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Nondipole transitions at the 4d edges of Ta, Pt, and Au: Theory and experiment
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The 4d edges of Ta, Pt, and Au were measured by means of reAection-electron energy-loss spectrosco-

py for different primary-beam energies E~ in the maximum range 884 (E & 2186 eV with the aim of in-

vestigating the nature of the electronic transitions involved at this edge. In order to allow a proper com-
parison of the measured edge intensities to each other, a normalization procedure was developed. On
the basis of soft-x-ray-absorption spectroscopy data and by means of a theoretical muffin-tin generalized
oscillator strength and differential cross-section calculations, it was possible to determine that nondipole
d-d electron transitions are dominant at the 4d edges of all three elements. The observed edge-intensity
decrease as a function of increasing atomic number is explained also on the basis of the amount of empty
d-character states available at the Fermi level in each element.

I. INTRODUCTION

The investigation of unoccupied electron states by us-

ing synchrotron radiation photons as a source of excita-
tion of core electrons has led in the past to the develop-
ment of experimental techniques like extended x-ray-
absorption fine-structure (EXAFS), near-edge x-ray-
absorption fine structure (NEXAFS), and surface extend-
ed x-ray-absorption fine structure (SEXAFS), that have
been recognized to be powerful tools for the investigation
of the geometric and electronic structure of solid systems
in the vicinity of the excited atoms. '

Considerable effects have also been devoted to the de-

velopment of EXAFS-analog techniques, that are based
on electron energy-loss spectroscopy (EELS) methods.
These techniques make use of electrons as the primary
excitation source and hence can be performed at a simple
laboratory level. Important EELS-based structural tech-
niques that provide EXAFS-like information are extend-
ed energy-loss fine structure' ' (EXELFS) and near-edge
extended energy-loss fine structure (NEXELFS). These
require primary electron beams of the order of 100 keV
and are bulk sensitive. ReAection-electron energy-loss
spectroscopy (REELS) operated in a low primary elec-
tron energy range (500—2000 eV) is, on the other hand,
surface sensitive' and therefore it has attracted consider-
able interest over the past years also because of its simpli-
city and the low-cost experimental setup.

The applicability of REELS-related techniques as an

investigation tool able to provide EXAFS-like structural
information was first demonstrated by De Crescenzi
et al. , who developed the surface extended energy-loss
fine-structure (SEELFS) method in the early 1980s."
Since then the SEELFS method was applied by several
groups to the study of the local structure of metals, "
semiconductors and insulators, ' ' adsorbate sys-
tems, ' ' clusters, ' and interfaces. Tyliszczack,
Esposto, and Hitchcock also demonstrated the possibility
of recording near-edge fine structures by means of
REELS. ' The energy-loss fine structures (EELFS) are
usually detected above shallow edges where the binding
energies of most of the systems of interest are a few hun-
dred eV. In the framework of the EXAFS analysis, the
Fourier transform of the EELFS oscillations yields a ra-
dial distribution function (RDF), whose most intense
peak is directly related to the phase-shifted nearest-
neighbor distance. ' Phase shifts can be calculated
theoretically and are known to allow the extraction of the
correct crystallographic distances for the E and I. core
edges. ' However, in the case of shallow M and N edges
several discrepancies have been reported between calcu-
lated and experimentally determined phase shifts.
Several authors tried to explain the origin of such
discrepancies over the past years. Central atom phase-
shift calculations for dipole transitions were performed
by Ekardt and Tran Thoai under different approxima-
tions, but their results could not clarify the problem.
Further empirical assumptions on the behavior of the
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p ~cd /p ~as transition probability ratio as a function of
the wave-vector by Tran Thoai and co-workers' led us to
believe that neglect of the 51=—1 dipole transition
channel could have been responsible for the reported
discrepancies. However, successive calculations per-
formed by Combet Farnoux and Hitchcock did not sup-
port that hypothesis. It is important to note that the
above-mentioned tentative explanations were formulated
within the framework of the dipole approximation. As
the central atom phase shift depends on the symmetry of
the final scattering state, investigations on possible oc-
currences of dipole-forbidden transitions could shed new
light on the problem.

