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Evolution of the germanium Kb- x-ray satellites from threshold to saturation
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A study of the photoexited GeKb- x-ray satellites from onset to saturation using inelastic x-ray scattering
is presented. The assignment of the satellites to@1s3d# and @1s3p# excitation channels is confirmed by
determination of their different threshold energies and energy positions on the high-energy tail of theKb2

fluorescence line. Direct measurement of the variation of the satellite intensities with increasing excitation
energy exhibits a long saturation range to the sudden limit and yields indication for the opening of a@1s3s#
excitation channel to the@1s3p# satellite. In this work we separate the contributions of the double-electron
excitations to the absorption spectrum and show pure satellite spectra for possible application in experiment
based extended x-ray-absorption fine-structure background subtraction taking into account the full properties of
the solid state.

PACS number~s!: 32.30.Rj, 32.70.2n, 32.80.Fb, 61.10.Ht
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During ionization and inner-shell excitation a finite pro
ability of the ejection of a second electron into unoccup
bound ~shake-up! or continuum states~shake-off! is given
due to the change of the central potential by inner-shell
cancy creation@1#. These shake processes cause disconti
ties in x-ray absorption@2,3# and satellites in photoemission
inverse photoemission, and fluorescence spectroscopy@4–6#.
In the sudden limit, when the electron is ejected immediat
and the remaining electrons cannot adapt to the rapid cha
in potential at high excitation energies, the creation of
core hole and the excitation of the second electron can
treated as two independent ionization processes. On the
trary, for low excitation energies in the adiabatic limit th
shake process becomes dependent on the core ionizatio
provides information about correlation and excitation d
namics@7–9#.

The double-excitation phenomena have been widely s
ied in the sudden limit and are satisfyingly treated from
theoretical side by using the frozen-core approximati
which nevertheless breaks down in the onset reg
@7,10,11#. Threshold energies for the shake processes
energy positions of the satellite lines can be well estima
either using theZ11 model @12,13# or within relativistic
Dirac-Fock calculations@14#. The variation of the satellite
intensity with increasing excitation energy is described
instance by Hartree-Fock calculations@15# or application of
the Thomas model@16#, which represents the transition from
adiabatic to the sudden limit using time-dependent pertu
tion theory. However, reliable relative satellite intensiti
and shapes in the near-threshold regime cannot be obta
from these calculations.

The influence of double-excitation processes in x-ray
sorption spectroscopy~XAS! is of wide interest@2# and has
been studied on several systems@17–21#, where small jumps
in the atomic background are related to double-electron
citation edges, and resulting artefacts in the Fourier tra
form of the extended x-ray-absorption fine-structu
~EXAFS! signal for smallR are traced back to the corre
sponding background anomalies. Therefore, the consi
ation of multielectron excitations in the EXAFS data pr
cessing scheme is mandatory when the structural signals
1050-2947/2000/61~2!/020501~4!/$15.00 61 0205
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weak. Filipponi and Di Cicco@22# successfully applied the
GNAXS @23# method in the x-ray absorption spectra of G
where @1s3d# and @1s3p# double-excitation contributions
are simulated by empirically determined rounded step fu
tions. Furthermore, the Ge@1s3p# double-excitation back-
ground was extracted from EXAFS spectra utilizing co
bined information of different samples of the same elem
@24#, where the structural signal was separated by anab ini-
tio XAFS model within theFEFF code.

X-ray emission spectroscopy provides a suitable tool
study double-excitation satellites from onset to saturat
without inclusion of model functions into the data evaluati
scheme. First detailed photoexcitation measurements w
performed by Deslatteset al. @6#, where both emission and
absorption spectroscopy are combined to examine multie
tron vacancies on atomic Ar, and more recently by Deut
and co-workers@14,25# finding a pure shake-off behavior o
the Cu Ka x-ray satellite complex. Hitherto no measur
ments of valence fluorescence satellites of a solid have b
available. They are of special interest for EXAFS stud
since ~i! their threshold energies are within the EXAFS r
gime and~ii ! there is no theoretical model to describe t
complete satellite evolution.

In this paper we present an x-ray emission study of
Kb2 valence fluorescence satellites from onset in the a
batic to saturation in the sudden approximation limit. Thre
old energies and energy positions are determined and
firm the assignment of the two satellites to@1s3d# and
@1s3p# excitation channels when utilizing theZ11 approxi-
mation. Furthermore, strong indications for a@1s3s# contri-
bution are found. Pure satellite intensities as a function
excitation energy are presented in a range up to 800
above the absorption edge, and the experimental data
confronted with the Thomas model@16#.

