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Electron-energy-loss x-ray-absorption spectroscopy:
A nondestructive structural-depth microprobe
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A simple gas-flow proportional counter is used to measure x-ray-absorption spectra by detecting electrons
emitted from a sample placed inside the counter. The sample volume is analyzed in depth, layer by layer,
by detecting the emitted energy-resolved electrons. This is demonstrated for a mixed-valence SmS crystal

sample oxidized in a region close to the surface.

X-ray-absorption spectroscopy (XAS) has been a valuable
tool over the past decade for investigating the structure and
the electronic states of atoms in different environments.!
Extended x-ray-absorption fine-structure (EXAFS)? as well
as x-ray-absorption near-edge-structure (XANES)? analyses
have been carried out by measuring either the transmitted
intensity relative to the incident beam, or by registration of
fluorescence or electron-emission yields. Fluorescence lines
and Auger electrons, which are characteristic for a specific
atom, have been favorably used for increasing the signal-
to-noise ratio, thus improving the sensitivity for elements in
diluted samples. Even surface adsorbates can be studied by
using the electron yield.* An instructive comparison for dif-
ferent electron-detection modes, such as total, elastic
Auger, partial Auger, or secondary electron yield, is given
by Stéhr, Noguera, and Kandelewicz.’

Recently, it has also been demonstrated that gas-flow pro-
portional counters can be used for conversion-electron
Méssbauer spectroscopy (CEMS).% for x-ray standing-wave
analysis,” and for EXAFS.®? This electron-detection scheme,
which avoids the need for placing the sample in an evacuat-
ed volume, is implemented by placing the sample inside the
gas volume of the detector and collecting the integral elec-
tron yield at the anode wire. Such a registration contains in-
formation integrated over the escape depth® of the electrons.
As pointed out in Ref. 8, the measurement of electrons is
advantageous in XAS when thick diluted samples are stu-
died. The photon fluorescence detection under these cir-
cumstances can become unfavorable, because a decrease of
the absorption coefficient causes an increase of the penetra-
tion depth of the primary photon. This increases the
fluorescence yield and simulates an increase of the absorp-
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tion coefficient, whereby the measured fluroescence-yield
EXAFS curve loses its characteristic structures. Since the
electron escape depth is usually small,” the change in the
penetration depth of the primary photon is not reflected in
the yield curve. This is also the case if low-energy fluores-
cence photons with small absorption lengths are detected.

In contrast to fluorescence photons, however, electrons
can lose an appreciable part of their kinetic energy on their
way out of the sample by inelastic scattering (with other
electrons and plasmons for example). On the average, elec-
trons originating from deeper inside the sample leave the
surface with a smaller energy than those being created with
the same amount of kinetic energy by a photon-absorption
process happening close to the sample surface. As demon-
strated for the case of CEMS! and for x-ray standing-wave
analysis,” a depth sensitivity can be realized by the energy-
dispersive registration of the electron yield.

The present study reports the successful application of a
proportional counter to reach such a depth sensitivity also
for XAS measurements. Such a development is important
for XAS studies of multilayer structures, as well as for stud-
ies of samples which might contain a nonstochiometric dis-
tribution of atoms as a function of the depth below the sur-
face. As an example, we have chosen a SmS single crystal
in which surface region was partly oxidized, and have mea-
sured the Sm L; absorption edge. Since Sm has a different
valence state in pure and oxidized SmS,!! this difference
should show up in an electron-energy-loss XANES mea-
surement. ’

We have used the ROEMO instrument!? at the Hamburg
Synchrotron Radiation Laboratory (HASYLAB) at DESY in
Hamburg. The experimental layout is shown in Fig. 1.
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FIG. 1. Schematic experimental arrangement (for details see text).
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FIG. 2. Electron spectra recorded with the proportional counter at two different photon energies E,. The approximate electron-energy
scale is Ee_ (keV) = (channel number)/50. Note that the energy resolution, which is = 30% for this detector, has not been optimized for

this measurement (for details see text).

Synchrotron radiation from the storage ring DORIS, run-
ning at 3.7 GeV with a medium electron current of 70 mA,
was monochromatized by a Si(111) double-crystal mono-
chromator. The first crystal was cut asymmetrically to con-
dense the photon beam and to allow for easy detuning of
the harmonics by operating at 90% of the maximum reflec-
tivity.1? The energy calibration was done relative to the Cu
K edge. A small and constant-energy window of 1 eV (at
6.7 keV) was provided by installing the first 1.0-mm slit at 7
m from the source (which has a typical height of 1.5 mm at
this electron energy). The second 1-mm slit, placed in front
of Iy, was 0.1x0.1 mm?. Ion chamber I, was used to mon-
itor the monochromator reflectivity and 7, was used to mea-
sure the flux incident on the SmS sample, which was placed
inside the proportional counter.’* A mixture of 90% He and
10% methane was used as gas flow for the e~ counter. The
output from the anode wire went via a preamplifier into a
spectroscopy amplifier set at a shaping time of 0.25 usec.
Figure 2 shows two electron-emission spectra recorded at
two different photon energies, just below the Sm L3 edge
and right on the top of the Sm 2+ white line. A signal
from a random-pulse-generator (RP) was used to correct for
deadtime losses. These spectra are accordingly normalized
to the total counts in /y and to the RP signal per real time.

