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ABSTRACT 

An important part of the theoretical description of the 
solid state is the concept of band structure, which relies 
on the existence of dispersion relations connecting the 
electronic energy and wavevector in materials with trans-
lational symmetry. These relations in large measure determine 
the electronic behaviour of such materials. The elaboration 
of accurate band structures, therefore, is of considerable 
fundamental and practical importance. Angle-resolved 
photoemission (ARP) spectroscopy provides the only presently 
available method for the detailed experimental investigation 
of band structures, and this work is concerned with its app
lication to both semiconducting and metallic single crystals. 
A brief review is given of the principle concepts and formal
isms necessary for empirical band-mapping using ARP. Attention 
is focussed primarily on ;:he actual electromagnetic excitation 
process; both direct and indirect transitions are discussed, 
as are final-state dependent effects, and the influence of 
parameters such as radiative polarization, temperature, 
sampling depth, and experimental geometry. Part I of the 
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thesis is concerned with the application of ARP to semicon
ducting materials. Variable-photon-energy spectra are used to 
map conduction bands for the £ and I' directions in GaAs, and 
the results are compared with theory. The electronic structure 
of this face is also investigated for successive epitaxial 
depositions of Ge in sub-monolayer amounts . States appar
ently associated with the interface are found, and are com
pared with the theoretical expectations for a true hctero-
junction. The viability of ARP as a technique for probing 
heterojunction properties is discussed. In Part II, the: discuss
ion turns to crystalline metals. The (111) face of Au and 
Pt, and the (100) and (110) faces of Ag, are studied in detail 
using high-resolution variable-photon-energy ARP. Empirical 
dispersion relations are presented for each case, and compared 
with theory. Polarization and temperature dependent effects are 
analysed t Special attention is paid to final-state-induced 
spectral features, and consideration of both the energy and 
intensity behaviour of such features leads to the construction 
of a simple physical picture which both explains the observed 
phenomena and provides a justification for the use of a quasi-
free-electron final state dispersion. 
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1. INTRODUCTION 

One of the most fundamental concepts in solid state 
physics is that of the existence of dispersion relations 
which connect the energy of an electron to its wavevector. 
These relations, or energy bands, are the foundation on 
which an important part of the edifice of solid state 
physics is built. 

Despite this, it has only been in the last decade, 
with the advent of the technique of photoelectron spectros
copy {aka PES or photoemission), that an experimental method 
has existed for the systematic and detailed study of the band 
structure of solids. All other methods, such as de Haas-van 
Alphen measurements, cyclotron resonance, Compton scattering, 
and positron annihilation,- are capable of probing some 
aspects of the electronic structure, such as the shape of 
the Fermi surface or the nature of the momentum distribution, 
but none is capable of the simultaneous determination of 
binding energy and wavevector required to truly define the 

2 band structure. 
Indeed, even in the case of photoemission, it has only 

been in the last five years, with the introduction of angle-
resolved techniques and the advent of synchrotron radiation 
sources, that such determinations have been possible. 
Previous to this period, FES measurements were typically 
performed in an angle-averaged mode with laboratory sources, 
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and while such an approach could provide much useful infor

mation, particularly concerning critical points and the 

density of states, it did not allow the determination 

of binding energies in arbitrary regions of the Brillouin 

zone. The inclusion of angular resolution and variable 

photon energies removed this last obstacle, providing 

complete momentum as well as energy resolution, i n much the 

same way as measuring a differential instead of total cross 

section for tunable incident-particle energy more completely 
4 defines a scattering process. 

The experimental techniques involved in Angle-

Resolved Photoemission (ARP) have been discussed at great 

length in the literature, and we shall not dwell on them 

here. Essentially, a suitably prepared single crystalline 

sample is irradiated with monochromatic radiation, typically 

in the photon energy range of 10 to 100 eV, and the photo-

eje~ted electrons are kinetic-energy analyzed. Angular 

resolution is achieved by selecting for analysis only those 

electrons which originate within the desired solid angle. 

The kinetic energy is then related to the binding energy 

via the photoelectric equation 

E k = h v - E B - * , (1) 

\ here (J> is the work function of the sample referenced to 
S the spectrometer. Within a one-electron approach , these 

binding energies may be related to the microscopic quantum 

structure of the solid. The extraction of momentum information 
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is more complicated and requires the use of a suitable theo

retical framework; this problem will be discussed in greater 

detail below. 

The thrust of the research described in this; thesis 

has been the use of ARP to elucidate dispersion relations in 

single crystalline solids. In the remainder of this intro

duction, we shall briefly review the concepts and formalism 

involved in such a study. Part I of this thesis will, then 

describe work performed en semiconducting single crystals, 

which because of their complicated band structure and teciiuu-

logical importance provide an interesting and challenging area 

for study. We shall in particular detail the results of two 

such investigations. In Chapter II, the conduction bands of 

GaAs will be mapped using variable photon energy ARP; this 

represents the first such mapping in semiconductors. Chapter 

III will then turn to the question of the electronic structure 

of a semiconductor-semiconductor heterojunction, presenting 

results suggesting the existence of states peculiar to such 

an interface, as well as describing their dispersion relations. 

In Part II, our attention will turn to the use of ARP to 

obtain dispersion relations in metals. Investigations of 

Pt(lll) and Au(lll) will be presented in Chapter IV, and of 

Ag(llO) and Ag(100) in Chapter V. These results, in conjunc

tion with those of other workers for analogous crystal faces 

of other 3d, 4d, and 5d metals, will enable us to make a 

strong case for the viability of ARP as a method for the 
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determination of accurate and detailed empirical band struc
tures. We shall also discuss several other features observed 
in these studies, and describe how they can yield further 
insight into the nature of the photoemission process, as well 
as additional information on the electronic structure of 
metals. 

A. The Direct Transition Model 

A great deal of effort has been devoted to the 
theoretical description of ARP, including approaches based 
both on a one-electron picture and involving many-body effects 

8 — 11 as well. Unlike the situation in gas phase photoemission, 
12 however, where many-body effects are quite important, it is 

possible to satisfactorily interpret ARP from solids in a 
one-electron scheme, and this will be the approach adopted 
here. 

Our analysis rests on two approximations. The first 
is that the binding energy of an electron as defined in Eq. (1) 
above is directly related to its eigenvalue in the Hartree-
Fock sense (i.e., Koopman's theorem ). This will be valid 
as long as relaxation effects are small or constant. The 
second assumption involved is that the photoemission process 

14 occurs in three discrete steps: optical excitation, 
transport to the surface, and escape into the vacuum. In 
fact, the latter two steps are poorly understood, and usually 
neglected except for simple heuristic corrections; the majority 



of the information of interest is contained in the actual 

optical excitation process, and we shall concentrate on it 

below. The seminal paper on the theoretical description of 
Q 

ARP is that of Mahan, and the following discussion is based 

largely on his work. 

The essential quantity of interest is the photocurrent 

I, which is obtained by knowing the eigenfunction V(R) of the 

electron at a location K far from the crystal: 

1 ~ I d 3k\ Im ,K*(R)V ET(R ) . (2) 

The integration is over the manifold of initial states defined 

by the set of wavevectors {k.} in reciprocal space . The 

problem then reduces to a determination of the wavefunction 

and evaluation of Eg. (2). For the former, recourse is made 
4 to scattering theory, which allows us to write 

V(R) = / d r' G 0(R,r )Jf * Q<r') , (3) 

where G is the free particle propagator, Jf' the interaction 
1 5 •» -* - • - - > • Hamiltonian, taken to be A-p = Ae-p, and i|i the electronic 

initial state Bloch functions. 

Inside the crystal, for a one-particle approximation, 

the photocurrent for final state energy E is equivalent to an 

expression based on Fermi's golden rule: 

I ( E , h v , K ) ~ J d 3 k \ ^ I £ -R' | 2 |< T ( R ' ) | v | i | < 0 (R ' )> 2 

Ej< ki> 

x 6 (E - E . - hv) (4) 



The sum is over occupied initial states, and the initial-state 
- * • 

eigenfunctions are Bloch waves. If wt take f(R') as a plane 
-*• 

wave, with wavevector X defining its propagation direction 

and wavelength, this equation reduces to 

~ /d3]?. £ fiffi-E^-hv) \r.-R'\2 J>*(K> * | E e 
i(K-k.-kY)-R',2 

(5) 
+ -» 

where k is the photon momentum, and <f>.(K) the Fourier 

transform of the periodic part of the initial-"tate Bloch 

function, evaluated at K. It then follows that there will 

be both momentum and energy constraints for photoexcitation, 

as given by 
K " ki " k y = G 

(6) 
E = hv + E. 

where G is any reciprocal lattice vector; k Y is smaJl and is 

usually ignored. Equations (6) define the requirements for a 

direct optical transition, and form the basis of the direct 

transition model. 

The angular distribution of electrons inside the 

crystal follows <:'rom Eqs. (6) . Using a free-electron disper

sion relation for simplicity, we obtain 

*!*-' - t. 2|K-G| 2
 + h v ( ? J 

2m ~ 2m 

wiiich gives for the energy of the excited electron, 



2 m 4E cos28„ G 0 
where E_ = fi G /2m, A = hv + E_ and 8 is the angle between 

u i? ' O 

K and G. Thus, the energy of an electron depends only on 8 , 
and electrons of equal E will have equal 8 ,-photoelectrons 
of equal energy form a conical distribution, centered about 
the associated G-vector. Such photoemission is called 
"primary cone emission." Since the crystal potential mixes 
states of different G, however, an excited electron with 
wavevector k̂  + G HG1 will also be in m eigerstate of the 
crystal. Its direction will then be different from a primary 
electron; such an excitation is called "secondary cone" 
emission. The coefficients of mixing will behave from 
first order perturbation theory as [E(K) -E(K+G')] , being 
largest for G'=0; this implies that secondary emission should 
be p w=ak effect, ail such is usually rhe case. These distri
butions extend outside the crystal as well, due to the presence 
of specular boundary conditions for the conservation of 
momentum across the vacjum-soiid interface: 

P = K (primary emission) 
(9) 

K + G (secondary emission) 

From the above analysis, a simple picture arises for 
the correlation of ARP spectra with the band structure. T" 
we take the final state (i.e., conduction) bands and ate 
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them down in energy by hv, the intersections that will occur 
between them and the initial state bands will define the 
allowed transitions. Primary cones will result for final 
states with a significant group velocity along the detector 
direction (i.e., G), while the secondary cones will result 
for the other transitions. These intersections also define 
the initial-state momentum. Alternatively, the combination 
of empirical binding energies and an appropriate choice of 
the final state — which in the simplest case may be just a 
plane-wave-like dispersion relation — allows the mapping of 
the initial state bands. An especially useful result ob*"iins 
for photoemission normal to a particular crystal face. In 
this case, k.. = 0, and energy conservation is manifested in 
the relationship between K, and p. . Most importantly, no 
refraction can occur at the surface, and for primary emission, 
we will thus have initial states along the line in reciprocal 
space defined by the G-vector normal to the surface. For an 
appropriate choice of geometry, this enables the mapping of 
bands along high-symmetry lines in k-space. 

B. Competing Mechanisms and the Bre^;down 
of Direct Transitions 

While the processes described above will in many cases 
account for the major features of an ARP spectrum, it is 
nevertheless true that such a spectrum will invariably 
contain other effects not predicted by a simple direct 
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transition mrieJ. In this section, we will briefly describe 

the major additional mechanisms which will be expected to 

play a role in the photoemission process, and indicate how 

the resulting additional structure can provide new insights 

into the electronic properties cf the material under 

investigation. 

1. Surface State Photoemission 

The existence and characteristics of surface states 

have been topics of considerable theoretical interest in the 

current lite.-ature of both semiconductors and metals, and 

ARP provides a direct method for the investigation of such 

states. Ineir dispersion will be defined by the quantum 

number k. in a two-dimensional surface Brillouin zone 

constructed from the three-dimensional zone by setting k. = 0. 

The momentum is thus exactly characterized in an ARP experi-
18 ment by the binding energy and geometry via 

P|i = (f?) ( h v - E B - *)^sin9 (10) 

where <j> is the work function and 0 the angle between the 

surface normal and the electron propagation direction. 

Equation (10) allows the direct determination of surface 

dispersion relations from ARP data. 

A great deal of work has been done investigating 

surface states by ARP, and we will only cite some reviews 
19 here. In this thesis, we will have occasion in Part II 
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to discuss surface states in more detail. In addition, a 
two-dimensional Brillouin zone may also be employed to describe 
states localized at an interface, and the approach described 
above may then be used to determine their dispersion relations. 
Chapter III will in large measure be concerned with such a 
study. 