Pioneer work by Meixner et al. and by Cazaux and
Nassiopoulos demonstrated years ago, on the basis of
experimental data taken above the M, and M2 3 edges,
the taking place of nondipole transitions in Ni and a few
years later Della Valle et al. reported on the possibility
of such an occurrence. Very recently Aebi et al. con-
vincingly demonstrated on the basis of extensive theoreti-
cal calculations and comparison with EELS data taken
above the Cu 2p, 3s, and 3p edges that dipole selection
rules are obeyed at some edges while other ones show
dipole-forbidden transitions even at small momentum
transfer. In following works by Luo and Urban the
dependence of SEELFS oscillations above the Cu 3p (Ref.
3Q) and Pd 4P (Ref. 31) edges on the primary electron
beam energy was studied in detail and the authors
demonstrated with the support of theoretical generalized
oscillator strength (GOS) calculations for the Cu 3p and
Pd 4p edges the necessity of considering nondipolar tran-
sitions. They also clearly showed that in order to extract
correct crystallographic distances from EXAFS data
analysis of SEELFS oscillations the backscatterer phase
shift must be calculated under the curved wave approxi-
mation (CWA) as first suggested by Tran Thoai and
Ekardt for the 3p edges of Ni, Co, and Cu. Although
until now nondipolar channels have been observed only
at shallow edges in Ni, Cu, and Pd, it is plausible to sup-
pose that a similar behavior might be found in other ma-
terials. In fact, recent REELS measurements allowed the
identification of dipole selection rule breakdown at the 3d
edges of Pd and Rh.

The aim of this work is to investigate the occurrence of
nondipole transitions in a different row of elements: the
5d transition metals. We have performed REELS mea-
surements at the 4d edges of Ta, Pt, and Au and studied
the intensity of the edge jump as a function of different
primary-beam electron energies. By means of the results
obtained from theoretical muffin-tin l-projected GOS and
differential cross-section calculations and by comparison
x-ray-absorption spectroscopy (XAS) data, experimental
REELS data give evidence of nondipole transitions
occurring at the 4d edges of all the investigated metals.
Furthermore, the edge jump intensities could also be
correlated with the unoccupied density of states of each
element.

II. THEORETICAL DETAILS

from initial state nl(n is here the main quantum number
and I the angular momentum) to the final state in the con-
tinuum El' (E is the energy, I' the angular momentum)
can be expressed

d~nI, «' 4~ao e,„d „i«q zdlnqE hE e;„dE (2.1)

df IdE is the so-called generalized oscillator strength
defined as

2

z J P„'&(r)e''i'P, I (r)dr
q

(2.2)

E and hE are here the primary energy of the incident
electrons and the energy loss in rydbergs, respectively,
and ao is the Bohr radius. q is the momentum transfer in

units of ao '. q;„and q,„are the minimum and the
maximum momentum transfer, respectively, which are
expressed by the primary energy E, the energy loss hE,
and the maximal angle 8 between the initial and the final

directions of the incident electrons.

—(E )1/2 (E bE )1/2
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(2.3a)

(2.3b)

Since test differential cross-section calculations on Ta
performed with 8=+ and 8=m /2 showed no appreciable
difference, we used the value 8=m. in our calculations.

As shown by Manson, Eq. (2.2) for GOS can be
developed to

= (21 + 1)(21'+1)
dE

l' A, I
Xg(21+1) p p p

2
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q . 0

(2.4)

1(I + 1)+ V(r)+c,„i— P„i=P .
dr r2

(2.5)

V(r) is the atomic potential of Hartree-Slater type, which
is tabulated by Herman and Skillman. c„l is the energy
of the electron in the nl-atoInic ground state.

