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Abstract. The basis for resonant photoemission is dis-
cussed in connection with data for a physisorption sys-
tem, Ar/Pt{111) and a 34 transition metal, Ni(100). For
Ar/Pt(111) the quasi-localized character of the intermedi-
ate state leads to two types of features in the autoionization
spectra, showing resonant Raman and normal Auger-like be-
haviour, respectively. For Ni(100) resonant Raman behaviour
is observed in photoemission below the L3 threshold. At
threshold, the emission feature changes character and after
a rather narrow transition region it appears at constant emis-
sion energy instead. Clear signatures of interference between
the direct photoemission and autoionization channels are
identified.

The properties of a system are determined by the valence
electron distribution. The valence electrons occupy delocal-
ized states which in a periodic solid correspond to the band
structure of the system. These states can be probed by var-
ious valence electron spectroscopies such as photoemission,
inverse photoemission or optical spectroscopy. However, the
core levels also play important roles in the electronic struc-
ture. Furthermore, many experimental techniques which are
used to study the electronic structure make use of the proper-
ties of the core electrons. In contrast to the valence electrons,
the core electrons are localized to individual atoms in the sys-
tem. This property can be used to highlight local aspects of
the structure as well as the electronic structure. In XPS (X-ray
photoelectron spectroscopy) the chemical shifts give informa-
tion about the charge state, the chemical environment or even
the cohesive properties of the core ionized site [1], shake-up
features reflect the local electronic structure [2], the angu-
lar pattern of the emitted photoelectrons reflect the relative
positions of the neighbouring atoms through diffraction ef-
fects {3}, etc. In XAS (X-ray absorption spectroscopy) and
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XES (X-ray emission spectroscopy) unoccupied and occu-
pied electron states can be probed. In XAS core electrons
are promoted to empty valence electron states, while in XES
a core vacancy is filled by a valence electron from an occu-
pied orbital leading to the emission of a photon. These spec-
troscopies give site specific information and, furthermore, due
to the fact that the transitions are dominated by dipole matrix
elements the electronic structure information obtained is sym-
metry projected. In Auger electron spectroscopy one studies
the deexcitation of core vacancies by electron emission pro-
CEesses.

The site-specificity of a core-level probe can also be
achieved in valence electron spectroscopies by performing
resonant measurements at core-level thresholds. The utiliza-
tion of resonance effects provides most powerful ways to
study the electronic structure of atomic, molecular and solid
state systems [4-6]. Such techniques can be used to deter-
mine the atomic origin of valence electron states, to identify
orbitals of different symmetries, to determine the symmetry
of valence electron states and to study certain types of dynam-
ic properties. In particular at the most modern storage rings
the resonance effects can be used in a very powerful way.
In order to obtain detailed information on the valence elec-
tron states the measurements have to be performed at high
resolution. Furthermore, many of the most useful core-levels
have rather high energies, often in the range of 500—-1000¢V.
It is only most recently that the necessary combination of
resolution and flux has been achieved at these energies.

In resonant photoemission there is an interplay between
direct photoemission and processes involving virtual exci-
tations of intermediate core excited states which create the
same final state when decaying by Auger-like (autoioniza-
tion) processes [4—7]. In resonant inclastic X-ray scattering
(RIXS) the corresponding virtual state decays by the emis-
sion of a photon, and we observe resonance effects in the
inelastic scattering instead {8-12]. In the latter situation es-
pecially the total process is governed by very strict symmetry
selection rules which may be used to establish the symmetry
properties of the states involved. In the present contribution
we will discuss general aspects of resonant phenomena based
on investigations of resonant photoemission.
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The term resonant photoemission is used in somewhat dif-
ferent ways based on more or less strict requirements on the
process. Primarily we mean that the intensity of a photoemis-
sion feature is affected when the photon energy is varied over
a core-level threshold, Usually this corresponds to an intensi-
ty enhancement but in certain cases the resonance effects can
also lead to other types of intensity modifications. It may even
happen that the core-level process produces a reduction of the
intensity [13].

