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We estimate the relative contributions of the decay channels arising from various Coster-Kronig (CK)
and initial-state shake processes to the satellite intensity accompanying the L,- and L3;-M,;sM,s Auger
spectra of Cu. While the intensity ratios between the L,- and L;-M M ,s spectral features in Fe and Co
also exhibit pronounced effects of the Coster-Kronig L,-L3;M s transition, the CK process does not lead
to the formation of distinct satellites in the L;-M,sM,s spectral region, in contrast to the case of Cu.
This fact establishes that the M,s hole generated by the CK transition primarily decays before the L;-
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hole Auger decay in the 3d transition elements up to Co.

I. INTRODUCTION

Dynamical effects are known to be important in deter-
mining the spectral line shapes in high-energy spectros-
copies leading to multiple peaks of varying intensity in
the spectrum. Often these extra spectral features are
termed satellites. Such effects have been established and
investigated in detail for photoemission spectroscopy. It
has now become customary to analyze routinely the pho-
toemission data in terms of model Hamiltonians incor-
porating these effects in order to extract valuable infor-
mation concerning the electronic structure of various sys-
tems. This approach has proven to be useful for rare
earths and its compounds,! > actinides and their com-
pounds,®~® and transition-metal compounds.!®~!® For
Auger spectra of solids, the L;-M4sM 45 region in Ni, Cu,
and Zn are known'®”?° to exhibit prominent satellites.
These satellites in the nearly filled d-band metals arise
from the presence of an extra d hole in the initial and
final states of the Auger transitions. This situation can
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come about in two different ways. Initially an L, hole
may undergo an L,-L;M,s Coster-Kronig (CK) transi-
tion leading to an L3 M5 two-hole state. This represents
an initial state for a subsequent Auger decay of the thus
generated L, hole, but in presence of an extra M, (3d)
hole. Subsequent Auger decay L;M,s-M M sM, s gen-
erates a three-hole final state in contrast to the two-hole
final state of the normal Auger decay of the L; hole,
namely, L;-M sM,s. The LM 5-M 4sM 4sM 45 transition
spectrum appears at a different energy compared to the
normal Lj;-M, sM,s spectrum due to various electron-
electron interactions. The transition with the extra 3d
(M4s5) hole in the initial and the final states has been de-
scribed as an Auger transition in the presence of a specta-
tor hole (or simply, the spectator Auger transition). The
interpretation of the satellite feature near the L,-M s M 4
transition, however, has been relatively more controver-
sial. Originally, it was suggested!® that this L,-M,sM s
satellite arises from an L,M,s-M,sM,sM,s transition
(analogous to the L;-M,sM,s satellite) following an
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L,-L,M,s; CK transition. However, Antonides and
Sawatzky? argued that since both the L,-M,sM,s satel-
lite intensity and the rate of L,-L;M,s Coster-Kronig
process decreases across the series Cu, Zn, and Ga, the
satellite in the L,-M,sM,s spectral region is related to
the L,-L;M,s CK process. Subsequently, it was again
suggested®® that the satellite in the L,-M,sM,s spectrum
is indeed due to the preceding L,-L,M,s CK transition.
At the level of calculational efforts, it was pointed out®
that the spectra can be adequately described using matrix
elements calculated from an atomic potential, however,
this grossly overestimates the width of the L, level. Ma-
trix elements calculated from an ionic potential describe
the L, width correctly, while they cannot describe the sa-
tellite intensity.’® This very unsatisfactory situation has
not yet been resolved.

Recently it has been conclusively shown?? that the sa-
tellites in the L,-M ,sM ,s spectra of Cu and Zn must also
have an origin other than that due to the
L,M,s-M,sM,sM 5 transition following a L ,-L,M 45 CK
transition. More recently,?>»?’ it has been suggested that
shake-up and shake-off channels in the photoemission
step can indeed contribute to the Auger satellite, as the
ionization of the L, level in the first step of the Auger
process may directly lead to the L;M,s two-hole state
due to shake-up and/or shake-off processes instead of an
L, single-hole state. Thus it appears that the Auger sa-
tellite (e.g., in the L;-M,sM,s spectrum) can have prom-
inent contributions from as many as four different possi-
ble channels, namely, the CK processes (L;-L;M,s and
L,-L;M,s) and the shake-up and shake-off processes in
the photoemission steps. If we assume that the electron
in the continuum does not interact significantly with the
state left behind in these cases, the two processes (CK
and shake) will generate identical satellite spectra in the
L;-M sM .5 spectral region; however, there is still an im-
portant distinction between the two processes. It is obvi-
ous that only the L,-L;M,s CK transition will transfer
spectral weight from the L,-M,sM,s region to the
L;-M4sM s region. This will appear as an enhanced in-
tensity ratio between the L;-M 4sM,s and L,-MsM 45 re-
gions, compared to the expected statistical branching ra-
tio for the L; and L, photoionization intensities. Thus
by estimating the various transition probabilities in-
volved, it is indeed possible to estimate the various con-
tributions from different processes to the satellite intensi-
ty quantitatively. It is to be noted here that a similar
analysis has been performed?®?’ for the Auger satellite in
the Ni L;-M sM 4 transition. However, in all these anal-
yses, there is an underlying assumption that the LM s
two-hole state is stable during the Auger decay time scale
for the L; hole. While the L; hole decays via an Auger
transition, the local M5 hole will tend to delocalize itself
via hybridization with the neighboring sites. If the local
M s hole decays before the L ;-hole decay, no separate sa-
tellite signal will be observed in the vicinity of the
L;-M, sM,s Auger spectrum; however, there will be a
transfer of intensity from the L,-M ,sM 5 spectrum to the
L;-M4sM 45 spectrum due to the L,-L;M,s CK process-
es.