P,I (r) is the radial part of the continuum wave func-
tion which is also taken to be the solution of the radial
Schrodinger equation:

j& is the spherical Bessel function of order X.

l '
A, I

0 0 0

are the 3-j symbols. P„,(r) is the radial part of the ini-
tial ground-state function P„I(r). It is given by the solu-
tion of the radial Schrodinger equation:

Following the theory of Bethe, the cross section for
an inelastic process between a fast electron and an atom

d 1'(1'+ 1)
dr r

(2.6)
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The potential V(r) was calculated in terms of the self-
energy by using the local density approximation and the
plasmon pole approximation. The numerical procedure
follows that of Lundqvist. By neglecting the imaginary
part of the self-energy that describes the inelastic losses
of the continuum waves, the effective potential V(r) in

Eq. (2.6) is given by

V(r)=Re[MD(k, k )]+Vo(r)

=Re[MD(k, k ) ]
— +—f "4n r' p(r')dr'

r r o

(2.7)

Vo(r) is the electrostatic potential. The self-potential
Re[MO(k, k )] and Vo(r) can be calculated for a given
electron density, which can be obtained by solving Eq.
(2.5) for all bound electron states by using the Hartree-
Slater potential.

The solid-state effect can be taken into account by a
spherical average of the overlap of the atomic electron
density. The muffin-tin radius was typically 0.75 times
the first neighbor distance of the solid.

III. EXPERIMENT

In this work are shown synchrotron radiation data and
REELS data. Soft-x-ray-absorption spectra were taken at
the IBM USB beamline at the National Synchrotron
Light Source (vacuum ultraviolet ring) in Brookhaven.
The USB beamline consists of a switchable 6—10 m
toroidal grating monochromator equipped with a
display-type electron spectrometer. ' Partial yield x-ray-
absorption spectra were recorded at the 4p3/Q and 4d Ta
edges along with the current reference Io measured at the
last refocusing mirror. For proper normalization, the Io
divided Ta absorption spectra were further divided by an
Ip normalized absorption spectrum taken on a reference
material over the same energy ranges. Copper was used
as reference as it does not have any structure in the
selected energy ranges.

The EELS experiments were performed in reflection
mode at room temperature in a commercial Leybold-
Heraeus apparatus equipped with an LH10 angle in-
tegrated (acceptance angle =12') hemispherical analyzer.
The total pressure in the experimental chamber during
data acquisition was better than 2X 10 ' mbar. In order
to further check the results, the measurement were also
performed in normal incidence geometry in another sys-
tem equipped with a single-pass Riber cylindrical mirror
analyzer (CMA) and coaxial electron gun. As the second
measurement run confirmed the previous results we shall
describe and discuss here the first measurement run only.

High-purity polycrystalline samples of Ta, Pt, and Au
were used. Surfaces were cleaned by Ar+-ion etching
and checked before and after each spectrum. Several sets
of spectra were collected for each element and then added
together to achieve good statistics.

Electrons were collected along the normal emission
direction with the electron beam impinging onto the sam-
ple at 60' from the surface normal. Electron beam ener-

gies were set at 884, 1617, and 1946 eV for Ta, 1313,
1641, and 1989 eV for Pt, and 1473, 1844, and 2186 eV
for Au. A further measurement at 2980 eV primary ener-

gy at normal incidence was performed on Ta in the CMA
chamber.

The REELS measurements were taken in counting
mode with the analyzer operating at 100 eV pass energy.
Total experimental resolution measured at the elastic
peak full width at half maximum (FWHM) turned out to
be less than 2 eV. Constant resolution operation was
necessary to record energy-loss spectra taken at different
primary-beam energies with comparable resolution. This
turns out to be useful when comparing normalized inten-
sities.

In order to be able to perform an adequate data nor-
malization (see below), the sample current was measured
at the same time with the spectrum. As it is known that
for a fixed electron gun emission current the measured
sample current depends on the primary energy because of
the different secondary electron emission efficiency, mea-
surements were performed with a positively biased sam-
ple. The bias voltage was chosen to be 202 V for all the
samples. Several measurement checks showed that at
this bias voltage for the same electron gun settings the
sample current was found to be independent of the
primary-beam energies and the elements used in the ex-
periment. Careful examination of the elastic peak with
and without bias voltage did not show any changes and
resolution degradation. The beam energies E listed
above are therefore to be considered as total impact ener-
gies as they are obtained by adding the bias voltage to the
primary energy.

As the aim of this study is also comparing the edge in-
tensities measured at different primary energies with
theoretical cross-section calculations, data normalization
is required.