In solid systems it is not sufficient to base the criteria on
the intensity variations alone.The core-level binding energy
also defines the onset of regular Auger processes. These may
then be enhanced as a consequence of the large absorption
cross-section at the XAS whilte line. It is therefore necessary
to be able to distinguish between those autoionization pro-
cesses which produce photoemission-like features and those
which behave like regular Auger processes. When the meas-
urements are performed at sufficiently high resolution one can
in many cases make this distinction. This is done first of all by
carefully studying the energy of the emission features as the
photon energy is swept in small steps over the absorption pro-
file. For the process to be photoemission-like it is necessary
that the kinetic energy of the spectral features disperse linear-
ly with photon energy. The phenomenon of linear dispersion
for autoionization features is often referred to as the resonant
Raman effect [10]. This is different from the situation for reg-
ular Auger processes which involve the decay of well-defined
(lifetime broadened) states of given energy, leading to emis-
sion energies which are independent of the excitation energy.
However, at threshold there may be energy tracing effects also
in processes which one would denote *‘Auger-like’ [6, 24].

The third and strictest condition for resonant photoemis-
sion is that there is interference between the direct and the
core-hole assisted processes. This implies that the intensity
is not simply a sum of the intensities of the individual sub-
processes. The interference leads to Fano-like profiles for the
intensity as a function of photen energy [6, 13, 14]. Some-
times, the term resonant photoemission is used only when
clear signatures of interference are seen. However, as will be
seen below this may be misleading. If interference effects are
observed the process is indeed resonant. On the other hand,
the absence of observable interference effects may be due ei-
ther to the fact that there is no interference or to the fact that
the interference terms happen to be very small due to the
dominance of a single channel.

In the present contribution we will discuss the distinc-
tion between coherent and incoherent processes in resonant
photoemission. As a first step we discuss what determines
whether an autoionization process is photoemission-like or
Auger-like. The discussion is based on measurements for
a weakly bonded adsorption system, Ar/Pt(111) [15]. This
type of system is well adapted to investigating these effects
since it yields distinctly shifted spectral features depending
on the nature of the process. After this the question of reso-
nant photoemission in metallic systems is addressed. This is
done in connection with measurements at the 2 p edges for Ni
metal. Ni has been one of the prototype systems for resonant
photoemission. The resonances have been discussed in con-
nection with the strong correlation and 4-band localization
effects in this system. Based on the results some general com-
ments about the appearance of resonant effects in metallic
systems are made.

1 Experimental

The experiments were performed using beamline 8.0 at the
Advanced Light Source.This undulator beam line is equipped
with a modified ‘Dragon’ monochromator with a resolving
power of up to 10*. The end-station was built at Uppsala
University and comprises two rotatable spectrometers, a Sci-
enta SES200 electron spectrometer [16] and a high-resolution
grazing incidence grating spectrometer for X-ray fluores-
cence studies { 1 7}. In the Ar measurements the resolution was
set to 100 meV for the monochromator and to 200 meV for
the spectrometer. In the Ni measurements the resolution was
100eV in both channels. The spectra for Ar/Pt(111) were
measured at low temperatures using a liquid He flow cryostat.

2 Character of the autoionization process

The Auger process is normally described as a two-step pro-
cess. In the first step a photoelectron is emitted from a core
orbital. In the second step the core vacancy is filled by a less
tightly bound electron and an additional electron, the Auger
electron, is emitted. The energy of the Auger electron is giv-
en by the difference in total energy between the initial core
vacancy state and the final two-hole state. Due to the finite
lifetime of the core-hole state the energy of the photoelec-
tron has an uncertainty leading to a Lorentzian broadening
of the photoelectron line. This is also manifested as a corre-
sponding broadening of the Auger transition. However, if the
photoelectrons and Auger electrons could be measured in co-
incidence the sum of the kinetic energies of the two electrons
would be independent of the core-level width. The intrinsic
broadening of the summed energies would only be due to the
lifetime of the final two-hole state. If one could set one of
the analysers in a coincidence experiment to a fixed narrow
energy window at the photoelectron peak position the meas-
ured coincidence Auger spectrum would not be influenced by
the core-level width, Furthermore, if in this experiment one
could increase the photon energy slightly but in such a way
that the photoelectron analyser still covers part of the photo-
electron line one would observe the same Auger spectrum but
with a corresponding Kinetic energy shift.

