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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 GK 8" x-ray satellites from onset to saturation using inelastic x-ray scattering
is presented. The assignment of the satellite§1ts3d] and[1s3p] excitation channels is confirmed by
determination of their different threshold energies and energy positions on the high-energy tailkgsthe
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 openiffs3sa
excitation channel to thels3p] 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 numbsfs): 32.30.Rj, 32.70-n, 32.80.Fb, 61.10.Ht

During ionization and inner-shell excitation a finite prob- weak. Filipponi and Di Ciccd22] successfully applied the
ability of the ejection of a second electron into unoccupiedGNAXS [23] method in the x-ray absorption spectra of Ge,
bound (shake-up or continuum stategshake-off is given  where[1s3d] and[1s3p] double-excitation contributions
due to the change of the central potential by inner-shell vaare simulated by empirically determined rounded step func-
cancy creatiofil]. These shake processes cause discontinutions. Furthermore, the Gels3p] double-excitation back-
ties in x-ray absorptiofi2,3] and satellites in photoemission, ground was extracted from EXAFS spectra utilizing com-
inverse photoemission, and fluorescence spectrodebgl.  Pined information of different samples of the same element
In the sudden limit, when the electron is ejected immediately24l, where the structural signal was separated bylaimi-
and the remaining electrons cannot adapt to the rapid chand® XAFS model within thererF code. .
in potential at high excitation energies, the creation of the X-ray emission spectroscopy provides a suitable tool to
core hole and the excitation of the second electron can bgludy double-excitation satellites from onset to saturation
treated as two independent ionization processes. On the coWithout incl_usion of _model functions i_nto the data evaluation
trary, for low excitation energies in the adiabatic limit the scheme. First detailed photoexcitation measurements were
shake process becomes dependent on the core ionization aR@formed by Deslattest al. [6], where both emission and
provides information about correlation and excitation dy-aPsorption spectroscopy are combined to examine multielec-
namics[7-9]. tron vacancies on atomic Ar, and more recently by Deutsch

The double-excitation phenomena have been widely stug@nd co-worker$14,29 finding a pure shake-off behavior of
ied in the sudden limit and are satisfyingly treated from theth® CuKa x-ray satellite complex. Hitherto no measure-
theoretical side by using the frozen-core approximationmMents of valence fluorescenc;e ;atellltes of a solid have t_)een
which nevertheless breaks down in the onset regim@vailable. They are of special interest for EXAFS studies
[7,10,11. Threshold energies for the shake processes angince (i) their threshold energies are within the EXAFS re-
energy positions of the satellite lines can be well estimate@ime and(ii) there is no theoretical model to describe the
either using theZ+1 model[12,13 or within relativistc ~ complete satellite evolution. o
Dirac-Fock calculation§14]. The variation of the satellite !N this paper we present an x-ray emission study of Ge
intensity with increasing excitation energy is described forz valence fluorescence satellites from onset in the adia-
instance by Hartree-Fock calculatioftss] or application of batic to saturation in the suddgn approximation !|m|t. Thresh-
the Thomas moddlL6], which represents the transition from ©ld energies and energy positions are determined and con-
adiabatic to the sudden limit using time-dependent perturbafim the assignment of the two satellites fds3d] and
tion theory. However, reliable relative satellite intensities[1S3p] excitation channels when utilizing tizet+ 1 approxi-
and shapes in the near-threshold regime cannot be obtain&egtion. Furthermore, strong indications fof Es3s] contri-
from these calculations. bution are found. Pure satellite intensities as a function of

The influence of double-excitation processes in x-ray ab€Xxcitation energy are presented in a range up to 800 eV
sorption spectroscop§XAS) is of wide interes{2] and has above the absorption edge, and the experimental data are
been studied on several systeftg—21, where small jumps ~confronted with the Thomas mod6].
in the atomic background are related to double-electron ex- The measurements were performed at the X-ray inelastic
citation edges, and resulting artefacts in the Fourier transscattering beamline 1D28 at the European Synchrotron Ra-
form of the extended x-ray-absorption fine-structurediation Facility using a Rowland spectromef6,27] at 90°
(EXAFS) signal for smallR are traced back to the corre- scattering angle to reduce the background radiation due to
sponding background anomalies. Therefore, the considefthomson scattering. The sample was a germanium single
ation of multielectron excitations in the EXAFS data pro- crystal and the momentum transfgr|| to the[110] direc-
cessing scheme is mandatory when the structural signals atien. To obtain sufficient count rates and to minimize the
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FIG. 1. Evolution of the ex-
perimental fluorescence spectra
(outscans with poinjs with in-
[1s3p] [1s3s] creasing excitation energy from
the pure fluorescence at 11144.8
eV to the saturated satellite com-
plex at 11794.7 eV. The inset
shows the double peaked satellite
complex after subtraction of the
fluorescence contribution. For the
spectrum at 11 154.8 eV a Gauss-
ian fit to the two satellites is plot-
ted as a solid line for example.
The energy positions of the satel-
lites corresponding to[1s3d],
[1s3p], and [1s3s] excitation
, ¢ | calculated using th&+1 model
11110 11120 11130 11140 are also shown. The arrows indi-
cate the analyzer energies used in
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influence of the valence-band structure on the emission praat 11 307.7 eV. The shift in energy position of the second
cesq 28] the total energy resolution was chosen to be 6.7 eVsatellite of 1.2 eV for excitation energies crossing[the3s]