2. Polarization Effects 
It is well known in atomic physics that the selection 

rules for an optical transition will depend on the polariza
tion of the incident radiation; this result is a consequence 
of the transformation properties of the atomic wavefunctions 
and the interaction Hamiltonian u ier the point group of the 
atom. While \n solids the Bloch functions will transform 
under a space group, it is nevertheless true, as first discussed 

21 by Hermanson for materials described by a single space group, 
that group theory will prescribe selection rules in certain 
cases. The key requirement for such selection rules to exist 
is that the geometry be chosen to give a final state of definite 
symmetry at the detector; this is always the case for photo-
emission in a mirror plane of the crystal which contains the 
surface normal. Given su-h symmetry in the final state, one 
can then aetermino the allowed initial state symmetries, which 
will depend on the polarization of the incident radiation. 
It is customary to talk about two varieties of polarization 
in tue ABP literature: "s-polarization," in which the 
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E-vector of the radiation is parallel to the crystal surface, 
and "p-polarization," in which it is not. The use of this 
definition for p-polarized light is actually somewhat unfortu
nate, as such a geometry is really a mixture of the two ortho
gonal basis polarizations, which are perpendicular and parallel 
to the surface; for fairly large angles of incidence, however, 
"p-polarized" light will be primarily one polarization and 
will show selection rule effects for that polarization. 

There are several studies in the ARP literature using 
22 polarized radiation, for both semiconductors and metals. 

The woik described in Chapter II serves as one example. 
We shall also have occasion in Chapter IV to consider these 
effects when we discuss Pt(lll). For this metal, the Bloch 
functions include relativistic (spin-orbit) effects, and hence 
transform under a double space group; this somewhat complicates 
the analysis, but the selection rules may still be obtained 

23 from the character tables of the double group. One more 
consequence of polarization is worth mentioning. For p-
polarized light at near grazing incidence, an effect known as 

24 surface photoemission can occur, in which the interaction 
of the photon's E-vector with the surface will result in 
significant photoeir.ission intensity via indirect transitions. 
This effect is most commonly observed in lower-2 materials, 
and we will not have occasion to discuss it further. 
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3. Band-Gap Photoemission 

The discussion in section A above was based on the 
assumption of a continuous itinerant final state for photo-
emission. In reality, however, there will be band gaps for 
conduction rtates, just as there are for valence states. In 
these gaps, the bulk final state will be exponentially damped 
(i.e., characterized by a complex wavevector), and photoemission 
will be allowed only if this state is close enough to the surface 
to couple with a plane wave in the vacuum. This band-gap 

25 photoei^ission has been reported in ARP studies of tungsten 
26 and copper . It is still a matter of some controversy in the 

ARP literature as to exactly how spectra with final states 
in the gap are to be interpreted; in particular, whether one 
should expect to see dispersion, and whether direct transitions 
to a continued plane-wave-like final state, or one-dimensional 
density of states features, will prevail. In Chapters IV and V, 
we will discuss these questions in considerable detail, and 
develop a consistent physical framework for interpreting 
gap-photoemission. 

4. Density of States P. .otemission 
While the direct transition model has achieved 

increasing acceptance in recent years, there is still some 
controversy regarding the extent to which density of states 

27 features will contribute to the photoemission spectrum. 
In the case of metals, it is now well established that direct 
transitions will predominate to well over 100 eV photon energy 
at room temperature; for semiconductors, however, as we will 
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indicate in Chapter II, this energy cutoff may be as much as 
a factor of four lower. 

Two types of density of stages features are commonly 
observed in ARP spectra. The first, known as one-dimensional 
(ODDOS), derive from critical points associated with the 
k-space symmetry line under study. Features associated with 
the total density of states (TDOS) may also occur. DOS 
features arise because of a breakdown in momentum conservation, 
and there are many mechanisms which can cause this. ' 

ODDOS features are generally considered to occur due to 
phonon-assisted indirect scattering or final-state momentum 
broadening, while TDOS features may arise from these processes, 
and from the effects of sur'ace roughness or the use of high 
(x-ray) photon energies as well. We shall have some occasion 
to discuss DOS features in later chapters, but they are in 
fact more a hindrance than a help in using ARP results, and 
the experiments described here have been so designed as to 
minimize their presence. 

5. Thermal Broadening 
To the extent that electron-phonon scattering will 

occur during the photoemission process, we may expect the 
temperature, which determines the population of phonon modes, 
to play an important role in influencing the structure of an 
ARP spectrum. This effect has in fact been dramatically 
demonstrated in copper, where heating can be shown to lead 
to a complete breakdown in direct transitions. The corollary 



-14-

is of course that cooling will tend to diminish contributions 
from non-direct processes; the efficacy of such a procedure 
will depend both on the range of temperatures available and 
the Debye temperature of the material under investigation. 
For gold, as will be discussed in Chapter IV, the effects of 
cooling are quite dramatic. Changing the temperature also 
provides a way of discriminating features due to phonon-
moderated indirect transitions from those involving temperature-
independent mechanisms, and can also contribute to the quality 
of a spectrum via its effect on phonon processes which contri
bute to the inelastic background. Both of these topics will 
be considered in Chapter IV. 

6. Momentum Broadening 
The finite mean free path of photoelectrons implies, 

by a simple application of the Heisenberg uncertainty principle, 
that a certain amount of momentum broadening will occur in the 
final state. ' ' ' For electrons propagating at an 
angle 0 relative to the surface normal, one may roughly 
estimate the uncertainty in Kj as AK. = 4/Acos3, where A 
is the mean free path. For a photon energy of 30 eV, this 
will only represent ca. 5% of a typical Brillouin zone dimen
sion, but by 130 eV such broadening can amount to as much as 

20% of this distance. If the initial state bands siiow signif
icant dispersion, a marked degradation in the energy resolution 
will result. Accordingly, it is preferable whenever possible 
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to work in the lowest photon energy range which allows acces
sing all the initial states desired. The work described in 
this thesis has accordingly been performed at photon 
energies under 35 eV. 

7. Refraction 
In the case of normal emission, the propagating photo-

electron will penetrate the surface of the crystal and escape 
into the vacuum without suffering a change in direction; this 
occurs because K,. is zero and the change in energy due to the 
work function is absorbed entirely by a change in the magnitude 
of K. For non-normal emission, however, the conservation of 
the tangential component of the wavevector, in combination 
with that of energy, requires a bending of the electron as 

33 
it escapes into vacuum. This process considerably compli
cates the interpretation of ARP spectra, since knowledge of 
the final propagation direction outside the crystal no 
longer guarantees knowledge of that inside. While> simple 

34 schemes exist for calculating the angular deviation , which 
may be as large as several degrees for emission significantly 
off-normal, there is at present no satisfactory method for 
accurately correcting for refraction. A3 a result, the 
precise mapping of bands requires the use of a normal 
emission geometry and variable photon energy; this is the approach 
which has been used in the work presented here. 
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II. FINAL-STATE BANDS IN GaAs* 

Photoelectron specbroscopy has pro^ n to be of great 
utility in the study of the electronic properties of solids. 
Recently, angle-resolved photoemiss ion (ARP), together with 
the direct-transition model, has become well established as 
a method for elucidating the band structures of metals. In 
the case of semiconductors, however, the detailed relationship 
of the PES spectra and the band structure is much less well 
understood, and unt-1 now most studies of such materials have 
focused on the elucidation of their integrated densities of 

2 3 4 
states, surface states, ' and interactions with metallic, 
semiconducting, or insulating overlayer materials. The 
interpretation of £RP data for three-dimensional solids, such 
as zincblende and rocksalt structure conductors, has primarily 
involved two opposing viewpoints: the one-dimensional density 
of states (ODDOS) approach and the direct transition model 
(DTM). Giandke, et al. analyzed spectra at 21.2 eV photon 
energy for 1'bS using the former approach, and concluded that 
it explained the features observed; mor5 recently, Thiry, et al. 

have studied PbSe for variable photon energies, and have shown 
the viability of the ODDOS approach for mapping oulk bands. 
On the other hand, Rogers and Fong used the DTM successfully 
to interpret GaAs(110) photoemission results for hv < 8 eV, 

9 and Knapp, et al. have reported using the DTM to 16 eV for this 
material. Because of. the relative complexity of the final-



-22-

state band structure, however, it has until now been difficult 

to use ARP data, in an analytical sense, as a probe of the 

bulk electronic structures of semiconductors; that is, using 

the spectra to derive, or at least to adjust, dispersion 

relations, rather than simply using a theoretical band 

structure to explain the spectra. We shall present here 

conduction bands for GaAs(llO), which were derived by a rather 

simple analysis. ..= also present evidence for the ODDOS 

mechanism at higher photon energies. 

A. Experimental 

The (110) cleavage face of GaAs was chosen for these 

studies, as its valence band structure is well known 

and it has been extensively characterized by other methods. 

Spectra were taken at photon energies up to 28 eV using 

synchrotron radiation from the SPEAR storage ring at Stanford 

Synchrotron Radiation Laboratory, using a cylindrical mirror 

analyzer modified for angle-resolved studies, with an energy 

resolution of 0.07 eV. The sample was an n-type GaAs(110) 

crystal cleaved in situ, and mounted on a manipulator that 

allowed full polar (6) and azimuthal (ij>) rotations; the base 

pressure was \r. the 10 ° tor:- range. Spectra were taken for 

several combinations of 8 and $; the results presented here 

are for normal emission (9= 0 ) , with azimuthal orientations 

corresponding to the [ 001] (<j> = 0°) and [110] (<J = 90°) directions 
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in the bulk Brillouin zone being in the plane of the polari
zation vector. The detector lay in the plane of the polari
zation vector; the angle between the photon beam and the 
detector acceptance axis was fixed at 62.7°. Spectra were 
taken for two separate samples, and were reproducible; 
angular alignment was achieved using a He-Ne laser. All 
binding energies were referenced to the experimental valence 
band maximum at T, taken from the high energy spectra; the 
spectra were aligned to a constant Fermi level as determined 
from a gold foil in electrical contact with the sample. 

B. Direct Transition Analysis 

In Figure 1 we present spectra in the photon energy 
range 12-20 eV, for both azimuthal orientations. As shown 
by Lapeyre and coworkers, the polarized nature of the 
incident radiation determines selection rules for the spectra. 
In this case, only I, final states are allowed for normal 
emission, and the orientation of the polarization vector 
relative to the sample mirror plane implies that for <J>=90°, 
all initia?. states are allowed, while for <t>=0° the highest 
valence band A (we label the three highest initial state 
bands A-C, in order of increasing binding energy), of £-
symmetry, will not be observed. All the features in the 
spectra seem to be bulk-like, except for the shoulder at 
0.8 eV binding energy (BE) for hv =12 eV. This peak is also 
observed at 0.6 eV BE for hv =9 eV, and at 0.7 eV BE for 
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hv = 7 eV; in the latter two cases, no direct transitions 
are predicted within 1 eV of this BE, and we accordingly 
assign the feature as a surface state. While a surface 

- 12 state is not predicted at r, the finite angular resolution 
of the analyzer would allow the observation of surface 
states nearby. 

We have chosen to analyze these spectra by using them 
to map the allowed final states. The valence bands given by 
Chelikowsky were chosen, as his C band BE along the K-X 
direction was in better agreement with our data than that of 
Pandey and Phillips (PP). The initial states are shown 
in Figure 2. Our procedure was essentially as follows: By 
comparing the PP band structure with a free electron band 
structure, it was possible as a first approximation to assign 
a projection of the group velocity along the [110] direction 
for each of the conduction bands (Figure 3). We note that for 
most of the real bands, several free-electron bands will be 
dominant, one in each segment through the Brillouin zone, 
because the bands admix and invert several times in going 
from r to X; accordingly, each final state band was divided 
into its free-electron-like constituents. Most of the final 
state bands under consideration arose from five G vectors and 
their associated energy-degenerate partners: (220), (111), 
(III), (020), and (022). All of these free electron bands 
have [110] projections of 60% or greater. The remaining PP 
final states had associated projections of one-third or less 
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and were therefore disallowed because of the angle-resolved 

nature of the experiment. Using this selected group of PP 

final states, the energies of all possible direct transitions 

were calculated. These transitions were labeled according 

to both their initial state and the free-electron-like 

component of the final state. Transitions falling on a 

final-state inflection point were treated separately. By 

comparing these assignments to the spectra, it was possible 

to unambiguously assign empirical transition energies to 

roughly 50% of the transitions. These energies were then 

used to map the accessible final state bands; finally, these 

empirical bands were then used to predict the balance of the 

transitions. All peaks were accounted for in this manner. 

Such an approach is iterative, and its success depends 

on starting with a rather good idea of the final-state band 

structure. We emphasize that our analysis was conservative, 

and only relatively small adjustments were made in the 

final-state bands. Where several transitions occurred under 

a single peak, no empirical energy was incorporated into the 

conduction band structure unless additional analysis, such 

as following trends in given initial to final-state transitions, 

gave a way of making an unambiguous assignment. In a few 

cases, bands with the proper [110] projection were not 

observed; this was attributable either to the photon energy 

range employed or masking of the associated transition by 

other features. Consistency was maintained at all times; 
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in particular, a transition from a given initial state to a 

given (k) region of a final state was assigned for all photon 

energies where it was predicted theoretically, unless it was 

clearly associated with a peak that grew in or out with 

increasing photon energy. For a very faw transitions, which 

fell in gaps in the spectra, it was necessary to assume that 

they were disa]lowed due to cross-section effects; again, 

such transitions were discarded in all spectra to ensure 

consistency. Polarization effects were also utilized whenever 

possible, and in particular, it was possible by calculating 

difference spectra to assign some A band transitions in the 

ij> = 9 0° spectra. 

