PW orbital to the bound states 

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

(6} 

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 

equation including Lagrange multipliers to assure orthogonality to the 

bound states was integrated numerically for the given atomic configura-

. 11 h k' . t~on and p otoelectron ~net~c energy £. The asymptotic form of these 

numerical solutions is 

where 

and Ot(£} is the phase shift of the HF continuum function with respect 

to the regular Coulomb wavefunction. The wavefunctions were generated 

using Bates' program
12 

modified to yield phase shifts.
13 

14 
state orbitals used were those of Bagus. 

The bound 

(7) 

(8) 

(9} 

The partial wave approach for the PW and OPW cross section calcu-

lations was used to allow a direct comparison 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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trans~orm of the initial-state orbital. lncluding the constraint of 

orthogonality to the bound state orbitals yields the cross section 

section 

2 
87Te k 
3M cw 

e 
(21 + 1) !(21 + 1) k2f~1 + 1(G~-l + 2kfn1G1_1) 

+ (1 + l)(G~+l- 2kfn1G1+l)l 

and the asymmetry parameter 

(10) 

B (£) = [2 (21 + 1) 
2k2f~1 + £ (1 - 1) (G~-l + 2kfn1G1_1) + (1 + 1) (1 + 2) 

(G~+l - 2kfn1G1+1) + 61 (1 + 1) (kfnR.GR.-l - kfnR.GR.+l - G1_1G1+1>] I (11) 

where 

00 

fnR. = J rj 1 (kr) PnR.(r) dr (12) 

0 

and 

(13) 

(~ + 2R. + 1 ± 1) 
dr 2r Pn1(r) dr 

for photoemission from the nR.th one-electron orbital and the summation 

extending over the bound orbitals with the same symmetry as the R. ± 1 

continuum channel. 

·I .• 

:.,I 
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From Eq. (11} it is seen that 13 (£} ;:: 2 ~or plane wave photoioniza .. 

tion independent of the energy £ and the symmetry of the initial bound 

state. In the OPW case, 8 can assume values other than 2, but must 

approach 2 in the limit of large k. The remaining discussion 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 calculations yield cross sections an order of 

magnitude greater than the velocity results. The PW and OPW length re-

sults are excluded from the following discussion. 

Comparisons of an£(£} and 82p(£} calculated 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 quaiitatively 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 ls ~ £p photoemission channel does not improve 

the calculated cross section over the PW case. 

The 2s ~ Ep 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 ~ (Es,Ed) 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. Orthogonalization of the Es channel to the ls 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 B2P(E) value calculated by Eq. (4) is 2, as predicted 

by Eq. (11). The OPW B
2
P(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 functions. An illustration of this 

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

HF and PW continuum functions for ls photoionization at hv = 1100 eV, 
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near the region where OPW theory ~redicts a spurious minimum in the 

cross section. 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 two wave-

functions near the nucleus. It can be seen that the HF continuum func~ 

tion is orthogonal to the 2p radial wavefunction (the overlap integral , 

-5 is less than 10 ). It is also fairly obvious that orthogonalizing the 

plane wave to the 2p wavefunction will decrease the PW amplitude in the 

region where the ls radial function 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 illustration 

of this result is obtained by writing Eq. (6) in the simple form 

I OPW) = I PW ) - ( 2p I PW ) l2p ), (14) 

then calculating ( lsI VI OPW), which will be minimal in the energy range 

for which 

(15) 

Now < lsI V j2p) is a constant, while ( lsI VI PW) and ( 2p I PW are proportional 

to Fourier transforms of the lls) and l2p) atomic functions. Since both 

jls} and j2p} are nodeless, the Fourier transform of each will rise with 

increasing photon (and photoelectron) energy to maxima, then decrease, 

with the maximum for the 1'2p) Fourier transform coming at a lower energy 

than that of the lls). Since the value of < lsiVI2p) is in general large, 

a cross over energy will exist at which ( ls lVI OPW) = 0. This spurious 

zero in cr
1

s 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 IPw> and l2p>. 

Examination of Fig. 6 shows the phase shifts o
1

(£) of the HF con­

tinuum functions. The phase shifts a
1

(£) are much smaller than o
1

(£) 

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 and V(r)=O 

continuum functions) must differ greatly from the actual continuum func­

tions for small r. Matrix elements calculated with these approximations 

will be very much in error. However, the £d channel phase shifts are 

fairly small and the 1=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 4 p, p 4 s, and p 4 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 Ed channel to the 

total photoemission cross section. The improvement of the OPW results 

over the PW results is due to a fortuitous cancellation of ES intensity 

by the orthogonalization to ls 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 4 Ed PW channel. The marked disagreement between experimental 

and OPW asymmetry parameters arises because of the poor OPW Es channel 

approximation and 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 

l' 

~i 
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least semi-qu"'ntitatively. 16 Consul tinc;J Manson's paper on the Z, R., and 

e: dependence of continuum electron phase shi:fts calculated in a central-

potential model, one notes the excellent agreement between the phase 

shifts of Fig. 6 and those calculated by Manson for z = 10. By consider-

ing continuum channels with small 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 corresponding 

to the R. ~ R. + 1 final state channel of a photoemission transition are 

well approximated by plane waves. For a particular .angular momentum R. 

continuum function phase shifts become large for Z just great enough to 

have a bound state with angular momentum R.. Calculations for which only 

the R. ~ R. + 1 PW channel is considered should yield fair total photo-

emission cross sections for ls and 2s shells up to Z = 4, 2p shells up 

to z = 12, 3d 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. 



-18-

B. Many-Body (Relaxation) Contributions to 

Atomic Photoemission Cross Sections 

Previous exhaustive and extensive studies of atomic photoemission 

5 processes have explicitly considered the effects of intrachannel coup-

ling, core relaxation, interchannel coupling, and electron correlation 

(see especially the Ph.D. Thesis of R. L. Martin for a discussion of 

photoemission satellite structure5). In these calculations, only single-

configuration 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 

h b .11 f h . . 19 s own to e sma or neon p otoe~ss~on. 

The inclusion of final-state relaxation in the model for calculat-

ing photoemission transitions modifes the HF results in three 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 symmetry but different principal quantum numbers are no 

longer orthogonal, virtual transitions of the type ( ls + 2p, 2p + e:p) are 

now allowed. Finally, because equivalent passive orbitals of the initial 

and final states are not identical, their overlap integrals must be less 

than unity, which will decrease all the contributions to the total matrix 

element. The expression for the total cross section, Eq. (2), and the 

asymmetry parameter, Eq. (4) retain the same form in the case of excita-

tions from closed shells except that the one-electron radial matrix 
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elements for a transition from a one-electron initial state ni to a 

final continuum state £i±l are replaced by sums over radial matrix 

elements of the form 

• t det jP; (i) 

k=l 0 

(r) "k I 0 j P T ( j ) ( r) dr 

2i. + 1 + 1 ) 
-o!---

2
-r----· for j = k 

(16) 

( 17) 

where N is the total number of electrons of the system and the curly 

brackets denote an N x N matrix with column index i (T (i) = (nim 0 m ).) 
.IV S ]. 

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 

.. th 1 . f . ...J- ( 0. ) l.J e ement l.S zero or J -r- k unless ;vm m . = i s l. 
(i±l m0 m ) .• 

.IV S J 
Thus the 

transition matrix element for the HFR (HF with relaxation) case may be 

quite different from the corresponding one~electron HF matrix element. 

The neon ls photoemission cross sections for the length and veloc-

ity approximations differed by less than l% 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 

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 

~rocesses, and it is significant that the HFR model 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 the 

calculation, showing 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 little for the 2p photoemission, yet the £d channel phase shifts 

(Fig. 6) differ significantly for HF and HFR continuum functions 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 excellent 

agreement with experiment, 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 6, are not entirely consistent among the various HF calculations. 

Further calculations of 6 utilizing CI wavefunctions for the initialand 

final states-andsrnall energy separations between values of 6(£) are 

required to evaluate whether these oscillations are indeed real or arti­

facts of the present calculation. 

For the cases reported here virtual excitation processes were 

largely compensated by the change in the one-electron matrix elements 

due to the relaxed potential. Relaxation 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 properties (geometrical orienta-

tion and charge distributions) requires further discussion. 

21 
Rabalais and co-workers have calculated 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 CH
4

, NH
3

, and H
2
o 

21 
resemble the Ne results closely and can be only slightly better due to 

the smaller nuclear charges of the central species at 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 H2s are probably 

not qualitatively correct. 

Other workers have also considered molecular photoionization. 

22 
Hush used an OPW model in which the average potential 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. 

. h. 23 . 1 d 1 . d t 1 1 t 1 1 R1 tc 1e 1s current y eve op1ng proce ures o ca cu a e mo ecu ar 

photoemission which explicitly consider the nuclear and electronic poten-

tials. Animportant consideration 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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24 Hayes have developed methods for computing photocurrents using con-

tinuum state expansions about the molecular center of mass. Pseudo­

potential models have also been considered
25 

and have yielded very 

promisng results for molecular photoemission. Using an x-a scattered 

wave approach, Dehmer and Dill found strong interchannel coupling ef-

26 
fects 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. 
27 Davenport has used such a for-

mulation to compute photocurrents from oriented CO and N2 molecules, 

which have been used extensively in photoemission studies of adsorbates?8 

Gadzuk4 and Liebsch
4 

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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28 
several groups who compared experimentally determined photoemission 

• • • • h I 1 1 • 27 1ntens1t1es w1t Davenport s ca cu at1ons. A proper understanding 

of photoemission data should also yield the nature-of the bonding at 

surfaces and in solids through the determination of the electronic wave-
~ i 

' 
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. 

I 
.r I 
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Table I.a 

2s -+ £p 2p -+ £s 2p -+ Ed 
Photon 
Energy HF PW HF PW HF 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 -.llO -.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 

aNurnerical values of the matrix element <f I dd I i >for initial states (i) 
2s and 2p and for some HF and PW final staE~s (f). 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. 