Because of the very low signal-to-noise ratio at the
edges of interest, the electron gun current had to be set at
a value too high to allow a simultaneous recording of the
edge and the elastic peak without channeltron saturation.
Therefore the usual normalization procedure, i.e., divid-

ing the quantity of interest by the elastic peak height (or
integral if the resolution is changing), is not applicable
under these experimental conditions.

It also turned out to be impossible to normalize the
data by simply dividing them by a straight line fitting the
background before the edge because for Ta, Pt, and Au
the background height before the 4d edge is not indepen-
dent from E but it was found to increase by increasing
the impact energy.

For these reasons, a different normalization procedure
was applied. The REELS data were taken together with
the sample current reference at the optimum current set-
tings. Separately, the elastic peak and its sample current
reference were also recorded with the same settings as for
the REELS data but with a lower target current in order
to avoid channeltron saturation. In this way, by dividing
the EELS data and their elastic peak by the correspond-
ing current references it is possible to obtain data that are
now independent from the excitation current. Now the
current normalized data can be divided by the current
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normalized elastic peak and hence a complete data nor-
malization to the elastic peak can be obtained if, in the
framework of the accepted two-step electron scattering
model, ' the possible difference of sample reflectivity
values at the impact energies E and at the energies
E —hE, where AE are the 4d binding energies, is taken
into account. According to other authors the elastic
scattering cross section o (E) for electrons with energies
above 250 eV can be expressed as o (E) ~ E ' with
0.5 &a &0.75. By fitting tabulated elastic cross sections
for Ta and Au, the value of a was estimated to be 0.55
for Ta and 0.51 for Au. Assuming the latter value also
for Pt it is then possible to estimate the elastic scattering
cross sections cr(E) at the energies E and E bE for —all
three elements. The elastic scattering cross sections at all
the impact energies E used in the experiment turned out
to be about 10% lower than the corresponding ones at
the energies E —hE for all three elements. This indi-
cates that all the measured edge intensities are overes-
timated by about 10%. This is a systematic error which
does not affect the data much, since relative intensities
remain unchanged.

This normalization procedure requires also that no
variation of the other settings, such as, for example, the
channeltron voltage and the electron gun spot-analyzer
relative position, occurred during EELS data acquisition.
This condition was easily fulfilled because te maximum
data acquisition time per spectrum was about 50 min for
Ta and about 2 h for Pt and Au and data were always
taken with a well-stabilized electronics. This assumption
was also confirmed by examination of several normalized
elastic peaks taken at different times with the same set-
tings. Reproducibility was good and the relative intensity
variation was found in the worst case to be less than 7%.
For these reasons we estimate the total error upper limit
deriving from this normalization procedure to be abut
10 o.

IV. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the normalized and back-
ground subtracted 4d EELS spectra taken for Ta at 884,
1617, and 1946 eV, for Pt at 1313, 1641, and 1989 eV and

for Au at 1473, 1844, and 2186 eV impact energy, respec-
tively. At the lowest primary energies Ta and Pt 4d5/2
REELS edges showed a remarkable signal-to-background
(slb) ratio which was found to be 0.52% and 0.32% for
Ta and Pt, respectively. The Au 4d5/2 edge s/b ratio was
measured to be 0.12%.

The lowest impact energy values in the range used
were chosen in order to ensure the validity of the first
Born approximation and all the other energies were
chosen in order to obtain, where possible, similar momen-
tum transfer values for all three elements. The 4d»2 and

4d3/2 edge positions as measured at the edge inflection
point turned out to be 314.6+0.3 and 331.5+0.3 eV for
Pt in excellent agreement with tabulated data and
336.0+0.3 eV for the Au 4d5/2, also in good agreement
with photoemission binding energy values. As evidenced
by derivative data, probably due to the superposition of
multiple scattering structures, the Au 4d3/2 edge could
not be resolved in the integral spectra. The Ta 4d»2 and

4d3/2 edges were found at 228.0+0.3 and 239.8+0.3 eV,
respectively. These values are about 2 eV higher than the
tabulated binding energy (BE) ones. As explained below,
this could be due to a density-of-states effect.