The results of this mapping are shown in Figure 4, 

where they are compared to the theoretical band structure of 

PP. We have shifted the PP bands down by 0.5 eV to give the 

oest overall agreement, and in fact this shift is necessary 

if the PP final state bands are to predict all the major 

features in the spectra. We note that one E 2 final state 

band is observed (band 2). This arises from the finite 

angular resolution of the spectrometer, coupled with the 

fact that this band has a deep minimum, and concomitant high 

density of states, midway along the r-K line. The associated 

peaks are at 3.7, 4.4, and 5.2 eV EE for photon energies of 

12, 13, and 14 eV, respectively, and correspond to transitions 

from the C initial state. The peak at 4.4 eV for hv = 14 eV 

comes from the minimum in band B near K, and indicates that 
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the theoretical initial state band structure is in error here 
by roughly 0.2 eV; no attempt was made to correct for this 
in our analysis. Broadening due to the finite mean free 
path may be estimated; for an escape depth of 15 A, the 
k-broadening is roughly 1/16 of the r-X distance. The 
final energy uncertainty depends in each case on the nature 
and shape of the peak involved, but we estimate it at ±0.2 
eV in most cases; of course, any errors in the initial state 
band structure will also contribute. 

C. Onset of Density of States Features 
Figure 5 shows the evolution of the ARP spectra for 

higher proton energies, hv = 22-28 eV. Only the <t> = 90° 
spectra are shown; those for <|> = 0° were similar. Without 
a theoretical final state band structure we are unable at 
present to make a quantitative interpretation of these spectra. 
It seems evident, however, that a new photoeinission mechanism 
is becoming dominant in this energy range. We note in partic
ular that the spectra are still evolving up to hv = 25 eV, 
but that they have settled for higher energies into a struc
ture that does not vary markedly with photon energy 

The most probable explanation for this behavior is 
the onset of a ODDOS regime. At electron kinetic energies 
somewhat above the plasmon threshold, electron mean free 
paths fall to very low values in metals and semiconductors. 
In fact, Pianetta found an electron mean free path in GaAs 
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of 6 ±1.5 & at 40 eV kinetic energy. This would imply that 
our highest energy spectra are dominated by the first two 
GaAs atomic layers. Moreover, the consequent broadening in 
k. implies effective non-conservation of this quantum number 
and sampling through the entire Brillouin zone in a direction 
normal to the surface: i.e., a ODDOS sampling. We note that 
Thiry et al. have observed ODDOS behavior in PbSe at hv = 
"35 eV photon energy and have tentatively interpreted it in 
this way, using the ODDOS to identify the critical points 
and map the valence band structure. To test this interpreta
tion for the GaAs case, we have computed the ODDOS for GaAs 
along TKX and compared it with our high-energy spectra in 
Figure 6. The agreement is excellent, especially when we note 
that the s to p photoemission cross section ratio is very 
small at these energies, effectively suppressing the more 
tightly bound bands. Thus, the evidence is strong that a 
transition occurs between hv = 20 eV and hv = 30 eV from the 
direct transition mechanism to ODDOS behavior in photoemission 
from GaAs. 

Two caveats are necessary, both of a generic nature 
and not specific to GaAs. First, a strictly logical approach 
would require that the direct-transition model be shown 
incapable of interpreting the high-energy spectra. This would 
be difficult in general as the final state bands become more 
numerous at high energies, and it is not possible at this 
time because we do not have theoretical high-energy bands. 
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It is very unlikely that our high-energy spectra can be 
reconciled with the DTM, since this would require the final 
states to evolve into a semi-continuum over this rather small 
energy range. The second caveat is simply that the transi
tion from the DTM to ODDOS behavior with photon energy is 
not perfectly sharp, and one may expect some evidence of 
both at higher and lower energies. It is an obvious, but 
often neglected, fact that ARP spectra usually contain some 
spectral area that is not accounted for by the photoemission 
mechanism that dominates the spectra. 

In conclusion, we have shown that it is possible by 
a simple analysis to map selected conduction bands in GaAs 
using ARP in the photon energy regime where the DTM is valid. 
For higher photon energies, the ODDOS is seen to account for 
the observed spectral features. It seems likely that such a 
two regime approach will account for the ARP spectra of other 
semiconductors as well, and that it should be possible to 
understand photoemission from three-dimensional solids in 
this framework. 
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results presented here; their spectra are identical to ours, 
and the processes they invoke would give behaviour iden
tical to that due to an ODDOS mechanism. In addition, the 
reestablishment of dispersion in their spectra for hv>45ev 
may also be attributed to an increase in the electronic 
mean-free-path, which would produce a changeover from ODDOS 
to DTM behaviour. 
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FIGURS CAPTIONS 

Fig- 1. Spectra in the photon energy range 12-20 eV for 
normal emission and both azimuthal orientations. 

Fig- 2. Band structure of GaAs from Ref. 10. 
Fig- 3. Free-electron band structure along r-K-X for GaAs. 

The right-hand side shows the G-vectors associated 
with each band and the left-hand side the projection 
of the band's group velocity on the [110] direction. 

Fig. 4. Empirical and theoretical conduction bands for 
GaAs(110). Portions of bands 5, 6, and ? are not 
observed for the reasons discussed in the text. 
Dashed lines indicate a (110) projection of less 
than one-third for the group velocity. 

Fig. 5. Spectra at normal emission for the photon energy 
range 22-28 eV. 

Fig. 6. ODDOS compared to spectra at 2 6 and 28 eV photon 
energy. Note that the ODDOS should be broadened 
and corrected for cross section effects to allow 
a direct comparison with experiment. The feature 
at ca. 11-13 eV binding energy is a constant kinetic 
energy peak associated with structure in the final 
state bands. 
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III. INTERFACE STATES IN GaAs/Ge* 

The nature of the electronic structure of metal-
semiconductor and semiconductor-semiconductor interfaces, and 
the process by which very thin films evolve toward the limit 
of two bulk materials joined at an interface, are cf consider
able scientific and technological interest. It has only been 
in the last few years, however, that microscopically sensitive 

1 2 techniques, such as angle-integrated photoemission, ' partial 
3 4 

^ield spectroscopy, and electron energy-loss spectroscopy 
have been utilized for studying the; growth of metal films on 
semiconductors. Until now, these studies have been concerned 
priinarily with the elucidation of general interface electronic 
properties such as band discontinuities. 

Recently, we have found that angle-resolved photo-
emission (ARP) is a useful technique for studying discontinuities 
in semiconductor -semiconductor heterojunctions. We present 
here results of experiments which show that ARP may be used 
to more fully elucidate the detailed evolution of electronic 
structure in the initial stages of interface formation. In 
particular, we have found a number of features, some of which 
correspond to recent calculations of interface states. These 
features follow regular trends as successively greater amounts 
of Ge are deposited. 
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A. Experimental 

The experimental apparatus has been described else
where. ' ARP spectra were taken at 21.2 eV (He I) photon 
energy for an n-type GaAs(llO) single crystal cleaved in situ, 

using a CMA with an energy resolution of 0.07 eV; the sample 
orientation was fixed, following cleavage along the fx' 
direction, by laser autocollimation. Successive layers of 
Ge were produced by evaporative deposition,with the substrate 

g 
held at the epitaxial growth temperature of 350°C. Coverage 
was determined by calibrating the oven with a piezoelectric 
thickness monitor, with one monolayer defined as 8.85 xlO1" 
atoms/cm ; the base pressure in the chamber was 2 * 10 torr. 
Spectra were taken as a function of 6, the polar angle from 
the surface normal, for azimuths corresponding to electron 
wavevectors along ?X (<(> = 0o) and TX1 (i)>=90°) in the surface 
Brillouin zone (SBZ); the geometry is summarized in Figure 1. 

B. Results for Low Coverage 

A detailed analysis of GaAs photoemission was given 
in Chapter II of this thesis, and we shall review it only 
briefly here, as a basis for discussing the interface states. 
Most of the structure is associated with bulk transitions. 
At normal emission, all the peaks may be accounted for by 

9 10 
the use of existing band structures and a direct transi
tion model, except for the peak at ca. 13 eV. This latter 
feature, which is almost dispersionless with 9, was found to 
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be cleavage-dependent, and was observed to disappear for 
heavy Ge coverage. It occurs in a bulk band gap for GaAs. 
Accordingly, we attribute it to a new, deeply bound surface 
state in GaAs. No such state has been predicted for fx, 
although Chadi has predicted a state at ca. 11.2 eV 

- 12 
between M and X, and recent self-consistent calculations 
shew a surface resonance not yet split off the bulk bands 
at 11.5 eV. 

Spectra are presented in Figure 2 for a series of 
evaporations corresponding to submonolayer coverages of Ge. 
Here, the electrons are emitted with the parallel component 
of their wavevector (k..) oriented along the rx line in the 
SBZ. The primary features are labeled one through four. 
Several phenomena are observed upon overlayer formation. 
The gap between the surface state 1 at 1.1 eV and the bulk 
pea'. 2 at 2.3 eV is seen to fill in; in addition, there is an 
apparent broadening of the latter feature and of peak 4 at 
6.4 eV for evaporation 1 (El). Apparent broadening in peak 2 
also occurs, but has decreased by E2, as has that for peak 4 
by E3. 

These features are admittedly subtle. To better 
explicate them, we have calculated difference spectra, 
presented in Figures 3 and 4 for the various evaporations 
relative to the clean substrate. These spectra clearly show 
a loss in strength for the nost weakly bound states. Such 
behavior is frequently observed in ARP spectra of adsorbate-



substrate systems, and is attributable to a transfer of 
intensity toward higher binding energy. In addition, several 
generally sharp features appear; they are summarized in Fig
ure 5. The features are found to fit one of two cases for the 
location of at least some of their associated (E ,k..) paired 
values: (1) in a region which is calculated to be forbidden 
to itinerant (bulk-like) states, or (2) within or at the edge 
of a reaion in which itinerant states are allowed. The first 
case is necessary for the formation of a truly localized 
state, while the second is typical for the occurrence of 
resonances. In the present experiment, all features falling 
above 7 eV are found to persist in the region of itinerant 
states, regardless of whether they can be found in gaps or 
not. For case (1), this is shown by features C for the TX 
azimuth and E, F, and G for the TX azimuth, all of which 
penetrate from a gap into the bulk-forbidden region. The 
features D and H are noteworthy in that they fall in the 
ionic gap of GaAs. The effect on the surface of the Ge 
deposition, in the limit of a thick overlayer, will be to 
partially close the gap at X , and completely close it at X. 
This will prevent the formation of localized states, and it 
is therefore consistent that D (and to a degree H) is strongly 
damped for greater depositions; in fact, feature D has 
disappeared by evaporation 3. All other features are persis
tent, and in particular the feature C agrees with the predic
tion of a "Ge-As bond" state (B1) by Pickett, et al. at 
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3.64 eV. The feature F can correspond to either B, or p. of 
the above calculations, while feature E might be a resonant 
precursor of B, or P,. Feature G does not correspond closely 
to any predicted states. 

Features corresponding to the second case are peaks 
A and B for the ?X azimuth. The feature B is found at mid-
band and is of uncertain origin. The nature of the feature A, 
on the other hand, strongly suggests that it too is a 
resonant precursor for the interface state B_, analogous to 
feature E. One can trace the center of gravity of features 
A and E through the successive evaporations (Figure 6). 
In fact, evolution is found toward the main gap, with the 
trend be_ng stronger for the E state. 

C. Results for Higher Coverages 

In order to pursue the eff^^ts described above, a 
second experiment was initiated with a new sample. Three 
evaporations were conducted, the first of these at a coverage 
which attempted to reproduce E3 in section B above, and the 
last two for 0.6 and 1.0 monolayers. 

Comparison of the results for the two 0.3 monolayer 
coverages showed excellent agreement for the TX direction 
and generally good agreement along fx with the exception 
of the highest ("E") feature, which was found to occur at 
ca. 0.5 eV higher binding energy for the second experiment. 
The explanation for this is unclear, and in fact this feature 
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appeared for the two subsequent evaporations at lower binding 
energy. In general, both the standard and difference spectra 
were of poorer quality in the second experiment, which leads 
to the supposition that the cleave obtained was inferior. 
Accordingly, while we feel these results worthy of discussion, 
they are quantitatively only tentative at best. 

In Figures 7 through 11, we present plots of the 
features observed for the three evaporations of section B, and 
the final two evaporations (called E4 and E5 here) of the 
second experiment. Points worthy of note are the following. 
First, the states in the ionic gap are seen to have essentially 
vanished by 0.6 monolayers. Second, while there does seem to 
be a net trend along both directions for evolution into the 
gaps with increasing coverage, it is nevertheless clear that 
convergence with theory is not close, even et 1.0 monolayer. 
That these states are still penetrating into the bulk-forbidden 
regions of the zone seems to indicate that one monolayer 
coverage is not sufficient to describe a true interface. 
Unfortunately, the use of ultraviolet-energy ARP for coverages 
much larger than these is precluded by the small electron 
mean-free-path in this photon energy range. Conceivably, 
utilization of x-ray energies (where mean free paths may be 
as high as 50 A) could overcome this problem, but the related 
breakdown of direct transitions would provide substantial 
new complications of its own. It seems then, that while ARP 
experiments can yield valuable insight into the initial 
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stages of in-erface formation, a new technique will need to 
be found if these interfaces are to be probed in the true 
heterojunction limit. 
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FIGURE CAPTIONS 

Fig. 1. Experimental geometry and surface Brillouin zone 
for GaAs. 