. ... 



-29-

FIGURE CAPTIONS 

Fig. 1. Calculated neon ls photoionization cross sections versus 

photon energy compared with the experimental values of 

Wuilleumier (W) in Ref. 30. For the Hartree-Fock continuum 

function calculations the dipole length and velocity approx­

imations yield results indistinguishable on the scale pre­

sented here. 

Fig. 2. 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. 

Fig. 3. Calculated neon 2p photoionization cross sections versus 

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

and (S) from Ref. 31. 

Fig. 4. The asymmetry parameter B for neon 2p photoionization as a 

function of photon energy. The experimental values (W) are 

from Ref. 30. 

Fig. 5. Comparison of the radial part of the HF £p wave ejected from 

~ Ne ls by an 1100 eV photon with the p component of a plane 

wave with identical kinetic energy. The continuum functions 

in this figure are not normalized. 
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Fig. 6. The phase shift 0(£,~) 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. 

Fig. 7. Percent contribution to the total n electron transition matrix 

element due to the various virtual processes allowed when 

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

In discussing ARPES from solids, one must first 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 angle 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 frequently, ARPES is used to denote 

momentum resolution of photoelectrons - ie. the angle of photoelectron 

emission with respect to the 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 selection 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 

should be possible using ARPES. 

1-3 
Copper has been the subject of numerous angle-integrated and 

1 1 d
2 ' 4 - 8 h . . ( S) t d' ang e-reso ve p otoem1ss1on ARPE s u 1es. Because of its 

1 k b d 9,10 . h d d 1 t accurate y nown an structure, 1t as serve as a mo e sys em 

for the theoretical interpretation of the details of the photoemission 
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process.
1

•
8

•1° Following the early work of Smith,11 it is now generally 

accepted that bulk photoernission from polycrystalline and single 

crystal CU surfaces is adequately described by direct (momentum 

12 conserving) transitions in the three step model. At photon energies 

which allow the entire valence band (VB) region to be studied (;;;;:, 10 eV) 

calculation of the excitation step is usually sufficient to explain the 

8 10 11 energy positions of the dominant experimental features. ' ' 

Although direct transition theory accounts quite well for low 

photon energy photoernission from polycrystalline CU samples, the 

interpretation of ARPES spectra was somewhat clouded by the existance 

of different models for the inclusion of the additional constraint 

of momentum resolution which were consistent with the angle integrated 

studies. Most of the difficulty encountered when constructing a model 

of angle-resolved photoernission involved the directional nature of the 

12 
final state bands in the crystal and the extent to which the surface 

13 
and photocurrent damping effects altered conservation rules. A 

popular construct was the one dimensional density of states model 

(ODDOS) , 14 which hypothesized the breakdown of the crystal momentum 

conservation condition normal to the crystal. surface due to the terrnina-

tion of the bulk periodicity at the interface and the existance of a 

finite inelastic mean free path for the photoelectron. However, a 

much simpler direct transition model, 8 which ignores the surface 

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, 
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the high energy conduction bands, and the selection rules governing 

photoemission transitions within the framework of this simplified 

model. 

A. Experimental 

The data presented here were collected using the variable photon 

energy sources available -at the 4 olG and 8°17 ports of Beam Line I at 

the Stanford Synchrotron Radiation Laboratory (SSRL) •18 Copper single 

crystals were cut with surface orientations 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 remove 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 

. "d d. d" "d 11 2,7,15,19 exper~ments are cons~ ere ~n ~v~ ua y. 

B. Normal Emission Geometry and Band Mapping 

In Fig. 1 are shown a series of ARPES spectra collected normal 

to the (111) face of a cu single crystal. The spectra were obtained 

using 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 (kll = 0) , the ODOOS model 

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

obviously not applicable to CU ARPES in this photon energy regime. 

The band structure of Cu extending 25 eV above the Fermi level 

is presented in Fig. 2 in order to reconsider the direct transition 

model in more detail. The final state band (band 7) along the f-L 

direction of momentum space (ie. momentum along the [111] axis of real 

space) appears to be very free 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. 

I th th d 1 f h . . 20 h . . f n e ree step mo e o p otoenu.ss~on, p otoexc~tat~on o 

an electron to a final state above the vacuum level, transport of the 

photoelectron to the surface, and escape of the hot electron across 

the solid-vacuum interface are considered separately. A simple model 

may then be constructed for angular dependent photoemission, which was 

21 
first treated in detail by Mahan for free electron-like metals, by 

considering the Fermi's Golden Rule formula 

-+ 
k.CBZ 

~E 
-+ 
k. 
~ 

(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 R. in the first 

l. 

Brillouin Zone (BZ) and all the occupied energy levels Ej < EF. The 

++ 
A• P term is the usual interaction Hamiltonian between a time varying 

electromagnetic field and an electron eigenstate, where the spatial 

+ + + + + + 
part of A is proportional to £ exp(ikh\! • r) with £ and kh\! the 

polarization and wavevector of the photon field, respectively (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 p • A term cannot rigorously be set equivalent to 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. 

I + + + 
For the final state a single plane wave Ef,kf ) = exp(ikf • r) 

+ 
is chosen, where kf 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 

IE.,k.>=I 
J l. + 

R 

+ + 
ik· •R e l. 

++ 
<P. (r-R) 

J 

+ 

( 2) 

where the ¢.'s are atomic or Wannier functions and the R's are all the 
J 

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

22 
to evaluate the matrix element in Eq. (1) yields the result: 



-43-

( 3) 

+ + + 
Here Y is the angle between£ and Rf, ~j(kf) is the Fourier transform 

. + + 
of <l>j (r) evaluated for kf, and the term 

1
\ + + + + 2 
L exp [i (kf- k. - kh ) • R] I 
+ ~ v 

is zero 

R 

+ + + + 
unless (kf- ki- khv) • R is some multiple of 2TI, in which case the sum 

becomes infinite. Thus, in order for a transition to be allowed, 

+ + + + 
kf - ki - khv must be a reciprocal lattice vector G of the crystal. 

The final form of the squared transition matrix element in this 

approximation is 

(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 Bloch sum 

and that the crystal i? infinite in extent. 

The energy and crystal momentum conservation requirements for a 

photoemission transition are illustrated by rigidly shifting the final 

state band of a band structure vertically downward by an amount equal to 
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the photon energy. A transition is allowed 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 electron-like 

final state as shown in Fig. 2, it should be possible to assign peaks 

in ARPES spectra of single crystals to initial state 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 collected 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 energy regime has been questioneo13 

due to the increase in the density and crossing frequency of bands 

populated at these higher photon energies. However, a single empty 

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 analyze·the nature of the final 

state bands themselves. The unbound electron states may be conveniently 

expressed in a plane wave basis as 

-+ -+ -+ 
aG exp[i (kf + G) • r], where 

•' 
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-+ 1-+1 -+ the summation is over all G vectors (including G = 0) , 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 characteristics for electron propagation in the solid 

as the free electron band already considered. The apparent validity of 

this model in accounting for photoemission peak positions implies 

a > a-+=1= • This observation is further supported by the (0,0,0) G (0,0,0) 

observation that none of the CU spectra presented show clear evidence 

for photopeaks arising from G vectors other than (0,0,0) (termed 

d ah . . 21) secon ary M an cone em1ss1on • However, a single plane wave final 

state is not expected to yield accurate cross section information. 

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

. 23 
final state 

(5) 

-+ -+ 
where yG is the angle between kf + G and the polarization vector of the 

-+ 
radiation field E. It is seen from this expansion that the 

-+ -+ 
cos y_.. <P. (kf + G) term in the summation may act to offset the small a.... 

G J G 
-+ 

term for G =I= (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 terms 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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24 high energy bands of the crystal would yield valid results more readily 

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 syrnrne!_ry directions and the vector nature of the exciting 

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

in solid state photoernission must be compatible with the symmetry of the 

25 outer product of the initial state and the transition operator. Since 

an ARPES experiment chooses a particular final state (which has 

particular symmetry properties), the initial states that may be sampled 

are determined by the orientation of the radiation polarization with 

26 
respect to the crystalline axes of the sample. 

Again considering photoernission in an infinite solid lattice 

(ignoring how the radiation got there) the transition matrix element 

+ + + + 
has been expressed as < Ef,kf IA•p lEi ,kj}. To determine the polarization 

selection rules for photoernission from fcc crystals, the character 

25 
tables of Slater are helpful. The procedure is to form the outer 

product of the irreducible representations of the vector components 

£ , £ , and£ (ie., the projections of the polarization vector onto 
X y Z 

the crystalline coordinate axes) with the irreducible representation 

of the final state IEf,kf } (which belongs to the identity element for 

the group of symmetry operations about the axis of emission) • This 

product is simply the irreducible representation of the component of 

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

•' 
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initial states allowed in the photoemission transition. Table 1 

contains the photon polarization selection rules governing photoemission 

transitions into the [001], [011], [111] and [211] directions of an 

fcc crystal. These rules are only rigorous along the emission 

directions specified, but they should be generally applicable for 

ARPES spectra with good angular resolution. 

Thus it is seen that by properly orienting the radiation polariza­

tion along the crystalline axes, it is possible to select (and thus 

identify) initial states according to their symmetry classification. 

Figure 6 shows spectra collected normal to a (211) crystal face for 

two different photon polarizations, as shown in the insets. The 

differences in photoemission peak intensities for spectra collected 

with the same photon energy but different polarizations (except 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 momentum 

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 bands in a solid do contain 

directional information. Although Mahan•s 21 definitive work on 

photoemission appeared in 1970, several later implementations of 

ARPES spectra calculation schemes obscured the relatively simple 

relation between ARPES spectra and band structure. A case in point is· 
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12 provided by the work of Christensen and Feuerbacher, (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 energy is an allowed photoemission final state. 