With synchrotron radiation one can also study the Auger
decay following resonant excitation of a neutral core excited
state (XAS final state). This process is called resonant Auger
decay or autoionization. In this process only one electron is
emitted and the final state is singly charged. When perform-
ing resonant Auger measurements with pheton energy band-
widths smaller than the core-hole linewidth the Auger reso-
nant Raman effect has been identified [10, 18, 19]. This im-
plies that the resonant Auger transitions can have linewidths
which are smaller than the lifetime broadening of the core
hole state. Furthermore, within the width of an individual ab-
sorption resonance the resonant Auger line disperses linearly
with photon energy. This implies that the resonant Auger
process has to be described as a single quantum mechanical
process with energy conservation criteria like in normal pho-
toemission. This may also be discussed in terms of coherence
between the excitation and deexcitation steps [20-23].

This type of coherence is a necessary requirement for res-
onant photoemission, The distinction between coherent and
incoherent processes is therefore important for the basic un-
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Fig. 1. The Ar 2p3s3 — 45 XA and the Ar 2p XP spectra shown on a com-
mon energy scale for Ar/Pu(111). For XPS the binding energy is given
relative to the Fermi level, For XAS the photon energy is used

derstanding of resonant photoemission and has recently been
investigated for a couple of prototype systems [15,25]. We
show how the coherence is influenced by the core excited
state in connection with autoionization spectra from the sys-
tem Ar/Pt(111) [15]. This is an interesting system since there
is only weak interaction between the adsorbed Ar atoms and
the substrate. In fact, if we define the interaction strength
in terms of a characteristic hopping time for an electron
between the adsorbate and the substrate, we find that this
time is very similar to the lifetime of the core excited state.
This implies that the decay spectra will be very sensitive to
the localization—delocalization properties of the core excited
state.

In Fig. 1 the Ar 2p3/2 — 4s XA and 2p XP spectra are
shown. The spectra are plotted on a common energy scale.
In the case of XPS the energy scale corresponds to the bind-
ing energy relative to the Fermi level whereas for XAS the
normal photon energy scale is used. In this way the total en-
ergy of the created final states can be directly compared. As
can be seen the energy of the 2 p3); ionic final state is 3.9 eV
lower than the energy of the main XAS final state. The res-
onance in XAS is due to excitations to the 4s level of Ar.
However, it is evident from the spectral shape that the atom-
ic 45 level is modified by the interaction with the substrate
[26]. The feature is broadened and it has a tail extending all
the way down to the energy of the Ar 2p3aj XPS peak. This
implies that the states to which the core electron is promot-
ed are due to 4s-substrate hybride states. Due to the dominant
atomic character we may view the resonance states as quasi-
localized 4s derived atomic states. We will discuss in more
detail below how the properties of these states vary over the
resonance.

Figure 2 shows electron emission (autoionization) spectra
for a number of photon energies around the XAS resonance.
The overall spectral shape changes with the photon energy.
Two sets of spectral features can be identified, one which
stays at constant kinetic energy and one which moves with
the photon energy. The shapes of the two parts of the spectra
seem to be independent of the excitation energy. The relative
weights of the two parts, however, vary.
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Fig. 2. Ar/Pt(111) autcionization spectra for several photon energies around
the 2p3,7 — 45 resonance

Figure 3 shows an analysis of the spectrum recorded at
the resonance maximum (244.8 e¥). The spectrum can be ac-
curately reproduced by a summation of two model spectra.
The curve denoted by (+) corresponds to a 2 p32 Auger spec-
trum recorded for the Ar/Pt sample using a photon energy
well above the XAS resonance. The different peaks in the
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Fig. 3. A fit of the autoionization spectrum for an excitation energy at the
resonance maximum, see text
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spectrum are due to the multiplet levels of the 3 p* final state
configuration as denoted in the figure. The dashed curve is
a gas phase autmomzat:on spectrum following the excitation
of the 2p3. 245 state. The identification of the peaks is given
in the figure. The spectrum has been convoluted with a Gaus-
sian of width 0.3 €V and shifted to achieve the best possible
fit. By summing these spectra with appropriate weight factors
we obtain the model spectrum given by the solid line. As can
be seen this curve mimics all essential features of the experi-
mental Ar/Pt autoionization spectrum. The remaining small
differences appear mainly in the shake-up part of the autoion-
ization spectrum [27,28]. This is due to the interaction of the
Ar orbitals with the substrate which modifies especially the
extended orbitals involved in the shake-up processes. There
may also be slight differences in the remaining parts of the
spectra caused by small modifications of the splittings and
relative intensities of the multiplet components. Similar de-
campositions have been performed for the decay spectra over
the entire 4s resonance profile, giving the same type of agree-
ment. Each spectrum may thus be thought of as consisting of
two parts, one with an Auger-like 3p~2 final state and one
with a 3p~%4s! spectator-like final state [15, 26).