The measurements were performed at the x-ray inela
scattering beamline ID28 at the European Synchrotron
diation Facility using a Rowland spectrometer@26,27# at 90°
scattering angle to reduce the background radiation du
Thomson scattering. The sample was a germanium sin
crystal and the momentum transferqW uu to the @110# direc-
tion. To obtain sufficient count rates and to minimize t
©2000 The American Physical Society01-1
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FIG. 1. Evolution of the ex-
perimental fluorescence spect
~outscans with points! with in-
creasing excitation energy from
the pure fluorescence at 11 144
eV to the saturated satellite com
plex at 11 794.7 eV. The inse
shows the double peaked satelli
complex after subtraction of the
fluorescence contribution. For th
spectrum at 11 154.8 eV a Gaus
ian fit to the two satellites is plot-
ted as a solid line for example
The energy positions of the sate
lites corresponding to@1s3d#,
@1s3p#, and @1s3s# excitation
calculated using theZ11 model
are also shown. The arrows ind
cate the analyzer energies used
the inscans.
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influence of the valence-band structure on the emission
cess@28# the total energy resolution was chosen to be 6.7
so that the absorption process dominated the shape o
spectra. Two different scanning geometries were utiliz
first, scanning the analyzer energy from 11 080 to 11 140
at fixed incident energies in the range from 11 105 to 11 9
eV ~named outscan! to measure the change in shape and
energy positions of the fluorescence line and the sate
complex as a function of incident energy; second, vary
the incident energy in the range from 11 060 to 11 800
with analyzer energy fixed at the energy positions of
fluorescence and the satellites~named inscan! to get direct
access to the threshold energies and the intensity evolu
from onset to saturation. Both inscans and outscans w
corrected for radiation background and self-absorption in
Ge sample.

Figure 1 shows the evolution of the fluorescence line a
the satellite contribution with increasing excitation ener
from 11 144.8 to 11 794.7 eV measured in outscan geome
Subtraction of the pure fluorescence contribution yields
satellite complex, where the fluorescence was determined
ing outscans measured at excitation energies from 11 13
11 145 eV, where the fluorescence shows neither variatio
shape due to different influence of the core hole lifetim
broadening nor influence of double-ionization processes.
result is presented in the inset of Fig. 1. The satellite sp
trum can be separated into two main compounds assigne
@1s3d# and @1s3p#, @1s3s# excitation channels, where th
@1s3s# satellite is not resolved due to the experimental re
lution. To estimate the satellite intensities, widths, and
ergy positions, both peaks are fitted to Gaussians. As an
ample, the Gaussian fits of the satellites for the spectrum
11 254.8 eV are plotted in the inset of Fig. 1 as solid lin
The fit determines the energy position of the@1s3d# satellite
to be 11 111.661 eV and of the@1s3p#@1s3s# satellite to
be 11 123.662 eV below and to 11 124.862 eV above the
theoretical threshold energy of the@1s3s# double ionization
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at 11 307.7 eV. The shift in energy position of the seco
satellite of 1.2 eV for excitation energies crossing the@1s3s#
threshold may indicate the onset of the@1s3s# double exci-
tation. The energy positions are in accordance with theZ
11 model results of 11 112.7 eV (3d), 11 120.7 eV (3p),
and 11 124.6 eV (3s). In the framework of this model the
energy position of the satellite is given by adding the diffe
ence between the As and Ge ionization energies for the
ond ejected electron (3s,3p,3d) to the fluorescence energy
For the@1s3d# and the@1s3p# @1s3s# satellite the satura-
tion intensity in the high-energy range is determined to
15.760.9% and 5.560.5% of the GeKb2 fluorescence in-
tensity. The ratio of the saturation intensities of the two s
ellites is in good agreement with the calculated ratio us
the theoretical excitation probabilities in the sudden limit
Mukoyama and Taniguchi@29#.

