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The nearl, threshold photon energy dependence of the satellite structurebrirethls has been studied.
In Ru and Rh there is one satellite. It exhibits the same threshold resonance behavior as the main lines
identifying its origin as a final-state screening effect. Two different types are observed for Pd: one like in Ru
and Rh and another one that disperses relative to the main line up to about 7 eV above threshold. Then its
position is fixed, and its absolute intensity shows a modulation opposite to that of the main line. We attribute
this satellite to a final-state shake mechanism and find a related feature also in Ag, which, however, has a
monotonic intensity developmerfS0163-18209)01647-]

Resonant Auger spectra of atoms and molecules haveetals, on the other hand, the situation is quite different and
very recently revealed unexpected dynamics of core holenuch clearer because the entirg;M 4 sM 4 5 transition takes
formation™ Features appear that cannot be directly relategplace between inner-shell states. The purely atomic character
to the diagram lines. Some of these structures appear close i®supported by an atomic Hartree-Fock calculation in inter-
an inner-shell threshold as distinct satellites. In solids, colmediate coupling including the spin-orbit interactfdrindi-
lective excitations may also give rise to satellites bothcated in Fig. 1 is the result for the Auger spectrum between
through intrinsic and extrinsic processeshe interpretation the 2p°3d*%4d*? initial and 2p°3d®4d*° final states in Ag,
of satellites, however, is generally not straightforward forwhich is in good agreement with the measured distribution of
solids®~°1In particular, if the nature of the underlying mecha-
nism is atomiclike, their origin is often controversial. Solid Off-Resonance Resonance
d-band materials are especially intriguing because the va- 20 ' ' ' ' ' '
lence shell generally comprises both delocalized and local- LM, sMy 5
ized levels. The subtle interplay between solid st&i@nd
and atomic behavior is related to the degreéd-band filling,

i.e., closed shell vs open shell character. This is very relevant

for the satellite structure in the Auger spectra of these mate-

rials. ThelL,M,5M, 5 transitions of the solid 3d metals

have been studied for many years from this point of view. Ru

Pronounced satellites are observed for Ni, Cu, an§%#n!?

whereas Co and Fe show negligible satellite contributidns. Rh
Pd

Much less work is reported on the corresponding purely Ag
inner-shell transition in the d metals. Nevertheless, in the 0.0 . . . : .
available dath!’~?°a satellite structure is observed not only -20 -10 0 10 -0 0 10 20
for Pd and Ag, but also—in contrast to Fe and Co—for Ru Relative Electron Energy (eV)
and Rh. For the 8 metals a spectator-type transition in the
presence of a @ vacancy is plrfposed to account for the far
sat(_elll_tes, but _th's IS de_batéd: Even using Sync_hrotr_on shows raw data; a constant background has been subtracted. The
radiation, the Interprgtatlon of thie, M4 sM 4.5 Sate!“tes IN " electron energies are aligned relative to the promifiéntine; peak
the 3d metals is difficult not only because the final holes naxima are normalized to unity. ThiG kinetic energy ranges
reside in the valence shell but also because the ifitja)  from 2250 eV (Ru) to 2577 eV (Ag). Note the significant line
splitting is comparable to the energy span of the entire spegrarrowing for resonant excitation and the markedly different behav-

The situation is, however, complicated since the final-state
holes are in the valence band, and therefore, the correspond-

tra. More seriously, the nedr, ; threshold spectra strongly ior of the satellite structures below the main line. A calculation for
overlap the valence photoemission spectrum. For the 4 atomic Ag is shown for comparison.
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FIG. 1. L3-M,sM, 5 spectra for the studiedddmetals excited
above(left) and close to(right) the L threshold. The figure
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diagram lines. The decay rates are calculated using perturba- 1.0 i
tion theory taking continuunp and f waves into account Rh Ly-M, M, 5
separately. The energies are aligned relativéGo

The origin of the extra satellite structure is not obvious
from the conventionally excited spectfa® alone. In the
present experiment, high intensity monochromatic synchro-
tron x-rays are used to selectively fine tune the excitation
through thel_z,g,thresholdé2 and monitor the evolution of the
satellite structures. The data obtained on the resonantly ex-
cited L, 3M 4 sMy 5 transitions reveal unprecedented detail of
the dynamical satellite behavior. In particular, it is observed
that the satellite emission below the maiG Auger line
shows a dramatically different resonance behavior for Ru
and Rh compared to Pd and Ag, which is direct evidence for
distinctly different mechanisms.