While it is not possible to affect the decay transition
probabilities in one element, changing from one element
to another offers the possibility of altering the relative
transition probabilities of different decay channels. For
example, it can be anticipated that the probability for
delocalizing a valence hole will be strongly influenced
with changing U/W, where U is the intraatomic
Coulomb correlation strength and W is the bandwidth as-
sociated with the M, level. It is known®' that U/W
changes considerably across the first-row transition ele-
ments. It is already well established!®~2?° that the
L,;-M,sM,s Auger spectra of Ni, Cu, and Zn exhibit
prominent satellite features attributable to the presence
of spectator holes in the initial and final states. In partic-
ular, U /W is sufficiently large in the latter two elements
to suppress the decay of the valence hole within the life-
time of the core hole. We investigate first the case of Cu,
which is a prototypical one, and for which the Auger sa-
tellite intensities in the L,;-M4sM,s spectra are con-
trolled almost entirely by the CK and the shake process-
es. We first establish quantitative estimates of the
relevant quantities, namely, the various Auger and photo-
emission satellites. We also use experimental estimates of
various lifetime widths and calculated photoemission
cross sections of the relevant levels. Using these, we
show that a detailed, consistent, and quantitative inter-
pretation can be provided for the Auger satellite intensi-
ties in the L,;-M 4sM 45 spectrum of Cu. We then investi-
gate®? two lighter transition elements, Fe and Co, where
U/W is expected to be substantially lower than for Cu
and Zn. The existence of prominent CK transitions for
the L,-hole state of Fe and Co is evidenced by a marked
departure from the statistical branching ratio of the
Ly-MysM,s and L,-M,sM,s intensities in the recorded
spectra; however, thus generated the local M5 hole is
screened away from the core hole site before the Auger
decay takes place, as established by the near absence of
any prominent satellite structure in the Lj3;-M,sM ;s
Auger spectra of Fe and Co, in contrast to the cases of
Ni, Cu, and Zn.

II. EXPERIMENT

The spectra were recorded at the HE-TGM1 beamline
at BESSY, Berlin. The resolution of the monochromator
was about 2 eV around 900 eV photon energy. The spec-
trometer resolution was set at 0.3 eV for all spectra re-
ported here; the Auger spectra are controlled only by the
spectrometer resolution. The samples were cleaned by
scraping the sample surface with an alumina file in a vac-
uum of about 1X 1071 Torr. The surface cleanliness was
monitored using the C and O 1s signals. The relevant
photoemission spectra as well as some of the Auger spec-
tra were also recorded using laboratory x-ray sources
(MgKa and AlKa) in a combined XPS-UPS-BIS spec-
trometer from VSW Scientific Instruments Ltd.

III. RESULTS AND DISCUSSION
A. Cu

In Fig. 1 we show the Cu 2p,,, photoemission spec-
trum including the main peak and the associated shake-



6824
Cu 2py),
o | TN .
= ~emm X5
0
(=
Q
£ Lo
| ! Ao

Energy relative to E-(eV)

FIG. 1. Photoemission spectrum of the Cu 2p,,, region with
monochromatic AlKa radiation. The shake-up satellite is
shown on an expanded scale. Three separate inelastic back-
grounds were subtracted from the recorded spectrum for calcu-
lating the relative intensities; these are shown for the main peak
region: (i) a linear background (dashed line), (ii) an integral
background (solid line), and (iii) a flat background (dot-dashed
line). The vertical arrows indicate the energy limits for the
determination of the intensities of the main peak and the satel-
lite after background subtraction.

up satellite, obtained using a monochromatic AlKa
source. We have estimated the intensities of the satellite
and the main peak by calculating the integral area under
the spectra (between 971.4 and 959.7 eV for the satellite
and between 959.7 and 946.7 eV for the main peak) after
employing different background subtraction procedures.
The different inelastic backgrounds that have been used
are indicated in Fig. 1 for the main peak. Same pro-
cedures for subtracting the inelastic background have
also been used for the satellite region. All the different
background subtraction procedures lead to approximate-
ly the same estimate of the relative satellite-to-main peak
intensity ratio (0.0751+0.015). It should be noted here
that the inelastic-scattering background is very weak in
this signal and thus does not introduce any major error in
the estimation of the relative satellite intensity. We have
also obtained essentially the same estimate of the satellite
to the main peak intensity ratio using nonmonochroma-
tized AlK a and MgK a radiations.