In the spirit of angle integrated UPS spectral calculations, 11 the 

ARPES spectrum is generated by computing the energy conserving product 

of the initial and final density of states that lie on a particular 

symmetry axis of the BZ. The spectra calculated by the CF model 

contain "secondary Mahan cone" intensity from bands that lie on 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 additional G 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 ach~eved 

reasonable agreement to the experimental measurements at low photon 

. 12 . . 1 27 energ1es. However, He1man, et a . (HNR) applied the same model 

to calculate photoemission spectra normal to a Cu(llO) surface for 

16.8 and 21.2 eV photon energies. There are two energy conserving 

bands along the r-K-X symmetry axis of the band structure for hV = 16.8 eV 

and three for hV = 21.2 eV. When the calculated 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(llO) face. In fact, their spectra are 
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in excellent agreement with the single band direct transition mode1, 15 

as are the spectra collected in the 32-160 eV photon energy range 

presented in Fig. 4. The 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 not appear in the experimental 

spectra. 

This section is intended as a precautionary note. The photo­

emission literature contains a great many excellent papers dealing with 

the different aspects of ARPES from valence bands. However, there are 

many different models that bear the name "direct transition 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 

test the hypotheses of a model rather than selecting specific features 

(ie. peak positions) to compare can be deceiving due to the great deal 

of uncertainty that still exists about solid state photoemission. In 

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.a 

Coordinate Axes Irreducible Final State Allowed Initial 
Representations Symmetry Symmetries 

X y z £ £ £ 
X y z 

[100][010][001] 616~626;65 61 65 65 6 
1 

[OOl][llO] [110] I:li:2I:3I:4 I:l I:3 I:4 I:l 

[llO] [ll2] [111] AlA2A3 Al A3 A3 Al 

[lll] [Oll] [211] ABb A A B A 

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

bsince 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 c2 symmetry classification. 
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FIGURE CAPTIONS 

Fig. 1. 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 transitions out of bulk initial 

state bands. 

Fig. 2. The band structure of Cu along several of the major symmetry 

axes of the BZ is shown for electron energies ~p to 30 eV above 

EF. In the f-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 structure studies by ARPES. 

Fig. 3. A comparison 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 k plot by shifting 

the final state f-L band (Fig. 2) vertically downward by an 

amount equal to the photon energy of the transition in question 

-+ 
to locate the allowed k coordinates, and then on this line the 

peak binding energies, referenced to the Fermi level, were 

plotted (as illustrated for the spectrum at 20 ev photon 

energy) . A photon energy scale for the transitions is shown 

above the Fermi level for clarity. 
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Fig. 4. ARPES spectra collected normal to the three low-index crystal 

faces of CU in the photon energy regime spanning 32 to 160 ev. 

The angular resolution was - 15 msterad and the energy 

resolution was better than or equal to 0.2 ev. 

Fig. 5. 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 chosen to coincide with the 

s-like initial state of the band structure calculation at f) 

-+ 
was used determine the k coordinates of the experimental points. 

The inset of the top of each panel shows the propagation 

qirection of the photoelectron in the extended zone scheme, and 

the bottom inset establishes the correspondence between photon 

energy and the part of the BZ sampled. The scales for each 

panel are arbitrary. 

Fig. 6. ARPES spectra collected in normal emission from a CU (211) 

surface for photon energies between 8 and 34 eV. The spectra 

in the two panels arise from different orientations of the 

-+ . 
electric field polarization vector E with respect to the 

crystalline axes, as shown in the insets of each panel. For 

-+ 
the panel on the right, E was contained in the (011) plane 

(a reflection plane for the (211) surface) , while for the panel 

-+ 
on the lift E had components both normal to and within the 

(011) plane. 
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Fig. 7. Comparison of the peak positions of Fig. 6 with initial state 

bands of Cu plotted for the [211] direction (calculated by an 

interpolation scheme fit to Burdick's bands
9
). In both panels 

the B symmetry initial states are plotted 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 photoernission spectroscopy (PES) has 

become a widely used probe of the electronic structure of solids, with 

increasing emphasis being placed on the surface capabilities of this 

. l-6 and other low-energy electron spectroscop1es. As previously dis-

cussed, the photoemission process in solids may be explained heuris-

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 peaks in a photoelec-

tron spectrum. The other two steps (transport through the solid and 

escape into vacua) contribute the background of electrons scattered out 

of the main peaks. However, these background effects, such as electron-

hole coupling, plasmon excitations, collisionally induced inter-band 

transitions, etc.
8

'
9 

contribute structure to the photoelectron spectrum 

10 which may, as in the case of free-electron-like metals, contain more 

spectral intensity than the main photoemission peaks. 

The study of this background structure, especially plasmon loss 

peaks, yields important information about the electronic structure of 

l . d d h f h h . . . lf 11 
so 1 s an t e nature o t e p otoem1ss1on process 1tse • Surface 

and bulk plasmon frequencies are easily determined via PES. Recent 

studies of plasmon satellites have relied on intensity analysis to 

determine the importance of intrinsic versus extrinsic processes in 

l . . 12-15 p asmon exc1tat1on. This chapter is concerned mainly with the 
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relation of experimentally observed plasmon loss intensities to the 

inelastic mean free path (A ) of photoelectrons propagating through ee 

a sample, and more generally the effect of A on observed PES spectra. ee 

In this work, surface and bulk plasmon loss intensities normal-

ized to the main peak intensity were studied in the PES spectra of Al 

and In. The variations of these relative intensities were studied as 

functions of electron take-off (for Al only) and electron kinetic energy 

E (which was varied using photons from a synchrotron radiation source). 
0 

These two parameters determine the effective sampling depth for the 

photoelectrons which escape into the vacuum. During the course of these 

studies, possible binding energy differences between bulk 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 experimental chambers. The measurements in-

volving electron take-off angle were conducted in a specially modified 

5 5 
16 h" h "1" Hewlett-Packard Model HP 9 OA electron spectrometer w 1c ut1 1zes 

a monochromotized Al Ka (hw = 1486.6 eV) radiation source. The disper-

sion cqmpensation lens system has an electron angular acceptance cone 

of approximately 15 msterad, 17 which is sufficiently narrow to allow 

angle-resolved studies. The details of the angle variation procedure 

18 have been previously reported. The measurments dealing with plasmon 
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intensity variations due to changes in initial electron kinetic energy 

were performed in an ion-pumped VHV stainless steel bell jar system 

installed on the 4° station of Beam Line I at the Stanford Synchrotron 

Radiation Laboratory (SSRL).
19 

The photon source was synchrotron radi-

ation from 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" 

20 
monochromator. Photoelectrons were energy analyzed with a double-pass 

cylindrical mirror analyzer (CMA), Physical Electronics Model 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-

ning 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 evaporated film from a 99.999% pure foil 

on a stainless steel substrate. Repeated depositions of Al were required 

to minimize the intensity of the oxide satellite of the Al 2p peak. The 

base pressure of the system was < 2 x 10-lO torr and the relative intensi-

ties of the Al 2p and its oxide satellite did not change during the 26 

hour duration of the experiment. The In sample was cut from an ingot of 

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. -9 The base pressure in the chamber was !X 10 torr, as no bake-

f d Th 1 + . . 
out was per orme . e samp e was Ar. 1on-bombarded br1efly to remove 

surface impurities. The In spectra revealed no core line shifts due to 

contamination. 

In order to analyze the relative intensities of the core peaks and 

plasmons, the spectra were least-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 a 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. Variation of effective escape depth with photoelectron take-off 

angle. 

In 1969 Harris
22 

showed that the surface sensitivity in Auger elec-

tron emission is enhanced by using low electron take-off angles ~. 

Enhancement of surface sensitivity in XPS by this technique was first 

23 
demonstrated by Fraser et al. and by Padley et a1.

24 
Subsequently 

Padley and co-workers have carried out detailed studies of the effects 

of such parameters as surface roughness on the ~-dependence of XPS 

25 
spectra. This section presents data illustrating the surface enhance-

ment effect for the 2s line of aluminum at XPS energies. 
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Values o~ the elect~on attenuation length A have been measured . · ee 

for a variety o~ solids by the use of such methods as overlayer deposi-

t
. 26-29 
1on. For XPS photoelectrons from loosely-bound orbitals (kinetic 

energies 1000 eV), the A values lie in the 15~30 A range. Thus in 
ee 

I 

normal emission the effective sampling depth A is 5-10 atomic layers. 
ee 

• 
Figure 2 illustrates the relation between A and ~' defined as the 

ee 

angle between the electron propagation direction and the sample plane. 

Clearly 

I 

A = A sin~. 
ee ee 

(2) 

Thus for A - 15-30 A, observation at practically achievable angles 
ee 

(¢- 56 -10°) will give very high surface sensitivity. 

Figure 3, which shows the Al 2s spectra taken at~ = 7.5° and 

¢ = 51.5° from the same 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 

¢ = 51..5°). Spectrum (b) shows just one peak with an asymmetry to higher 

binding energy which is often seen in metals and generally attributed to 

electron-hole coupling. 39 • 31 However, spectrum (a) clearly reveals two 

peaks, one due to the metal and one 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 spectrum (a) • Thus A in XPS 
ee 

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 between 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 ab evaporated metal 

film in XPS measurements at three different takeoff angles. The spectra 

show only the Al 2s core-level peak and the first surface and bulk plas-

men peaks. The binding energy of the Al 2s peak was measured to be 

117.85 eV with respect to 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 not vary with take-off angle. 

Inspection of Fig. 4 shows 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 is to be 

expected because at low ¢ the escaping photoelectron has a lower compo-

nent of velocity normal to the surface and thus "spends more time" in 

the surface layer than an electron with higher ¢. The bulk plasmon ~eak 

intensity relative to the primary peak decreases only slightly at lower 

¢. 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 variation 

of electron attenuation length, or mean free path, with kinetic energy 

32 
for nearly all materials for which these determinations have been made. 