High-resolution resonant photoemission studies for these Relative Photon Energy (eV)
inner-shellL, and Ls Ieyels bepame possible only recgntlly FIG. 2. Threshold resonance behavior of the-R8.6 eV satel-
through the combination of intense synchrotron radiation, intensity (circles compared to théG line (squares The pho-

x-rays with state-of-the-art electron detection techniddes. 1o energy is measured relative to the peak oflth@bsorption.
The data were obtained with the tunable high-energy x-ray

photoelectron spectroscopy instrument at the wiggler beaneV). This rules out a spectator-hole mechanism due to
line BW2 of HASYLAB. The photon flux from the §111) L,LsN Coster-Kronig transitions as an origin of any of the
double crystal monochromator typically amounts to 3satellites. The spectra change dramatically for resonant exci-
X 10?s™ ! on the sample. At a photon eneryyy = 3000 tation (right pane): the satellites for both Ag and Pd are
eV, the spectral bandpass is 0.5eV. The electrons were meatrongly suppressed whereas for Rh and Ru they remain and
sured using a hemispherical analyzer with parallel detectiobecome even more pronounced. This goes along with the
capability(SCIENTA SES-200 the resolution was set to 0.2 overall resonant sublifetime line narrowing observed for the
eV. High-purity metal foils, cleaned in ultrahigh vacuum, main lines. Note that in the resonantly excited Ag spectrum a
were used as samples. For the threshold stutliess mea- marked shoulder is observed on the low-energy side of the
sured relative to thé , ; absorption edges as obtained from *G line. This feature is inherent to the Ag threshold Auger
total electron yield data. The relative eneryliv is accurate  process, and it is caused, as just mentioned, by density-of-
to +0.1 eV, which was achieved by frequently referencingstate modulations in the intermediate excited state.

suitable photoelectron lines. All electron spectra were nor- We now focus on the detaildur dependence of the sat-
malized to the photon flux. ellite emission below théG lines. In Fig. 2 the near thresh-

In order to understand the evolution of the spectra as ald Rh satellite intensity is compared to that'@®. Because
function ofhv, one must consider the overall behavior of thethe Auger line shapes continuously modulate throughout the
threshold Auger process, which can be viewed as nonradistudiedhv range Ahv~ +45 eV), we have approximated
tive inelastic scattering occurring as a single quantumthe low-energy tail of the'G line by a Lorentzian in each
mechanical everft-?® In the experiment, the gradual transi- spectrum separately, which was then subtracted from the raw
tion from nonradiative resonant Raman-like scattering todata to extract the satellite peak. The satellite intensity was
characteristic Auger electron emission is revealechads  obtained by integrating the peak in the difference spectrum
tuned through the threshold. within a 5-eV interval. We note that the satellite has a fixed

A fingerprint for the resonant one-step nature of the pro-energy (8.6+0.1 e\) relative to'G. It is obvious from the
cess is a characteristic sub-lifetime line narrowing that isdata that the satellite intensity mimics the behavior of the
observed if the combined spectral and analyzer bandwidthsain line. The resonance develops a strong intensity maxi-
are smaller than the intermediate hole lifetime. Another fin-mum, a “white line,” at thel , 3 absorption edge, which is
gerprint is an energy dispersion of various scattering featuredue to intermediate states with g Zlectron excited into
proportional tchv. It has also been demonstrated experimendocalized unoccupied dl states. A resonance line narrowing
tally that even for deep inner-shell transitions the valencet threshold, which is characteristic of the behavior of the
shell comes into play through the intermediate excited holenain lines, is also observed for the satellite peak.
states by way of the symmetry-projected density of unoccu- Although less intense, the Ru satellite behaves in the same
pied state§.Here, all these known characteristics of the mainway. Since the Ru and Rh satellites exhibit a threshold be-
lines are taken into account in the evaluation of the satellitdhavior similar to 'G, they must have a common origin re-
behavior across threshold. lated to that line. We therefore associate them with different

The different nature of the satellites becomes apparent ifinal-state configurations but the same intermediate state. Ac-
off-resonance excited spectra are compared to the correording to the pure atomic picture, Ru and Rh would have a
sponding resonance datgig. 1). The satellite emission ob- final-state multiplet structure that corresponds t$4&’5s
served below the prominertG Auger line is indicated as and 3124d°®5s, respectively. In the solid, it is reasonable to
shadowed areas. The left panel displayslthl, M, 5 en-  introduce an additionaldtype screening orbital in the final
ergy distribution curves obtained for high excess energiestate, and the corresponding configurations would read
Ahv above thelL; edge but still well belowL, (<L,—10  3d®4d**! (x=7,8). The satellite can then be due to final
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FIG. 3. Close-up of the Pd satellite region for near threshold 0 10 20 30 40
excitation.Ahv=0 eV refers to the peak of tHe; absorption edge. Relative Photon Energy (eV)
Satellite A stays at constant relative enerdgg; disperses up to
Ahv~+7 eV while gaining intensity. FIG. 4. Intensity development of the Pd and AG lines and

their satellites above threshold. The dashed lines qualitatively show

states associated witrd34d*5s located closeby, when 5s is the onset of the satellite intensity.
a localized orbital in the presence of twal Boles.

From the atomic Hartree-Fock calculation for Rh, the to-energies relative to'G in order to avoid confusion. It is
tal energy differencesmean values between the final found that the two Pd satellites exhibit a completely different
2p®3d84d®5s and 2p°3d%4d° states are obtained. It is dynamic behavior. Structur has a constant energy relative
found that the energy of the Auger transition for theto 'G while B disperses roughly linearlelative to this line
3d4d®5s configuration is lower by 10 eV. up toAhv=~+7 eV and at the same time is gaining intensity.

