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Multielectron photoexcitations in x-ray-absorption spectra of 4p elements
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By removing the structural x-ray-absorption fine-structure signal fromK-edge absorption spectra of 4p
elements from Ga to Br in chalcogenide glasses and other samples, the pure atomic absorption is recovered. Its
main components are shake-up and shake-off channels of the@1s3p# and @1s3d# group. The@1s3p#4p
shake-up channel is observed to close off along the series as the 4p shell is progressively filled.
@S1050-2947~99!05804-7#

PACS number~s!: 32.30.Rj, 32.80.Fb, 78.70.Dm
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Tiny features superposed onto the smooth variation o
x-ray photoabsorption cross section with energy above in
shell absorption edges are fingerprints of multielectron e
tations~MPE! @1#. They have been studied extensively sin
they provide information on the correlated motion of ele
trons in an atomic system, indispensable in testing advan
theoretical models@2–6#. The complete spectrum of MPE
accompanying an inner-shell photoeffect has only been m
sured on monatomic samples of noble gases and some m
in a vapor state@1,6–11#. For elements which cannot b
conveniently prepared in a monatomic state, the struct
x-ray-absorption fine-structure~XAFS! component in ab-
sorption spectra prevails, and masks the small MPE com
nent. Efforts to separate the two components reliably h
recently been evident in both fields of research: In atom
physics@12–18#, the aim is to extend the experimental da
on MPE to majority of elements. In the XAFS field, on th
other side, the MPE spectrum represents the so-called at
background to the structural signal@19–23#. The empirical
models currently in use are recognized as the major sourc
uncertainty in precision structural analysis@20,22#.

The techniques to separate the MPE and XAFS com
nents rely on the different basic properties of the two effe
The XAFS signal is a superposition of harmonic compone
which can be modeled from the known arrangement of
oms. The atomic MPE signal is composed of distinct abso
tion features such as resonances and absorption edges
consequently much more difficult to predict with compara
precision. However, it is expected to change smoothly
tween neighbor elements, so that a good approximation
be obtained by interpolating the data from a few element
an entire series with a similar shell structure as, e.g.,
thanide series@18#, and third-@24# and fifth-period elements
@25#. The main source of uncertainty in the separation com
from spurious harmonic components generated by the M
signal. Thus, within a single absorption spectrum, the t
components can only be partially separated in the best c
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@12,13#. A complete analysis can be implemented with ad
tional information@13–15#. We show that it can be achieve
by combining information from different samples of th
same element, presupposing the transferability of the M
signal. This technique has been demonstrated in the cas
Rb, where a pure atomic spectrum of Rb vapor has been u
as an approximation of the Rb1-ion MPE signal in aqueous
solution of Rb salts@22#. In a similar approach, separation o
the MPE signal using solely Rb1-ion samples has prove
successful@26#.

In general, when an approximate XAFS signal is det
mined for a sample and subsequently eliminated from
absorption spectrum, the residual contains the atomic abs
tion, the contribution of the unresolved XAFS componen
and the noise of the experiment. This residual can be use
an approximate atomic absorption background for anot
sample, to yield, after subtraction, the basis for an improv
XAFS model. Iterating the procedure between the t
samples results in refined XAFS models and the comm
atomic background. The convergence, however, depe
crucially on the degree of order in the structure of t
samples. It is found that both extreme cases of order resu
slow convergence. For highly ordered samples, such as,
crystalline Ge, the structural parameters are well known
a preciseab initio XAFS model can be built in theFEFFcode
@27# with hundreds of photoelectron scattering paths. Ho
ever, approximations inherent to theFEFF models and the
necessary truncation of the path series introduce a str
contribution of the structural signal into the residual. On t
other hand, for highly disordered samples, typically in a l
uid state, the structural signal can be relatively simple,
the structure parameters are not known in advance and
XAFS model can only be built by fitting the data so that t
danger of absorbing MPE contribution into spurious stru
tural components cannot be avoided.

Best results have been obtained with partly disorde
samples. For most 4p elements, the chalcogenide glass
3078 ©1999 The American Physical Society
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were found as ideal starting cases: their rigid basic units
the structure, the chalcogenide tetrahedra, form a rather
ordered framework@28,30,31#. Thus the XAFS signal con
sists mainly of the contribution of the nearest neighbo
which can be modeled with sufficient accuracy, while t
signal from further neighbors largely cancels out. For
other sample in the iteration procedure, crystalline and am
phous materials, as well as molecular gases were used~Table
I!. The case of Br, for which no chalcogenide glass exists
described elsewhere@26#. The spectra were measured at sy
chrotron facilities at Laboratoire pour l’Utilisation du Ray
onnement Electromagne´tique ~LURE! ~beamline D42!,
Hamburger Synchrotronstrahlungslabor~HASYLAB ! ~X1.1,
BW1! and European Synchrotron Radiation Facility~ESRF!
~BL29!. Typical experimental parameters of the beamlin
have been described in earlier publications@10,17,32#.

The procedure provides the MPE atomic background
nal which optimizes the XAFS signal of two independe
samples of a given element. The results for Ge~Fig. 1! show

FIG. 1. The@1s3p# MPE group contribution to the Ge photo
absorption from residuals of different Ge samples. The origin of
energy scale is set at the@1s# threshold.