The strong dependence of A on E suggests that PES experiments could be ee o 

performed utilizing different photon energies to selectively probe the 

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

' 
chosen such that the photoelectrons from the peak being studied would 



-70-

have a kinetic energy corresponding to the minimum possible A • Un­
ee 

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 relation to the universal curve). However, syn-

chrotron radiation provides an intense source of continuous radiation 

throughout the range of interest. With proper monochromatization, it 

is possible to obtain spectra throughout the universal curve and in par-

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~l80 eV for the In 4d peak. These experiments were 

performed in an angle-integrated mode; i.e., utilizing the full accept-

ance cone 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 Al 2p spectrum obtained 

at XPS energies is given in Fig. 7. The surface and bulk plasmon ener~ 

gies were independent of photoelectron kinetic energy. Representative 

spectra from the In 4d region are shown in Fig. 8. The surface and bulk 

plasmon energies (8.6 and 11.7 eV respectively) displayed no measurable 

dispersion. The In 4d 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 conjunction with the plasmon studies will 

be presented. The effect of the solid vacuum interfere at the surface 

layer of a solid is a subject of considerable interest. Changes in both 

the core binding energies.and the valence level density of states from 

the bulk values may be expected at the surface since each atom no longer 

has a full complement of neighbor atoms. The surface sensitivity achiev-

able in PES measurements should illuminate these points. 

Several XPS spectra were taken of core-levels of Al and 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 measure-

ments at low(~= 7.5°) and high (~ = 51.5°) take-off angles found no 

evidence for a difference between surface and bulk binding energies, 

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 surface 

oxide ( < .05 monolayer). 

In the synchrotron radiation studies, the binding energies of the 

In 4d peaks with respect to the In Ferni level showed no discernible 

photon energy dependence. Also, there were no observable satellites 

attributable to surface 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 

33 angle-resolved studies of the 4f levels of a clean platinum (111) 
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single crystal surface. These studies utilized different photon ener-

gies and electron take-off angles to vary the effective photoelectron 

sampling depth. As in the other experiments, there were no observable 

satellites or binding energy shifts in the most surface sensitive PES 

spectra. The lack of a core level binding-energy shift between surface 

and bulk atoms is surprising if one attempts to understand the condensed-

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 

b . d' . 34 
~n ~ng energ~es. These shifts are usually explained as arising from 

combinations of differences in initial-state charge distribution and 

extra-atomic relaxation. Apparently these initial 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. 

Even though the calculation of Sohn, et al.,
35 

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 

S · 36 I 1 S d' f 1 f at s RL are negat~ve. · n genera , PE stu ~es o c ean sur aces are 

studies of bulk electronic properties. 



-73-

C. Photoelectron Energy Loss Mechanisms 

1. Angular dependence of Al plasmqn loss intensities. 

A general review of plasmon excitations in solids was given by 

37 ,I 

Raether. Comprehensive theoretical treatments of the relation between 

electron mean free paths (MFP's) and plasmon satellite intensi'ties were 

given by Feibelman
9 

and Sunjic 
y y • ~ 11 

and Sokcev~c. The latter authors have 

treated the specific example of plasmon loss struc'ture from the Al 2p 
r<,-. 
•>.'r 

level. Reference 11 shall serve as a basis for the'interpretation 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) 

where r'> is the first bulk plasmon loss to main peak intensity ,ratio, 
B 

AB is the electron MFP for bulk plasmon creation events, and A is the ee 

MFP for all collision processes, then I~ is independent of ¢. A further. 

simple assumption, that surface plasmon excitation probability is pro-

portional to the amount of time required for a photoelectron to traverse 

the surface layer, yields a surface plasmon to main peak ratio (I~) pro­

portional to (sin¢)-l. However, Refs. 9 and 11 have shown that the in-

traduction of a solid-vacuum interface alters the local character of bulk 

(and surface) plasmon excitations. Thus surface and bulk excitation 

probabilities (Q
5 

and Q
8

) become functions of the electron excitation 

depth (L) and takeoff angle (¢) as well as electron kinetic en~gy: 
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0 0 
Figure 10 shows IB and IS as functions of Asr and ~ for photo-

electrons excited from the Al 2p level with Mg Ka radiation (electron 

kinetic energy~ 1176 eV) where A is the MFP due only to short-range . sr 

interactions (i.e. electron-hole creation). 0 0 
The values for IB and IS 

were generated by fitting plasmon excitation probabilities QB and Qs of 

Fig. 5 in Ref. 11 to a series of line segments and performing the inte-

.. .. .. 
gration of Eq. 21 in Ref. 11 analytically. Since Sunjic and Sokcevic. 

presented plasmon excitation probabilities for only three exit angles 

(~ = 90°, 50°, and 20°), interpolated and extrapolated QB and QS values 

were used to compute the plasmon intensity angular dependence from nor-

mal to grazing ~- Thus Fig. 10 is presented only to indicate trends. 

The experimental data, presented in Table 1, represent mainly 

plasmon loss structure following the Al 2s peak using Al Ka radiation 

as an excitation source (kinetic energy = 1368 eV) • However, it iis still 

justified to compare the experimental data to Fig. 10 since Fig. 6 and 

7 in Ref. ll show that QB and Q
5 

for Al are insensitive to 200 eV dif-

ferences in electron kinetic energy for energies above l keV. 

Direct comparison of the experimental results to Fig. 10 indicate 

that the plasmon loss probabilities QB and Q
5 

have been underestimated 

in Ref. 11. However, the ratio I 0 /I0 (which is more sensitive to A and 
B S ee 

~ than either I~ or I~) may still be correctly predicted. Figure 11 

versus 0 0 
~) was generated from a complete set of IB and r

5 
curves 

taking A to be 25 A. 39 
Except for small angles, the resulting I 0 /I 0 

sr B s 
curve follows the sin~ prediction of the simple approximations men-

tioned at the beginning of this section. It is also seen that surpris-

ingly good agreement exists between the three experimental values and 

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

and the experimental results is that the observed I~ ratio decreases 

with decreasing ~- That the computations predict the opposite behavior 

is most likely due to the rough parameterization and extrapolation of 

··the results of Ref. 11. Since the sin ~ behavior of I~/I~ 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 IB
0 (~ = 90°) for large A one can approximate A = 42 A (A is the 

sr B B 

mean free path for bulk plasmon excitation). Thus, A o... (A -l + A-l) -l 
ee sr B 

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

from Ref. 24. 

0 0 
2.. Kinetic energy dependence of .!:a and .!£ for Al and In. 

0 0 
The variations with electron kinetic energy of IB and IS are shown 

in Fig. 12 for the Al.2p case and in Fig. 13 for In 4d. All spectra 

were angle-integrated. A detailed interpretation is not feasible be-

cause no calculations are available which treat the explicit angle, 

energy, and Aee dependence of I~ and I~ in the energy range of these 

experiments. 

An Al 2p oxide satellite peak appears in all the spectra 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. 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 

0 0 
of IB and IS impractical for photon energies 130 eV <hw<l70 eV. Also, 

for hw < 130 ev both a strongly nonlinear inelastic electron background 

and rapidly decreasing plasmon intensities preclude accurate tracking of 

0 0 
IB and IS to their respective threshold energies. 

Figure 12 shows that for electron kinetic energiesabove 93 eV, 

I~ increases with energy while I~ decreases. The calculations of Ref. 

11, which were all for initial electron kinetic energies~ 100 ev, showed 

that the bulk plasmon excitation probability decreases with increasing 

electron kinetic energy. This is consistent with the experimental re-

sults if A increases faster with kinetic energy than the bulk plasmon ee 

excitation probability decreases. Figure 7 in Ref. 11 also 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 (- 3 A) and steadily increasing A for ee 

electron kinetic energies between 93 and 193 ~V. From Ref. 39 it is 

seen that A in Al is predicted to be a minimum (- 3 A) at 50 eV and ee 

rise to 6A at 200 ev., which is in qualitative agreement with Fig. 5 

(the calculations of Kleinman41 place the minimum of A near 15 eV and 
ee 

are thus not in accord with experimental observations). At these low 

electron kinetic energies much of the plasmon 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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0 0 
The observed IB/!5 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 A · ee 

occurs somewhere between 53 eV and 93 eV photoelectron kinetic energy. 

In this case a better determination is not possible due to the Auger 

interference in the region of interest. Further complications in the 

interpretation of plasmon intensity data may also arise due to elastic 

electron scattering from the surface potential considered in Ref. 29. 

The predicted A for In is lower than for Al at all electron ee 

k . · . 42 f ff h ld b h d f I ~net~c energ~es, so sur ace e ects s ou e more en ance or n 

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

In is much lower than for Al, although the bulk plasmon excitation prob­

ability is smaller for In. Figure 13 shows that I~ and I~ for In are 

nearly equal over the range of electron energies 53-123 ev, and change 

little with energy. A narrow energyregion is obsered over which 

I 0 > I 0 
(hw = 160 eV) and the intensities then invert (hw = 180 eV). The 

S B 

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

This chapter has demonstrated that surface sensitivity in PES can 

be greatly enhanced by either using low electron take-off angles or by 

utilizing a photon energy such that the photoelectron kinetic energy is 

near the minimum of the "universal curve". Further, the surface sensi-

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 Sunjic and Sokcevic:1 

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" ere-

ation of a hole, is associated with the "first step" of photoemission 

from a solid. Extrinsic excitations are due to the coupling of the 

photoelectron to the plasma modes, which occurs during the "transport 
II 

step. The proper computation of the total plasmon creation probability 

results from squaring the Hamiltonian matrix element which connects the 

ground 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 that the 

three steps are in effect virtual phenomena 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 been shown to be nearly 

valid for no loss photoelectron features) yet recognizes the true one 

step nature of photoemission. A major improvement in the direct 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 photoelectron kinetic energy. This term, known as the self 

energy, accounts for the finite photoelectron inelastic mean free path 

which is the result of such many body effects as plasmon or pair cre­

ation. The inclusion of the ~e~~ energy into the photoemission model 

being constructed and its physical consequences are the dominant 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° J8° 7.5° 

Al 2p Io 
s 0.17(1) 

Al 2p Io 
B 

0.57(2) 

Al 2s Io 
s 0.11(1) 0.14(1) 0.22 (3) 

Al 2s Io 
B 

0.55(2) 0.58(3) 0.46(6) 



Fig. l. 

