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Threshold dynamics ofL 2,3M 4,5M 4,5 Auger satellites in 4d metals
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The nearL2,3-threshold photon energy dependence of the satellite structures in 4d metals 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 development.@S0163-1829~99!01647-1#
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Resonant Auger spectra of atoms and molecules h
very recently revealed unexpected dynamics of core h
formation.1–4 Features appear that cannot be directly rela
to the diagram lines. Some of these structures appear clo
an inner-shell threshold as distinct satellites. In solids, c
lective excitations may also give rise to satellites bo
through intrinsic and extrinsic processes.5 The interpretation
of satellites, however, is generally not straightforward
solids.6–9 In particular, if the nature of the underlying mech
nism is atomiclike, their origin is often controversial. Sol
d-band materials are especially intriguing because the
lence shell generally comprises both delocalized and lo
ized levels. The subtle interplay between solid state~band!
and atomic behavior is related to the degree ofd-band filling,
i.e., closed shell vs open shell character. This is very relev
for the satellite structure in the Auger spectra of these m
rials. The L2,3M4,5M4,5 transitions of the solid 3d metal
have been studied for many years from this point of vie
Pronounced satellites are observed for Ni, Cu, and Zn,6,10–12

whereas Co and Fe show negligible satellite contribution13

The situation is, however, complicated since the final-s
holes are in the valence band, and therefore, the corresp
ing states mix with the band states.14–16

Much less work is reported on the corresponding pur
inner-shell transition in the 4d metals. Nevertheless, in th
available data8,17–20a satellite structure is observed not on
for Pd and Ag, but also—in contrast to Fe and Co—for
and Rh. For the 3d metals a spectator-type transition in th
presence of a 3d vacancy is proposed to account for th
satellites, but this is debated.6,7,14 Even using synchrotron
radiation, the interpretation of theL2,3M4,5M4,5 satellites in
the 3d metals is difficult not only because the final hol
reside in the valence shell but also because the initialL2,3
splitting is comparable to the energy span of the entire sp
tra. More seriously, the nearL2,3 threshold spectra strongl
overlap the valence photoemission spectrum. For thed
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metals, on the other hand, the situation is quite different
much clearer because the entireL2,3M4,5M4,5 transition takes
place between inner-shell states. The purely atomic chara
is supported by an atomic Hartree-Fock calculation in int
mediate coupling including the spin-orbit interaction.21 Indi-
cated in Fig. 1 is the result for the Auger spectrum betwe
the 2p53d104d10 initial and 2p63d84d10 final states in Ag,
which is in good agreement with the measured distribution

FIG. 1. L3-M4,5M4,5 spectra for the studied 4d metals excited
far above~left! and close to~right! the L3 threshold. The figure
shows raw data; a constant background has been subtracted
electron energies are aligned relative to the prominent1G line; peak
maxima are normalized to unity. The1G kinetic energy ranges
from 2250 eV ~Ru! to 2577 eV ~Ag!. Note the significant line
narrowing for resonant excitation and the markedly different beh
ior of the satellite structures below the main line. A calculation
atomic Ag is shown for comparison.
15 507 ©1999 The American Physical Society
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diagram lines. The decay rates are calculated using pertu
tion theory taking continuump and f waves into accoun
separately. The energies are aligned relative to1G.

The origin of the extra satellite structure is not obvio
from the conventionally excited spectra17–20 alone. In the
present experiment, high intensity monochromatic synch
tron x-rays are used to selectively fine tune the excitat
through theL2,3 thresholds22 and monitor the evolution of the
satellite structures. The data obtained on the resonantly
cited L2,3M4,5M4,5 transitions reveal unprecedented detail
the dynamical satellite behavior. In particular, it is observ
that the satellite emission below the main1G Auger line
shows a dramatically different resonance behavior for
and Rh compared to Pd and Ag, which is direct evidence
distinctly different mechanisms.

High-resolution resonant photoemission studies for th
inner-shellL2 and L3 levels became possible only recent
through the combination of intense synchrotron radiat
x-rays with state-of-the-art electron detection technique23

The data were obtained with the tunable high-energy x-
photoelectron spectroscopy instrument at the wiggler be
line BW2 of HASYLAB. The photon flux from the Si~111!
double crystal monochromator typically amounts to
31012s21 on the sample. At a photon energyhn 5 3000
eV, the spectral bandpass is 0.5 eV. The electrons were m
sured using a hemispherical analyzer with parallel detec
capability~SCIENTA SES-200!; the resolution was set to 0.
eV. High-purity metal foils, cleaned in ultrahigh vacuum
were used as samples. For the threshold studies,hn is mea-
sured relative to theL2,3 absorption edges as obtained fro
total electron yield data. The relative energyDhn is accurate
to 60.1 eV, which was achieved by frequently referenci
suitable photoelectron lines. All electron spectra were n
malized to the photon flux.

