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Extended fine structures in autoionization emission spectra of bulk chromium
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Extended fine structures have been observed in autoionization emission spectra of chromium.
Their origin has been determined by a one-to-one comparison with the extended energy-loss fine

structures above the M23 energy absorption process. Similar to x-ray and electron-induced ab-
sorption spectra, both near-edge and extended fine features can be observed and distinguished in

autoionization spectra.

Autoionization emission occurs at the high kinetic-
energy side of M23VV Auger lines of 3d transition met-
als, ' their oxides, and silicides. The process is associ-
ated with direct recombination of resonant 3p-31 transi-
tions. A close correspondence in line shapes and intensities
between the 3p electron-energy-loss (EEL) spectra and
the autoionization near-edge structures (ANES) has been
established' and studied for all the 31transition metals.

Chromium is expected to show a strong autoionization
emission, well separated from above the 3p threshold, and
thus appears to be the best candidate for our purposes.
The aim of the present work is to investigate the exsitence
of fine structures above the autoionization near edge on the
high kinetic-energy side and to compare them with the
well-known oscillations observed above the EEL 3p ab-
sorption edge on the high energy-loss side. The interpreta-
tion of the autoionization process would involve not only
the near-edge features but also the structures which extend
for several hundred eV from the 3p threshold. Moreover,
the resonant 3p-31 transition would appear of fundamen-
tal importance for the Auger-satellite emission and also
for its related fine structures.

It is well known that core-valence-valence Auger transi-
tions are sensitive to the local density of occupied states at
an atomic site and that autoionization emission of 31 tran-
sition metals gives further information on local electronic
eAects involving unoccupied levels. Electron-induced
emission is shown now to give surface structural properties
through its extended fine structures.

Electron-energy-loss measurements carried out above
shallow 3p core levels exhibit extended oscillatory fine
structures due to backscattering events of the 3p final-state
electron wave in the potential of the surrounding atoms.
These are termed extended-energy-loss fine structures
(EELFS). Structural information in terms of the radial
distribution function around the excited atom can be ex-
tracted using the same analysis procedure of the extended
x-ray absorption fine structures (EXAFS) technique. '

Similarly, the evidence of fine structures above the au-
toionization emission edge gives a structural EXAFS-like
character to 3p-31 resonant spectroscopy.

Figure 1 shows the electron yield Y(E) in the kinetic en-
ergy region of the Cr M23VV Auger line. Several features
are clearly detected: the intense gain satellite, the Mi VV
Auger, and the autoionization extended fine structures
(AEFS). The latter are visible in the enlarged scale and
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FIG. 1. Electron yield in the M23VV Auger energy region.
Autoionization near-edge and extended fine structures are
shown.

extend for several hundreds of eV toward high kinetic en-
ergy. Each feature is energy independent on the primary
electron beam and a monotonic intensity decrease of the
oscillatory part is observed.

The surface of the pure polycrystalline Cr sample was
cleaned by argon-ion bombardment, annealed in ultrahigh
vacuum (base pressure 10 s Pa), and checked for cleanli-
ness by Auger spectroscopy. The measurements were tak-
en in both the first and second derivative detection mode
by an hemispherical analyzer (EA 10:100) driven in the
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&&/E const mode and by a glancing-angle electron gun.
The modulation amplitude was varied from 2 to 5 V~~ peak
to peak and the electron beam current was 4 to 8 pA~ The
signal was recorded by an on-line Commodore computer
which provided the necessary data-acquisition versatility
to obtain a good signal-to-noise ratio.

In atomic notation the processes leading to the autoion-
ization electron emission corresponding to the 3p-3d reso-
nant transition can be depicted in two steps: The first one
(absorption) is the electron-induced excitation of the 3p
level into the empty 3d level

3p'3d' 3p'3d', (I)
and the second step (internal deexcitation) is the autoion-
iZatiOa emiSSioa

3ps3d 3ps3d +sf. (2)
I

The emission is significantly delayed above the M2s
threshold so that the M2sVV and the autoionization emis-
sion is well separated in energy. The outcoming 3p elec-
tron would be lost among the secondaries if the subsequent
direct recombination would not move the emission to
higher kinetic energies. It carries information on the emp-
ty d levels as well as on the free-electron-like band, and
near-edge and extended fine structures are reproduced in
the electron-induced emission. When the 3p-3d transition
is observed instead, by the EEL technique both 3p near-
edge features and extended fine structures of the absorp-
tion core spectrum are reproduced in the backscattering
electron yield of the primary beam. Spectral features are
in this case related to the elastic peak and occur at sensible

higher kinetic energies with respect to autoionization
structures. Thus, the same 3p-3d transition may give rise
to Mz3 EEL features or, via direct recombination, to au-
t01001ZRt1OQ CmlSS1OQ.