Fig. 2. Selected spectra for k.( along ?X as a function of 
Ge coverage. Binding energies are referred to 
the valence band maximum at T. 

Fig. 3. Selected difference spectra for the rx direction 
in the SB2. 

Fig. 4. Selected difference spectra for the Fx' direction 
in the SBZ. 

Fig. 5. Observed ARP features and projected surface band 
structure for GaAs/Ge (after Ref. 6). Cross-hatched 
areas are GaAs bulk-forbidden regions. Interface 
states are labeled with the notation of Pickett, 
et al., and thi features in Figures 3 and 4 are 
labeled as A through H. Peaks are plotted from 
data for all evaporations of section B, but not 
all data is shown; in some cases, peak positions 
were identical for successive evaporations. 

Fig. 6. Binding energy shift for peaks A and £ as a 
function of Ge coverage. Eacl point represents 
the mew value of the set of points common to 
these features for each evaporation. 

Fig. 7. Observed ARP features for El (0.06 monolayers) 
of the first experiment. 



-49-

8. Observed ARP features for E2 (0.12 monolayers) 
of the first experiment. 

Fig. 9, Observed ARP features for E3 (0.26 monolayers) 
of the first experiment. 

Fig. 10. Observed ARP eatures for E4 (0.60 monolayers), 
derived from the second evaporation in the 
experiment of section C. 

Fig. 11. Observed ARP features for E5 (1.0 monolayers), 
from the third evaporation in section C. 
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* IV. DISPERSION RELATIONS AND RELATED PHENOMENA 

POR THE (111) PACE OF Au AND Pt 

An important question regarding the technique of angle-
reso.v *d photoemission (ARP) is the extent to which it can 
be used to map valence-band dispersion relations. In the 
case of the 3d and 4d transition metals, studies of copper, 

2 3 4 
nickel, palladium, ?nd silver show that a model based on 
the assumption cf direct interband transitions may be used, 
in conjunction with an appropriate choice of final state, to 
elucidate the valence bands of these materials for several 
high-symmetry directions in k-space. 

It is therefore of considerable interest to extend such 
studies to 5d ir.etals. The choice ( f Pt and Au, and the (111) 
face in particular, was made for sevral reasons. This face 
has been studied in greatest detail for the 3d and 4d metals, 
and is the least difficult to prepare and characterize because 
it is close-pac.ved and does not tend to reconstruct; in addi
tion, it dees not give rise to significant secondary Mahan 
emission, which simplifies the analysis. For gold, results 
using laboratory UV sources are available for comparison, ' 
Finally, if one takes into account the difference in Fermi 
levels and d-bandwidths, the band structures of Pt and Au 
along (111) are quite similar, which permits a number of use
ful correlations to be made. 

With this background, we have performed normal emission 
ARP studies of A"(lll) and Pt(lll) for photon energies of 
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6 < hv < 33 eV. This range of energies enables the deter
mination of the valence-band structure along most of the A 
line, and in particular allows the determination of cne d-band 
energies at I". In addition, we have investigated the influence 
of radiation polarization for Pt(lll), and of temperature 
for Au(lll). Final-state effects have also been studied, 
with particular attention to the choice of the final state, 
the nature of intensity resonances, and the appearance of a 
constant-kinetic-energy feature. As will be discussed in 
detail, all of these effects have their counterparts in the 
3d and 4d metals cited above, and all can be understood within 
the current theoretical framework of ARP. 

Section A describes our experimental procedures. In 
Section B we discuss the dispersion relations obtained, 
and estimate crystal field parameters. Polarization effects 
are considered in Section c , and the influence of temperature 
is elucidated in Section D. Section E is devoted to final-
state effects, and the last section provides a summary of our 
results. 

A. Experimental 
High-purity crystals of Au and Pt were cut to produce 

(111) surfaces, and were subsequently polished to 1-micron 
roughness and etched. The Pt crystal was then installed in 
a ultrahigh vacuum chamber and cleaned of bulk impurities by 
a combination of repeated Ar sputtering/annealing cycles 
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and heating in 10 torr of 0 2- Cleanliness was monitored 

by Auger spectroscopy (AES). Both crystals were then mounted 

for experimentation (orientation to 1° or better as deter

mined by back-reflection Laue photography). Final cleaning 

just prior to data acquisition was performed iri situ by Ar 

bombardment and annealing at 600°C (Au) and 700°C (Pt); the 

Pt sample was characterized by both LEED and AES, anu the 

Au sample by AES. 

The photoemission measurements were performed on the 

8° branch of Beam Line I at the Stanfoid Synchrotron Radiation 

Laboratory. The apparatus used for Au has been described 

elsewhere, the only modification being a reduction of the 

angular acceptance of the Cf-1A to + 2,5°. The electric field 

vectcr of the incident radiation lay in the horizontal plane 

defined jy the Poynting vector of the light and the electron 

propagation direction; the angle between the latter two was 

fixed at 63°. In studying Pt(lll), a chamber was employed 

which incorporates a 5.40 mean radius hemispherical analyzer 

with an ang -ar acceptance of +3° , mounted to allow rotation 
g 

through 2TT steradians. For "s-polarized" spectra, the sample 

was rotated so that the E vector of the light was parallel to 

the (111) face, the photon propagation direction (k ) being 

at 60° relative to the normal. For "p-polarized" light, 

tne E vector was effectively rotated 90° from this orienta

tion by movinq the sample and analyzer, the angle between k 

and normal again being 60°. The analyzer was then positioned 



-65-

for detection of electrons propagating normal to the crystal 

surface. The geometry of each experiment is shown in 

Figure 1. 

Base pressures in both chambers were typically in the 

10 torr range. Samples were oriented iji situ using laser 

collimation, and the normal was determined to 1D or better. 

The energy resolution (monochromator plus analyzer) varied 

from ca. 0.1 eV at low-photon energies to ca. 0.2 eV at the 

high-energy limit. Count rates were excellent, typically on 
3 4 - 1 the order of 1C to 10 sec , and a spectrum with adequate 

statistics could be obtained in 5 to 10 minutes. 

Spectra for the entire energy range are shown for Au 

and ?t {p-polarized radiation) in ^igures 2 and 3. 
s 

B. Dispersion Relations 
Before proceeding with the actual determination of the 

E (k) relationshios, we will discuss the spectra with a view n 
toward identifying the major mechanisms involved. 

In accord with previous results, a surface state peak 

for Au(lll) appears at 0.2 eV binding energy; it rapidly 

diminishes in intensity with increasing photon energy and by 

hv = 16 eV has e. sentially disappeared. A (111) face surface 

state has also been observed in Cu and Ag, and general criteria 
9 for its existence have been discussed by Heimann et al. 

Our binding energy is 0.2 eV less than that reported by 

Hansson and Flodstrom; this discrepancy will be discussed 

below. 
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While density-of-states features do not play a dominant 

role in the spectra, they may be identified in two cases. 

For both Pt and Au, a dispersionless shoulder is seen on 

the leading edge of the d-bands (E_ "v. 0.3 eV for Pt, 2.7 eV 

in Au). No PAPW density of states (TDOS) is available for 

Pt; for gold, when one includes the difference in energy zero 

between our measured bands and the theoretical ones, this 

feature agrees well with the prediction of a TDOS feature at 

E = 2.4 eV. This is the only TOOS feature expected; the 

others would either coalesce under the much stronger direct 

transitions of similar energy, or be unobservable due to a 

low cross-section (high s-like initial-state character). 

This peak grows in relative intensity with increasing phot>n 

energy, which results from a decrease of the electronic 

mean-free path, leading to a breakdown in k-conservation .ind 

an enhanced surface DOS contribution. This surface contribu

tion has been studied by Citrin et a ] . in gold, where it 

was found to be shifted to 0.4 eV lower binding energy rela

tive to the bulk; the growth of this TDOS feature in our 

spectra would then be consistent with an enhanced surface 

contribution, the bulk contribution coalescing with the much 

stronger direct-transition peak. For platinum, the feature 

at 0.3 eV behaves analogously. A possible origin of this 

feature is band 6 along the Q line, which is very flat between 

W and L. Further evidence for the TDOS vs one-dimensional 

density of states (ODDOS) nature of this peak may be inferred 
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from its behavior on cooling, as discussed below. Such a 
1 4 shoulder has also been seen in Cu and Ag. ' 

Whenever a flat initial-state band exists, as is the 

case here for band 2, the possibility of ODDOS features must 

be considered. While at photon energies of hv < 18 a ODDOS 

peak due to F(2,3) will not affect our assignment, since it 

will be clearly separated from the direct transition feature, 

for higher energies these features can coalesce. As discussed 

below in the section on temperature dependence, it seems that 

sera of the contribution to the 6.2 eV peak in gold at 18 eV 

is due to a ODDOS mechanism. This could conceivably cause 

some error in the experimentally derived location of band 2 

near the regions where it begins to disperse, but the error 

is small and easily correctable if this possibility is kept 

in mind. In the spectra of the (111) face, in fact, little 

ODDOS behavior is apparent; for the other low-Miller-index 

faces, however, the situation is considerably more compli

cated. 

The behavior of the "s-p" plateau was discussed 
1 4 previously, ' and we comment on it only briefly here. For 

both Ag and Cu, this feature varied in intensity, reaching 

a minimum for photon energies corresponding to final states 

near r. Such behavior was observed in this study as well, 

with the s-p band to d band intensity ratio decreasing by 

roughly one order of magnitude from hv = 9 eV (3/4 of the 

way along A to r) to hv = 21 eV (near r). We shall return 
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to this fea.ture in Section D. 

A constant kinetic energy feature is also apparent for 
4 both crystals, in analogy with results for Ag(lll) and 

Pd(lll). For Au, its onset in the spectra is most clearly 

visible starting for hv = 26 eV, while in Pt it appears first 

as a shoulder on the 4.0 eV peak at hv = 23 eV. Wider energy 

scans were taken of Pt at photon energies up to 30 eV to 

confirm the continued presence of the feature, but they are 

not presented here. 

By far the largest portion of the sharp spectral 

features observed can be assigned to direct transitions. 

Our spectra agree well with those of Heimann et al. at hv = 

16.85 eV, and Hansson and Flodstrom for the range 7.0 < 

hv < 11.6 eV, with the exception of the location of E. in 

the latter. We have assigned these transitions as follovs: 

1. Relative binding energies were established by 

spline-fitting the experimental data and visually fitting 

overlapping peaks as necessary. 

2. Band 7 in the theoretical RAPW calculation for gold, 

which has largely G = [888] character (we use the notation 

of Ref. 10, in which r = (000), and L = (444)) in the middle 

of the zone, was fitted in this region to the free-electron-
2 2 like equation E(k) = h k /2m* + V , with the reduced mass 

m* and valence-band minimum V as free parameters. This 

yielded m* = 1.17 m„ and V = -3.2 eV. The fitted final 1 e o 
4 state was then used in the standard way to obtain initial 
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state momenta; for this photon energy range, G = [888] 
connects all initial and final states. It was found that 
such an approach gave somewhat better results than the choice 
of a true free-electron parabola with V given by r(l), 
although the difference was close to the limits of k-resolu-
tion in the experiment. For platinum, no theoretical RAPW 

12 final-state bands have been reported ; accordingly, the 
fitted Au final state was used, scaled by the ratic of the 
lattice constants, with the zero of energy shifted to account 
for the difference in E . We feel this procedure is justified 
given the close similarity of the initial-staLe theoretical 
dispersion relations for both materials when this procedure 
is followed. 

3. The Fermi level in Au was taken as the energy at 
half-height on the onset of the s-p plateau for those photon 
energies where such an assignment was unambiguous. For 
hv < 16 eV, however, this onset was masked by the surface 
state at 0.2 eV; for these spectra, careful monitoring of the 
analyzer reference voltage enabled assignment of E p via 
comparison of these voltages. The work functions so derived 
showed an RMS scatter of + 0.05 eV, and our binding energies 
at hv = 17 eV agreed with those of Heimann et al. at 16.35 eV 
to within 0.07 eV. Accordingly, we feel that the binding 
energies of Hansson and Flodstrom, which are generally 0.2 eV 
greater than ours, are too large due to the difficulty in 
assigning E with only low-photon energy data. 
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In the case of Pt, an analogous approach was employed, 
except that no surface state was present, while the TDOS 
feature at 0.3 eV served as its surrogate in masking E_. 
At low and high energies, however, this shoulder either 
vanished or became a well-defined peak; in either case, E 
could then be assigned and analyzer voltages used to set E_ 
for other energies. With the use of spectra for hv < 11 and 
hv < 28, the derived work function had an RMS scatter of 
+ 0.0 3 eV. The agreement between the s-polarized and 
p-polarized data was in general excellent (<0.1 eV difference). 