Fig. 2. 

Fig. 3. 

Fig. 4. 
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FIGURE CAPTIONS 

Experimental geometry for the experiments performed using 

the storage ring SPEAR as a source of synchrotron radiation 

is shown. The angle of the sample with the CMA symmetry 

axis was chos~n to maximize 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. 

The experimental geometry for the XPS angle resolved exper-

iments is shown, illustrating the concept of effective samp-
I 

ling depth, A (Eq. 1). The photon source, monochromatized ee 

Al Ka radiation, is fixed with respect to the electron 

analyzer. 

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. 

The Al 2s spectral region as a function of take-off angle 

obtained using Al Ka x-rays. Note that the spectrum taken 

at¢ = 7.5° shows a slight shoulder at ·higher binding ener-

gies due to oxide contamination, even though a scan of the 

0 ls region revealed no detectable signal. 



Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 
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This is a representation of the universal curve-the electron 

attenuation length (h ) as a function of electron kinetic ee 

energy. Superimposed on this plot are discrete laboratory 

photon sources which are commonly used in PES. 

The Al 2p spectral region at various photon energies in the 

ultra-soft x-ray regime. The in.situ evaporated Al film had 

an oxide component, seen as a shoulde·r 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 Ka (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. 

Fig. 9. The In 4d spectral region obtained with Al Ka radiation. 

Fig. 10. This figure shows the predicted dependence for Mg Ka excita-

tion of the first surface and first bulk Al 2p plasmon loss 

peak intensities normalized to the main peak (I~ and I~) on 

take-off angle and h , the mean free path for short range sr 

inelastic collisions. 
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0 0 Variation of the surface to bulk plasmon ratios (I
8
/I

8
) as 

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

line is the predicted ratio variation from Fig. 10 assuming 

an electron A of 25 A. The dashed continuation of the solid ee 

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. 

Fig. 12. Variation of the normalized Al bulk and surface plasmon loss 

peak intensities (I~ and I~) with energy (bottom). The filled 

circles and the crosses represent I~ and I~ respectively from 

this work; the filled diamonds and squares represent the data 

of Ref. 40. The top portion shows the ratio I~/I~, (filled 

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

Fig. 13. The variation of I~ (filled circles) and I~ (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 model 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 far has considered transitions 

in an infinite crystal lattice; the effects of electron transport to 

the surface, the interface region itself, and escape of the photoelectron 

into vacuum on the measured photocurrent have been ignored. However, 

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 creation of electron-hole pairs. In this chapter, the Cu ARPES 

spectra presented earlier will be reexamined to analyze 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 

. d . 1 h 1 d h . . 2- 4 cons1dere prev1ous y for bot LEED an p otoe~ss1on processes. 

Figure 1 is a representation of a photoemission process which raises 

an electron from 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 vacuum, and being 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 component of the potential energy, the self-

energy term, in the hot electron Hamiltonian. 

To see the effect of the self-energy in photoernission, the transi-

tion matrix element (Chapter III, Eq. 2) may be evaluated using a damped 

plane wave for the final state inside the crystal, ie. IEf,kf) = 

-+ -+ 
exp(ikf•r)exp(az), where the z direction is taken to be the outward 

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

photoelectron mean free path R, and the angle e between the momentum 

vector and z by
5 

1 a = R.cose 

. Evaluating the transition matrix element in this approximation 

yields 

-+ -+ -+1 -+ 12 2 2-+ I' -+ -+ -+ 2 I<Ef,kfiA•p E.,k.) a: cos y4/.(kf) Lexp[i(kf-k.)•R]exp(aR) I • 
Jl. J -+ l. z 

R 

(1) 

(2) 

Since the summation is now only over a half space and each exponential 

is weighted by a damping term, the strict crystal momentum conservation 

condition (delta function) is no longer valid. To obtain an idea of how 

severely the direct transition requirements are violated, the summation 

in Eq. (.2) can be evaluated by considering consecutive layers parallel 

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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I \' -+ -+ -+ \' -+ -+ -+a 2 
/..exp[i(kf-ko)•a-+aa] 1.. exp[i(kf-ko)•RI Jl 
-+ 1 -+a 1 1 

(3) 

a Rll 

-+ -+a 
where a is the layer index and {RII} are all the lattice points within 

-+ -+a 
the layer a. The sum over Rll 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 II' in direct analogy with the three dim:nsional case presented for the 

infinite solid in Eq. (4) of chapter rrr. 1
•
2 

The summation over the 

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

1 ° 0 ld th 0 1 0 2 , 3 , 6 neg ect1ng cross terms, y1e s e approX1mate so ut1on 

1 
(4) 

This Lorentzian constraint, rather than requiring a strict conservation 

rule for the component of photoelectron momentum normal to the surface 

-+ 
(kf)l (as a delta function does), allows a finite distribution of momenta 

-+ 
about the value of G1 (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 6k1 comparable to 2a, which is the 

FWHM of the Lorentzian distribution. The momentum constraint approaches 

a delta function for a2a 2 << 1, or in other terms 'k1 is very nearly a 

-+ 6 
good quantum number (ie. conserved modulo Gl) for R-cos~a, which is 

nearly 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 to 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's
7 

initial state bands to an empty lattice 

final state.
8

'
9 

Inspection of the experimental 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 feature 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 BZ 

(number of initial states) sampled at the two different photon (photo-

electron) energies. 

Momentum broadening due to finite inelastic mean free path effects 

certainly plays a major part in the form of the spectra studied above. 

Figure 3 shows a plot of the inelastic mean free path of hot electrons 

10 in Cu as a function of electron kinetic energy. From the considerations 

of Eq. (4) above, k1 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 aji ratio predicted from Fig. 3 for the 

45 eV (130 eV) transition is -o.22 (-o.60), which corresponds to a final 

state FWHM momentum broadening of -G% (~0%) of the BZ dimensions. These 

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

represented in this figure is_the angular acceptance of the electron 
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-+ 
energy analyzer in terms of kll projected back into the first BZ. From 

this projection it is seen that for a fixed angular resolution, the 

number of ~nitial states sampled increases with increasing photoelectron 

kinetic energy. The total effect 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 accessed at 45 eV photon energy. 

Some important general considerations arise from this observa-tion. 

Due to the dispersion of the initial state bands, changes in the momentum 

space region sampled in ARPES can cause very large changes in the observed 

photoelectron energy distribution curves. Slight momentum broadenings 

can cause large spectral energy broadenings. Also, even near the minimum 

of the inelastic mean free path versus photoelectron kinetic energy curve 

(where broadening in k1 is maximized) the momentum broadening for Cu is 

still small with respect to the BZ dimensions, which shows that a one 

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 the resultant loss of initial state 

specificity. One final point is that the width of features observed 

in ARPES spectra depends upon both the final momentum state width and the 

energy dispersion of the initial state bands. Thus, in order to obtain 

. . . th f ak . d h 3 ,a . 1 1nformat1on about inelast1c mean free pa s rom pe w1 t s 1n ang e 

resolved EDC' s of valence bands, 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 Photoernission 

A topic closely related to inelastic collisional damping of 

photoelectron states is the excitation of electrons into band 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 crystal, it can couple at the surface to 

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

A simplified physical explanation for this pheomenon is that due 

to the spacing and orientation of the crystalline planes electrons 

initially traveling in a certain direction with a specified energy 

suffer strong elastic scattering (viz. Bragg scattering) into other 

directions. This short elastic mean free path accounts for the peaks 

1 
observed in LEED spot intensity versus beam voltage measurements. 

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 photoernission potentially has extreme surface sensitivity, 

but at the cost of retaining practically no momentum specificity 

( h d . . 1 d . f . ) 3 ' 4 per aps a true one ~mens~ona ens~ty o states reg~me • Most 

b . h . . 11 , 12 h b f . t . o servat~ons of band gap p otoem~ss~on _ ave een or trans~ ~ons 

into the gap between the vacuum level and the bottom of the lowest 

\ 
unbound conduction band for emission nor~l to several single crystal 

... 
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faces. Emission directly into these gaps is not yet completely under-

stood. They are usually evident in the low kinetic energy portions of 

photoelectron EDC's as an attenuation 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 

direction up to 25 eV above EF. This figure was derived from an 

. 1 . h 13 f' d' k' b 1nterpo at1on sc erne 1t to Bur 1c s ground state ands, so the 

precise location and size of the band gap are uncertain. Normal emission 

ARPES spectra obtained using two different photon polarizations 

(Chap. III) are compared for several photon energies in Fig. 7. Only 

the spectra obtained using hv = 14 and 16 eV are not interpretable from 

direct transition theory, and these are the two spectra for which the 

final states are predicted to fall in the band gap shown in Fig. 6. 

The spectra at these two photon energies show considerable polarization 

dependence. Also, they do not appear to be manifesting a one dimensional 

density of states behavior, although the number of peaks evident and 

their width suggests considerable final state momentum broadening. The 

amount of surface layer specific information these spectra contains is 

potentially high, but at present the nature of this particular surface 

and final state band are not well enough understood to allow a detailed 

interpretation. Extending band structure calculations to higher 

energies and LEED calculations to lower energies to cover this electron 

energy region so important to photoernission should help greatly in 

understanding band gap photoemission as well as aid the interpretation 

of other photoernission .results. 
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FIGURE CAPTIONS 

Fig. 1. A schematic representation of the wave functions and energy 

levels involved in a photoemission transition from a bulk, 

I 
-+ . 

free-electron-like initial state E. ,k. } to a damped final. 
J ~ 

-+ 
state IEf,kf} 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 V , 
0 

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 EB by the 

modified Einstein relation EB = ~in + ~ - hv, where ~ is the 

work function. 