Figure 2 shows the complete electron-induced back-
scattering yield of Cr from zero kinetic energy up to the
elastic peak. In the low-energy side above the M$3VV
Auger line, the ANES and the first AEFS feature are
shown. The high-energy side, instead, shows the M23 ab-
sorption edge and the first EELFS oscillation. The two en-
ergy regions appear to be each the specular reflection of
the other, and a one-to-one correspondence exists between
the M23 absorption edge and the autoionization near-edge
emission, in agreement with previous findings. ' The inset
makes clear the suggested similarity of the two different
parts of the electron yield. For this purpose the energy-
loss spectrum has been reversed with respect to the kinetic
energy axis and then moved till the M2s edge was aligned
to the M23 x-ray value. The inset shows also that there is
energy coincidence for the first oscillation detected in the
autoionization emission and in the energy-loss mode.

A more complete comparison of the two spectra is ac-
complished in Fig. 3, where the extended oscillatory re-
gions are shown. Each oscillation of the extended autoion-
ization spectrum occurs at the same energy as the
correspondent oscillation of the extended ener'gy-loss spec-
trum; the fine structures of the autoionization emission,
however, are broader than the M23 EELFS, as expected
because of the deexcitation mechanism. " This finding is
evidence of the composite character of autoionization elec-
tron emission and, moreover, of its similarity with the ab-
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FIG. 2. Elcctroll-llldllccd backscattcrlllg ylcld of Cr. Thc inset shows the colllparlsoII bctwccll (R) 'thc Rlltololllzatlon cmlssloll Rlld

(b) the MII EEL spectrum. The latter has been aligned with the x-ray photoemission spectroscopy binding energy position of the Cr
3p 1ine by taking into account the work function.
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FIG. 3. Comparison between autoionization and energy-loss extended fine structures vs electron kinetic energy. Note the M23 ab-
sorption threshold (E$) and the 3p-3d autoionization emission onset (Eg).

sorption process, not only in the near edge but also in the
structural EXAFS-like region. AEFS and EELFS oscilla-
tions have been compared again after the background sub-
traction and a one-to-ont! correspondence has still been ob-
served especially for, the third and fourth feature because
of their much easier extraction from the static contribu-
tion.

Using the EXAFS procedure the two X(E) signals have
been turned into 2'(k) spectra where k is the wave vector
of the excited electron in the free-electron-like plane wave
above the edge, k [(2m/6 )(E—Eo) ] 'I2, and then
Fourier transformed. The En threshold energy has been
chosen, respectively, at the Mq3 EEL absorption and at the
3p-3d autoionization emission onset, which is about 3 eV
higher because of the delayed maximum above the 3p
threshold of the excitation cross section. ' The obtained ra-
dial distribution functions are shown in Fig. 4 and peak at
the same value of R within 0.05 A. Since the two signals
are essentially due to the same 3p-3d absorption, the ex-
perimental peaks must be shifted for the same amount to
find the real crystallographic distance.

At this stage of art, the meaning of AEFS oscillations
seems established and, at the same time, any dependence'
of the AEFS structures on the M23VV Auger process is
ruled out, as veri6ed also by a number of experiments.
Both the autoionization near-edge features and the extend-
ed fine structures are absent above the ECVV Auger line of
graphite (272 eV) and above the L22VV Auger line of Si
(92 eV), for example. They are even absent above the
L23VV Auger line of Cr, which involves deeper p-core lev-
els. The occurrence of the 3p-3d resonant transition, in-
stead, is necessary and appears to be the origin of autoion-
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FIG. 4. (a) Comparison between AEFS and EELFS oscilla-
tions. (b) Fourier transforms of (a). Both X(k) signals have
been integrated between k . -3.6 A ' and k -6.2 A
The pseudoradial distribution functions peak at R 2.35 ~0.05
A for the autoionization spectrum and at R 2.25+'0.05 A for
the energy-loss spectrum.
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ization oscillations. Finally, possible electron-electron
scattering events may interfere with the autoionization sig-
nal but their uncorrelated nature is not expected to
inAuence drastically the structural EXAFS-like character
of the extended emission.

Together with speculations on the autoionization pro-
cess, we have been motivated by possible applications in
surface chemisorption studies on 3d transition metals. '

The emitted electron is in this case coming from the very
uppermost layer of the sample because of its low kinetic
energy and may carry information on surface effects.

Work is in progress to extend the above conclusions to all
3d transition metals because similar effects are expected.
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