Next we turn to the Auger satellites in the L,-M ;sM s
and L;-M M ,s regions of Cu. The spectra obtained
with the synchrotron source are shown in Fig. 2. This
figure shows that the Auger spectra ( L;-M,sM,s and
L,-M,sM,s) have no satellites when the exciting photon
energy was tuned close to the threshold energies (932.5
eV for L; and 952.3 eV for L,), in conformity with the
earlier observations.?? Similar observations have been
made for Ni in Ref. 27. The satellites are absent because
the photon energy is not sufficient to create the higher-
energy excitations responsible for the satellites. Howev-
er, with increasing photon energy, satellite signals due to
the three-hole final states emerge at the low kinetic ener-
gy side of the main peak (Fig. 2). We have separated the
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contributions from the satellite and the main peak to the
L;- and L,-M4sM 45 spectral regions at each photon ener-
gy by obtaining the difference between the Auger spec-
trum obtained at a given photon energy and the suitably
normalized Auger spectrum with no satellite contribution
recorded with the lowest photon energy. After this sepa-
ration of the total spectrum in terms of the satellite and
the main peaks, the satellite intensity and the main peak
intensity were both determined by integrating within the
same energy limits the areas under the corresponding
spectra without any background subtraction. The energy
limits were 908 and 930 eV kinetic energies for the
L;-M,sM,s main and satellite features and 930 and 948
eV Kkinetic energies for the L,-M4sM ;s main and satellite
features. It should be realized here that a part of the sig-
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FIG. 2. (a) The L;- and (b) L,-M4sM,5s Auger spectra of Cu
obtained with synchrotron radiation for various photon energies
(in eV) as indicated. The inset in Fig. 2(a) schematically shows
the effect of fixed energy limits for area integration. The areas
are evaluated for the main peak and the satellite over the same
limit marked by the vertical arrows; the shaded region
represents the area accounted for in the present approach. It is
easy to see that the satellite spectrum loses a larger part of the
signal in this process as compared to the main peak.
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nal is necessarily not accounted for in this procedure due
to the presence of inelastic scattering and other processes
extending both the main peak and the satellite feature to-
wards the lower kinetic energy, as the spectral features
are truncated on the low-energy side for evaluating the
areas. We illustrate this situation schematically in the in-
set of Fig. 2(a). Since the same energy limits for integra-
tion are used for both the main peak and the satellite,
larger fraction of the intensity from the satellite feature is
not accounted for in this procedure as a consequence of
the satellite feature appearing on the lower-energy side of
the main peak [inset Fig. 2(a)]. Thus the satellite-to-main
peak intensity ratio is underestimated. We show the vari-
ation of the relative satellite intensity thus calculated in
Fig. 3. The results obtained here are similar to those in
Ref. 22 for the common range of data. But the present
study extends the photon energy range to the L, thresh-
old and beyond showing that the relative satellite intensi-
ty, I /1 i, for the L,-M,sM,s transition exceeds that
of the L;-M sM,s transition around 1000 eV photon en-
ergy. This was not realized in Ref. 22 where the main
emphasis was to investigate the change in the satellite in-
tensity at lower photon energies near the L, threshold,
and consequently the experiment was not carried out at
higher photon energies. The jumps in the satellite inten-
sities of the L; and L,-M,sM s spectra across the L,
threshold is a proof of and also provides a measure for
the extent of participation of the L,-hole induced CK
process in the L,;-M sM,s spectra. Within the experi-
mental uncertainties, the Auger spectra obtained with the
different laboratory photon sources (hv=1253.6 and
1486.6 eV) were entirely indistinguishable, indicating that
the satellite intensity does not change any further in this
high photon energy range.

The different processes which contribute intensity to
the L;-M sM,s (L,-M,sM,) Auger satellite are the
Auger decay of the L; (L,) photoemission shake-
up/shake-off satellites and the CK decay of the photo-
emission main peak as well as the shake-up/shake-off sa-
tellites corresponding to L, and L, (L) photo holes. As
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FIG. 3. The variation of the relative satellite intensity in the

L;- and L,-M4sM,s Auger regions of Cu with exciting photon
energy.
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has already been pointed out, the satellites in the Cu
Auger spectrum are due to the presence of extra M,
holes in the initial and final states. However, if the life-
time of the M5 hole in the initial state is shorter than
that of the core hole (L; and L,), the two-hole initial
state (L;M,s and L,M,s) will first decay into a single
core-hole state before the Ly or L, Auger decay. In such
a situation, no distinct satellite feature (shifted with
respect to the main Auger spectrum) will be seen. When
the lifetimes of the L, (L,) and M 5 decays are compara-
ble, the situation will be intermediate between the two ex-
tremes of no satellite and full satellite intensity. Thus it is
important to estimate the extent of delocalization of the
M ,s spectator hole within the lifetime of the core hole.
This can be achieved by comparing the main Auger peak
intensity normalized by the photon flux across the L,
threshold. When the photon energy is swept through the
L, threshold, new two-hole states, L;M,s and L,M,s,
are generated due to the CK decay of the L core hole. If
the M,s spectator holes generated in this way were to
delocalize before the decay of L; and L, core holes, one
would expect an increase of the main Auger peak intensi-
ty when the photon energy is swept through the L,
threshold. We find that both the L;-M,sM,s and L,-
M, sM s related main Auger peaks do not increase in in-
tensity, while the satellite Auger peaks increase substan-
tially. This result implies that the M,s spectator hole
delocalization is not significant within the core-hole de-
cay time for Cu.