As shown in Figures 4 and 5, our data give smooth 
variations of E with k for both crystals, and all the bands 
are observed in at least part of the zone. The band energies 
are tabulated in Table I for selected values of k; our data 

2 may be recovered from Figures 4 and 5 by using k and E„ to 
back-calculate hv, with E(k) = hv - E . The assignment of 
the band 1 transitions in Pt, which are admittedly weak in 
these spectra, was aided by additional data from higher 
(hv > 40 eV) energy spectra ; all other transitions, how
ever, were easily assigned with the lower-energy data. For 
simplicity, we have not included on this plot either the 
surface-state or indirect-transition peaks described earlier. 
Band 4 in Pt cannot be assigned for p-polarization radiation 
near T because the spectra are dominated by the band 2,3 and 
5,6 features for these photon energies, but an assignment 
can be made from s-polarized light spectra and will be 
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presented below. It appears that there is a need to adjust 
the theoretical energy zero in gold by approximately 0.2 eV 
down to fit our results. This discrepancy is attributable 
to the use of the 4.2°K lattice constant in the original 

14 o 
RAPW calculation. Subsequent work using the 300 K value 
has shown a shift "of the majority of the bands" by ca. 
0.2 eV down. This is consistent with our observations; 
further, in the case of Pt, where the RAPW calculation is 
for a 300°K crystal, no shift is suggested by our data. From 
the band energies at r, given in Tabl? I, it follows that the 
(r_ - r„) splitting in both Pt and Au is virtually identical 
to theory, while T„ is too close to the upper r„ level by 
about 0.15 eV in both cases. Most likely, these discrepancies 
in the theory are lue to difficulties in calculating the 
spin-orbit interaction, and in determining E . 

By far the most dramatic difference between theory and 
experiment occurs in the actual shape of the bands mapped. 
For both crystals, bands 5,6 have a larger splitting thsi 
predicted, and for k nearer to r than expected. Also, bands 
3,4 do not repel near (5,5,5) as much as the theory would 
suggest. That this behavior occurs in both crystals gives 
us confidence in its certitude, and precludes its being due 
to an artifact of our analysis, such as a poor choice of 
final state. It is important to note that these features 
are insensitive to the exact nature of the final state; while 
a variation in the final state used will alter the region 
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of the zone in which the effects occur, it cannot alter the 

relative splittings or absolute energies of the peaks, and 

the discrepancies will remain. In addition, our quasi-free-

electron final state fits the RAPW conduction band quite well 

midway along A, where much of the discrepancy is observed. 

This behavior is not observed in Ag(lll), but in Pd(lll) 

the (5,6) splitting is characteristically 0.2 eV larger than 

predicted; band 3(A,) is not obtained for this crystal along 

all of the A line, but the results presented strongly suggest 

that band 4(A.) also extends to significantly lower binding 

energies midway along A than is theoretically predicted. 

It is interesting to note that the relativistic KKR calcula

tion of Sommers and Amar for Au shows some qualitative 

similarity with the band 3-band 4 narrowing observed near 

(5,5,5), and the larger band 5-band 6 splitting observed; 

however, their d-band width is much too large due to the use 

of 2/3 Slater exchange, and XPS measurements have shown 

the work of Christensen and Seraphim to give much better 

agreement with the photoemission density of states. 

From the band energies at r, we may also derive crystal 
4 field parameters, as discut-sed in our Ag(lll) paper. These 

results are presented in Table II. For Pt(lll), the band 

energies at V were assigned using the data for s-polarized 

radiation, which enabled the assignment of band 4 up to 24 eV, 

corresponding to an initial state wavevector of magnitude 
2 |k| ^ 187 for this binding energy. The comparison of £_, 
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wil.. that obtained in atomic structure calculations is 
excellent for both Pt and Au, within roughly 4% of the 
predicted value. This agreement is in part fortuitous, as 
£ will be different in the solid state, and in fact may be 
expected to depend on the binding energy of the associated 
band as well. As discussed in Anderson's theoretical paper 

12 on Pt, 5 is expected to vary from ca. 0.54 eV to 0.76 eV; 
using the theoretical energies at V, however, gives results 
that are significantly different from those obtained 
experimentally, and actually produces a value of 5_, for Pt 
that is greater than that for Au, in qualitative as well as 
quantitative disagreement with the atomic values. These 
considerations suggest that the presently available theoretical 
calculations are not incorporating the spin-orbit interaction 
in a satisfactory manner, or that the crystal potential used 
is sufficiently in error to produce these discrepancies. 

It is interesting to compare values of lCDq for the 
group VIII and IB transition metals. Using our results in 
combination with values of critical points reported in the 
ARP literature, we have compiled 10Dq values for Ni, Cu, Pd, 
Ag, Pt, and Au (Table III). The empirical Ni value is 
anomalous, and may be due to an improper assignment of r_ ,. 
Overall, however, the trends are obvious and consistent with 
expectation: lODq increases as one proceeds either to the 
left, or down, in the periodic table. 
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C. Polarization Effects 
In materials such as copper, where relativistic effects 

are small and the eigenfunctions therefore transform as the 
single space group of the crystal, it is well-known that an 
appropriate choice of experimental geometry can allow the 
observation of initial states of particular symmetry, as 

18 determined by the requisite selection rules. Such is also 
the case for Pt(lll), although the situation is more compli
cated due to spin-orbit coupling, which gives eigenfunctions 
transforming as the associated double group. 

Our results for s- and p-polarized radiation are 
shown in Figure 6. Let us note first of all that for the 
"p-polarized" case, the polarization vector n is in fact a 
mixture of the two components (n.,1 [ill] and n II [ill]) with 
about 60% n, character. In addition, the finite angular 
resolution of the spectrometer will break the selection rules, 
which can be rigorously derived only for mirror-plane emission. 
As a consequence, only diminution and not disappearance of 
peaks can be expected, and this is in fact obferved. 

The major changes in the spectra are as follows. First, 
it is seen that the band (5,6) doublet shows much larger 
intensity variations for s-polarized (n ̂  ru) radiation, 
with the 5 to 6 ratio being smaller for the s case. 
Analogously, for photon energies (s-polarization) where 
tar.-Js 2 and 3 are nearly degenerate (hv > 18 eV) , this feature 
is soer. to be weaker in comparison to bands 5 and 6; such 
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behavior is least ambiguous for hv > 22 eV. from the spectra 

at 15 to 17 eV, the band 4 peak is seen to be larger in 

comparison to that of band 5 for s-polarized light. Finally, 

there is the seeming absence of the band 3 peak for s-polar

ization, hv = 13 to 15 eV. Taken together, these results 

lead to the conclusion that bands 3 and 5 are suppressed for 

s-polarization relative to bands 2, 4, and 6, or the alternate 

interpretation, that bands 2, 4, and 6 are suppressed for 

p-polarized light. 

To distinguish between these possibilities, we must 

turn to group theory. The general selection rule for tran-
19 sitions is of course rfell-known : For initial and final 

states transforming as r. and T f , and a tr-ansition operator 

as r , the direct product r* x r x r. must contain the Y f Y i 
identity representation if a transition is to occui. E-[Uiv-

alently, the transition vanishes unless r is found in 
r x r . , o r r in r, x r.. 
Y l Y f 1 

The initial-state symmetries will be A., A , or A_, 

by analogy to gold. The transition operator is A-p, which 

reduces to n*r; analogous to the nonrelativistic ca'je, this 

transforms as a vector and we have 

n 8[111], n-r ^ z, A. "p-polarized" 

'. l[lll], n*r 'h (x,y) , A, "s-polarized" 

From the character tables of Elliot and Dresselhaus for 
the double group, 
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and 

A, x A. = A. I l l 

A 3 * A i = A 3 , i = 1,2 

V i = 4,5 
Al+2+3, i = 3 
A4+5+6, i = 6 

1/2 Tlie final state is A. * D = A , since it must be symmetric i 6 
IB in the limit of reaching the detector. Then we have the 

selection rules 

s-polarized A. = A., A , A, 

p-polarized A. = A 

These selection rules are consistent with our data if we take 

the spectral intensities as evidence of sappression of bands 

2, 4, and 6 for p-polarization, and assign the symmetries 

A - bands 3,5,7 

A 4 + . - bands 2,4,6 

12 The calculation of Anderson for Pt does not provide 

the symmetries of the A bands. If we refer to the calcula

tion of Christensen and Seraphim for Au, which should also 

apply to Pt, we see that these empirical assignments are 

inconsistent with those given theoretically. Ir that calcu

lation, however, band 7 is assigned as A., which in our 

notation is unreasonable, since the A. representation is not 

symmetric under the elements E, 2C~. a , and a of the 
1 ' 3' v v 
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double group; it thus appears that the double group notation 
of Ref. 10 is different from that of Dresselhaus. The Au 
band structure of Sommers and Amar, which specificall" uses 
the notation of Elliot, gives initial state assignments 
different from those of Christensen and Seraphim, and more 
consistent with those presented here. As noted previously, 
however, there are several artifacts in that work, such as 
overlarge d-band width, inaccurate TDOS, and spurious band-
crossings, which limits its usefulness. Accordingly, neither 
theoretical assignment is found to be consonant with that 
determined experimentally. 

D. Thermal Behaviour 
That ARP spectra can undergo dramatic changes with 

variation of temperature has been well-established in the 
22 case of Cu(llO). In general, such changes will result from 

an enhancement of indirect transitions with increasing tem
perature; this is due to an increase in the number of popu
lated phonon modes and concomitant increase in the number of 
channels available for phonon-assisted indirect transitions. 
Correspondingly, cooling of a sample may be expected to 
enhance the contribution of direct transitions, and for a 
material such as gold, which has a comparatively low Debye 
temperature and hence higher susceptibility to indirect 
processes, one may expect particularly significant changes. 
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We show in Figures 7 and 8 spectra for Au(lll) at room 

temperature (ca. 300°K) and cooled to approximately 150°K. 

It is apparent that the most dramatic changes occur for low 

photon energies (Figure 7 ) , where the reduction in temperature 

leads to a marked enhancement of the spectral features over 

background. There are two mechanisms that could account for 

this enhanced contrast: reduction of the inelastic back-
23 ground, or enhancement of direct transitions due to a 

24 diminution in phonon-assisted indirect transitions. As we 

shall now discuss, there are features in our spectra which 

indicate that both mechanisms may be involved. 

The primary indication of a reduction in phonon-assisted 

processes may be taken from the photon energy dependence of 

the spectra. As the probability for phonon-induced indirect 
"M transitions increases with decreasing phonon wavevector, 

we y think of such processes in first order (i.e., when 

they contribute only weakly to the spectrum) as producing a 

net broadening in the initial-sta-e wavevector, or "thermal 

broadening." The band width AE of a feature will depend not 

only on this Ak but on the region of the zone in which the 

transition originates. In particular, it will be for those 

transitions originating at prints where the bands are steep 

that AE will most strongly depend on Ak,- this is where the 

largest change upon cooling is expected. Conversely, 

smaller changes should be apparent on cooling fc- regions 

of the zone where the bands are flat. As seen in Figure 4, 
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it is thus for low photon enerqies that we expect cooling 

to have its greatest effect, while by hv = 20 eV, as the 

initial states approach ',', the spectra should bt less affected. 

That this is precisely the behavior observed in figures 7 

and B indicates that a reduction in thermal broadening may be 

at least partially responsible for the enhancement observed. 

There are several other features in these spectra 

which may be used in attempting to obtain a more complete 

explanation. We first note the behavior of the surface state 

intensity at low photon energies; it is clear that this 

transition is enhanced at low temperatures. Since this 

feature is dispersionless for normal emission, our discussion 

above would indicate it to be relatively insensitive to 

temperature changes. On the other hand, the processes involved 

in determining the intensity of surface states arc poorly 

understood, and it is quite possible that a competing mechanism, 

for example surfa^e-phonon-induced indirect transitions, could 

be the cause of this change. In fact, results of analogous 

experiments foi Ag(lll) show a similar enhancement of the 
25 surface state, without any other sign ficant changes in the 

spectral appearance. As silver has a higher Debye temperature 

than gold, this would tend to indicate that phonon-assisted 

indirect transitions, which contribute both to the inelastic 

tail and k-broadening, are less important inAg, and corre

spondingly that the mechanism governing surface state 

intensity Josses is less dependent on the bulk properties 
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of the material involved. This propensity for indirect 

transitions in Au vis-a-vis Aq is also observed for the other 

low-Miller-index faces. 

The other major feature that provides insight is the 

intensity of the s-p plateau. We have calculated the ratio 

of the s-p to d-band intensities,, subtracting the apparent 

backgroun-1, for both sets of data. As seen in Table IV, 

those values are virtually identical f*>r both temperatures. 

Tno implications of this are twofold. The first is that the 

mechanism that produces the s-p plateau cannot be that of 

phonon-inluced indirect scattering since this would neces

sarily lead to a decrease of the s-o to d-band ratio with 

coolinj. It thus appears most likely that the s-p plateau 

arises from some process analogous to that producing TDOS 

features , which would be relatively insensitive to changes 

in temperature. In fact, our spectra contain features that 

demonstrate this difference in temperature dependence between 

ODDOS and TDOS processes. As mentioned earlier, the shoulder 

at the leading edge of the d-bands may be assigned as a 

TDOS feature; it is seen to be insensitive to cooling. On 

the other hand, for a ODDOS feature such as that observed as 

a component of the peak at 6.2 eV, hv = 18, which arises due 

to the flatness of bands (2,3) near r, cooling produces a 

significant diminution of intensity. 

