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One-Step and Two-Step Description of Deexcitation Processes in Weakly Interacting Systems
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The origin of one- and two-step behavior of core-hole decay processes is identified in connection
with high resolution autoionization spectra for /t(111). The spectra simultaneously show features
of the two types (resonant Raman vs Auger-like behavior). The character of the process is determined
by whether excitations in the intermediate state created in the scattering process are detected in the
decay process or not. The consequences for phenomena like resonant Raman Auger, resonant inelastic
x-ray scattering, and resonant photoemission are discussed.

PACS numbers: 78.70.Dm, 32.80.Dz, 32.80.Hd

Resonant spectroscopies such as resonant photoemissiemd there is considerable debate on several of the key is-
(RPES) (see, e.g., [1,2]) and resonant inelastic x-ray scasues, in particular, when to use what approach.
tering (RIXS) (see, e.g., [3,4]) have been used as powerful For atoms and molecules one makes a separation
tools for studying the electronic structure of matter. Withbetween the Raman regime below and the Auger-like
the growing access to high resolution tunable x-ray exciregime above the ionization threshold [5,13,14]. The
tation sources there is rapid progress in this field, leadintptter regime is denoted the postcollision interaction (PCI)
to new and much improved possibilities to extract detailedegime to emphasize that the two emitted electrons may be
information about the investigated systems. interacting. For solid systems, however, such a borderline

The resonant process involves the (virtual) excitatiorprovides no help at all. In the case of metallic solids, for
and deexcitation (Auger or x-ray emission) of a coreinstance, there is a continuum of states already starting
electron. The process ends up in a final state with onéom the Fermi level, and the resonant spectroscopies
valence electron ionized or excited, i.e., the same typesually involve states well below the ionization limit.
of final state as in valence electron photoemission oFurthermore, as will be seen below, there are cases
optical absorption [5]. In this way the valence electronicwhere the same excitation leads to features with totally
structure can be studied with the additional possibility ofdifferent behavior. In spite of the great importance of
utilizing the unique features of a core level probe, suchthe resonance effects there have been no investigations
as element specificity, chemical shifts between differentvhich identified the mechanisms relating to the distinction
sites, etc. The excitation step can also be used to indudsetween one-step and two-step behavior. There has been
symmetry restrictions on the final states [6], or to makea well-known controversy on, for example, whether the
studies of selected vibrational states [7,8]. However, duso-called resonant photoemission in Ni really corresponds
to the complexity of the process, the information thatto a coherent process [15,16]. One also knows that there
can be extracted depends heavily on the extent of oneis a large fraction of incoherent intensity in RIXS, but
understanding of the process itself. One fundamentahere have been no detailed considerations of what causes
issue is to what extent the excitation and deexcitatiorthis. It is therefore a most important issue in connection
steps in the process are truly coherent. to the whole field of resonant spectroscopies to identify

In the normal treatment of Auger decay and x-ray emisthe mechanisms causing the loss of coherence.
sion one usually uses a two-step language, i.e., the excita-We have addressed this problem in connection
tion and deexcitation steps are treated as consecutive amdth high resolution autoionization measurements on
independent (incoherent) events [9]. However, a numAr/Pt(111). The weak coupling between the Ar and
ber of high resolution studies have clearly demonstratethe substrate [17] makes this system most suitable for
that in general such an approach is not valid. Rather, @mvestigating this problem. There are a number of reasons
one-step treatment is required. Examples of this are thfor this: (i) Both types of processes are simultaneously
observations of the Auger resonant Raman effect [10,11fanifested in the spectra, (ii) the spectral features are
and effects of vibrational and state interference in autoionnarrow and well separated, (iii) the difference between
ization decay [12]. In other cases, however, the two-steghe final states can be understood in intuitive ways, (iv)
approach gives a satisfactory or even superior descriptiotihe intensities in the different “channels” are of the same
of the process. The distinction between these two typesrder of magnitude, and (v) a whole range of intermediate
of processes (one-step or two-step) is not at all clearcustates can be reached with varying character in terms of
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wave function localization, and the consequences of thisets of peaks in the spectra, one which stays at constant
can be investigated. kinetic energy and one which moves as the excitation en-