Figure 4 displays the kinetic energy of the two sets of
spectral features. As can be seen the 3p~2 features stay
at constant kinetic energy while the kinetic energy of the
3p~24s features increases with photon energy. The measured
position follows very closely the dashed line which corre-
sponds to constant binding energy; it shows resonant Raman
behaviour. Hence the two types of spectral features can be
characterized as constant binding energy and constant kinetic
energy features, respectively. In the final state of the con-
stant binding energy process the excited electron appears in
an atomic-like Ar 4s orbital. In the final state of the constant
kinetic energy process the excited electron is instead located
in the substrate. The final state is a doubly charged Ar* ion.
Both final states are screened by polarization of the substrate
(image charge screening).

The state at constant binding energy may be viewed as
a rescnantly enhanced photoemission-like final state with en-
ergy conservation in terms of the normal type of photoemis-
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Fig. 4. The kinetic energies of the 3p™2( P and the 3p~2(3 P)ds! lines are
plotted for different excitation energies around the 2p3 /2 —4s resonance for
Ar/Pt{111). The dotted line corresponds to constant binding energy

sion relation, Exjp = hv— Ep (3[}_2431). This implies that
the excitation and deexcitation steps cannot be separated. The
spectral behaviour has to be described in a one-step scatter-
ing picture and the intensity is given by the following type of
expression [6):

yy
Eg— Ep~ 15"

m
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f

In this formulation the initial (g) and final (f) state wave
functions contain the incoming photon and the outgoing elec-
tron, respectively, and (m) denotes the intermediate states. V;
and V, denate the radiative and Coulomb (Auger) contribu-
tions to the interaction, respectively, and My is the lifetime
width of the core excited state. The delta-function ensures
energy conservation.

The constant kinetic energy feature can also be viewed in
terms of an autoionization process. In this case the spectator
electron in the final state occupies a state which is entirely
located in the substrate. The fact that we observe a constant
kinetic energy feature implies that the energy released in the
core-hole decay is independent of the energy of the spectator
electron. The energy of the final state may be viewed as the
sum of two terms, the energy of the (polarization screened)
two-hole final state of the adsorbate and the energy of the
spectator electron (relative to the Fermi level) in the sub-
strate. When the excitation energy is varied this only changes
the energy of the spectator electron and the features in the
decay specira remain at the same kinetic energics. The en-
ergy of the spectator electron never appears in the spectrum.
The presence of this additional excitation thus prevents en-
ergy conservation for those particles which we observe in the
decay. In this case the width of the autoionization features
will also be influenced by the core-hole lifetime. The lifetime
broadening will give an uncertainty of the energy of the spec-
tator electron and a corresponding uncertainty for the Auger
electron. The result of this is that the measured Auger-like
spectrum will contain features which are broadened due to the
finite lifetime of the core-hole state. All the important features
of the spectra are thus as expected for a twao-step process in
which the memory of the excitation is lost. In a strict sense
also this process is a one-step process. However, in a one-step
treatment one would have to integrate the emission probabil-
ities over all final states which lead to the same energy of
the emitted electrons. This integration would essentially only
lead to a broadening of the spectral features due to the finite
lifetime of the core excited state. The spectrum will thus be
identical to the spectrum obtained in a two-step description
where the core-level broadening is introduced by a simple
convolution.