Furthermore, inscans were performed to achieve hi
quality spectra of the satellite evolution from onset to sa
ration, thus allowing an exact determination of the thresh
energies and delivering a better basis for a fit to the Thom
model. The incident energy was scanned from 11 060
11 800 eV and the analyzer fixed to 11 111.7 eV~11 124.2
eV! ~arrows in Fig. 1! in order to measure the intensity of th
@1s3d# (@1s3p#,@1s3s#) satellite. In addition, the intensity
evolution of the fluorescence line was determined by an
scan. To extract the pure satellite intensities the contribu
of the fluorescence spectrum underlying the satellite spe
was subtracted by using a scale factor on the fluoresce
inscan by which both spectra matched in the energy ra
from 11 135 to 11 145 eV. For the@1s3p#@1s3s# satellite
after subtraction of the fluorescence the contribution of
@1s3d# satellite was separated similarly, using the resu
achieved before. The pure satellite intensities normalized
the fluorescence intensity are plotted in Figs. 2 and 3 as
solid lines. For comparison, discrete values of the sate
peak intensities obtained from the outscans are plotted w
1-2
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FIG. 2. Intensity evolution of
the first satellite measured usin
inscan geometry with analyzer en
ergy at 11 111.7 eV plotted as
thin solid line with error bars
compared to the satellite intens
ties ~points, determined from the
outscans, with error bars!. The
thick solid line shows the fit to the
Thomas model of the first satel
lite. Calculated threshold energie
are marked and the threshold re
gime is magnified in the inset~ex-
perimental datapoints! where the
intersection of the straight lines
determines the experimenta
threshold energy.
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points. The agreement between inscans~thin solid line! and
outscans~points! confirms the reliability of the data trea
ment within the experimental error. The threshold energ
were determined from the inscans as shown in the inse
Figs. 2 and 3 by the intersection of two straight lines in t
onset regime. For the@1s3d# satellite the threshold energy
determined to be 11 144.564.0 eV and 11 241.664.0 eV in
the case of the@1s3p# double ionization, which is in agree
ment with theZ11 approximation values of 11 144.7 an
11 245.9 eV. To achieve the threshold energies in theZ11
model the additional energy to excite the second electro
given by the binding energy of the electron in theZ11
system As, assuming a fully screened core hole. Both sa
lite spectra show a long saturation range up to 550 eV ab
threshold, which is about 3% of the threshold energy.
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The two inscans of the satellites were fitted applying
Thomas model@16#, which describes the transition from th
adiabatic to the sudden limit of the satellite intensities in
simple mathematical form given by

I Thomas5I ` exp$2r 2Es
2/@15.32~Eex2Eth!#%,

whereI ` is the saturation limit,r is the radius of the shake
shell 3d (3p), and Es the shake energy that can be dete
mined using theZ11 model to be 41.7 eV~142.9 eV! ac-
cording to the ionization energies of As.Eex andEth are the
excitation and threshold energies. The adjustable par
eters areI ` , r, and Eth in the fit range from 11 130 eV
~11235 eV! to 11 800 eV. For the@1s3d# satellite the result
of the Thomas fit is plotted in Fig. 2 as a thick solid line.
good agreement in the overall shape is achieved, and th
t

d
s
e
e
e

FIG. 3. Same as Fig. 2 bu
with analyzer energy fixed to
11 124.2 eV, the position of the
second satellite. Thomas a an
Thomas b denote the different fit
to the inscan data according to th
separated fit range, showing th
two slope regimes due to th
opening of the@1s3s# excitation
channel.
1-3
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parameters obtained areI `518.3%, r 50.784 Å, andEth

511126.8 eV. The threshold energy is in sufficient agr
ment with the experimental and theoretical values, but
saturation intensity is wrong due to the inability of the Th
mas model to reproduce the correct saturation behavior.
the other hand, the agreement between the Thomas fit
the second satellite in overall shape is poor, especially in
onset regime from 11 240 to 11 340 eV. This agreemen
shape is well improved if two independent fits are perform
by dividing the fit range into two parts from 11 130 to 11 3
eV ~denoted Thomas a! and from 11 290 to 11 800 eV~de-
noted Thomas b!, as shown in Fig. 3. Therefore, the insc
of the @1s3p#@1s3s# satellite shows two different slope re
gimes: ~i! from 11 241.6 to 11 305.0 eV, where the upp
limit is given by the intersection of the two fitted line
and~ii ! from 11 305.0 eV to the saturation limit. The thres
old energy of 11 305.0630.0 eV agrees very well with the
theoretical threshold energy for the@1s3s# double excitation
of 11 307.7 eV. Thus a strong indication for the openi
of the @1s3s# excitation channel at 11 305 eV is give
and hence the application of the Thomas model cannot
liver reliable results due to the mixing of the@1s3p# and
@1s3s# contributions in the second inscan. Nevertheless,
fits to the Thomas model for both satellites@1s3d# and
@1s3p#@1s3s# show deviations from the experiment in th
onset regime, which could be assigned to solid-state effe
on
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In conclusion, this study presents an alternative meas
ment of the germanium valence fluorescence double exc
tion satellites from onset to the saturation limit. The assig
ment of the satellites to@1s3d# and @1s3p# double-
excitation edges is confirmed by determination of the ene
positions and threshold energies. Furthermore, strong ind
tions for the contribution of the@1s3s# excitation channel to
the @1s3p# satellite are found. Two different scanning g
ometries were used providing the same experimental res
and confirming the reliability of the data evaluation proc
dure. Application of the Thomas model to the experime
failed in the onset regime and overestimated the satura
intensity, but gave good agreement in the intermediate
ergy range. The high-quality valence satellite spectra as
tained in this study provide a method for determining E
AFS double-excitation background directly by a
experiment. This method should find application in the ca
of highly disordered solids and liquids, where the consid
ation of the double-ionization features in the background
necessary due to the low structural signals.
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