TABLE I. The list of the employed samples with references
the structure and/or experimental procedure.

Z Sample Ref.

31 6Ge2S4-4Ga2S3 glass @28#

31 3Ga2S3-Ga2Te3 glass @28#

32 9Ge2S4-Ga2S3 glass @28#

32 Ge~CH3!4 vapor
32 Ge crystalline
32 GeO2 crystalline
33 AsS glass @29#

33 AsTe4 glass @30#

33 As vapor
34 Se glass @31#

34 Se7-Te3 glass @31#

35 KBr aqueous solution @26#

35 CTAB on carbon black @32#

36 Kr gas
f
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that the residuals for different sample pairs agree in the
sential ingredient: although the MPE signal retains most
the experimental noise and some of the unresolved struc
components, the prominent step attributed to the@1s3p#4p
MPE appears with the same amplitude and width in all cas

e

FIG. 2. The contribution of the@1s3p# MPE group in elements
from Ga to Kr. The HF energy estimates of the lowermost re
nance in a group are indicated by arrows. For elements from A
Kr the @1s3d# group contribution is also resolved. A relative e
ergy scale as in Fig. 1 is used.

FIG. 3. Above: the comparison of experimental~solid! and the-
oretical values~short dotted! of the @1s3p# MPE group contribu-
tion in Se. Below: the calculated relative transition probabilities
the@1s3p#4p2 ~dashed! and@1s3p#4p ~dash-dotted! multiplets are
shown as vertical lines. The corresponding spectral distributions
obtained by convolution with a Lorentzian of 5-eV width, close
the total lifetime width. The match with experimental data requi
a 3-eV shift of the calculated energies and an amplitude adjustm
factor of 0.6.
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and close to the energy estimated by Hartree-Fock~HF! cal-
culation @33#. Similarly, the results for the entire series
elements~Fig. 2! show agreement with the HF calculation
the steady progression of threshold energies. For elem
above As, the@1s3d# MPE closer to theK edge is also
resolved.

A more rigorous test of the experimental results than
mere agreement with HF energies is provided by a theo
cal estimate of the excitation cross section. The calcula
was performed with fully relaxed Dirac-Fock orbitals@4,34#.
The result is shown in Fig. 3 for the case of@1s3p# excita-
tion in Se. Although the experimental resolution is too coa
to show the effect of the multiplet splitting of the resona
and shake-up transition, the agreement in the overall sh
after a modest adjustment in the energy and intensity sca
satisfactory. Mainly the calculation shows, in the vein o
similar analysis on Kr@6#, which reaction channels contrib
ute to the observed spectral feature. In the present case
resonant double excitation to the@1s3p#4p2 state has a
comparable amplitude to the shake-up transition, although
resonant peak is observed: however, the presence of the
nance shifts the apparent shake-up edge to lower energ
addition, to the@1s3p#4p, shake-up the@1s3p#5p shake-up
also contributes appreciably, extending the apparent widt
the edge.

With this information, the detected@1s3d# and @1s3p#
MPE features are decomposed with anad hocansatz into a
resonant contribution and two shake-up edges. The obse
change of slope on both sides of a feature is attributed to
shake-off transitions, where the cross section grows line
with the excess energy above the threshold@6#. The result of
the decomposition for Se is shown in Fig. 4, and the am
tudes of the components for the entire element series in
5. Evidently, the transition probabilities to the individual e
citation channels are governed mainly by the number of
cessible orbitals for the excited electron~s! @25#: hence the
linear trend in the@1s3p#4p cross section and the consta
cross section of the@1s3p#5p channel. Even the resonan
@1s3p#4p2 cross section, in spite of the rather large unc

FIG. 4. Best-fit decomposition of the measured@1s3p# MPE
group into the contributions of the@1s3p#4p2 resonance, the
@1s3p#4p and @1s3p#5p shake-up edges, and the@1s3p# shake-
off. Relative energies of the components are kept fixed at the m
tiplet averages from the HF calculation.
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tainty interval, shows a convincingly quadratic trend, i.e.
proportionality to the number of pairs of accessible 4p or-
bitals. Similar conclusions are found for the shorter series
the @1s3d# excitations.

Although the data on the MPE energies and cross sect
extracted in the present analysis cannot compete with th
from monatomic samples in sensitivity and resolution, t
method can be applied generally for a systematic invest
tion of most elements in the Periodic Table. In addition, t
results of the analysis offer some insight into the excitat
mechanism. The simple dependence of the decompo
cross-section contributions on the number of the access
orbitals in the final state suggests that the matrix elements
different channels change only slightly from element to e
ment. This is an indication that the indirect, shake, mec
nism could be sufficient for the description of the proces

Support of the Slovenian Ministry of Science and Tec
nology and Internationales Bu¨ro Jülich ~Germany! is ac-
knowledged. L. Troeger and R. Frahm of HASYLAB and A
Filipponi of ESRF~BL29! provided expert advice on beam
line operation.

l-

FIG. 5. The relative magnitudes of@1s3p# and @1s3d# photo-
absorption channels along the series of the 4p elements. Solid lines
show the expected dependence on the number of accessible 4p, 5p,
and 4d orbitals. ~a! Asymptotic magnitude of the shake-up cha
nels.~b! Integrated intensity of the resonant channels.
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