The distinction between a one-slep and a two-step process
is thus mainly a practical distinction. If all particles in the pro-
cess are detected a one-step description is necessary. If, on the
other hand, there are excitations (particles or quasi-particles)
which are not detected in the process, the information is in-
complete. It may then be sufficient to describe the process
in a two-step picture. In this case the core-hole state will
have a profile which has to be considered in the calculation,
Unless coincidence techniques are used this implies that the
distinction between one- and two-step processes corresponds



to a distinction between two-particle processes and processes
involving three or more particles (quasi-particles) [15,29].

The detailed appearance of the autoionization spectra de-
pends on the properties of the intermediate state. If the excited
45 electron were purely atomic there would only be 3 5‘2431
final state features in the spectra. The presence of 3p™= states
in the decay spectra is thus a consequence of the fractional
occupancy of the 45 orbital due to mixing with the substrate
orbitals. We may view the process in terms of a ‘45’ wave-
packet set up at the Ar site. Due to the interaction with the
substrate this wave-packet will have some substrate character
as well. Furthermore, the wave-packet will continue to delo-
calize on the time scale of the core-hole decay. Both these
effects depend on the degree of localization of the intermedi-
ate states involved. In a time-dependent picture the fraction of
final states of each type is then given by the ‘45’ weight at the
time of the decay.

By scanning the excitation energy over the 4s resonance
we may investigate the effects of changing the character of the
intermediate state wave-function. The 4s character is largest
at the centre of the resonance and the substrate contribution
increases as one approaches the flanks. In Fig. 2 we observe
that both types of features are present in all the spectra but
that the relative intensities change with excitation energy.

Figure 5 displays the relative weight of the 3 p~%4s! final
state feature for different photon energies over the 4s reson-
ance. We call this the coherent fraction in accordance with the
discussion above. As can be seen this fraction is largest at the
resonance position where the 4s character is largest and tails
off away from the resonance maximum. In particular, for ex-
citation energies close to threshold this fraction is very small.
From this it is clear that the intensity of the photoemission-
like features depends critically on the degree of localization
of the intermediate state,

The probability of creating 3 p~24s' final state features by
direct photoemission is very small since this corresponds to
a shake-up process. This process is so weak that for all prac-
tical purposes it can be neglected at resonance. It is therefore
not possible to observe any interference effects between the
autoionization and the direct photoemission channels.
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Fig. 5. The relative intensity of the decay to the 3p™24s' final state for ex-
citation energies around the 2 p3s24s resonance for Ar/Pt(111). We call this
~ the coherent fraction. The error bars are obtained from the variations of the
parameters in the decomposition of the autoionization spectra
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3 Interference effects in Ni

In order to investigate the possibility of interference effects
we turn to Ni metal as a sample. Ni has been one of the pro-
totype systems for resonant photoemission. Guillot et al. [4]
observed at the 3 p core-level threshold a strong enhancement
of a valence band satellite which occurs at 6 eV binding en-
ergy. This satellite has been interpreted as due to a localized
34° final state [30]. The resonance was described in terms
of a virtual process involving the excitation of a 3p electron
1o the partly unoccupied 34 shell followed by an Auger-like
decay leading to a 3d double-hole state. The same type of
fina! state is the dominating one in the normal Auger de-
cay in Ni. The interpretation of the Ni results in terms of
resonant photoemission has, however, been challenged in re-
cent years [20-23]. It has been argued that the core excited
intermediate states are not localized enough to allow the reso-
nant processes to occur. It has been proposed instead that the
resonantly enhanced photoemission satellite in Ni is due to
incoherent Auger processes which are enhanced at the same
photon energies due to the strong absorption just above the
core edge [21,22]. Due to the complete metallic screening
the Auger-like and photoemission-like spectral features can-
not be distinguished in the same straightforward way as in the
Ar/Pt{111) system. At threshold the two types of processes
will in fact give spectral features at more or less identical
energies. In order to determine whether there is resonant pho-
toemission in Ni or not it is therefore necessary to find out in
some other way if the process is photoemission-like or not.
One way to do this is to investigate if there are any signa-
tures of interference between the direct photoemission and
the core-hole assisted processes.

In the case of resonant photoemission the intensity in (1)
will also contain a direct photoemission term [6]:
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For each final state the intensity is thus given by a sum of
a direct photoemission term and a set of terms describing the
core-hole assisted (autoionization) processes.