The task of estimating the contributions from the
different channels to the Auger satellite intensity is com-
plicated by the fact that we take finite energy limits
(908-930 eV for L;-M,sM,s and 930-948 eV for
L,-M,sM,s) for the determination of the Auger intensi-
ties, thus losing a fraction of the real signal that appears
at still lower kinetic energy due to inelastic-scattering
processes, as has already been pointed out [inset Fig. 2(a)]
and leads to an underestimation of the satellite-to-main
peak intensity ratio. However, since the energy limits for
the area integration are kept fixed for various spectra
recorded with different photon energies, the satellite-to-
main peak intensity ratios evaluated for different photon
energies (Fig. 3) are proportional to the true intensity ra-
tio with proportionality constants greater than 1. We
denote these proportionality constants by C, and C, for
the intensity ratios corresponding to the L;- and
L,-M ,sM s spectral regions. In other words, the plot of
the intensity ratios in Fig. 3 is only correct in represent-
ing the variation of the intensity ratios with photon ener-
gies, while the absolute values of the ratios are C, and C,
times larger for the L;- and L,-M,sM ,s spectral regions,
respectively. It turns out that it is still possible to esti-
mate, under certain approximations, the contributions of
the various decay mechanisms in the Auger satellite using
the experimental Auger and the relevant core-level pho-
toemission spectra. To begin with, we show in Fig. 4 the
various excitation steps that are relevant to the present
discussion. In the same figure we indicate on the right of
the final state the pertinent photoemission or Auger
branching ratios for the particular step, while the initial
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states of the excitations are on the extreme left. As has
been discussed in Ref. 26, the intensity ratio of two
Auger features is given by the ratio of the cross section
for the generation of the initial hole state multiplied by
the Auger branching ratio. We assume that the Auger
branching ratios for the decay of an L,; hole remain un-
changed in the presence of an M, spectator hole.? The
Auger branching ratios corresponding to the various de-
cay channels for the L, hole is taken from Ref. 33 which
gives k;:k,:k; =0.431:0.183:0.386. The relative total
photoemission cross sections are taken to be** 2:1:0 at
hv=1070 eV and 2:1:0.55 at Av=1275 eV for the L, L,,
and L, levels, respectively. a, B, and y are the photo-
emission branching ratios for the creation of an L hole,
and LM ,s-hole state due to photoemission shake-up and
an LM ,s-hole state due to photoemission shake-off, re-
spectively. Thus SB/a is the photoemission shake-up
satellite-to-main peak intensity ratio. One important
point in this context is that the L, hole corresponding to
the main photoemission peak can decay via an L,-L;M s
CK process, since it is energetically favorable. On the
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FIG. 4. Different channels for the L subshell photoionization
and the subsequent channels for various Auger decays. The
corresponding branching ratios are indicated within square
brackets. The transitions leading to the main peaks in photo-
ionization and Auger spectra are indicated by double-lined ar-
rows and those leading to the satellite spectra by thin-lined ar-
rows; the CK channels are shown with bold arrows. Dashed ar-
rows are used to connect the two-hole final state of a CK transi-
tion to the initial state of the subsequent Auger transition lead-
ing to the satellite feature. P and Q represent any two levels
with at least one of the two being other than the M,s level.
Here 2=a+pB+y and K=k, +k,+k;.
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other hand, the L,M,s initial hole corresponding to the
photoemission satellite peak is energetically forbidden to
decay via the CK transition.>® This asymmetry between
the L, hole and the L, M5 hole in terms of Auger decays
is of crucial importance in the interpretation of the
Auger satellites. Using the various decay processes and
the corresponding transition probabilities shown in Fig.
4, we can now write down in detail the various Auger in-
tensities at photon energies below and above the L,
threshold (about 1097 eV). Thus, below the L, threshold,
the satellite-to-main peak intensity ratio is given by

T (Ly —MysMys) _ | Bty z 1)
I ain(Ly — M ysMy5) a Ax+y+z)’

I, (L,—M/sM,s)

sat\ &2 4sMas) | Bty 1+ 2 ) 2)
T ain(Ly —MysMys5) a x+y

The first term in (1) gives the contribution of the L; pho-
toemission shake-up and shake-off satellites while the
second term gives the contribution of the L,-L;M s CK
process to the L;-M4sM 5 Auger satellite. The contribu-
tion to the L,-M,sM,s Auger satellite intensity comes
from the L, photoemission shake-up and shake-off satel-
lites below the L, threshold. When the photon energy is
above the L, threshold, the corresponding quantities are
given by