The second implication of the thermal independence of 

the s-p to d ratio is that thermal broadening cannot be the 
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whole story in explaining the spectral enhancement at low 

temperatures. If such were the case, the ratio would of 

necessity drop at low temperatures, due to the enhancement 

of the d intensity. On the other hand, an\ mechanism leading 

to a reduction in the background would leave the ratio un

altered, since the background is subtracted when obtaining 

this parameter. This strongly suggests that phonon contribu

tions to the inelastic tail rpust play a strong, and perhaps 

dominant, role in determining the spectral contrast. 

F.. Final-State Dependent Features 

While the analysis of our data has to this point concen

trated on initial-state features, there are also features in 

the spectra which give insight into final-state of/ects. We 

have already discussed our use of a free-electron-like state 

for band mapping, and while such a method is quite adequate 

away from the center or edges of the zone, it becomes suspect 

where the conduction bands are expected to undergo signifi

cant perturbation. Figure 9 shows the theoretical initial

and final-state band structure for Au(lll), along w\th our 

modified plane-wave final state. As can be seen, band 7 

near F becomes quite flat, and in fact a gap may be expected 

between it and the next band, which will have a significant 

amount of G = [888] character. In this region, the exact 

nature of the final state becomes much less clear. We have 

accordingly taken spectra for both Pt and Au with a finer 
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energy mesh in the photon energy range where this part of 

band 7 is expected to be accessed. As shown in Figures 10 

and 11, dramatic intensity resonances occur as the final 

state approaches r. There are two possible explanations 

for this, the first being associated with the change in 

dispersion of band 7 near f, due to increased f character, 

and the second with the presence of the gap. 

Of ;hese two explanations, only the former is consistent 

with these data and the results of studies for other faces. 

Such resonances have already been reported in Ag(lll) and 

Pd(lll). Work in our laboratory has also shown their 
27 presence in Ag{110) and Ag(100). In all these cases, the 

RAP'.-.1 final-state band is quite flat near T. For Au(100), 

liowover, and by extension for Pt(100), the final-state band 

near " is not flat but rather peaks near k. = (0,2,0) and 
29 dro;*s as it approaches i". Our studies on Pt(100) show thai, 

unlike for Pt(lll), the intensity resonances are quite weak. 

Were these resonances associated with the gap, such would not 

be the case. 

To more fully examine this behavior, we have calculated 

normalized intensities for the A(2,3) + A(7), A(4) •«• A(7), 

and A (5, 6) -> A (7) transitions in Au(lll) and Pt(lll) as a 

function of photon energy. These are shown in Figures 12 

and 13. In both cases, peak areas were corrected for total 

photon flux and data accumulation time; in the case of Pt, 

the analyzer transmission function was also known and used. 



Unfortunately, recent indications are that the photon density 

may undergo changes of unknov.n magnitude with energy on the 

8° line, so that our results could contain an associated 

error. Such a correction woulu be ex; ecte-. be monotonia, 

however, and hence would alter only the shape and m t the 

existence or location of the resonances. While these results 

cannot be presumed quantitatively definitive, therefore, they 

should be qualitatively correct. 

As the figures show, all three- transitions undergo 

resonances in intensity with photon ei.er^ •, with the A(5,6) 

A(7) resonance being the least intense. In the case of Pt, 

the resona~~e is consistent for all three transitions, an-1 

yields an energy of E 7 < D = J-16.6 eV relative to p: . For 

gold, the A(5,6) transition is ca. 1 eV too low, and usinq 

the remaining two values yielis E7(T') = +16.4 eV. This latter 

value compares not unfavorably with the theoretical value of 

15.6 eV. It is also intej-tsting to note, especially for 

Pt, the asymmetry of the resonance, with the line edge being 

sharper on the gap side. This is a pleasing result; as 

itinerant final states are rigorously forbidden in the gap 

i.n the limit of an infinite solid, one would expect an effect 

due to bulk bands to disappear more rapidly in the gap. In 

other words, the width of the final state may be expected to 

be asymmetric, with a smaller value on t'le gap side. Un

fortunately, a monochromator-derived function could also 

p'-oduce such an asymmetry, and elucidation of this effect 
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must await more definitive experiments. 

The other final-state cifect of interest is a constant 
kinetic energy feature, in both Au and Pt, satisfying the 

equation E = hv - 16. Analogous behavior was observed in B 
4 Ag(lll), and was attributed to scattering and subsequent 

ejection of electrons of higher kinetic energy into the very 

high donsity of states region at 16 eV above E , composed of 

bands 7 and 8. We note that as hv decreases, this feature 

should pioceed to lower apparent binding energy, merging with 

the band (i.3) resonance; this is clearly observed in both 

crystals. It is interesting that this feature appears 

stronger here than in Ag; comparison of the RAPW calculations 

for Ag and Au shows that both bands 7 and 8 are flatter near 

'.' in Au, which accounts for the intensity difference and lends 

further credence to the mechanism proposed. 

We have also studied the behavior of this feature in 

Pt(lll) for off-normal emission. As seen in Figure 14, the 

peak is most intense at normal, and falls off symmetrically 

about the (111) axis, having disappeared by a 15° takeoff 

angle. This would lead one to suspect that it is the flatness 

of band 8, which is unique to the A direction, and not just 

that of band 7 near f, which provides the high conduction 

band density-of-stati_G necessary for this process. In fact, 
27 29 

in Ag(100) and Pt(lOO) no such constant kinetic energy 

feature is observed, although resonances in direct transition 

intensities, analogous to those reported in Ag(lll), are 
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observed. Taken together, these observations strongly 
indicate a mechanism that involves scattering into the A(8) 
band, followed by crossing to A(7) and subsequent emission 
from the crystal. 

F. Summary 
We have presented results of normal emission ARP 

studies for variable photon energy. Specifically, we have 

mapped bands along most of the A line for Pt and Au. Compar

ison of these results to theory shows that, unlike for simpler 

cases, the predicted band structures do not agree within 

experimental errcr with the empirically derived dispersion 

relations. Several other aspects of the spectra have been 

noted and discussed, including a surface state, constant 

kinetic-energy feature, and density-of-states features. By 

investigating the effect of cooling for Au(lll), we have 

been able tu gain some insight into the mechanisms giving 

rise to the "s-p plateau" and determining the spectral 

contrast, as well as distinguishing one- and three dimensional 

density-of-states features. Through the use of polarization 

selection rules and our observed spectral intensities, we 

have determined the initial state symmetries for Pt(lll). 

We have also investigated resonances in the transition 

probabilities due to fincl-state effects. 

it is clear that this work, in combination with that 

cited for Cu, Pd, Ni, and Ag,shows that the use of ARP data, 
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in conjunction with the direct-transition model and an 

appropriate final state, provides a method of general utility 

for mapping bands in (111) single crystals. The logical 

extension of such studies is to other low-Miller-index 

crystal faces, and such work is presently underway. Other 

avenues of investigation that this work opens are the use of 

polarization effects to assign initial-state symmetries for 

relativistic band structures, and the elucidation and charac

terization of final-state resonances. The latter subject, 

in particular, is of considerable interest, as it should 

shed light on the exact nature of the final state near--and 

in--gaps predicted for the infinite solid limit. 
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Values of Va 

k (units of 
Ref. 10) 

000 (D Au 
Pt 

111 Au 
Pt 

222 Au 
Pt 

333 Au 
Pt 

A a. min 

Pt 

^/alue in parenthi 
energy at which 

Table I 

Bands Along A in pi 

Energy 
Band Band Band 

1 2 3 

5.90 5.90 
4.07 4.07 

5.90 5.90 
4.15 3.98 

6.15 5.65 
4.05 3.65 

6.85 6.30 4.95 
5.65 

7.10 6.45 5.90 
(2.40) (2.75) (0.00) 

6.10 4.C7 4.07 
(2.30) (0.00) (0.00) 

:is is k correspondi: 
e band is most tight 

.tinum and Gold (eV) 

(eV) 
Band Band Band 

4 5 6 

4.45 3.55 3.55 
2.80 1.40 1.40 

4.45 3.95 3.43 
2.73 1.75 1.16 

4.55 3.60 2.90 
3.00 1.10 0.55 

3.90 2.85 2.50 
2.05 0.40 

4.65 ''.95 3.55 
(2.50) (1.15) (0.P0) 

3.05 - 1.40 
(2.10) (0.95) (0.00) 

to the binding 
bound. 
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Table II 

Derived Crystal Field Parameters 

S:JU r c e P a r a m e t e r Crys t a l P a r a m e t e r 
Au P t 

K y. po r i mc n ta 1 
f i t "5d . 7 1 • . 0 5 . 6 6 * . 0 5 

tc\') 10 Dq 1. . 2 2 - . 0 5 1. . 7 8 ' . 0 5 

F o r c e 
i i t S d . 74 . 6 3 

( C V > " lODn 1. .29 1. .70 

T h o o r c t i L e a l '-5d ,56 .59 
1 ! Li 10Dq 1. ,36 1. . 93 

c th-.* value of •" , from atomic structure calculations 5c 
(:••••. " I D . 

'::-. • srlittings at T from RAPV7 calculations {Refs. 10,12). 



Table III 
Values of lODq for Various Transi tion Metals 

Ni Cu Pd Ag Pt Au 

Expt. 0.7 b 0,73 1.40 C .865 1.78 1.22 
lODq 

Thy. 1.13 0.8 1.44 .980 1.93 1.36 

Expt. 2 1 3 4 a a 
Ref. 

Thy. 35 34 32 28 12 10 

aThic work. 

This value may be anomalous as discussed in the text. 

Vaiue ignoring spin-orbit splitting (i.e., V - f. , ) . 
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Table IV 

Patio of s-p Intensity to d-Band Intensity 
at 300° and 150°K 

Intensity ratio 3 

300° 150° 

9 .37 .4G 

12 .11 .12 

15 .08 .07 

18 .05 .06 
21 .03 .04 

' ,Cs ti ::ia to.l uncertainty is 20%. 

Pnoton 
energy 
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FIGURE CAPTIONS 

Figure 1. Experimental geometries employed: (a) "p-polar-

ized" radiation. For gold, a = [TX2], b = [TlO], 

9p = 62.7°. For Pt, a = [110], b = [117], 

0p = 60°. (b) "s-polarized" radiation. 

Figure 2. Selected photoemission spectra at normal 

emission for Au(lll) in the energy range 

6 < hv < 33 ev. 

Figure 3. Selected spectra, normal emission and p-polarized 

radiation, for Pt(lll) in the energy range 

8 « hv « 33 eV. 

Figure 4. Empirical (circles) and theoretical (solid lines, 

Ref. 10) valence-band dispersion relations in 

Au(lll). A partial photon energy scale is 

indicated along the top. 

Figure 5. Empirical (circles) and theoretical (Ref. 12) 

valence bands for Pt(lll). 

Figure 6. Comparison of spectra for Pt(lll) using s- and 

p-polarized light, for selected photon energies. 

Figure 7. Spectra at 300° K and 150° K of Au(lll), in the 

low photon energy region. 

Figure a. Au(lll) spectra for higher photon energies at 

300° K and 150° K. 
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Figure 9. Theoretical band structure (solid lines, Ref.lO) 
and the fitted quasi-plane-wave final state used 
here (solid circles) for Au along the A line. 
Bands are numbered sequentially starting at the 
lowest energy. 

Figure 10. Selected spectra with a finer photon energy 
mesh for Au(lll). Note particularly the 
resonances in intensity of the main features 
as h\> changes. 

Figure; 11. Spectra of Pt(lll) using a smaller energy step. 
The band (2,3) and (4) resonances may be followed 
in '.his figure. 

I'i |uro J2. Plot of intensities of the band (2,3) (4), and 
(5,6) peaks for Pt(lll) as a function of photon 
energy. Approximate maxima are indicated; the 
ordinate is the relative intensity for a given 
peak, normalized to its maximal value. 

Figure 13. Normalized intensities for the (2,3), (4), and 
(5,6) peaks in Au(lll) as a function of photon 
energy. 

Figure1 14. Spectra of Pt(lll), p-pclarized radiation at 
26 eV, for various electron takeoff angles 
relative to the surface normal. In the geometry 
of Figure la, the angle 8 corresponds to 
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takeoff directions in the plane defined bv the 

[ill] and [112] directions, with 6 beinq 

neqative for rotations towards [112]; 0 

corresponds to directions in the [110] - [111] 

plane, beinq neqative for rotations towards 

[110]. (a) polar dependence, 0 = 0 . 0 is 

fixed at 60°. (b) azimuthal dependence, 

G = 0 . 9 is fixed at 60°. The dashed line e p 
is tor E = 16 eV. 
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V. EMPIRICAL BANDS AND FINAL-STATE EFFECTS FOR 
THE (110) AND (10 0) FACES OF Ag 

One of the current questions in the literature of angle-

resolved photoemission (ARP) is the extent to which ARP data, 

in conjunction with the direct transition model (DTM) and a 

simple quasi-free-electron final state, may be used to map 

dispersion relations in single crystalline metals. Studies 

using synchrotron radiation of the (111) face of copper, 

nickel, palladium, silver, platinum, and gold show 

that such an approach works well for the line. Mu:h less 

work has been reported, however, for the other low-Miller-

index crystal faces, and there is considerable controversy 

concerning the details of the photoemission process for these 

faces. In particular, while the DTM has been used with 

apparent success for Cu(I10) ' with photon energies up to 

110 eV, it has recently been suggested that it fails for 

energies corresponding to excitation into conduction-band 
8 gaps. 