The observed spectrum can therefore be understood byeatureB appears to merge into A @hv~0 eV. There is
assuming that the main spectrum, i.e., tti¥4d° final-state  no further relative change for subthreshold excitation ener-
multiplet, is accompanied by a low-energy replica and thagies. The small additional feature neai7 eV in the lowest
the observed satellite is due to the strongest If@)( Itis  spectrum is interpreted as a modulation induced by structure
noted that both the &4d*5s and the 2184d*** spectra are in the unoccupied density af states(as described above for
somewhat broadened by multiplet splitting due to couplingAg).
of the two operd subshells. Their calculated energy separa- Since theA satellite is rather weak and partly overlaps
tion, 10 eV (see abovk is in accordance with the observed with the 'S diagram line, it is difficult to extract amv
relative satellite position shown in Fig. 1. As further evi- dependence of its intensity. Its relative position, however, is
dence for this final-state effect, we find the same resonandéxed, and it is thus of similar nature as the satellites in Ru
behavior(cf. Fig. 2 for the L, spectra. and Rh. Hence, we attribute it to partiadl &creening in the

In Pd and Ag, the situation is different because tlik 4 final state.
subshell is almost or completely filled. Accordingly, the In the following, the Pd(B) and Ag satellites are dis-
screening features should be suppressed or absent. Indeedssed. These features are not explained by the model de-
for the resonance case shown in Fig. 1, no satellite is obscribed above; instead we ascribe their origin to a final-state
served for Ag, because the completely filled dubshell ex- shake mechanism as outlined below. The satellite evolution
cludes 4l screening. for larger excess excitation energies is shown in Fig. 4. It is

For largeAhv, however, both metals also develop dis- now well established that the intensities and the line shapes
tinct satellites. For Pd, two broad features are observed abf the Auger diagram lines continuously modulate up to
—11.3+0.1 eV and—4.8+0.1 eV, respectively. Closer in- quite high excess energies in solfiherefore, it is not
spection of the Pd threshold spectfag. 3) shows that these meaningful to discuss the satellite structures in terms of rela-
satellites, labeled and B, are still present although weak. tive intensities. Instead, we compare the intensity modulation
We now focus on their behavior as the excitation energy if both G and the satellites on aabsolutescale. While the
raised above threshold. Since in the Raman-like regime banodulation of the main lines mimics the;, absorption spec-
low threshold theabsolutekinetic energy of theentirefinal-  trum, the satellites exhibit a totally different behavior. Above
state structure depends linearly lon, we prefer to align the Ahv~+7 eV, where the position of the Fglsatellite rela-
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tive to 1G is fixed, its intensity modulation appears to be only be screened by a rather diffuss-fype orbital, whereas
opposite to that offG. In Ag, the satellite emerges at con- in Pd we have partiald screening as indicated above. There
stant relative energy and exhibits a monotonic increase withis no appreciable modulation in Ag because the shake-off

out any obvious fine structure.
The hv dependence of the FBlsatelliteposition disper-

process takes place like in an atom with one hole in the
intermediate state and two holes in the final state, practically

sive vs fixed, can be understood by implementing an extrginscreened. The reversed modulation in Pd with respect to

(shake excitation in the final state. Since thed &hell is

almost filled in Pd, the excited final-state configuration;

would be 3184d%'d.

1G illustrates the less atomic-like change of the correspond-
ng potential. In Ru and Rh, there isfally screened 88,

If €'d is quasibound, then there is gcreened by adrtype orbital. The strong screening inhibits

linear dispersion of the corresponding satellite with respectye shake process but as shown above results in a satellite. In

to 1G. Note, that this behavior is analogous to the dispersi

Oronclusion, we have presented a consistent interpretation of

of the main Auger lines in the subthreshold regime. An eX+pe L,sM, M, 5 satellites in the d metals using accurate

citation to such a state can only occur from intermediatpreshold measurements in combination with a single-step
states with local 4 character, i.e., in the region of the sharp scattering approach.

peak shown in Fig. 4. The nondispersive part at higher exci-
tation energies then relates to intermediate states that are lessThe work of J.E.H. was sponsored by the Stichting Natio-
local. The change from dispersive to nondispersive behavionale Computerfaciliteiten(National Computing Facilities

thus marks a transition from shake up to shake off.

Foundation, NCF for the use of supercomputer facilities

Since there are no local empty 4tates in Ag, there is no with financial support from the Nederlandse Organisatie voor
shake-up but only a shake-off satellite with a delayed onsetlWetenschappelijk Onderzoékletherlands Organization for
The different intensity behavior in Pd and Ag pertains to theScientific Research, NWOThe work of T.A. was supported

nature of the screening of the twal $oles®® In Ag they can

by the Academy of Finland.
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