T (Ly—MsMys)
I L;—MsM,s)

Bty
a

main (

z
2x +y +2)

ky

Bty

a

+0.275

, (3)

I (Ly— M sMys)
I in(Ly _M45M45)

— | Bty
a

z
x+y

1+ B4y
a

+0.55

2

The third term in (3) and the second term in (4) give the
contribution of the L,;-induced CK processes (e.g.,
L,-L,M,s, L-L;M,;5, L \M,s-L,M,sM,s, etc.) to the
L,3-M,sM,s Auger satellite. In order to proceed with
the above equations, we have estimated the intensity ratio
of the L,- and L;-M,sM 45 main peaks to be 0.16+0.05.
This was done by fitting the spectrum with Gaussians
broadened by Lorentzians corresponding to each of the
multiplets>® and the result agrees well with the earlier es-
timates.!” Figure 4, on the other hand indicates that this
ratio is (x +y)/[2(x +y +2z)], implying z /(x +y)=2.15.
Inserting the values for z /(x +y), k;, k,, and k3 in the
above four expressions, we obtain the following.
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Below the L, threshold:

I, (Ly—M/sM,s)
1\ L3 4sVas) _ | Bty +0.341
Tnain (L3 —MysMy5) a
=(C,(0.35+0.05) , (5)
T (L, —MysM,s) =3.15 Bty
Imain(LZ_M45M45) ’ a
=C,(0.51+0.05) ; (6)
and the above L, threshold:
I, (Ly;—MsM,s)
s 23 T4 ] g 106 |BEY | 40447
T ipain (L3 —MysM y5) a
=C,(0.51+0.05) , )]
T (Ly—MysMys) B+y
=3.467 +0.317
Imain(LZ—M45M45) a
=C,(0.8+0.05) . (8)

Here on the right-hand side, we have put the experimen-
tally obtained (Fig. 3) estimates of the satellite to main
peak intensity ratio for L;- and L,-related Auger transi-
tions for a photon energy (1070 eV) just below the L,
threshold and for a photon energy (1250 eV) far above it.
These four equations [Egs. (5)-(8)] contain three un-
known, namely, C;, C,, and (B+v)/a. Thus we solved
for the unknowns using the least-squared error approach
so that these four expressions provide the best fit
(minimum error) to the experimentally obtained intensity
ratios, and obtained C,, C,, and (B8+y)/a to be 1.37,
1.20, and 0.19, respectively. The proportionality con-
stants, C; and C, are different, since the energy limits for
the area integration for the cases of L;- and L,-MsM s
spectral regions are not equally wide and also the shape
of the satellite is different in the above two cases, thereby
giving rise to different energy widths of the satellite. The
difference in  the  spectral shapes of the
LM s-MsM sM,s and the L, M 5-M ;sM ,sM ;5 satellite
regions is due to different multiplet term structures in the
initial states. C; and C, turn out to be somewhat greater
than unity as expected; and this is a consequence of the

satellites appearing at lower kinetic energies than the
main peaks as already discussed. We also point out here
that the errors involved in the estimates of the experi-
mental intensity ratios will naturally be manifested in the
results of the calculation. If we take the upper limit of
the errors as indicated in Egs. (5)-(8) we get C,, C,, and
(B+y)/a to be 1.29, 1.24, and 0.21, respectively. This
result gives an indication of the errors in the derived pa-
rameters.

Since (B+7y)/a is estimated to be 0.19 and the shake-
up satellite-to-main peak intensity ratio, B/a, has been
experimentally estimated to be 0.075, we obtain an esti-
mate of the photoemission shake-off satellite-to-main
peak intensity ratio ¥ /a to be 0.115. It is interesting to
note that this value of the shake-off probability in Cu
metal obtained by analyzing the Auger intensities as a
function of photon energy is very close to the calculated
value (about 0.1) for the same quantity in atomic Cu by
Carlsson et al.>” Since the shake-off in contrast to the
shake-up is nearly independent of the local environment,
this agreement between the estimates of shake-off proba-
bility obtained from very different methods provide fur-
ther credence to the above analysis.

With B/a and y /a thus estimated, z/(x +y) estimat-
ed from the L,- and L;-M,sM,s intensity ratio, and k,,
k,, and k; taken from Ref. 33, we can calculate the vari-
ous contributions to the satellite intensities (namely, the
initial photoemission step shake-up and shake-off, the CK
processes involving the L, and L, levels) appearing in
Egs. (1)-(4). These contributions to the satellite intensi-
ties from different channels are listed in Table I. Though
the errors in these estimates due to experimental uncer-
tainties may be as high as 30%, the different contribu-
tions as given by Table I correctly explain the various
trends observed in Fig. 3 as a function of the photon en-
ergy. It is clear from Table I that the L,-M ;M ;5 satellite
is primarily due to the shake-off channel for photon ener-
gies up to the L, threshold; beyond this threshold, the
L -initiated CK process contributes significantly.