so that the absorption process dominated the shape of thereshold may indicate the onset of thes3s] double exci-
spectra. Two different scanning geometries were utilizedtation. The energy positions are in accordance with Zhe
first, scanning the analyzer energy from 11080 to 11 140 €V} 1 model results of 11 112.7 eV @3, 11120.7 eV (),

at fixed incident energies in the range from_ll 10510 1190Q,,q 11124.6 eV (8. In the framework of this model the
eV (named outscarto measure the change in shape and thenergy position of the satellite is given by adding the differ-
energy positions of the fluorescence line and the satelht%nce between the As and Ge ionization energies for the sec-
complex as a function of incident energy; second, varyin nd ejected electron €33p, 3d) to the fluorescence energy.

th.e incident energy in 'ghe range from 11060 t'o. 11800 e For the[1s3d] and the[1s3p] [1s3s] satellite the satura-
with analyzer energy fixed at the energy positions of the

fluorescence and the satellitésamed inscanto get direct tion intensity in the high-energy range is determined to be

access to the threshold energies and the intensity evolutigh®: "~ 0.9% and 5.%0.5% of the GeK 3, fluorescence in-

from onset to saturation. Both inscans and outscans wer&nsity. The ratio of the saturation intensities of the two sat-
corrected for radiation background and self-absorption in th&llites is in good agreement with the calculated ratio using
Ge sample. the theoretical eXC|ta_1t|0n probabilities in the sudden limit of
Figure 1 shows the evolution of the fluorescence line andukoyama and Tanigucti29].
the satellite contribution with increasing excitation energy ~Furthermore, inscans were performed to achieve high-
from 11 144.8 to 11 794.7 eV measured in outscan geometrguality spectra of the satellite evolution from onset to satu-
Subtraction of the pure fluorescence contribution yields theation, thus allowing an exact determination of the threshold
satellite complex, where the fluorescence was determined usnergies and delivering a better basis for a fit to the Thomas
ing outscans measured at excitation energies from 11 135 tmodel. The incident energy was scanned from 11060 to
11 145 eV, where the fluorescence shows neither variation it 800 eV and the analyzer fixed to 11 111.7 €1 124.2
shape due to different influence of the core hole lifetimeeV) (arrows in Fig. 1 in order to measure the intensity of the
broadening nor influence of double-ionization processes. Thels3d] ([1s3p],[ 1s3s]) satellite. In addition, the intensity
result is presented in the inset of Fig. 1. The satellite specevolution of the fluorescence line was determined by an in-
trum can be separated into two main compounds assigned &zan. To extract the pure satellite intensities the contribution
[1s3d] and[1s3p], [1s3s] excitation channels, where the of the fluorescence spectrum underlying the satellite spectra
[1s3s] satellite is not resolved due to the experimental resowas subtracted by using a scale factor on the fluorescence
lution. To estimate the satellite intensities, widths, and eninscan by which both spectra matched in the energy range
ergy positions, both peaks are fitted to Gaussians. As an exrom 11135 to 11145 eV. For thels3p][1s3s] satellite
ample, the Gaussian fits of the satellites for the spectrum atfter subtraction of the fluorescence the contribution of the
11254.8 eV are plotted in the inset of Fig. 1 as solid lines]1s3d] satellite was separated similarly, using the results
The fit determines the energy position of fies3d] satellite  achieved before. The pure satellite intensities normalized to
to be 11111.61 eV and of thg 1s3p][1s3s] satellite to  the fluorescence intensity are plotted in Figs. 2 and 3 as thin
be 11123.6:2 eV below and to 1112482 eV above the solid lines. For comparison, discrete values of the satellite
theoretical threshold energy of th&s3s] double ionization peak intensities obtained from the outscans are plotted with
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inscan (E, = 11111.7eV) ——

outscans @
Thomas fit

[1s35] FIG. 2. Intensity evolution of
AT the first satellite measured using
inscan geometry with analyzer en-
ergy at 11111.7 eV plotted as a
thin solid line with error bars
compared to the satellite intensi-
ties (points, determined from the
outscans, with error baxs The
thick solid line shows the fit to the
Thomas model of the first satel-
lite. Calculated threshold energies
are marked and the threshold re-
gime is magnified in the insééex-
perimental datapointswhere the
p , , intersection of the straight lines
11130 11140 11150 11160 determines the experimental
threshold energy.
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points. The agreement between inscé&hi solid line and The two inscans of the satellites were fitted applying the
outscans(pointg confirms the reliability of the data treat- Thomas mode]16], which describes the transition from the
ment within the experimental error. The threshold energiesdiabatic to the sudden limit of the satellite intensities in a
were determined from the inscans as shown in the inset afimple mathematical form given by

