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The L3 x-ray-emission spectra of Cu and Zn have been recorded using tunable-synchrotron-
radiation-excited fluorescence spectroscopy. The satellite structure was studied in detail by varying the
excitation energy from threshold to several hundred eV above. Strong satellites are observed which can
unambiguously be associated with the decay of multiply excited states. This disproves recent claims of a
breakdown of the sudden approximation in this regime.

PACS numbers: 78.70.En

Synchrotron radiation provides an important tool for
investigating threshold phenemona in photoionization
and different types of secondary decay processes. In con-
nection with decay spectra different routes can be
identified by investigating the spectra above and below
different core-level thresholds. An important issue in
this connection concerns the transition from the sudden
to the adiabatic regime for the description of the spectra.
This question has continuously attracted much attention
since it determines when significant simplifications in the
theoretical treatment can be made, in this case for in-
stance, when the excitation and decay processes can be
treated as separable events.

During the last decade much attention has been paid
to the strong satellites observed in Auger spectra from
certain 3d transition metals.'~'?> This was first observed
by Roberts, Weightman, and Johnson' in the LM 4sM4s
spectrum from Cu and was interpreted as due to an
L3Mss-MysM4sM s decay, i.e., an L3MysM s process
with a spectator vacancy in the Mys shell. It was pro-
posed that the satellite is mainly due to the decay of
double-hole states generated by the L,L;M,s Coster-
Kronig (CK) process. A direct link between the L, pho-
toionization and the satellite in the L3;M4sM4s Auger
spectrum was demonstrated in a coincidence experiment
by Haak, Sawatzky, and Thomas.'' Similar conclusions
concerning the origin of the satellite were reached by
Weightman and Andrews, who compared the LM 4sM 45
Auger spectrum excited by Al Ka, Mg Ka, and Cu L x
rays.® They found that the intensity ratio between the
satellite and the principal Auger line depends on the ra-
tios of initially created L, L,, and L; holes, which are
significantly different for the three x-ray excitation ener-
gies. Similar conclusions were drawn by Jach and
Powell,'? who investigated the LMM Auger spectrum for
different primary electron excitation energies.

This picture of the origin and character of the LMM
Auger satellites in Cu and Zn has recently been ques-
tioned on the basis of an investigation of synchrotron-
radiation-excited Auger spectra.'’ From these measure-
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ments it was concluded that the Auger satellites are
mainly due to shakeup in the Auger emission process
(final-state shakeup) and not to additional vacancies pro-
duced prior to the Auger emission. The crucial observa-
tions were mainly that the satellite intensities cannot be
straightforwardly related to the number of excited
deeper holes, which would be the case for CK-preceded
vacancy satellites. Particular emphasis was put on the
observation that the satellites in the L, decay spectra
(for which there are no CK processes before the L,
threshold is reached) are as intense as the satellites in
the L3 spectra. With the proposed interpretation, the ob-
served large intensity variations of the satellite must be
explained by a direct coupling between the photoexcita-
tion and the decay steps. Since the intensity variations
are observed over a considerable energy range, this
would violate the present understanding of the applica-
bility of the sudden approximation. It was concluded
that the photoionization cannot be described as a sudden
event even for photon energies a couple of hundred eV
above the core ionization energy. If this is the case, it
has far reaching consequences for a number of spectros-
copies and for our understanding of core-level excitation
processes in general.

We report a related study of synchrotron-radiation-
excited x-ray-emission spectra for the same elements.
These measurements have only recently become feasible
due to experimental developments.'4~'® There are im-
portant differences between the two types of spectros-
copies for investigating the core-hole decay: (i) The final
states in x-ray emission are one step less ionized which
leads to smaller multiplet splittings. (ii) The probability
of shakeup in x-ray emission is much smaller than in
Auger since it connects two equally charged states. (iii)
The initial- and final-state shakeup satellites are more
easily separated in x-ray emission. In particular, for the
present systems a spectator vacancy leads to a high-
energy satellite while a final-state shakeup leads to a
low-energy satellite.