If the satellite intensities have significant contributions
from the CK processes, the intensity of the satellite
would, to a large extent, follow the photoemission cross
section of the relevant core level. This situation is ex-
pected to give rise to a much more rapid change in the sa-

TABLE 1. Contributions to the Cu L3- and L,-M,sM,s Auger satellite intensities due to different
decay channels (the 2p photoemission shake-up, the 2p photoemission shake-off, the CK decay of the L,
photo hole, and the CK decay of the L, photo hole). The numbers in parentheses give the percentage
contributions of the different channels to the total satellite intensity.

Photoemission Photoemission L,-induced L ,-induced
shake-up shake-off Coster-Kronig Coster-Kronig
L3-MysM s 0.075 (14) 0.115 (22) 0.34 (64) 0 (0)
below L, threshold
L3-MsM,s 0.075 (11) 0.115 (18) 0.34 (52) 0.126 (19)
above L, threshold
Ly-MysM s 0.24 (39) 0.36 (61) 0 (0) 0 (0)
below L, threshold
Ly-MysM,s 0.24 (24) 0.36 (37) 0 (0) 0.38 (39)

above L, threshold
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tellite intensity with photon energy within approximately
15 eV of the threshold and a slow change at higher pho-
ton energies. Similar dependence of the satellite intensity
with photon energy is indeed observed in Fig. 3 for the
L;-M,sM s region after the L, and L, thresholds are
crossed; the same situation is encountered for the
L,-M sM s spectra across the L, threshold. However,
the present results (Fig. 3) show that the relative satellite
intensity in the L,-M sM,s spectra depends strongly on
the photon energy over a wide range (~965-1010 eV)
beyond the L, threshold. Since there is no CK contribu-
tion to the L,-M,sM,s satellite intensity below the L,
threshold, it appears that the rate of multiple excitations
accompanying the photoionization process is strongly
affected by changing photon energy. Since the shake-off
process contributes more significantly to the Auger satel-
lite intensity (Table I), it is reasonable to assume that the
pronounced dependence of the Auger satellite intensity
on photon energy is derived primarily from a change in
the transition probability for the shake-off process with
hv. This dependence may arise in two different ways.
One possibility is that the shake-off process to very high-
lying continuum states continues to have considerable
transition probability and thus, significant shake-off
channels are increasingly opened as the photon energy is
increased leading to the observed effect. The other possi-
bility is that, while the high-energy shake-off processes
have insignificant transition probabilities, the transition
probabilities for the prominent lower energy shake-off
channels continue to change with photon energy over a
wide energy range. A study on Ar K-L,;L,; Auger tran-
sitions*® established a similar continuous variation in the
intensities of the shake-up and shake-off related features
with photon energy. That investigation clearly showed
that the dependence of the satellite intensity on photon
energy is greater when the satellite arises predominantly
from shake-off excitations in the initial state, a result
which is in good agreement with the data of Fig. 3. Simi-
lar dependences of the satellite intensities for Zn L,- and
L;-M4sM 5 over a wide photon energy range?? are indi-
cative of the probable importance of the shake-off chan-
nel for Zn.

It is well known that the sudden approximation which
is often invoked to describe the photoionization process is
only applicable well above the threshold. Within this ap-
proximation, the probability for the shake process is in-
dependent of the photon energy. However, the continu-
ous and pronounced change in the satellite intensity in
the L,-M,sM,s Auger spectra with Av <1010 eV signifies
a similarly pronounced change in the shake-off and
shake-up probabilities associated with the L, photoion-
ization. This arises from a continuous transition from
the adiabatic to the sudden limits and clearly suggests the
inapplicability of the sudden approximation for
hv <1010 eV in the L, photoionization process. It is in-
teresting to note here that this energy (1010 eV) is more
than 50 eV above L, threshold. Thus the present study
indicates another way to investigate the transition be-
tween the adiabatic and sudden approximations in such
cases.

A similar study?%?’

was made on the L;-M,sM,;
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Auger satellite of Ni by tuning the photon energy across
the L subshell thresholds. The relative intensity of the
L;-M,sM,s Auger satellite was shown?’ to vary with
photon energy in a similar fashion to that of Cu. The Ni
L,-M,sM,s Auger spectra, calculated without consider-
ing the possibility of delocalization of the spectator M s
hole within the time scale of the L; Auger decay, agrees
very well with the experimental spectra.?® Since the
probability of M ,s-hole delocalization is expected to de-
crease across the transition metal series due to an increas-
ing value of U /W the above results in Ni further justifies
the neglect of this delocalization effect for Cu.