Wo have accordingly performed detailed studies on the 

(110) c.nd (100) faces of silver, using synchrotron radiation 

in the photon energy range 6 < hv < 34 eV. Work using 

laboratory sources indicates that, for the energies employed, 
9 

direct transitions dominate the spectra. By '..'sing synchro

tron r.-i'liaLi on, wc have been able to confirm this behavior 

over thi' entire energy range and in particular to study the 

gap pholoemi ssion process. As will be discussed in i.etail. 
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consideration of the binding energies and intensities of 
the spectral features leads to a simple physical picture 
which explains the observed behavior in terms of direct 
transitions and a quasi-free-electron final-state dispersion. 

Section A gives experimental details. In Section B, 
the spectra are discussed, and empirical dispersion relations 
are presented. Section c examines the various final-state 
features observed, and interprets them in terms of a simple 
physical model for photoemission. The last section 
summarizes our work. 

A. EXPERIMENTAL 
The apparatus used has been described in detail else

where, ' the only change being a modification of the angular 
acceptance of the CMA to +2.5° . The samples were high purity 
silver crystals, spark-cut to produce (110) and (100) sur
faces, polished to 1-microri roughness, and etched. Orienta
tion to +1° was achieved using back-reflection Laue photo
graphy. Final cleaning was performed i_n situ (base pressure 
in the 10 torr range) by Ar sputtering and annealing at 
600°K. Impurities were monitored by Auger electron spectros
copy, with an estimated detection limit of 0.05 monolayer; 
cleaning was continued until all major impurities (i.e., C, 
S, O) were near this limit. 

Spectra were taken on the 8° branch line at the 
Stanford Synchrotron Tladiation Laboratory for the geometry 
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shown in Figures 1 and 4, corresponding to normal emission 

and "p-polarized" radiation, with the electric vector in 

the horizontal plane defined by the Poynting vector of the 

light and the electron propagation direction. The angle 

between the latter two was fixed at 63°. The combined energy 

resolution (raonochromator plus analyzer) varied from ca. 

0.1 eV at low photon energies to ca. 0.2 eV at high energies. 
3 4 - 1 Count rates were typically of the order of 10 to 10 sec , 

allowing most spectra to be obtained in 5 to 10 minutes. 

B. SPECTRAL FEATURES AND DISPERSION RELATIONS 

a. Ag(lOO) 

Spectra for this crystal over the energy range employed 

are shown in Figure 1. 

Perhaps the most dramatic feature observed is the set 

of peaks occurring for 11 < hv < 16 at ca. 1-2 eV below the 

Fermi level (KT,) . Three final states are available for 

transitions along the A line (Figure 2 ) , corresponding to 

plane-wave characters of G = (T600) , (888) and (888) for 

bands 7, 8, and 9, respectively (we use the unit;; of Ref. 11, 

in which (800) is the X point). These latter two bands have 

projections of thej r group velocity midway along A of 69% 

and 4 21 along [16,0,0] in free-electron approximation, and 

-any accordingly be expected to give rise to seer 1-;ry Mahan 

emission. "' This has been observed for band 8 at hv = 11 
9 and 11. H uf.ing laboratory sources. The band 9 transition 
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onsets at hv = 13.5, confirming our expectations, and giving 
the assignment of A{6) * A(7), A(6) - A(8), and A(6) •* A(9) 
for the overall structure. From these peaks we may estimate 
the spacing of bands 8 and 9, which is found to vary from 
0.3 eV (k i 5.5] to 0.5 oV (k •v 4.8). Secondary Mahan 
emission may also be expected for the more tightly bound 
d-bands, but will only give rise to a broadening of Jie 
primary features, since the d-bands show little dispersion 
for the region along A corresponding to these photon energies. 
The spectra at hv = 11 and 12 eV show this behavior, and in 
fact the d-bands could not be assigned at these photon energies. 

The peak at a binding energy (E ) of 5.6 eV, which is 
seen to undergo a dramatic intensity resonance at hv "*- 22 eV, 
is assigned to be a one-dimensional density of states (ODDOS) 
feature arising from band 4 (r.J at r. The cause of this 
resonance will be discussed in Section IV. The other two 
ODDOS features expected (I' : 4.8,5.9 eV) are not explicitly 
observed because they are hidden under direct transition 
peaks for the photon energies at which they are expected to 
undergo resonance. Some indirect evidence for such a ODDOS 
contribution exists, however, in the spectra for hv ^ 23-26 
eV; at 24 and 25 eV a marked broadening in the 6.0 eV peak 
is observed, which could be the ODDOS contribution at 
resonance of the F' = 5.9 eV level. 

An interesting feature due to indirect transitions is 
the dispersionlesn peak at v - 6.5 eV, 15 < hv < 20 eV. 



-116-

Th e only possible origin for this is the maximum in the 
experimental band 1 dispersion midway along 4 (Figure 3). 
The intensity behavior of this peak is particularly noteworthy 
when compared to the direct-transition from band 1 at 
higher binding energy. The peak is seen to grow in relative 
intensity over the entire photon energy range, eventually 
merging with the final-state-induced direct transition 
resonance for band 1 at hv = 2 3 eV; this latter resonance, 
which has a characteristic half-width of ca. 1 eV, cannot 
explain the intensity variation. Its cause lies in the fact 
that, for indirect transitions, the intensity will be related 
to the amplitude of the phonon ass;sting the transition; 
since this amplitude increases as the phonon wavevector 
decreases, nearly vertical indirect transitions should be 
favored. This is exactly the behavior observed. 

These are some isolated features at low photon energies 
that cannot at present be explained. In particular, for 
hj = 11 eV, weak and broad features at 1.4 and 2.7 eV binding 
'•. j.' are observed. Their recurrence at 12 eV cannot be 

ascertained, as they would be hidden by the contribution of 
second-order light to the background , which cannot be 
recover, for hv > 11.6 cV. At hv = 13 eV, a weak shoulder is 
b.dvod for E = 3.3, and at hv = 14 and 15 eV, a weak peak 
for 2.^ "V binding energy. All these features are minor, 
oorros: >.'.;!iiK| to less than 100 counts over background. 
Th'.-v c-ould arise from several sources, including those 
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related to the energy analyzer, random fluctuations in the 
synchrotron radiation flux, or actual physical processes such 
as some sort of loss mechanism for the band 6 resonance. 

The remaining spectral features are all due to primary-
cone direct transitions. The band 6 peak is se°n to disperse 
rapidly with photon energy, merging with the d-bands by ca. 
21 eV photon energy. Intensity resonances are vi: ible in 
the photon energy range 22 < hv <4 24 eV, as expected from 

4 5 studies of the C U D face of Pt, Au, and Ag, ' yielding 
?f (7) = 16.8 eV, in excellent agreement with theory. V7e 
have assigned the DTM features in an analogou manner to that 
previously described. The choice of final state was once 
again a quasi-free-eloctron fitted to the RAPW calculation 
(Figure 2) , with in* = 1.10 me and V = -2.4 eV. All primary 
emission occurred for initial states in the second Brillouin 
zone; G = (1G00) connected the initial and final states via 
k, = k. + G. The Fermi level* was determined as before, f l ' 
by a combination of spectral assignment and comparison of 
reference voltages; the RMS scatter of the derived work 
function was +0.05 eV. Our spectra agree well with those cf 

9 Ilansson and Flodstrom, except that, once again, there is a 
0.2 eV discrepancy in the binding energy, most likely due to 
a difference in angular resolution and in the assignment of 

V 
Figure 3 and Table I give the. empirical dispersion 

relations obtained. Agreement with the theoretical RAPW 
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calculations is generally good; the major 1j.sciepancy is 

in the s-p band, which is seen to disperse somewhat more 

sharply than expected. The assignment of the transition 

A (2) •+ A (7) for hv < 20 eV is complicated by the indirect-

transition peak at 6.5 eV discussed earlier; the rtpulsion 

of bands (1,2) midway along A is larger than theoretically 

predicted, but difficult to quantify. The band 6 mapping 

could be brought into better agreement with theory by alter

ing tiie final-state parameters; such a procedure would be 

ad hoc, however, and it is more instructive to use the fit 

as given above. For Ag(llO), to be discussed below, our 

spectra extend through the X point along E', which enables 

n modification of the final state based on general symmetry 

arguments. This analysis will indicate that our choice of an 

unmodified fit to the RAPW band is probably not the best one 

possible. 

The selection rules for these spectra are easily derived 
5 by arguments analogous to those for PtClll) ; all initial states 

ar r i r.a..iplod for s-polarized radiation (£l[l00]) r and only 

' 5 foi pure p-polarization (411 [100]). Accordingly, for the 

mixed polarization present in these studies, all states should 

be observable. The disappearance of band 4 for k < 4 is 

thus probably due to a masking of the A(4) peak in the energy 

ran ;o 22 •' hv < 25 by the stronger A(5) direct transition 

rcsrinancc, and by a resonance in the ODDOS peak attributable 

to V-, Hand 3 is also not observed, presumably for cross-

section reasons. 
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b. Ag(llO) 
Spectra are shown in Figure 4 for this face, 6 < hv 

< 34. 

A surface state at E = 0.2 eV is clearly visible in 

the spectra for hv = 6-9 eV; it has not been reported in the 
g 

previous work of Hansson and Flodstrom. This peak was 

reproduced, along with all other spectral features, in two 

independent experiments, and its angular dependence was 

investigated. The intensity of this feature was maximal for 

normal emission, being attenuated by 60% for emission at a 

polar angle of 10° off normal. While we did not perform the 

adsorbed gas test sometimes used to characterize surface 

states, spectra obtained during the cleaning process (which 

required three cycles of bombardment and annealing) clearly 

showed that the presence of even trace amounts of sulfur on 

the surface led to a factor of 3 loss in intensity for this 

peak. Presumably, this feature was missed in the work of 

Ref. 9 due to inadequate sample preparation. In that study, 

the only criterion of sample cleanliness was constancy of 

the spectral appearance before and after cleaning, which is 

a less reliable criterion than the use of AES, since the 

trace contaminants that can alter surface properties will 

not necessarily affect bulk features. 

Secondary Mahan emission contributes significantly to 

these spectra, and is in fact virtually the only direct 

transition photoemission al lov/ed at these energies along 



-120-

th G I(T-K) line; primary cone emission is restricted to 

I'(K-X). Figure 5 shows the RAPW band structure. Along 

T., the plane-wave character of bands 7, 3, and 9 is G = 

(8,8,8), (3,3,8), and (16,0,0), respectively. Primary 

emission, corresponding to a band with G = (16,16,0), will 

only onset from band 6 for h\> = 30 cV. The plane-wave-

derivcd group velocities of bands 7, 8, 9 midway along 1, 

have projections along (16,16,0) of roughly 40%, 40%, and 

30%, respectively. While band 9 might thus be presumed to 

contribute some emission, it is in fact not observed to do 

so; bands 7 and 8 account for all the secondary-cone features 

ol-rorvc:!. Two features associated with secondary emission 

are pa rt i vularly noteworthy. First, the s-p transitions 

T.(G) -> 1(1) and 1(6) -• ?:(3) are observed for 7 =S hv < 10, as 

weak bi.i. clearly discernible peaks. Second, analogous to 

the.1 beh.iv.or of primary cones for the (111) and (100) faces, 

the Eeco'idnry cones are also seen to undergo intensity 

>-p?;on;i:ico? near T, as evident in the spectra for hv = 20 - 24 

.7. ,i! i act, tlie spectra in this range contain a total of 

3 peaks at each energy due to primary and secondary cone 

direct transitions, which :s representative of the richness 

'V -Va Lures observed ;or this face. It is interesting that 

t.'.i' y.-'t' ii".onaiice was not observed for the study reported 

ir. j'.fl • ' ; this may bo a rcr.ult of modification of the surface 

umk]a;p .n ocess required for secondary-cone emission because 

of surtace contamination. 
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The structure near E for h\> > 30 eV may be due to 
several sources. In order to more fully investigate it, 
spectra were taken at normal and nonnormal emission, as shown 
in Figure 6. Unfortunately, this feature only begins to 
develop at the upper energy limit of the 8° line monochro-
mator, where both count rate and resolution are poor; this 
made it impossible to follow its evolution sufficiently to 
provide a definitive assignment. It is likely, however, that 
one of the constituent peaks is hhe band 6 resonance for 
primary emission. This feature is expected to be weak at 
these photon energies, since the d character of band 6 near 
Ê , along I (as determined by an LCAO interpolation-scheme 

14 calculation ) is roughly an order of magnitude less than for 
copper, in which the band 6 resonance is of roughly equal 
intensity in comparison to the d-bands. Unlike in Cu, the 
band 6 d-character in Ag does not change significantly as k 
varies away from E, so that off-normal emission cannot be used 
to identify the s-p peak. 

Another constituent of this structure may arise from 
surface-state photoemission. As is seen, the leading peak 
of this feature is dispersionless, falling at E ^ 0.4 eV. 
In a simple model of ARP for surface states, the initial 
state may be considered as an exponentially damped periodic 
function. Evalu^'.ion of the transition matrix element for 
a plane-wave final state then amounts to the evaluation of 
the Fourier transform of the initial state. This results 
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in the prediction of a rapid intensity modulation of the 

surface-state peak, as is commonly observed at low (hv < 11 

eV) photon energies. Higher harmonics in the fourier trans

form, however, would allow the feature to reoccur; heuristi-

cally, we might expect the second harmonic at roughly four 

times the photon energy, or in this case at roughly 30-40 eV. 