In our measurements we find the same trends in the
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satellite intensities as in the corresponding Auger emis-
sion studies. However, we show that the spectra can be
described within the previously accepted picture of va-
cancy satellites. There are no alarming discrepancies
which point to the proposed breakdown of the sudden ap-
proximation. From the gained insight an alternative and
fully consistent explanation of the seemingly contradicto-
ry Auger results can be presented.

The spectra were excited by photons from the Flipper
I monochromator ' at the multipole wiggler beam line at
HASYLAB in Hamburg. The resolution of the mono-
chromator was set to 6 eV for the Cu spectra and to 9 eV
for Zn. The spectra were recorded in a grazing in-
cidence multigrating spectrometer constructed in our lab-
oratory.'*!'> The instrument contains several fixed
mounted gratings optimized for different energy regions.
The detector, which is based on multichannel plates and
a resistive anode, is oriented at the correct position on
the relevant Rowland circle using computer-controlled
translational stages. In the present experiment a 5-m
spherical grating mounted at 88.1° angle of incidence
was used. The grating had 1200 grooves/mm and all
spectra were recorded in second order of diffraction. For
Cu the entrance slit width was chosen to yield 1.9-eV
resolution and for Zn a slit giving 0.8 eV was used.

Figure 1 shows the L3 fluorescence spectra for Cu
measured for excitation energies starting just above the
L5 threshold (932.6 eV) to energies above the L; and L,
thresholds at 952.4 and 1097.1 eV, respectively.'” For
excitation energies below the L, threshold only the L;
emission feature is seen. As the photon energy is in-
creased the shape of the L3 spectrum changes continu-
ously and a satellite appears. Especially a tail on the
high-energy side is seen which grows in prominence. A
line is drawn through all spectra at an energy for which
there is practically no main line contribution on the
high-energy side, i.e., all the intensity which appears on
this side of the line belongs to the satellite. By direct in-
spection of the spectra it can be seen how the satellite
contribution develops with photon energy. The satellite
appears already below the L, threshold and it grows in
such a way that it cannot only be connected to the exci-
tation of deeper core holes.

The L, spectrum is considerably less intense than ex-
pected from the statistical ratio of + for L,/L3 holes.
The large deviation from this ratio directly indicates that
there are additional decay channels for the L, holes. A
high-energy satellite appears also in the L, spectrum for
excitation energies well below the L, threshold which is
as intense as the Lj satellite when the satellites are com-
pared to their respective main lines.

Figure 2 shows a similar series of L fluorescence spec-
tra for Zn. In this case the L, and L, thresholds are lo-
cated at 1044.8 and 1196.3 eV, respectively.'” All the
qualitative features of Fig. 1 are reproduced in the Zn
spectra. The complete spectral behavior for both Cu and
Zn is thus very similar to what was reported for the
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FIG. 1. L, ; emission spectra of Cu metal, excited at photon
energies from just above the L3 threshold (932.6 eV) to well
above the L, threshold (1097.1 eV).

Auger satellites.

For the interpretation of the L; x-ray-emission spectra
we have in the present case to consider the following pos-
sible processes (the corresponding Auger transitions are
given by the primed processes):

L3-Mys, 1)
L3-M4ssMs, ")
L3M4s-M4sM s, (2)
L3M4s-M4sM 4sM 45, 29
L3-M4sM s, 3
L3-M4sM4sM s . 39

Process (1) is the main transition, (2) a vacancy satel-
lite, and (3) a shakeup transition in the decay step.

In the following discussion we will concentrate on the
results for Cu. The main x-ray transition (1) has an en-
ergy of about 930 eV which is the energy separation be-
tween the L3 core hole at 932.6 and the Cu 3d band
states at about 3 eV. In process (2) the initial state has
a mean energy of 932.6+11.8=944.4 ¢V with a multi-
plet spread of about 4 eV.” The final-state energies are
14.2 and 11.4 eV for the 'G4 and 3F, states, respective-
ly.> This gives estimated satellite energies of 930.2 and
933 eV with an additional multiplet spread originating
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FIG. 2. L, ;emission spectra of Zn metal, excited at photon
energies from just above the L; threshold (1021.8 eV) to well
above the L, threshold (1196.3 eV).

from both the initial and final states. The x-ray vacancy
satellite will thus appear mainly on the high-energy side
of the main x-ray transition. Process (3) has the same
final state but the initial state is an L3 hole instead, lead-
ing to well separated low-energy satellites between 918
and 921 eV with some additional peaks originating from
other final multiplet states. The observed satellites can
therefore only be due to process (2). It should also be
noted that there are no satellites at all at around 920 eV.