B. Fe and Co

We show the L,-M,sM,s and L;-M,sM,s spectral re-
gions in Co in Fig. 5 with different photon energies be-
tween 780 and 1210 eV. The spectral shape of the
L,3-M,sM,s transition at the highest photon energy
shown in Fig. 5 is very similar to those obtained with the
AlK a and MgK a sources, a result indicating that there is
no significant change in the spectral shape with increas-
ing photon energy beyond approximately 1200 eV. At
lower energies, one can see some changes with the photon
energy. For example, at 803 eV photon energy, we find
an extra peak at about 745 eV kinetic energy. This peak
is due to the Co 3p core level; consequently, the position
of this signal changes with changing photon energy.
Since the L, ionization threshold is 793 eV, an important
modification in the Auger spectral shape takes place for
photon energies below this energy. At such photon ener-
gies, the L,-M,sM,s Auger transition is suppressed, as
no L, photohole can be created. This effect is clearly
seen for the spectra in Fig. 5 with photon energies of 780
and 785 eV. The small intensity shoulder seen at about
783 eV kinetic energy for the spectrum with Av=785 eV
is due to a weak signal arising from Co 3d states.

In Fig. 6 we show the corresponding L ,;-M,sM 45 spec-
tral region in Fe with different photon energies. The
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FIG. 5. The L,3;-M,sM,s Auger spectral region in Co for
various photon energies (in eV) as indicated. The lowest two
spectra were recorded with photon energies below the L,
threshold and thus L,-M,sM,s spectral features are not ob-
served.
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spectral variations in this case are very similar to those of
Co shown in Fig. 5. Comparison with the spectra record-
ed using AlKa and MgKa x-ray sources reveals that
there is no change in the spectral shape above 830 eV
photon energy. At lower energies, one sees evidence for a
progressive suppression of the L,-M,sM,s Auger signal
near the L, threshold energy (720 eV). At the four
lowest photon energies, 709, 711, 713, and 715 eV, the
L,-M M, signal has been completely suppressed (Fig.
6). The small intensity feature on the higher energy side
of the L;-M4sM . signal is due to Fe 3d photoemission;
this signal shifts closer to the Auger signal with decreas-
ing photon energy. The Fe 3p photoemission signal can
be seen in the low kinetic energy side of the L;-M M 4
transition for 727 eV photon energy.

It is obvious that at photon energies below the L,
threshold, no satellite in the L;-M ,sM 5 spectral features
can be contributed by the L,-L,M,s CK process, since
no L, hole can be generated at these photon energies.
This technique for suppressing CK-induced satellites in
the L;-M,sM 5 spectra has already been utilized?!?%26:7
for Ni, Cu, and Zn. Moreover, as has been already dis-
cussed for Cu, it is known?">?%2%27 that the satellite spec-
trum in the L;-M,sM,s Auger spectra arising from shake
processes in the photoionization step is also suppressed
when the photon energy is close to the L; threshold.
This result arises because the threshold energies corre-
sponding to the shake-up and shake-off channels are con-
siderably higher than the L, threshold (corresponding to
the main peak in the photoemission) and thus no shake
processes can occur in the initial state when the photon
energy is close to the L;-threshold energy. Thus, the
Auger spectra in Figs. 5 and 6 corresponding to the
lowest photon energies are representatative of the main
Ly-MsM,s Auger transition without any contribution
from the Ly M s-M 4sM 4sM 5 satellite transition.

When the Auger spectrum measured with the lowest
photon energy is compared to a spectrum obtained with
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FIG. 6. The L,;-M,sM,s Auger spectral region in Fe for
various photon energies (in eV) as indicated. The lowest four
spectra were recorded with photon energies below the L,

threshold and thus the L,-M,sM s spectral features are not ob-
served.
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much higher photon energy, it is clear that the spectral
shapes are very similar below 779 eV kinetic energy for
the L4-M sM .5 spectra of Co (Fig. 7) and below 706 eV
kinetic energy for Fe (Fig. 8). The differences at higher
kinetic energies are due to movement of the weak intensi-
ty 3d photoemission signal and to the appearance of the
L,-M,sM,s Auger signal with increasing photon energy.
Thus the L;-M,sM,s Auger spectral shape remains
essentially unchanged even when the photon energy is
swept through the L, threshold, in contrast to the case of
Cu (Fig. 2) discussed in the previous section. We have es-
timated the ratios (R) between the L,-M,sM,s and
L3-M,sM,s Auger intensities in a way similar to that for
Cu. For both Fe and Co the ratio (R) turns out to be
about 0.1540.05 for high photon energies. These values
are in good agreement with earlier published re-
sults.'”?>% The values are significantly smaller than the
statistical branching ratio of 0.5. This is due to the pres-
ence of significant L,-L;M,s Coster-Kronig transition in
these systems, transferring spectral weight from the
L,-M,sM,s region to the L;-M,sM 45 region as has been
interpreted several years ago.!” This is also evidenced by
the larger lifetime width of the 2p,,, photoemission sig-
nal compared to the 2p;,, signal in these systems.!”3°
However, such a CK-transition-induced transfer of the
spectral weight should lead to a three-hole final state (i.e.,
LM s-M,sM,sM,s) due to the presence of the spectator
hole, if the spectator hole is stable within the decay time
scale of the L; hole, as in the case of Cu. Such a transi-
tion should be separated from the main L;-M,sM 45 tran-
sition by about 2U,;-U,., where U, is the Coulomb
repulsion strength within the 3d states and Uy, is the L;-
hole—-M ,5-hole Coulomb repulsion energy. It may be ar-
gued that this energy difference is close to zero for Fe and
Co, so that a clearly separated satellite is not observed.
However, the three-hole final state will have distinctly
different multiplet structure compared to the two-hole
final state, and thus should induce changes in the spectral
shape, if there is a significant contribution from this
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FIG. 7. Comparison of Co L,;-M,sM,s Auger spectral
features recorded at two different photon energies: 1210 eV
(...)and 780 eV (---).
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FIG. 8. Comparison of Fe L,3;-M,sM,s Auger spectral