Fig. 2. ARPES spectra collected normal to the (110) face of a Cu single 

crystal for photon energies between 32 and 160 eV. 

Fig. 3. Photoelectron mean free path in Cu as a function of kinetic 

energy obtained from Ref. 9. No data are available for the 

dashed region of the curve. 

Fig. 4. Illustration of the number of initial states sampled in ARPES 

spectra due to momentum broadening and finite acceptance angle 

measurements. The top portion of the figure shows the 

broadening in kll of the final (and initial) states detected as 

a function of photon energy for a fixed angular acceptance of 

24 msterad. (5° half angle cone). Within the extended zone 

scheme plot of the Cu bands along K-r-K (ie. Cu (110) face 

normal ARPES) are superimposed the final state bands (showing 

I' 
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the FWHM broadening due to il)elastic effects) accessed by 

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

initial states sampled at hv = 130 eV accounts for most of the 

differences observed in the ARPES spectra. 

Fig. 5. A schematic representation of the wavefunctions and energy 

levels involved in a photoemission transition from a bulk, 

free-electron-like initial state IE.,k. ) to a final state 
J 1 

IEf,kf > that lies in a band gap and is thus severely damped. 

Fig. 6. 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, and illustrate the band gap in the final 

states sampled in photoemission for electron energies 10-13 eV 

Fig •. ?. Comparison of normal emission ARPES spectra collected from a 

Cu (211) crystal face for two different polarizations (inset). 

The spectra collected at photon energies of 14 and 16 eV are 

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 utilization off-normal photoemission 

orientations is shown to be a useful technique to suppress surface con­

tributions to ARP spectra, allowing 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(llO) was chosen. As dis­

cussed previously, this resonance arises from a direct transition in­

volving the VB closest to the Fermi level (EF) at k = (-0.5, -0.5, 0), 

in units of 2TI/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° Port of Beam Line I at the Stanford Synchro­

tron Radiation Laboratory (SSRL). 1 The experimental chamber and sample 
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preparation have been described in detail elsewhere.
2 

Variation of the 

polar photoelectron emission angle e (measured with respect to the sur-

face normal) was achieved by rotating the crystal about an axis (here-

after called the crystal-rocking axis) perpendicular to the Poynting 

-+ 
vector S of the source light and to the axis of the photoelectron detec-

-+ 
tion cone defined by the final-state momentum kf (for a fixed angle be-

-+ -+ 
tween S and kf). 

Two different orientations of the crystal-rocking axis with re-

-+ -+ -+ 
spect to the polarization direction ]..lo (for l.l(t) = l.locos(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 ll 

-+ -+ 0 -+ 
in the plane containin~ S and kf, at an angle of 27.3 from kf. In the 

-+ -+ 
second mode, llo was parallel to the crystal-rocking axis, with kf 132° 

-+ 
from s. Thus, the incident light was s-polarized with respect to the 

-+ -+ 
sample surface, and (kf•llo) for all choices of e 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 orientation of 

the crystal on the sample holder. The crystals were mounted on a PHI 

model 10-504 precision manipulator with which the relative sample posi-

tions could be measured to within ±0.5°. The absolute orientations of 

the crystal on the manipulator were checked using Laue back-reflection 

photography and found to be within ±2° for all axis. Short cycles of 

+ Ar bombardment and annealing with an electron gun produced crystal 
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surfaces free of detectable contaminants, as determined by in situ 

chemical analysis (photoemission spectra taken at different photon 

energies to enhance possible contaminant peaks with respect to the Cu 

substrate). Contaminants remained undetectable for the c.a. 10 hour 

duration of the experiments, which were performed at pressures less 

than 5 X 10-lO Torr. tak h b · · · d d f h Spectra en at t e eg1nn1ng an en o eac 

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 e near the [110] axis for four different crystal orienta-

tions, shown in the inset of each figure. Common to all figures is the 

trend observed for the band six resonance. This feature exhibits ex-

treme angular sensitivity; it appears with appreciable intensity only 

-+ 
for kf 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 [11~ 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 with similar crystalline orientations is that the peaks 

observed in off_.normal photoemission are generally sharper and more pro-

nounced than their near-normal emission (Figs. 3 and 5) counterpart~. 

Large differences are also observed between the corresponding 

spectra of Figs. 3 and 5, for which the azimuthal crystal orientation 

differed by 90°. The relative height of the band six peak with respect 

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 EB; the 

spectra of Fig. 5 exhibit a strong peak between 3 and 4 eV EB for e = 0° I 

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 photoemission 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 

maximum transmission of the monochromator (150 eV) . 1 

B. Influence of the Surface in Photoemission 

1. Initial states sampled 

According to the theories outlined earlier, the constraints of 

energy and momentum conservation greatly restricts the portion of the 

initial states in the Brillouin Zone (BZ) sampled in ARP. 1 ' 3 For normal 

+ 
emission measurements, the region of k-space sampled may be approximated 
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by a cylinder of radius I t.k
11 
I , determined by the finite angular res­

olution of the analyzer, and height lt.k1 I, the consequence of momentum 

broadening in the final state due to the short inelastic mean-free-path 

of the photoelectron in the solid. 4 ' 5 In terms of the spectra taken in 

-+ 
normal emission geometries, the k-space cylinder sampled had a radius of 

0.19' (5° half-angle aperture) and a height of 0.07 (SA mean free path)2 

in units of 2TI/a, for a total volume of 0.2% that of the BZ. We note 

4 that in this case k1 is nearly conserved. 

The sampling cylinder becomes distorted for off-normal photoemis-

sion geometries. This distortion, however, is small for all the spectra 

-+ 
reported here and does not significantly alter the shape of the k-space 

sampling region. Observation of equivalent symmetry directions for dif-

ferent emission angles is also complicated by different evolution of the 

-+ 
sampling volume through k-space with the energy of the final state, but 

again this effect is small for the orientations reported here. Although 

refraction of the radiation at the metal surface can be appreciable 

(2°-6° for our geometries), the photon momentum 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 8 is 

to change the portion of the initial state 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 re~raction 

One of the most important surface effects and the least studied 

experimentally is the refraction of the escaping photoelectron as it 

transverses the potential barrier at the surface. This particular effect 

has received some theoretical consideration,
6 

but has been deemed to be 

unimportant experimentally for electrons with kinetic energy greater 

5 
than about 20 eV. This subchapter considers this effect and the in-

formation that the above data provides concerning it. 

The conservation laws determining the behavior of an off-normal 

photoemitted electron as it transverses the solid-vacuum interface en-

6 + 
route to the analyzer have been discussed in detail by Mahan. If q is 

the wavevector of the photoelectron inside the crystal, it is related to 

+ 
the free electron wavevector p outside the crystal by the following 

relationships: 

(1) 

(2) 

+ + + 
Here p1 and q1 are the surface normal components of p and q, while pll 

+ 
and qll are the parallel components. v denotes the inner potential; the 

0 

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 8 between the emerging 

+ 
photoelectron and the surface normal n becomes 
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8 = arcsin[(m*(E + V )/mE)
1

/ 2sin8•], 
0 

(3) 

-+ 
where e• is the angle between the photoelectron and n 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, however, no previous exper-

imental test of the relation between 8 and 8 1 exits. It is easy to 

understand why, however. In order to know e• accurately, a distinctive 

ARP feature in the bulk photoemission spectrum (that is a feature nar-

rowly restricted in angle) is necessary. The band six resonance provides 

7 such a feature and was discovered only recently. 

The inner potential V is usually taken as the sum of the work 
0 

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 V of- 13.8 eV. We may thus predict 
0 

-+ 
the surface refraction for photoelectrons with a particular kf inside 

the sample. In particular, for electrons originating from the band six 

peak in copper in the [110] direction at 45 eV (using V = 13.8 eV and 
0 

m* = m) Eq. (1) predicts refraction angles (8 - e I) of 10° and 7° for 

photoemission from (100) and (111) surfaces, respectively. 

Inspection of Fig. 6 (parts a and c) indicates that the observed 

refraction angles are both -so larger than predicted above, a difference 

considerably greater than the estimated 2° uncertainty associated with 

the measurements. Using the measured values of 8 to determine V from 
0 

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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electrons, due to the decrease in magnitude of the exchange-correlation 

potential
8 

with increasing electron energy. Thus, another effect must 

be important in determining electron refraction. To ascertain if the 

calculated electron refraction is sensitive to the form of the potential, 

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

potential was replaced by a softer potential of the form V (z) = a/ (c + z) 1 

where a and c are constants and z > b measures the distance of the photo-

electron from the surface, to account roughly for the image charge in-

10 11 duced in the metal by the photoelectron. ' The recalculated refrac-

tion angles as functions of the parameters a and c revealed that for a 

final state electron energy of 40 eV, there is no significant dif:(erence 

in refraction angle caused by the two potentials (i.e., ~8 < .2°). 

If the position is taken that V is fixed at near 14 eV for copper 
0 

(this is certainly an upper limit for hot electrons), two possible 

causes remain for the unexpectedly large refraction angles. Since 

h 2k2/2m is effectively a measured quantity, and V is taken to be fixed, 
0 

the data can be fit by Eqs. (2) and (3) only by increasing m*. An ef-

fective mass of m* = 1.15 m (and V = 13.8 eV) yields 8 = 45.5° and 
0 

61.7° for the (111) and (100) faces, respectively. That m* may assume 

a value other than the free electron value for the final atate photo-

electron is shown to be plausible in Fig. 1. The nominally observed 

~ ~ 

final state for q = (-0.5, -0.5, O) and G = (2, 2, o) is degenerate 

with another band of the same symmetry (E
1

> arising from G = (0, 0, 2). 

The perturbation of the levels should be small, as they mix through a 

Fourier potential component UG for G = (2, 2, 2). However, the inter­

action may be large enough to affect the hot electron group velocity, 
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i.e., induce an e~~ective mass di~ferent from the ~ree electron value. 