Results on Cu(lll) have shown the existence of a surface 

state near E at photon energies of ca. 70 eV photon energy, 

which could be due to such a recurrence. That the Ag(llO) 

peak at 0.3 eV, hv > 30 eV, diminishes off normal, is con

sistent; however, it does not appear to be particularly 

sensitive to surface contamination, having nearly equal 

intensity throughout the cleaning process. In addition, from 

the spectra at 33 and 34 eV, it is clear that more than two 

peaks arc present in this structure; the band 6 resonance and 

photoemission from only one surface state, then, cannot be 

sufficient for a complete explanation. A definitive study 

m.ist await a monochroniator with adequate flux and resolution 

in the range 30 < hv < 50 eV. 

Figure 7 and Table II give the empirical dispersion 

relations derived from these data. The procedure was indenti-

cal to that used for the (100) data, with the exception of 

tl.o choice of final state. Since the primary-emission 

('_)!•,] 6,0)) conduction band was not calculated in the RAPW 

b'ir.:l Etr .dure, wo fitted band 7, obtaining m* - 1.05 me 

and V = -3.5 eV. Using these values to calculate the 
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primary emission final state did not give symmetrical initial 

state dispersion relations about X, and placed the s-p band 

far away from the RAPW prediction. We thus altered m* and 

V to obtain this symmetry and optimize the comparison with 

the theoretical valence bands yielding m* = 0.95 m and 
J e 

V = -7.3 eV. As shown in Figure 5, this choice gives a band 

which midway along E is quite similar to the RAPW one, but 

shifted down by roughly 2 eV; we will discuss a possible 

explanation in Section C. With this choice of final state, 

the agreement between the RAPW and empirical valence-band 

dispersion relations is quite good, with the largest devia

tion (ca. 0.25 eV) being once again in bands 1 and 2. We 

note that the mapping along Z is subject to greater un

certainties than that along Z', since it is derived almost 

exclusively from secondary cone emission, which in many cases 

gave weak peaks or shoulders that were difficult to assign 

in binding energy. In addition, the flatness of the bands 

near r would indicate the possibility of ODDOS features, 

which would further complicate the analysis. Peaks which 

could be due to either a ODDOS or direct-transition mechanism 

are so indicated in Figure 5. 

C. FINAL STATP. EFFECTS 

The existence of the intensity resonances reported both 

here and elsewhere for Ag, Au, and Pt ' indicates that these 

features may be expected to occur whenever the bulk conduction 
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bands become flat, which most typically occurs near the edge 

of a gap at a symmetry point. While it is tempting to assign 

the resorances to a high final density of states (DOS), such 

an interpretation is clearly inconsistent with our use of 

a quasi-plane-wave dispersion relation, for which the DOS 
1/2 varies smoothly as E . It is necessary, then, to consider 

this process in detail, and the related processes of ODDOS 

and band-gap photoemission, in order to obtain a consistent 

explanation. 

To proceed with this discussion, we consider a simple 

physical picture which specifically invokes the surface-

sensitive nature of photoemission in this energy domain. 

The final state in the crystal must couple with a plane wave 

in the vacuum, and in f^ct this coupling is requisite for 

band-gap photoemission, which would be rigorously forbidden 

in the infinite-solid limit. We assume that, close to the 

surf ice, the dispersion relation of a conduction electron 

w ; parallel that of the free electron in vacuum, the only 

u-ffcrenre being a shift in energy, taken to be constant, 

to account for the effect of the bulk and surface potentials. 

We further assume thaJ- '.he valence-band dispersion is un

affected by the surface. This is equivalent to approximating 

''• i surface potential as a step function; there will then be 

no itinerant bound states in the vacuum, and the effect of 

the surf.-<oo on a valence-band wavefunction will be to change 
1 R its phase, but not its wavevector. 
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As is well-known, a plane wave in vacuum may be expanded 
in terms of spherical harmonics and Ricati functions. Given 
our assumption of final-state plane-wave-like behavior in 
the crystal, we may expand the final state analogously 

lEf'*f ' ^ / a*m ( r> Y £ r A > Y * m C ? ) ( 1 ) 

where the a. (r) are now unknown functions determined by the 
crystal potential. We suggest that the effect of the crystal 
potential near the surface will be to alter the angular 
momentum composition, but not the dispersion, of the final 
state. In the theoretical bands, the flattening observed at 
r_ is due to mixing of f-like components, which would then 
correspond to an increase of a, in the expansion above. 

It follows immediately that the intensity resonances are 
a consequence of the photoemission cross-section, and not the 
final density of states. The initial state will be primarily 
d in character; the cross-section is then 

I 
o % T. < E ,k JA- ?|n,2 = 2,m > 

m=- 8. t 

and in dipole approximation, the Wigner-Eckhart theorem 
implies that only £=1 and SL = 3 components in the final state 

21 will contribute. Accordingly, mixing near r of {.=3 
components into the final state should cause the cross-
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section to undergo resonance, as is observed. It is impor
tant to note that this alteration of the angular momentum 
composition of the final state is not inconsistent with 
constancy of its dispersion; the "s-p" band 6, for example, 
continues to disperse much as a plane wave even though its 
d character changes dramatically. In silver, for example, 
band 6 along E fits a quasi-plane-wave equation with 
m* = 0.97 me, V = -5.6 eV, while along A we have m* = 0.87 me, o ^ 
V = -6.4 eV; however, this band has three times as much o 
d-cha>-acter along I as it does along A, even though m* is 
closer to m e along T.. 

There are several consequences of such a model. The 
first concerns features due to an ODDOS mechanism; while 
k--conr;ervation is no longer required for such a mechanism, 
th cross-section argument given above will still be appli-
calio. Accordingly, features which are nominally assigned 
to an ODt.'HS process will still be expected to undergo inten
se ' y resonances at those photon energies corresponding to 
nearly vertical transitions into a final state of higher I 

character. This is not just formally equivalent to an en
hanced contribution from direct transitions; while an experi
mental verification would be extremely difficult, it is 
coneejvnblo that, for a very steeply dispersing initial-state 
band, on'.: could separate these effects, with the direct 
transition contribution dispersing over the resonance, and 
the ODI'JOP contribution falling at constant energy. In the 
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case of our spectra for Ag(lOO), resonances in a peak 

assigned to an ODDOS process (E = 5 . 6 eV) are observed, but 

no such deconvolution is possible. 

The second consequence of our model is to remove the 

ad hoc nature of the shift in V employed for the (110) face. 

The bulk contribution to the shift in energy assumed above 

is accounted for by fitting the RAPW bands, but the surface 

term is not. This last term, expected to be roughly compar

able to the work function, must also be subtracted to yield 

the final-state dispersion, and this subtraction is accounted 

for by the 3.8 eV difference between the fitted value of V 
o 

and the final value employed. This is of course a very 

simplistic picture, both since the value of V is coupled 

to m*, and because the details of the surface perturbation 

are far more complicated than a mere work-function correction 

would predict. The qualitative content seems valid, however, 

and would indicate that such a shift will be expected for all 

crystal faces, although its magnitude will depend on the 

face under study. 

The most interesting consequence of our model is that 

it predicts a continuation of direct transitions, as mirrored 

by dispersion of spectral features, for photon energies 

corresponding to bulk band-gap photoemission. This is in 

contradiction to the analysis of Dietz and Himpsel for 

Cu(llO). We believe this contradiction is directly related 

to the choice of final state. Dietz and Himpsel used the 
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theoretical bulk conduction bands exactly as calculated; if 
we include a shift of roughly 5 eV (the value used in Ag(llO), 
scaled for the difference in lattice constants) in the fitted 
value of V for Cu(llO), the center of the dispersionless 
region for bands 3 and 4 falls at the X point. With this 
choice of final state, then, the lack of dispersion in 
Cu(llO) is simply a reflection of the flatness of bands 3 
and 4 near X. In fact, since the d bands are not as flat 
near X in Ag(llO), this crystal provides a better test of 
spectral dispersion for "band-gap" photoemission; as is seen 
in Figure 7, bands 3 and 5 clearly disperse for gap photo
emission (11 < h\> « 16) , as do bands 1 and 2 (13 < hv < 18) . 
Further, for the (100) crystal, bands 1 and 2 are also seen 
to disperse (23 < hu < 28) in the gap expected at F. It is 
important to note that, given the shape of the d bands along 
T.', a different choice of final state will not alter this 
conclusion; essentially, there is nowhere along this line 
where the range of initial-state vectors corresponding to a 
nap of ca. 5 eV will allow diapersjonless direct transitions, 
a:: ij the case in Cu. Thus, photoemission at energies 
corresponding to bulk final-state gaps is still dominated 
by direct transitions; it seems plausible to suggest that 
thii; is n direct consequence of the close proximity of the 
V' c.iuin, and tile attendant coupling of the final state inside 
the suj;j-.ce with that outside. 



-129-

D. SUMMARY 
We have presented results of variable photon energy 

ARP studies of Ag(llO) and Ag(lOO). Empirical dispersion 
relations, in generally good agreement with the results of 
RAPW calculations, have been derived, based on both primary 
and secondary cone emission features. Consideration of the 
final-state features has led to a simple physical picture 
that validates the use of a quasi-free-electron final state. 
This picture accounts for the existence of intensity 
resonances associated with bulk final-state features, makes 
plausible the discrepancy between the theoretical RAPW 
conduction bands and those used empirically, and explains 
the existence of initial-state dispersion for bulk band-gap 
photoemission. In combination with prior work for the (111) 
face, these results enable us to present an empirical 
valence-band structure for silver along all the principal 
symmetry lines. 
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Table I 

Empirical Band Energies Along A in Silver (eV) 

k Band Band Band Band Band Band 
1 2 3 4 5 6 

- 4.90 -
- 4.82 4.45 

5.00 4.48 3.50 

4.4.0 4.25 1.80 

4.30 3.87 -
5.10 4.90 4.50 

3.40° 2.75 2.80 C 

100 5 .90 

300 6. .58 6 .05 

400 6 .60 6. .28 

500 6, .85 6. ,47 

700 6. ,90 G. ,55 

E . b min 7. ,05 6. ,58 
kJ„- b 6. 10 6. ,30 

aUnits of Rcf. 11 

Values of E_ and k for experimentally accessible 
regions along A where band is most tightly bound. 

î ct a true minimum—see Figure 3. 



Table II 
Empirical Band Energies along £ and £' in 

Silver (eV) 

000 " 6.15 6.15 5.50 

220 6.65 6.00 - 5.28 4.95 
330 6.45 - 4.95 
440 - 6.05 5.35 5.10 4.75 1.65 

666 7.00 - 5.28 4.70 4.28 

181 7.20 6.88 4.65 4.30 4.05 

080 7.35 7.00 4.20 - 3.90 

E . b 7.35 6.15 6.15 5.50 5.00 2.55 min 
k . b (8,0,0) (0,0,0) (0,0,0) (0,0,0) (2.3,2.3,0) (3.7,3.7,0) m m 

Units of Ref. 11. 

Values of E and k chosen from experimentally 
accessible regions along I and £' where band is 
most tightly bound. 

Not a true minimum—see Figure 7. 
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FIGURE CAPTIONS 

Selected normal emission spectra for Ag(lOO) in the 
photon energy range 11 < hv < 32 eV. The inset gives 
the experimental geometry. 
Theoretical RAPW bands (solid lines, Ref. 11) and 
quasi-free-electron final state used (circles) for 
Ag(lOO) . 
Empirical dispersion relations (circles) and theor
etical bands (lines) for Ag along A. The scale at the 
top gives the final state, shifted down by the indic
ated photon energy. The k vectors given for T and X 
indicate that all final states are in the second zone, 
with k f = k± + (T6,0,0) . 
Selected spectra at normal emission for the photon 
t-riergy range 6 < hv < 33 eV for Ag(llO) . The inset 
gives the experimental geometry. 
Band structure of Ag along X and I'. The solid 
lines are the RAPW result (ref. 11). Circles are the 
quasi-free-electron final state used for primary 
emission { G = (TB", 16,0) ), and squares the quasi-
free-electron final state used for secondary emission 
( G = (8,8,8) ). For the latter, two final-state 
;.-ands were generated by displacing the quasi-free-
olcctron band uniformly up or down by 0.25 eV. 
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Fig. 6. Spectra at normal emission and 10° off normal for 
Ag(llO) in the energy range 30 < hv < 34 eV. The 
structure at low binding energy is shown expanded 
by the indicated factor. 

Fig. 7. Empirical dispersion relations for silver along 
Z and £'. Filled circles are derived from primary 
emission, squares from secondary emission. Open 
circles are due either to secondary emission or an 
ODDOS mechanism. Solid lines are the RAPW results 
(Ref. 11). Primary and secondary cone final states are 
given by the scale at the top. 

Fig. 8. Empirical band structure (circles) of silver. The 
RAPW bands (solid lines, Ref. 11) are shown for com
parison. Data for the A line is from Ref. i . 
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