For the Auger process the main transition ('G4) has
an energy of 932.6 —14.2=918.4 eV. The energetics of
process (2') has been considered previously,® and it is
seen that this process will give rise to transitions mainly
within 5 eV on the low-kinetic-energy side of the main
Auger transition. Process (3') will also give rise to satel-
lites on the low-kinetic-energy side. The energy dif-
ference between the initial states of process (2') and (3')
is 11.8 eV (Ref. 7) which would place the main part of
this satellite at between 12 and 17 eV from the main
Auger transition. These energies are larger than what
was assumed in Ref. 13 which also contradicts the pro-
posed interpretation of the Auger satellites. '®

The fact that the observed photon-energy dependence
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FIG. 3. L emission spectra of metallic copper excited with
photons at energies above and below the L, threshold (952.4
eV).

of the satellites is not only related to the L, and L,
thresholds shows that a substantial amount of L3iMgs
states must be produced directly in the photoemission
process. Contrary to the claims in Ref. 13 such shake-
up states have been seen in photoemission spectra’ and,
Sfurthermore, there will be additional excitations in the
form of shakeoff which will produce similar initial
states for the decay but which will not be easily seen in
photoemission since they produce only broad continua.
Another observation which was used to disprove the
CK interpretation was the fact that the L, and Lj satel-
lites show very similar intensities relative to the respec-
tive main lines. However, this is, in fact, a direct mani-
festation of the presence of the CK effect instead. Since
the CK decay offers an alternative decay route for the L,
holes, this reduces the main line intensity. The crucial
point here is that the corresponding CK decay for the
LyM s double-hole state is largely forbidden'® which
leads to an apparent increase of the L, satellite intensity.
If the L, satellite intensity is related to the number of
originally created L> holes, it is substantially lower than
the L; satellite intensity. Roughly speaking the L satel-
lite intensity measures the importance of double-hole ex-
citations by shakeup and shakeoff while the additional L ;
satellite intensity is largely due to the CK process.
Having established the origin of the main satellite con-
tribution it is interesting to consider the various decay
possibilities of the core-hole states in more detail. Figure
3 shows the Cu L emission spectrum excited below and
above the L, threshold (935- and 970-eV photon energy,
respectively). The 935-eV spectrum represents a pure L3
decay while the 970-eV spectrum also contains the L,
emission as well as the satellites. In Fig. 3 the 970-935-
eV difference spectrum has also been constructed.?’
This represents the part of the 970-eV spectrum which is
due to the excitation of L, holes. As can be seen from
this difference spectrum most of the L, holes (66%) de-
cay via the L,L3M s CK process before further decay
and appear as satellites in the L; spectrum. This CK de-
cay leads to a shorter lifetime of the L, holes which is

2809



VOLUME 64, NUMBER 23

PHYSICAL REVIEW LETTERS

4 JUNE 1990

seen as an additional 2p,/; broadening of 0.68 eV in pho-
toemission spectra.?' Since 66% of the decay rate corre-
sponds to a width of 0.68 eV the total L, width should be
1.03 eV.? Then, assuming equal non-CK decay rates
for the L, and L; holes, one obtains an L3 width of 0.35
eV.

In summary, we have shown that the strong satellites
in the Cu and Zn L, 3 x-ray-emission and Auger spectra
are due to M vacancies produced before the decay.
These additional vacancies are produced by CK process-
es but to a large extent also by shakeup and shakeoff. A
fully consistent picture of the spectral intensities is ob-
tained by considering the excitation and decay steps as
separable events and no indications of the proposed
breakdown of the sudden approximation are found.
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