features recorded at two different photon energies: 1010 eV (...)
and 709 eV (---).

channel. The satellite L; M ,s-M 4sM ,sM ,5 signal intensi-
ty contributed by the CK processes can be easily estimat-
ed from the experimental intensity ratio between the
L,-M sM,s and L;-M,sM s signals. If the intensity ra-
tio between the L,-M,sM4s and L;-M,sM,s spectral re-
gions is R, it can be shown that the CK-induced satellite
will contribute (1—2R)/3 to the total spectral intensity.
Thus, we expect about 23% of the total intensity in the
L;-M,sM s region to be due to the LM 5-M sM4sM s
transition if the M,s hole is stable within the Lj-hole
Auger decay time for Fe and Co, since R =0.15 in both
cases. A close inspection of the L;-M,sM,s Auger spec-
tra of Co at the two photon energies in Fig. 7 reveals that
there is only a small extra intensity between 755 and 770
eV kinetic energies for the spectrum recorded with the
higher photon energy. In view of the above discussion,
this small extra intensity can be ascribed to the satellite
feature in Co L4-M,5M,5 Auger spectrum at higher pho-
ton energies arising from a spectator M s hole in the ini-
tial and final states of the Auger transition. However, the
weak intensity of this feature is not compatible with the
large deviation of the intensity ratio between L3-M s M,
and L,-M,sM ,5 spectra from the statistical branching ra-
tio.

The comparison of the L3;-M,sM,s Auger spectra of
Fe at two photon energies (Fig. 8) exhibits a smaller
difference between the two spectra around the main peak
and at lower kinetic energies compared to the case of Co
shown in Fig. 7. Thus, the presence of a distinct satellite
due to the presence of a spectator hole in the initial and
final states of the Auger transition is further weakened in
the case of Fe compared to Co. Taking into account the
significant transfer of weight from the L,-M,sM,s re-
gions as evidenced from the intensity ratio of 0.15, we are
then forced to conclude that the CK-induced LM ;s
state predominantly decays to an L ;-hole state before the
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subsequent Auger transition takes place. Thus, the final
state of the CK-transition-preceded Auger again primari-
ly generates a two-hole final state for Fe and to a lesser
extent for Co. In the case of Ni, this effect seems to be
less dominant,2® whereas for Cu and Zn the probability of
M ,s-hole delocalization within the time scale of the
Auger decay is negligibly small. Since the L;M s initial
state is stable during the L;-hole Auger decay time, in-
tense satellites in the Auger spectra are observed in these
late transition elements. This trend is in conformity with
the fact that U /W increases across the transition metal
series.

IV. CONCLUSIONS

It has been shown that satellites in the L,-M,sM ;s
(L3-My4sM,s) Auger spectral regions in Cu can be con-
sistently and quantitatively explained on the basis of ini-
tial Lo,M 5 (L;M ) states arising both from CK decays
of L, (L and L,) states and from shake-up and shake-off
photoemission satellites accompanying the L, (L) initial
photo-hole creation. The various contributions to the
Auger satellite intensities in the case of Cu have been es-
timated and the photon energy dependences of the satel-
lite intensities have been explained. We have further
shown that the spectral shapes of the L;-M,sM,s Auger
regions of Fe and Co do not change appreciably when the
excitation photon energy is swept through the respective
L, thresholds; only very weak features ascribable to the
spectator-hole satellite is observed. However, the intensi-
ty ratios for the L,-M,sM 5 and L;-M,sM 45 regions for
these two metals show the existence of prominent
L,-L;M s CK transitions, essentially comparable to the
case of Ni and Cu. These two observations together im-
ply that the local M,s spectator holes in the intermediate
L ;M s states in Fe and Co predominantly decay prior to
the Auger decay of the L, hole. Thus, a two-hole final
state is found for the satellite, identical to the normal
L;-M,sM,s transition, in contrast to the result for Ni
and Cu, where the satellite corresponds to a three-hole
final state. This result demonstrates the competition be-
tween the two decay channels (i.e., for the M 5 spectator
hole and the L; core hole) with changing U /W across
the 3d transition-metal series.
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