Furthermore, Moruzzi, et al. find that a value of m* = 1.08 m for hot 

electrons 20 eV above the Fermi level allows a good fit of their calcu-

1 d b d h . . d 12 ate Cu an structure to p otoem1ss1on ata. 

The other possible cause of large refraction angles is surface 

roughness. It is not clear, however, exactly how surface roughness 

would affect the observed values of 8. In fact the effects on 8 for all 

the geometries studied in this work are expected to be model-dependent 

and quite small for plausible models.
13 

It seems very unlikely that an 

increase in 8 by as much as 5° could arise from surface roughness. A 

more probable result of surface roughness is a spread in 8, and in this 

connection, it is noted that the band six resonance persists over a 

larger range of angles for the off-normal geometries than wou,ld be ex-

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 

+ 14 r - K - X line in k-space, and the final state must have El symmetry. 

The selection rules governing transitions into the final E
1 

state are 

+ 
that, for components of the light polarization vector ~ parallel to 

the [110), [100), and [llO) axes, emission will be allowed from E
1

, E
3

, 

E4 initial states, respectively.
14 

Due to the dipole nature of the 
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excitation process, E
2 

bands should not be seen. For all the spectra 

in Figs. 2-5 there is a very large component of the photon polarization 

vector in the [110] crystalline direction, accounting in part for the 

high intensity of the band six peak, whic):l has E
1 

symmetry and a large 

amount of d-character in an LCAO tight-binding sense. 7 An important 

observation is that E1 symmetry bands that are predominantly s-derived 

do not have a large cross-section. 

Comparison of the normal emission spectra for the two azimuthal 

orientations (Fig. 7) reveals a considerable polarization dependence in 

the spectra. Table I presents the direction cosines for the polarization 

vector relative to the [110], [100], and [llO] crystal axes. Results are 

presented based on the angle of incidence 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 

'• . . d 949 . d . 11 15 f Law us1ng a refract1ve 1n ex n = 0. determ1ne exper1menta y or 

hV = 45 eV. 

The spectra in Fig. 7 indicate qualitative agreement with the dif-

ferences in the selection rules for the two azimuthal orientations. In 

Fig. 7a and 7b the lower binding energy portion is enhanced with respect 

to the rest of the valence band due to the allowed transitions from the 

E4 state at 2.8 eV EB. The large intensity of the higher binding energy 

portion of the "d-band" region in Fig. 7c and 7d can be understood in 

terms of the allowed transition from the E
3 

initial state at 3.7 eV EB: 

However, polarization selection rules do not account for the strong in-

tensity observed in all spectra at 2.5 eV EB. For a primary cone direct 

transition process, the band corresponding to this binding energy has E
2 
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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 spectral region is 

most likely due to indirect transitions. This is supported by the fact 

that the high temperature ARP spectrum of the band six resonance region, 

which emphasizes indirect transitions due to thermal disorder, is peaked 

16 
strongly at 2.8 eV EB. 

Another important polarization effect in photoemission arises from 

-+ -+ 
the interaction of the photon electric field vector E (parallel to l.lo) 

. h h 1 . d . •17 1 . d 1 . h w1t t e meta surface. As d1scusse by Kle1wer, p-po ar1ze 1g t 

can cause a significant surface 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 1/1~1 2 , 
-+ 

where q is the 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 k-space localized near the direct 

transition channel. 

Surface photoemission is expected to contribute most heavily to 

ARP spectra for near grazing incidence p-polarized radiation and normal 

1 . . d' . 17 e ectron em1ss1on 1rect1ons. 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 and 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 must be pres-

ent for the normal emission case, and that broadening is apparently quite 

severe. Nevertheless, the photoemission spectra from CU(llO) are dom-

inated by direct transition processes for the range of photon energies 

4s eV ~ hv~ 160 eV. "Surface emission" accounts for relatively little 

of the observed intensity for hV = 45 eV even if the differences between 

Figs. 7a and 7b and Figs. 7c and 7d 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 a photoelectron 

2 + 
transition is weighted by a cos a term, where a is the angle between ~o 

d -+k . h 1 11 . 1 11 . h h t an f" Sm1t , et a • rout1ne y co ect ARP spectra 1n t e p o on 

energy region below 20 eV for a = 90° • They explain the photoemission 

final state as a Bloch sum of plane waves, 

+ -+ 
+ G) -r) 

(4) 

-+ 
that can allow emission into any direction with respect to llo because 

+ 
of the sum over the reciprocal lattice vectors G. However, the co-

efficients C+(kf) for jGj > 0 are expected to decrease with.increasing 
G 

final-state energy, leading to a more plane wave-like final-state. This 

is in fact observed experimentally; the photoemission yield for an orien-

-+ + 
tation with kf• ~o = 0 for photon energies ~ 40 eV is considerabiy 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. 

C. Summary 

Finally, possible spectral effects due to deviations from the bulk 

band structure as the final-state becomes more surface sensitive should 

be mentioned. The most spectacular 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 approaching a solid surface. 

Sohn, et a1. 19 have performed several calculations for the low index 

faces 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 grazing electron emission angles confirms 

h
. . 20 t 1s expectat1on. Thus, direct-transition features in ARP spectra are 

not expected to correspond 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 o~ the hot electron and its group velocity (or effective 

mass) are the most important factors in determining surface refraction. 

In addition, considerable polarization dependence has been observed in 

the features of the ARP spectrum of Cu and are in qualitative agreement 

with direct trahsitions 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 spectra which 

can obscure direct transition features. It is concluded that a success­

ful theoretical description of ARP spectra will have to include indirect 

as well as direct transition processes; the calculation of the relative 

magnitudes being the most important, and probably most difficult, theoret­

ical parameter in the interpretation of experimental spectra. Experimen­

tally, utilizing off-normal emission geometries with the light polariza­

tion in the electron detection direction may be the best method for ob­

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

Allowed 
Initial State 

El 

E3 

E4 

Crystal Axis 

(110] 

[001] 

[llO] 

. a. 
Plane of [110] and [lOOl 

IncidentC Refracted 

0.889 0.875 

0.0 0.0 

0.459 0.483 

a.) Orientation of Fig. 7b. 
b) Orientation of Fig. 7d. 
e) Incident angle between to and [110] of 27.3°. 
d) Refracted angle between Po and [110] of 28.9°. 

b 
Plane of (110] and [llll 

IncidentC Refracted 

0.889 0.875 

0.459 0.483 

0.0 0.0 

I 
1-' 
~' 
I 
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FIGURE CAPTIONS 

21 Burdick's band structure of Cu along the fK direction. The 

dashed curves are empty-lattice energy bands (referenced to 

the 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 nominally carries electrons 

in the [110] crystalline direction. The negative slope final 

state band is doubly degenerate, consisting of r
1 

and r
4 

bands 

which would be split by a crystal potential. 

Fig. 2. Experimental results obtained as a function of 6 from a Cu(lOO) 

crystal surface. The experimental geometry is shown in the 

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

Fig. 3. Experimental spectra obtained from a Cu(llO) surface. The 

crystal orientation is illustrated in the inset. 

Fig. 4. Spectra obtained from a Cu(lll) crystal face. 

Fig. 5. Spectra obtained from a Cu(llO) crystal face. The ~zimuthal 

orientation of this crystal differs by 90° from that in Fig. 3, 

as illustrated in the inset. 

Fig. 6. This figure summarizes the intensity variations of the band 

six peak as a function of 6 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 e for the 
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four sets of d~ta 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 kf were 

equivalent for parts a and b and for parts c and d of this 

figure. The refraction angles can be determined by the maxima 

of the plots in parts a and c. 

Fig. 7. Here are presented the spectra collected nearest the [110] 

internal emission direction for each of the crystal orienta-

tions of Figs. 2-5. The dashed lines are the initial state 

lattice band from Fig. 1, and are labeled by the symmetry of 

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 theoretical attention, and experimental examples 

1 2 are known for Mo and W(lOO) and Cu(lll). Until now, however, the 

detailed surface electronic structure of stepped crystals has received 

much less attention, in spite of its obvious importance, and no detailed 

theoretical predictions of surface states on stepped crystals 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(2ll) crystal, for which the (211) face is known to have a 

stable surface configuration consisting of three-atom (111) terraces and 

3 single-atom (100) steps. The surface state was found at 0.20 ± 0.07 eV 

below the Fermi energy. This state -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 EF on CU(lll). 

It is further demonstrated that the (211) surface state is associated 

with the Cu(lll) terraces. Implications about the nature of the stepped-

crystal surface potential are noted below, and further experiments that 

demonstrate the increased reactivity of a (211) stepped crystal relative 

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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the interface region due to its highly localized nature. 

Figure 2 depicts a segment of an ideal (S)-[3(111) x (100)] 

3 
surface; monatomic (100) steps are separated by three-atom (111) 

terraces. Only one-third of the surface atoms (in "C" rows) have the 

complete coordination geometry of a (111) surface. Surface electronic 

structure effects associated with excess charge at step sites
4 

should 

5 
therefore be substantial, if indeed they are present. Angle-resolved 

photoemission is the technique of choice for studying these effects. 

Single crystals of copper were cut to within ±o.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 (approximately 0.03 monolayer). 

Photoemission spectra were run on the 8° branch line of Beam Line I 

at the Stanford Synchrotron Radiation Laboratory, 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-

cepting electrons emitted at 145°relative to the photon beam direction. 

The acceptance angle of the analyzer was 24 msterad (5° half angle). 