The difference between the spectra is due to the additional

creation of a Sm 2p*? hole at photon energies larger than
the 2p¥? binding energy. The nonradiative decay of this
state creates L;-XY Auger electrons which have an initial
kinetic energy > 3.27 keV. Their yield is given by the
difference between the spectra shown in Fig. 2. Lj3;-XY
Auger electrons, originating from close to the surface, will
most strongly contribute to the high-energy part of this
spectrum. An electron originating (with the same initial en-
ergy) from deep in the sample, will most strongly contribute
to the low-energy region. .
Different energy windows A4, B, and C (Fig. 2) wer
selected by a single-channel analyzer and the intensity in
each energy window was measured subsequently as a func-
tion of photon energy. These spectra are shown in Fig. 3

after subtraction of a linear background. Part C clearly ex-
hibits two white lines which are characteristic for the dif-
ferent valence states!* of the Sm atom in SmS
[4£6,(5d65)?] and in Smy0; [4f5, (5d6s)3], and are
described as 2+ and 3+ states, respectively. Going from A4
to C one clearly notices the change of the relative height of
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FIG. 3. SmS XANES spectra measured with electron-energy re-
gions A, B, and C (see Fig. 2) at the Sm L; edge (for details see
text).
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the valence states. Electrons contributing to C have lost a
much smaller amount of energy than those in B and the
same relation holds from Bto 4. C electrons thus originate
from a near-surface region, where the oxygen content is
higher than in B, while most of the A electrons are excited
from deep inside the crystal ( > 1000 4 ), in a region. which
has not been oxidized.

The solid lines in Fig. 3 are results of x? fits to a theoreti-
cal model which approximates the near-edge region of each
valence state by one Lorentzian for the 2p¥?— 5d transition
and by an additional arc-tangent curve for transitions into
continuumlike higher states.!® This composition, convo-
luted with the experimental window function and with the
lifetime broadening, is shown in part C of Fig. 3. The
Lorentzians are centered at EL2 and EL3 and the inflection

points of the arc-tangent curves are at E4 r, and E r3. The
best X2 fit was determined in 4, B, and C for EL3—EL2

=Esr3— Esr=17.5 eV with a full width at half maximum
(FWHM) of 5.2 eV. Case 4 was used to find the values for
EL2—EAT2=EL3—E473=O eV and for the ratio of 1.70 for

the maximum of the Lorentzian to the height of the con-
nected arc-tangent curve. The results of the X2 fits show
that the ratio of the Sm** content increases from 14.7 to
22.1 to 30.0% when going from A4 to Bto C. This clearly re-
flects the increasing oxide content when going towards the
surface from the inside of the SmS crystal.

It is useful to compare the result of the electron-emission
case to a spectrum measured in transmission with a
powdered sample of pure SmS (Ref. 16) shown in Fig. 4.
In using the same X2-fit procedure, as used for the e~ emis-
sion spectra, the best fit gives other values for the width of
the Lorentzian (5.67 eV) and for the ratio of the maximum
of the Lorentzian to the jump of the arc-tangent curve
(1.40). The shoulder on the high-energy side of the white
line simulates a mixture of 8.4% 3%*-valent Sm. However,
since this sample was pure SmS, this shoulder is most likely
charcteristic for the Sm absorption edge in SmS. Therefore,
this 8.4% should be subtracted from the other values given
for A to C, when the additional oxidized part is determined.

It is interesting to note that the strength of the white line
(as characterized by the product of Lorentzian height times
Lorentzian width) of the purest-electron spectrum A4 is
larger ‘than that of the transmission case. This difference is
up to 10% when the height of the white line of A4'is correct-
ed for the reduction of 6.3% from the oxygen content. This
discrepancy can be caused by the difference of sample
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FIG. 4. SmS XANES spectrum measured in transmission

geometry at the Sm Lj edge.

thicknesses which contribute to the measured signal in ei-
ther case. This points to another possible advantage for us-
ing electrons instead of measuring XAS in the transmission
mode. The spectra are much less affected by the thickness
effect'” which allows for a more direct comparison to
theoretical calculations.

In conclusion, we have demonstrated that a simple gas-
flow proportional counter can be used to measure x-ray-
absorption spectra in a depth-sensitive manner. If needed,
the resolution of this detector can still be improved or other
e~ detection schemes can be considered. This method sam-
ples the crystal layer by layer!® and the electron collection is
done very efficiently over a wide solid angle so that very
small spot sizes are sufficient for detection. It therefore
makes the application, as a three-dimensional structural mi-
croprobe, easy. For example, the very simple design of the
detector makes it possible to characterize sample surface
layers used for other applications and also to study reactions
on surfaces.

We would like to thank Dr. K.-H. Frank for the loan of
the SmS crystal and Dr. B. Lengeler for providing the spec-
trum of the pure-SmS sample.

*Present address: Cornell High Energy Synchrotron Source
(CHESS) and the School of Applied and Engineering Physics,
Cornell University, Ithaca, NY 14853.
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