The experiments were performed at beam line 8.0 at thergy is varied. It is also seen that the relative intensities
Advanced Light Source The beam line is an undulator of these vary strongly with photon energy.
beam line, using a modified “Dragon” monochromator The spectral features can be identified as demonstrated
with a calculated maximum resolving power af)*. in the lower part of Fig. 2. (B) is &p3/, off-resonance
The end station was designed at Uppsala University foAuger spectrum for the APt sample. The different
surface science experiments and comprises a rotatabieaks correspond to the multiplet levels of tAg*
Scienta SES200 electron spectrometer [18]. The photoconfiguration. (C) is a gas phase autoionization spectrum
energy resolution was better than 100 meV in the presergriginating from the2p3_/124s1 state, convoluted with a
measurements, while the resolution of the spectrometd.3 eV Gaussian and shifted by an appropriate amount.
was set to 200 meV. The sample was cooled by &he peaks in this spectrum have been assigned to the
liquid He flow cryostat. The Ar monolayer was prepared3s photoemission line (223 eV) and th&*P (219.5
by annealing multilayers to elevated temperatures. ThigV), 2D (218.5 eV), and*>S (216.5 eV) terms of the
procedure was monitored with the Rp XP spectrum, 3p*4s' configuration. The features that appear at lower
utilizing the core level shifts between first and higherkinetic energy areshake-upsatellites primarily of the
layers [17]. type 3p*5s!. By summing (B) and (C) with appropriate

In Fig. 1 the Ar2ps,, — 4s x-ray absorption (XA) weight factors we obtain (A). As can be seen this curve
and 2p x-ray photoelectron (XP) spectra are shown onmimics almost all features of the experimental /Rt
a common energy scale. The ionic x-ray photoelectron
spectroscopy (XPS) final state is located 3.9 eV below
the neutral x-ray absorption spectroscopy (XAS) final
state. The lowest core excited state is thus ionic. The Ar/Pt(111)
XAS spectrum shows a pronounced resonance due to 2py,4s’ Autoionization
excitations to the atomids level. However, we also
observe that the resonance is modified by the interaction
with the substrate. It is broadened, and there is an
asymmetric tail extending all the way to the Aps,
binding energy.

Figure 2 shows nonradiative (electron emission) decay
spectra for a number of photon energies over the XAS res-
onance. As can be seen the spectra vary considerably with

photon energy. However, we immediately distinguish two g
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FIG. 1. The Ar2p;, — 4s XA and Ar 2p XP spectra are 205 210 215 220 225
shown on a common energy scale. On the right-hand axis we KINETIC ENERGY (eV)