The electron take-off angle was varied relative to the crystal by 

rotation of the sample about the vertical axis. The total experimental 

resolution increased from ca. 0.17 eV at hv = 8 eV to ca. 0.26.eV at 

hv = 35 ev. 
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Figures 3 and 4 show photoemission spectra taken at several 

electron take-off angles 8, with a photon energy of 11 eV from the 

Cu(lll) and (211) surfaces, respectively. The (211) surface state 

appears as a peak at a binding energy of 0.20 ± 0.07 eV at 8 = 20°, 

the [111] bulk direction (Fig. 4). As 8 is increased or decreased 

from this value, the peak decreases in intensity and shows some 

dispersion, disappearing at 8 = 10° and 30°. These are the same 

characteristics exhibited by the surface state on Cu(lll)
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 modified 

form on the (111) terraces of stepped Cu(211), with maxima in these 

properties normal to the terraces; i.e. , also along the [ 111] direction. 

This is the first observation of a surface state on a stepped crystal. 

A puzzling feature about the emission from this state is that it appears 

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(211) 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 from 

Cu(2ll) 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 "area" of unperturbed (111) face on the stepped 

crystal. This interpretation 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 P?lariza­

tion at the two faces. 

Turning to the bulk-derived features of the photoernission spectra, 

the CU(2ll) results are similar to those from Cu(lll). The CU(211) 

bulk features do show refraction, and they can be interpreted within the 

direct transition model (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 shift ~0 - -10° in the 

angle from the surface normal for the Cu(2ll) 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 relatively 

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(211) Surface 

As a final observation preliminary studies of the enhanced 

surface reactivity of Cu(211) are reported. On simultaneous exposure 

3 of a Cu(lll) and a Cu(211) surface to 10 L of o
2

, the Cu(lll) surface 

revealed no detectable oxygen, while the CU(211) surface showed ca. 

0.8 monolayer of oxygen, as measured by the Auger signal. Angle-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-o antibonding orbital. 7 For emission 

normal to the (211) face at 18 ev photon energy, another oxygen induced 

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

(Fig. 6). 

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. defects) as compared with more planar 

or regular surfaces. The 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 features due to adsorbate 

bonding at the surface. However, additional work is required before 

photoernission intensity modulations in valence band spectra can be 

interpretted in terms of bonding between adsorbate and substrate. 
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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(lll) 

to support a similar, 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 o2 -may well arise more from steric effects due to step­

adsorbate geometry than from any particular electronic-structural 

property of these steps • 
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FIGURE CAPTIONS 

Fig. 1. A schematic representation of the wavefunctions and energy 

levels involved in a photoemission transition from a surface 

I + I + state Ei ,ki ) to a damped final state Ef,kf ) • 

Fig. 2. 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 terraees 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(lll) surface nearest neighbor structure. 

Fig. 3. ARPES spectra collected from a CU(lll) surface at a photon 

energy of 11 eV as a function of the angle 0 from the surface 

normal. The angle between the photon beam and the e detector 

is fixed at 37° and the polarization vector lies in the plane 

of the inset. The surface state emission is the spectral 

feature observed at 0.3 eV EB in the 0 = 0° spectrum. 

Fig. 4. ARPES spectra collected from a Cu(211) surface at a photon 

energy of 11 eV as a function of the angle 0 from the surface 

normal. Surface state emission is observed at 0.23 eV EB in 

the spectrum collected at 0 = 20°, which corresponds to the 

[111] direction of the bulk crystal. 

Fig. 5. Comparison of spectra collected in normal emission from the 

CU(lll) surface (dashed lines) to spectra collected at 0 = 20° 

from the Cu(211) 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. 

Fig. 6. ARPES spectra collected from clean (dashed lines) and 0.8 

monolayer oxygen coverage (solid lines) Cu(211) surfaces. The 

surface state seen in the (111) bulk crystalline direction is 

seen to be much 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 EB in the [111] 

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

* DIRECT TRANSITION MODEL 

1 Shevchik has suggested 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 photoernission cross-

section as the sum of a k-conserving direct transition term and an 

atomic term, with the relative contributions of the two being governed 

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

( 1) 

+ + + + + + 
where q kf - ki - khV (kf and ki are the final and initial electron 

+ 
momentum and ~\1 is the photon momentum) and 6.rT is the instantaneous 

thermal displacement of an atom in the lattice. 

The energy distribution function for photoelectrons inside a crys­

tal is given by
2 

+ 
k.=>BZ 
~ 

~~ 
k. 
~ 

(2) 

+ 
where the summations are over the initial momentum states (k.) in the 

~ 

first BZ and all occupied energy levels. If 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 and kf) allowed by the finite 

angular resolution of a measurement. If a tight-binding initial-state 

3 
and plane-wave final-state are assumed , the matrix element of Eq. (2) 

demonstrates a temperature dependence similar to diffuse scattering 

4 
theory; i.e., 

(3) 

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

+ . 5 + 
cr .. (kf) is the atomic cross sect1on, G is a reciprocal lattice 
1) 

+ 
vector, kB is the Boltzmann constant, and ¢

1 
and ¢

2
(q) involve sums over 

phonon modes familiar from first- and second-order temperature diffuse 

scattering.
4 

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-

++ 
emission spectrum; one from direct transitions (q-G=O) 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

emission (XPS) energies. 1 This can explain why the direct transition 

d 1 f . . 1 . 6 ' 7 .1 h mo e ~ts exper~ent at ow energ~es wh~ e a model based on t e 

+ 58 
atomic cross section cr .. (kf) in Eq. (3) works better at high energy. ' 

~) 

Shevchik noted that either of these limiting cases might be altered by 

varying the temperature, i.e.; cooling in the XPS case to remove thermal 

disorder and emphasize direct transitions or heating in UPS to decrease 

f and emphasize phonon assisted transitions. · The latter approach is 

used here to test the predicitons of Eq. (3). The recently-discovered 

7 
"s-p band" resonance in normal photoemission from Cu (110) at hv = 45 ev 

was employed because of its very high sensitivity to the exact portion 

of the BZ being sampled. This resonance actually arises as the 6th 

valence band approaches EF between r 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 a (110) surface orienta­

tion and cleaned as described previously. 7 It was heated with a button 

heater mounted on a two-axis manipulator. Spectra taken in the exper-

shown in Fig. 1. A total of three heating cycles were carried out, with 

two different heaters and manipulators. The spectral variations with 

temperature were 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 proved to be independent of 

the heater current. That the observed effect was not due simply to 

dimensional variations with temperature (i.e., rotation of the sample) 

was confirmed both by visual inspection and by varying the sample orienta-

tion at high temperatures. 

Experiments were also performed on the same crystal in a separate 

LEED chamber. The current through the button heater did not visibly 

deflect. the LEED pattern observed at low beam voltages, nor did increas~ 

ing temperature alter the LEED pattern (i.e., no faceting occurred). The 

spots merely lost intensity until they blended into the background at 

.the higher temperatures (- 800°C), in accord with LEED theory. 9 Figure 

2 shows the intensity variation of the (00) LEED 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, because this peak · 

arises only through transitions from a band that goes through EF steeply 

between f and K. As phonon-assisted processes become more im~ortant 

with increasing temperature, this peak decreases dramatically in inten-

sity, as expected. In Fig. 3a the Band 6 intensity is plotted versus 

sample temperature. n Also shown are. plots off (n = 1,2,3), where the 

2 
values of (~r ) used were bulk mean-square deviations for copper mea­. X 

sured by temperature diffuse scattering. 1° Calculations for a (110) sur-

face layer are three times the bulk value, and decay exponentially to the 
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bulk value by the fifth layer. The inelastic mean free path for 45 eV 

. sA 12 electrons at room temperature ~s ~ • Since fcc ~110) planes are 

separated by half the nearest-neighbor distance; i.e., 1.3 A for Cu, the 

effective mean-square displacement 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, corresponding to the band energy positions at k = k ==: - 0.5 
X y 

. h 7 
~n t e BZ. At high temperatures the d-band peak becomes asymmetric, 

with more intensity at the top if the bands, until, at 800°C, the spec-

13 
trum resembles that of polycrystalline copper for hV = 40-50 ev. For 

copper, an electron-phonon interaction can change the electron wave vee-

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

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

in the BZ to be sampled without greatly disrupting their energy 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 by Eq. (3). It is noteworthy that the total integrated 

valence-band intensity in the spectra in Fig. 1 is nearly (within 5%) 

constant with temperature, indicating that f and the power series gov-

erning 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 < E < 2 eV. At high temperatures, 
B 

however, thermal broadening facilities sampling over more of the BZ and 

the familiar "s-p band" plateau appears. At h\1 = 140 eV the reverse oc-

curs. The "s-p band" region is initially unusually 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 BZ (k = k ~ + 0.5). 
X y 

Momentum broadening due to thermal diffuse scattering has a marked 

effect on the CU spectra. Increasing te~perature broadens the d-band 

region of the spectra of Cu (110) collected at h\1 = 80 eV by -o.l5 eV, 

which is five times the maximum phonon energy for Cu. This broadening, 

as well as the dramatic intensity loss of the band six resonance of 

hv = 45 eV, is due to sampling a larger number of states in momentum 

space. As with momentum 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 comparing the 

600° spectrum of Fig. 1 of this chapter to the room temperature spectrum 

at h\1 = 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. 

The 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 G - vector, and thus the kinetic 

energy, of the photoelectron. 
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FIGURE CAPTIONS 

Fig. 1. Temperature dependence of the normal photoemission spectrum 

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

Fig. 2. The (O 0) LEED spot intensity for a 26 volt incident electron 

beam. The dashed line is the spot intensity versus sample 

temperature curve as measured by a spot photometer (the upward 

turn seen near 70ifc is due to light emitted by the sample 

and heater). The dotted line is a measure of the background 

light on 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 measurements and represents the actual 

I vs. T behavior of the LEED spot. 

Fig. 3. a) Experimental intensity of the peak at - 0.5 eV binding energy 

in Fig. 1 (Band 6 resonance) as a function of temperature (full 

circles connected by a dashed line) as compared to the Debye­

Waller factor fn (solid lines). The different curves for fn 

correspond to calculations assuming a mean-square 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 we 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(llO) face collected 

of room temperature (solid lines) and 600°C (dashed lines) 

for photon energies of 80 and 140 ev . 
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