The expression can be reformulated as a sum of intensi-
ties of the separated photoemission and autoionization pro-
cesses plus an interference term. Under certain conditions
a standard Fano cross-section, I = (g +€)2/(e2 4 1) is ob-
tained, where € = (E — Ey,)/I” [6]. The shape of the Fano
profile is determined by the asymmetry parameter q. The
square of this parameter is proportional to the ratio between
the strengths of the core level assisted (autoionization) pro-
cess and the strength of the direct photoemission continuum
over the core-hole width. Usually the interference leads to
reduced transition rates below threshold and enhanced inten-
sities above. A set of Fano profiles with values of ¢ ranging
from O to 3 is shown in Fig. 6. A large ¢ (g > |) corresponds
to a Lorentzian-like enhancement. With decreasing g the line
profile gets more asymmetric and g4 = 1 gives an asymmetric
Fano-profile with a minimum at ¢ = —1 and an equally large
maximum at € = 1. As seen from the figure ¢ = 0 gives a dip
in the photoionization continuum.
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Fig.6. A schematic illustration of line profiles of a Fano resonance (see
text) for different values of the g-parameter

We have performed photoemission measurements for the
valence electron region at the 2p edges of Ni. The 2p edges
give better possibilities studying the resonance effects than
the shallow 3 p edges. One difference is that the 2 p levels are
narrower. More importantly, the large 2 p spin—orbit splitting
gives well-separated 2p)/2 and 2p3/; resonances instead of
the overlapping 3 p1 /3,32 resonances. The fact that the 2 p res-
onances occur at higher photon energies also has the advan-
tage that there are fewer additional photon energy dependent
effects. Such effects may be due to varying photoemission
matrix elements and effects of crystal momentum selectivity
(k-conserving transitions),

Figure 7 compares a set of valence electron spectra
recorded for photon energies up to the L3 absorption thresh-
old at 852.3eV. The spectra are shown on a kinetic energy
scale. The dashed and solid curves correspond to measure-
ments with the E-vector in the plane of the surface and paral-
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Fig.7. Valence electron spectra (on a kinetic energy scale relative 1o the Fer-
mi level) recorded around the Ni L3 threshold. The E-vector of the incuqem
X-rays is in the surface plane (dashed line) or perpendicular to it (solid ling)

lel to the surface normal, respectively. We have used a unique
experimental set-up which allows the E-vector of the photon
beam to be varied without changing at the same time the di-
rection of the emitted photoelectrons relative to the sample.
This is achieved by rotating simultaneously the sample and
the spectrometer around an axis along the direction of the in-
coming beam. Starting with the spectra well below resonance
we see two types of states; band-like states within = 2.3 eV
from the Fermi level which dominate the spectra and split-off
atomic-like 34° satellite states at 6 eV. The intensities of both
spectral features are much larger for the E-vector out of the
plane. We therefore call this the ‘photoemission geometry”.
When approaching the L3 resonance position, the relative
weight of the satellite increases. At resonance, both contri-
butions and in particular the satellite are much enhanced and
furthermore the intensity is now the same for both experimen-
tal geometries. Above resonance the normal photoemission
spectrum which was seen below resonance reappears but is
not shown here. In addition there is a feature which stays
at the same kinetic energy as was obtained for the satellite
at resonance. This is due to the normal Auger decay of the
2p3s2 vacancy states. As can be seen the Auger intensity is
essentially the same for the two experimental geometries (the
small difference in Fig. 7 is probably due to problems in nor-
malizing the spectra at different polarizations relative to each
other). Since the Auger intensity is the same for the two ge-
ometries we call the one in which the photoemission intensity
has a minimum the ‘Auger geometry’.

We have investigated the intensity of normal valence band
emission as well as of the satellite. We denote the ground
state in Ni as [3d°4s] where the square brackets indicate
that the valence electrons are in the metallic state. The fi-
nal state in the normal valence band photoemission process
can be written as [3d°4s]™!. The valence band hole in this
state is delocalized. Taking screening into account the satel-
lite state may be written as 348 (X)[45%] (X is a spectroscopic
assignment of the atomic 34%-configuration). The screening
electron is taken from the Fermi level. The same type of final
states can be reached at the 2p threshold due to the excita-
tion of an intermediate 2p~![34'%45] state. This state may
decay by electron emission in an Auger-like process (autoion-
ization). Normal Auger in Ni is known to lead to localized as
well as delocalized final states of the above type [26].