In order to understand the evolution of the spectra a
function ofhn, one must consider the overall behavior of t
threshold Auger process, which can be viewed as nonra
tive inelastic scattering occurring as a single quantu
mechanical event.24,25 In the experiment, the gradual trans
tion from nonradiative resonant Raman-like scattering
characteristic Auger electron emission is revealed ashn is
tuned through the threshold.

A fingerprint for the resonant one-step nature of the p
cess is a characteristic sub-lifetime line narrowing that
observed if the combined spectral and analyzer bandwi
are smaller than the intermediate hole lifetime. Another fi
gerprint is an energy dispersion of various scattering featu
proportional tohn. It has also been demonstrated experim
tally that even for deep inner-shell transitions the valen
shell comes into play through the intermediate excited h
states by way of the symmetry-projected density of unoc
pied states.8 Here, all these known characteristics of the ma
lines are taken into account in the evaluation of the sate
behavior across threshold.

The different nature of the satellites becomes appare
off-resonance excited spectra are compared to the co
sponding resonance data~Fig. 1!. The satellite emission ob
served below the prominent1G Auger line is indicated as
shadowed areas. The left panel displays theL3M4,5M4,5 en-
ergy distribution curves obtained for high excess energ
Dhn above theL3 edge but still well belowL2 (,L2210
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eV!. This rules out a spectator-hole mechanism due
L2L3N Coster-Kronig transitions as an origin of any of th
satellites. The spectra change dramatically for resonant e
tation ~right panel!: the satellites for both Ag and Pd ar
strongly suppressed whereas for Rh and Ru they remain
become even more pronounced. This goes along with
overall resonant sublifetime line narrowing observed for
main lines. Note that in the resonantly excited Ag spectrum
marked shoulder is observed on the low-energy side of
1G line. This feature is inherent to the Ag threshold Aug
process, and it is caused, as just mentioned, by density
state modulations in the intermediate excited state.8

We now focus on the detailedhn dependence of the sa
ellite emission below the1G lines. In Fig. 2 the near thresh
old Rh satellite intensity is compared to that of1G. Because
the Auger line shapes continuously modulate throughout
studiedhn range (Dhn'145 eV!, we have approximated
the low-energy tail of the1G line by a Lorentzian in each
spectrum separately, which was then subtracted from the
data to extract the satellite peak. The satellite intensity w
obtained by integrating the peak in the difference spectr
within a 5-eV interval. We note that the satellite has a fix
energy (28.660.1 eV! relative to1G. It is obvious from the
data that the satellite intensity mimics the behavior of
main line. The resonance develops a strong intensity m
mum, a ‘‘white line,’’ at theL2,3 absorption edge, which is
due to intermediate states with a 2p electron excited into
localized unoccupied 4d states. A resonance line narrowin
at threshold, which is characteristic of the behavior of t
main lines, is also observed for the satellite peak.

Although less intense, the Ru satellite behaves in the s
way. Since the Ru and Rh satellites exhibit a threshold
havior similar to 1G, they must have a common origin re
lated to that line. We therefore associate them with differ
final-state configurations but the same intermediate state.
cording to the pure atomic picture, Ru and Rh would hav
final-state multiplet structure that corresponds to 3d84d75s
and 3d84d85s, respectively. In the solid, it is reasonable
introduce an additional 4d-type screening orbital in the fina
state, and the corresponding configurations would r
3d84dx11 (x57,8). The satellite can then be due to fin

FIG. 2. Threshold resonance behavior of the Rh28.6 eV satel-
lite intensity ~circles! compared to the1G line ~squares!. The pho-
ton energy is measured relative to the peak of theL3 absorption.
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states associated with 3d84dx5s located closeby, when 5s i
a localized orbital in the presence of two 3d holes.

From the atomic Hartree-Fock calculation for Rh, the
tal energy differences~mean values! between the final
2p63d84d85s and 2p63d84d9 states are obtained. It i
found that the energy of the Auger transition for t
3d84d85s configuration is lower by 10 eV.

The observed spectrum can therefore be understood
assuming that the main spectrum, i.e., the 3d84d9 final-state
multiplet, is accompanied by a low-energy replica and t
the observed satellite is due to the strongest line (1G). It is
noted that both the 3d84dx5s and the 3d84dx11 spectra are
somewhat broadened by multiplet splitting due to coupl
of the two opend subshells. Their calculated energy sepa
tion, 10 eV~see above!, is in accordance with the observe
relative satellite position shown in Fig. 1. As further ev
dence for this final-state effect, we find the same resona
behavior~cf. Fig. 2! for the L2 spectra.