plot the amount oBp~24s (¢) intensity relative to the total in-

tegrated intensity, derived from a decomposition of the autoionFIG. 2. The AyPt(111) autoionization spectrum is shown for
ization spectra, over the Ap;,, — 4s resonance. The error several photon energies around #ye;,, — 4s resonance. At
limits are derived from a variation of parameters in the decomthe bottom the 244.8 eV spectrum is modeled as described in
position. the text.
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autoionization spectrum measured at 244.8 eV phototike final state. This implies that the spectator electron is
energy (the maximum of thds resonance). Similar not located on the adsorbate. Since in the intermediate
decompositions have been made for the decay spectstate the core electron was excited #sasubstrate hybrid
over the entireds resonance profile reaching the samelevel, one can imagine a final state where the spectator
type of agreement. electron is located in the substrate instead. If the exact
Each spectrum can thus be thought of as consisting afnergy of the spectator electron (which depends on the
two parts, one with an Auger-lik8p* final state and excitation energy) has a negligible influence on the energy
the other with a3p*4s' spectatorlike final state [17]. of the adsorbate two-hole final state, the energy of this state
The difference in photon energy dependence of the twegan be viewed as the sum of two terms, the energy of the
features is highlighted in Fig. 3. The figure displays the(polarization screened) two-hole final state of the adsorbate
kinetic energy of (a) thé&p 2(*P) and (b)3p 2(*P)4s  and the energy of the spectator electron (relative to the
features relative to that of th@s photoemission line. Fermilevel)inthe substrate. We can therefore describe the
From the slopes it is immediately clear that peak (a) trackéinal state in terms of a factorized wave function. When the
the photon energy, i.e., it stays @instant kinetienergy excitation energy is varied, the only effect of this is that the
(like a normal Auger feature) while feature (b) stays atenergy of the spectator electron changes while the features
constant bindingnergy. in the decay spectra remain at the same kinetic energies.
What is the difference between the two types of finalThis is exactly the behavior we expect if we would view
states? First of all, we note that the intermediate statéhe spectator electron as a photoelectron, which is emitted
contains one hole in theps,, level and an extra electron into the substrate, and the decay as a regular Auger process
in a 4s-substrate hybrid state. Th&p*4s' final state originating from a core ionized state as probed by XPS
configuration corresponds to a two-hole one-particle statgreferenced to the Fermi level). Even if the electron in the
where the spectator electron is fully localized to thesubstrate is quite slow, the substrate screening prevents any
adsorbate. This is a well-defined adsorbate state witkignificant PCl-like effects. A two-step description is thus
little interaction with the substrate. The only influencefully adequate for this process.
of the substrate is an energy shift due to polarization In order to understand the intensity ratios in the spectra
effects. The spectral features corresponding to these state® have to consider the time dependence of the process.
appear at constant binding energy over the complet&he excitation can be regarded as the creation of a wave
4s resonance. In this sense it can be viewed as thpacket at the adsorbate site [9,19,20]. The wave packet
result of an Auger resonant Raman process involvings built from Ar 4s-substrate hybrid orbitals. This wave
scattering through the various intermedidtesubstrate packet will develop during the core-hole lifetime. The
hybrid states. probability to end up in the Auger-like final state is given
Also, the other set of states in the decay spectra mudty the probability that the spectator electron becomes
formally be of the spectator type since the photon energy idelocalized into the substrate on this time scale. To
still below the2p;,, (vacuum level referenced) ionization see how this works we start out by regarding the
energy. The spectra carry the signatures of an at@pfic ~ resonant state as having very little mixing of substrate
states. Furthermore, we assume thatdhdybridization
broadening has a Lorentzian shape and a width
8 The probability for delocalization into the substrate is

< then described in terms of two competing exponential
o 7. decay processes, the decay of the electron into the
o) substrate (with a rate proportional &) and the core-hole
z decay rate (proportional to the lifetime width). The

o 81 probability is then given by the ratia/(I" + A) [20,21].

& This description is too simplistic in the general case.
% 51 This is clearly seen from Fig. 2, where it is evident that
> the ratio of decay in the two channels changes as we move
@ 44 over the4s resonance. This is illustrated more clearly
4 in the lower part of Fig. 1 (right-hand axis), where the
W 3 fraction of 3p*4s! final states is shown. We observe

- - T - T - a curve which qualitatively follows the shape of the

241 242 243 244 245 246 resonance itself with the rate being the largest at the peak
PHOTON ENERGY (eV) position of the4s resonance. Close tB; (3 eV below

FIG. 3. The energy difference of the As photoemission line the resonance), aImo_St no contribution from t.hls channel

to (a) the3p—2(3P) line and (b) thedp —24s' (2*P) line is given. ~ CaN be seen. We estimat&5% as an upper Ilmlt [22].

The dotted line corresponds to constant kinetic energy, while a The fraction of decay leading to Auger-like features

horizontal line would correspond to constant binding energy. will qualitatively reflect the relative contribution of sub-
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strate states in the wave function. Theresonance states is not related to the issue of core-hole localization [3], but
will be more purelyds-like at the center of the resonance, rather to the excitations produced in the intermediate state
while the influence of substrate states will increase furthethat might lead to a distribution of final states. This em-
away from the center. A quantitative interpretation of thephasizes the need to explicitly consider the properties of
results is, however, difficult. This is due to the fact thatthe intermediate state in resonant spectroscopies in order
the energy dependence of the substrate hybrid orbitals to evaluate what final states can be reached.

will lead both to different original character of the created This work was supported by the Swedish Natural Sci-
wave packet and to different behavior of the time evo-ence Research Council (NFR) and the Goran Gustafsson
lution. These two effects are not easily separable, and Boundation for Research in Natural Science and Medicine.
guantitative analysis would require detailed model calcu-
lations for the whole process.
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