Figure 8 shows in more detail spectra recorded for photon
energies around the 2p3y,» core level threshold in the phe-
toemission geometry. In this case the spectra are plotted on
a binding energy scale. Below threshold, the whole spectrum
stays at constant binding energy and the intensities of the
different parts of the spectra change as discussed above. Im-
mediately above threshold, we observe how the 6 eV feature
starts to move to higher binding energies as the photon en-
ergy increases. This immediately shows that final states are
produced which are not identical to the photoemission fina)
states. This is completely analogous to the situation with the
appearance of Auger-like features in Ar/Pt(111) as discussed
above. We can also discuss this as a lgss of coherence in the
process [15]. There are excitations in the system which we do
not detect. Also in the valence band region we observe how
a weak shoulder develops from the Fermi-level cut-off and
starts to disperse with photon energy. This demonstrates the
appearance of Auger-type features in the band-like part of the
spectrum.
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Fig.8. Valence electron spectra around the L3 core level threshold on a
binding energy scale. The spectra have been measured in the. ‘photoemis-
sion geometry’. The photon energy increment is about 0.2V except for the
lower set of data (844.2, 848.0, 849.0, 849.8, 850.3, 850.5 and 850.7 £V)

The kinetic energy (peak position) of the 348[452] spec-
tral feature is plotted in Fig. 9 as a function of photon energy
for the ‘photoemission’ and for the ‘Auger’ geometries. Be-
low the 2 p3;2 resonance maximum the kinetic energy tracks
perfectly the photon energy (resonant Raman behaviour). At
threshold, the peak transforms rapidly into a constant kinet-
ic energy feature. There is only a narrow transition region
in which the energy positions deviate slightly from the two
straight lines. There are a number of effects which can give
this type of deviation in a narrow energy range. There may
be multiplet-like effects and there may be apparent shifts due
to the finite energy spread of .the. photon beam [19]. How-
ever, it seems that at least part of the deviation from the
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Fig.9. The energy of the 348[452] spectral feature as a function of photon
energy
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pure” Auger-like behaviour above the 2p3/2 edge is due to
a photoemission component which is resonantly enhanced as
well..The behaviour has been investigated also at the 2p1 2
threshold yielding very similar results (not shown here).

The photon energy dependence shows that the process be-
low threshold is photoemission-like. This is the case all the
way up to photon energies very close to threshold. Immedi-
ately above threshold most of the intensity becomes incoher-
ent: From the spectra we cannot with confidence identity any
resonantly enhance coherent intensity in this regime. This im-
plies that if we integrate over the whole photon energy range
at which the resonance appears a large fraction of the en-
hanced intensity is indeed incoherent. In order to determine
whether there is resonant photoemission in Ni we therefore
have to turn to the detailed intensity profiles in order to check
directly for signatures of interference.

In order to probe the character of the resonant process
we foliow the photon energy dependence of the intensity for
a region in the valence band spectrum close to the Fermi
level and for an energy window around the 6 €V satellite (see
Fig. 10). This has been done both for the ‘Auger’ and for the
‘photoemission’ geometries. The two top curves show the va-
lence band intensity in the ‘photoemission’ (top) and ‘Auger’
(middle) geometries. It is immediately seen that the intensi-
ties show characteristic Fano-like profiles. At the bottom the
results for the 6V satellite are shown. The curves for the
‘Auger’ and ‘photoemission’ geometries are plotted together.
Looking at the individual curves there is no clear indication of
a resonance line shape. However, when comparing the meas-
urements for the two geometries (see inset) differences in the
profiles are observed which are characteristic of Fano profiles
with different g. This shows immediately that there are inter-
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Fig. 10, Intensity of the valence-band emission {lop two curves) and the
6 eV satellite (bottom set of curves, plotied together) as function of photon

energy in the ‘photoemission” and “Auger geometries’



Ni d-band

e
--’—--E
L]

Intensity (arb. units)

,‘M

o~ RETP
o

g=3T=06eV
[

1 I ) 1 T T
830 835 840 845  B50 855 880
Photon Energy (eV)

Fig.11. A Fano profile and a Lorentzian fitted to the experimental photon
energy dependence of the valence band intensity recorded in the ‘Auger
geometry’

ference effects also in these spectra. The interference term is
small but this is due to the fact that the autoionization channel
1s dominating so strongly. This demonstrates that the absence
of visible interference effects is not a good criterion for the
absence of interference. This may instead be due to the total
dominance of one of the spectroscopic channels.