In Pd and Ag, the situation is different because thed
subshell is almost or completely filled. Accordingly, th
screening features should be suppressed or absent. In
for the resonance case shown in Fig. 1, no satellite is
served for Ag, because the completely filled 4d subshell ex-
cludes 4d screening.

For largeDhn, however, both metals also develop d
tinct satellites. For Pd, two broad features are observed
211.360.1 eV and24.860.1 eV, respectively. Closer in
spection of the Pd threshold spectra~Fig. 3! shows that these
satellites, labeledA and B, are still present although weak
We now focus on their behavior as the excitation energy
raised above threshold. Since in the Raman-like regime
low threshold theabsolutekinetic energy of theentire final-
state structure depends linearly onhn, we prefer to align the

FIG. 3. Close-up of the Pd satellite region for near thresh
excitation.Dhn50 eV refers to the peak of theL3 absorption edge.
Satellite A stays at constant relative energy;B disperses up to
Dhn'17 eV while gaining intensity.
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energies relative to1G in order to avoid confusion. It is
found that the two Pd satellites exhibit a completely differe
dynamic behavior. StructureA has a constant energy relativ
to 1G while B disperses roughly linearlyrelative to this line
up toDhn'17 eV and at the same time is gaining intensi
FeatureB appears to merge into A atDhn'0 eV. There is
no further relative change for subthreshold excitation en
gies. The small additional feature near27 eV in the lowest
spectrum is interpreted as a modulation induced by struc
in the unoccupied density ofd states~as described above fo
Ag!.

Since theA satellite is rather weak and partly overlap
with the 1S diagram line, it is difficult to extract anhn
dependence of its intensity. Its relative position, however
fixed, and it is thus of similar nature as the satellites in
and Rh. Hence, we attribute it to partial 4d screening in the
final state.

In the following, the Pd~B! and Ag satellites are dis
cussed. These features are not explained by the mode
scribed above; instead we ascribe their origin to a final-s
shake mechanism as outlined below. The satellite evolu
for larger excess excitation energies is shown in Fig. 4. I
now well established that the intensities and the line sha
of the Auger diagram lines continuously modulate up
quite high excess energies in solids.8 Therefore, it is not
meaningful to discuss the satellite structures in terms of r
tive intensities. Instead, we compare the intensity modula
of both 1G and the satellites on anabsolutescale. While the
modulation of the main lines mimics theL3 absorption spec-
trum, the satellites exhibit a totally different behavior. Abo
Dhn'17 eV, where the position of the PdB satellite rela-

d

FIG. 4. Intensity development of the Pd and Ag1G lines and
their satellites above threshold. The dashed lines qualitatively s
the onset of the satellite intensity.
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tive to 1G is fixed, its intensity modulation appears to b
opposite to that of1G. In Ag, the satellite emerges at con
stant relative energy and exhibits a monotonic increase w
out any obvious fine structure.

The hn dependence of the PdB satelliteposition, disper-
sive vs fixed, can be understood by implementing an ex
~shake! excitation in the final state. Since the 4d shell is
almost filled in Pd, the excited final-state configuratio
would be 3d84d9e8d. If e8d is quasibound, then there i
linear dispersion of the corresponding satellite with resp
to 1G. Note, that this behavior is analogous to the dispers
of the main Auger lines in the subthreshold regime. An e
citation to such a state can only occur from intermedia
states with local 4d character, i.e., in the region of the shar
peak shown in Fig. 4. The nondispersive part at higher ex
tation energies then relates to intermediate states that are
local. The change from dispersive to nondispersive behav
thus marks a transition from shake up to shake off.

Since there are no local empty 4d states in Ag, there is no
shake-up but only a shake-off satellite with a delayed ons
The different intensity behavior in Pd and Ag pertains to t
nature of the screening of the two 3d holes.26 In Ag they can
-
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only be screened by a rather diffuse 5s-type orbital, whereas
in Pd we have partial 4d screening as indicated above. The
is no appreciable modulation in Ag because the shake
process takes place like in an atom with one hole in
intermediate state and two holes in the final state, practic
unscreened. The reversed modulation in Pd with respec
1G illustrates the less atomic-like change of the correspo
ing potential. In Ru and Rh, there is afully screened 3d8,
screened by a 4d-type orbital. The strong screening inhibi
the shake process but as shown above results in a satellit
conclusion, we have presented a consistent interpretatio
the L2,3M4,5M4,5 satellites in the 4d metals using accurate
threshold measurements in combination with a single-s
scattering approach.
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