Figs. 2 and 3 by the intersection of two straight lines in the _ _2p2 _

onset regime. For thgl s3d] satellite the threshold energy is Thomas™ I XA ~I"E/[15.32 B~ Ewn) I,
determined to be 11 144$%54.0 eV and 1124164.0 eV in  wherel., is the saturation limitr is the radius of the shake
the case of th¢1s3p] double ionization, which is in agree- shell 3d (3p), and Eg the shake energy that can be deter-
ment with theZ+1 approximation values of 11 144.7 and mined using theZ+1 model to be 41.7 eW(142.9 eV ac-
11245.9 eV. To achieve the threshold energies inZhel cording to the ionization energies of AB., andE;,, are the
model the additional energy to excite the second electron igxcitation and threshold energies. The adjustable param-
given by the binding energy of the electron in tHde-1 eters arel.,, r, and E;, in the fit range from 11130 eV
system As, assuming a fully screened core hole. Both sate(11235 eVf to 11800 eV. For th¢1s3d] satellite the result
lite spectra show a long saturation range up to 550 eV abovef the Thomas fit is plotted in Fig. 2 as a thick solid line. A

threshold, which is about 3% of the threshold energy. good agreement in the overall shape is achieved, and the fit
9 -
inscan (E; = 11124.2eV) ——
outscans @
s | Thomas fita
Thomas fitb -------

FIG. 3. Same as Fig. 2 but
with analyzer energy fixed to
11124.2 eV, the position of the

5 -
o second satellite. Thomas a and
:; ok Thomas b denote the different fits
- to the inscan data according to the
sl separated fit range, showing the
two slope regimes due to the
oL opening of the[1s3s] excitation
channel.
1 -
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parameters obtained ale=18.3%, r=0.784 A, andE, In conclusion, this study presents an alternative measure-
=11126.8 eV. The threshold energy is in sufficient agree-ment of the germanium valence fluorescence double excita-

ment with the experimental and theoretical values, but thdion satellites from onset to the saturation limit. The assign-

saturation intensity is wrong due to the inability of the Tho- Ment .Of the sa;ellites_ tq 1s3d] and .[1s.3p] double-
gxcitation edges is confirmed by determination of the energy

mas model to reproduce the correct saturation behaviqr. 0 Gositions and threshold energies. Furthermore, strong indica-
:Eg s?égg;gig?ellﬁ?;iE%r\?eerrgltlaga:s;wgigg?ee-srg]gé?ji/ fllrt] 3} ions for the contribution of thgls3s] excitation channel to

: . the [1s3p] satellite are found. Two different scanning ge-
onset r_eg|me_from 11 2_40 t°_11340 ev. T_h's agreement I, atries were used providing the same experimental results
shape is well improved if two independent fits are performed, , ¢qnfirming the reliability of the data evaluation proce-
by dividing the fit range into two parts from 11 130 to 11 320 4 ,re. Application of the Thomas model to the experiment
eV (denoted Thomas)aand from 11290 to 11800 eWle-  fjled in the onset regime and overestimated the saturation
noted Thomas Jp as shown in Fig. 3. Therefore, the inscan jntensity, but gave good agreement in the intermediate en-
of the[1s3p][1s3s] satellite shows two different slope re- ergy range. The high-quality valence satellite spectra as ob-
gimes: (i) from 11241.6 to 11305.0 eV, where the uppertained in this study provide a method for determining EX-
limit is given by the intersection of the two fitted lines AFS double-excitation background directly by an
and(ii) from 11 305.0 eV to the saturation limit. The thresh- experiment. This method should find application in the case
old energy of 11305830.0 eV agrees very well with the of highly disordered solids and liquids, where the consider-
theoretical threshold energy for th&s3s] double excitation ation of the double-ionization features in the background is
of 11307.7 eV. Thus a strong indication for the openingnecessary due to the low structural signals.

of the [1s3s] excitation channel at 11305 eV is given,  This work was supported by the German Federal Ministry
and hence the application of the Thomas model cannot d&st Equcation Research under Contract No. 05 ST 8 HRA.
liver reliable results due to the mixing of tHds3p] and  One of us(A.K.) is indebted to the Deutsche Forschungsge-
[1s3s] contributions in the second inscan. Nevertheless, theneinschaft for financial support. We acknowledge the work
fits to the Thomas model for both satellitts3d] and  of D. Gambetti, B. Gorges, M. Lorenzen, K. Martel, and J. F.

[1s3p][1s3s] show deviations from the experiment in the Ribois during the construction and the commissioning of ID

onset regime, which could be assigned to solid-state effect28. F. Sette is thanked for his encouragement in this project.
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