We find that the curves cannat be fitted with standard Fano
line shapes. One reason for this is that the core excited states
change character above threshold (delocalization of the in-
termediate state}). We have a situation with several discrete
states and several continua. This is different from the basic
assumptions for the Fano-model, i.e. a discrete state and an
underlying continuum. In spite of this it may be instructive
to compare the profiles to the Fano model in order to get an
approximate measure of the importance of the interference in
terms of a single parameter, the Fano asymmetry parameter g.
An example of such a “fit’ is seen in Fig. 11 for the valence
band emission in the ‘Auger’ geometry. Fitting mainly the
first part of the resonance profile we obtain a value of g =3
for the asymmetry parameter. However, this fit gives a life-
time width of (.6 ¢V which makes the resonance peak much
too wide. If the profile is fitted with a symmetric Lorentzian
the broadening is reduced to 0.3 eV, This demonstrates the
fact that single Fano profiles do not give good descriptions of
the resonances. We will anyway use the obtained g-values to
give an approximate idea about the trends of the g-values in
different situations.

Comparing the intensity profiles in Fig, 10 to the model
Fano profiles in Fig. 6 it is evident that ¢ is smallest for
the valence band, in particular in the ‘photoemission’ geom-
etry (g = 1.5 at the 2p3/> resonance). This channel is the
majority channel in photoemission and the minority one in
autoionization, yielding similar magnitudes of the matrix el-
ements in (2). For the satellite, the opposite situation is true
and consequently much larger g-values are found (g > 20
and g = 9 in the ‘Auger’ and ‘photoemission’ geometries, re-
spectively). Going to the 2py/; edge, we find in all cases
more pronounced Fano-like profiles corresponding to smaller
g-values (e.g. g = 0.5 for the valence band in the ‘photoe-
mission’ geometry) as expected due to the weaker absorption

and larger lifetime width of the L3 level (see the definition
of g above). The trends are fully consistent with the expecta-
tions from the Fano model and we therefore conclude that the
shapes of the resonance profiles are due to interference.

4 Summary and conclusions

We have investigated the basis for resonant photoemission for
two prototype systems, one weakly bonded adsorption system
and one transition metal. We find that for Ar/Pt(111)} there
are two types of features in the spectator autoionization spec-
tra. One of these shows resonant Raman behaviour and has
to be treated in a one-step picture. The other one shows nor-
mal Auger-like behaviour and can be described in a two-step
picture, This branching is due to the quasi-localized character
of the intermediate state. The intermediate state is localized
enoutgh to yield a constant binding energy feature for excita-
tion energies over the entire resonance, although of varying
relative strength. The Auger-like feature dominates at most
energies and corresponds to final states in which the specta-
tor electron is located in the substrate. The spectator electron
may have a distribution of energies and the scattering process
can be viewed as the creation of two particles which share en-
ergy. Since we observe only one of these we recognize this as
a loss of coherence and as an apparent loss of conservation of
energy.

We have also performed measurements of the resonant
photoemission for a Ni(100) sample with special emphasis on
the possible interference between the autoionization and the
direct photoemission channels. We observe clear signatures
of interference both for the main valence band emission and
for the 6V satellite. The spectra show resonantly enhanced
photoemission-like spectral features only in the region be-
fore threshold. We call this the resonant Raman regime. For
photon energies above threshold the emission features rapid-
ly transform into features which appear at constant kinetic
energy. In terms of the possible interference with the direct
photoemission process this corresponds to a loss of coher-
ence. This implies furthermore that a large fraction of the
totally observed resonantly enhanced intensity is incoherent.
The results indicate that the resonance behaviour is not ex-
plained by any strongly localized intermediate state in the
resonant scattering process. This also implies that resonance
phenomena and especially the interference effects may occur
also in systems with very delocalized excited states.
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