By fitting the measured 4d edges by means of a
double-step function convoluted with a Gaussian-
broadened Lorentzian information could be extracted on
the intrinsic 4d core-hole lifetime broadening: this
turned out to be 8.0+1.0 eV for Ta, about 6.0+1 ~ 0 eV
for Pt, and 9.0+2.0 eV for Au. Calculated data give a
broadening of about 7-8 eV for all three elements.

From Fig. 1 it can be seen that Ta, Pt, and Au edge in-
tensities show no appreciable dependence on the primary
electron energy in the chosen range. Moreover, data also
show that the edge intensities decrease with increasing
atomic number. In fact, it is found that the Ta and Pt
4d~/2 edge normalized intensities are about 5.5 and 2.5
times, respectively, higher than the measured Au 4d edge
normalized intensity.

In order to explain this behavior theoretical GOS and
differential cross-section calculations were performed by
employing a mu5n-tin potential. The GOS results pro-
vided evidence of the occurrence of d-d transitions with a
strength close to the edge (note that the zero of energy in
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FIG. 1. (a) Ta 4d edge
REELS spectra as obtained after
normalization and background
subtraction (see text) measured
at 884 (full line), 1617 (dashed
line), and 1946 eV (dotted line)
impact energy, respectively. (b)
Normalized and background
subtracted (see text) Pt and Au
4d edge REELS spectra taken at
different electron impact ener-
gies. Pt: 1313 (full line), 1641
(dashed line), and 1989 eV (dot-
ted line). Au: 1473 (full line),
1844 (dashed line), and 2186 eV
(dotted line).
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the calculations corresponds to the vacuum level E, )

higher than that obtained for d-p and d f-transitions for
all three elements and for all three experimental
primary-beam energies. Figure 2 shows the 4d initial-
state GOS calculated for the lowest energy used for each
element. GOS at the other energies provided similar re-
sults. The occurrence of dominating d-d transitions to
the continuum can also be further evidenced by the re-
sults obtained from differential cross-section calculations.
In Figs. 3(a), 3(b), and 3(c) the ratios da /dE/2{do'/dE,
do. /dE/XIdo'/dE, and do /dE/XIdo'/dE calculated
for 4d initial states at different primary energies for each
element have been plotted as a function of the energy.
Figures 3(a)—3(c) show that the d final-state difFerential
cross-section relative contributions are higher than the p
and f final-state ones for all three elements and for all
three-primary energies. It is worth noting that as theory
has shown that in Ta, Pt, and Au d-d transitions to the
continuum can take place and are dominating at these
momentum transfer values because of the favorable cross
sections, it is reasonable to expect that the intensity at the
edge can also be due to 4d-5d transitions and hence is
proportional to the availability of empty electron 5d
states. For these reasons we explain the remarkable in-
tensities observed at the Ta, Pt, and Au 4d edges as main-
ly due to the occurrence of 4d-Sd nondipole transitions.

This assumption is also supported by the density-of-states
(DOS) structure of the investigated metals. DOS calcula-
tions show a high d-projected density of unoccupied
states above Fermi level for Ta and Pt. The same calcu-
lations show that there are no empty f states available at
the Fermi edge (Ef ) and the p-projected DOS above E& is

roughly more than a factor of 10 lower and nearly the
same for the three elements.

It should be noted that also for Au the projected DOS
configuration above Fermi level also shows, near the s
and p states, free d states, according to the fact that Au is
known to have hybridized d-character states. As
cross-section calculations predict dominating d-d transi-
tion also for Au [Fig. 3(c)], we are led to the assumption
that the Au 4d edge intensity is also mostly proportional
to the amount of available d-empty states.

By explaining the edge intensities in terms of nondipole
d-d transitions, it could also be possible to explain the
anomalous higher 4d edge energy positions found for Ta.
In fact, unlike Pt that has a high d state density right at
Ff, Ta DOS shows an appreciable density of free d states
starting at about 2 eV above Ef with a high maximum at
about 4.6 eV, thus shifting the density-of-states centroid
to a higher-energy value.

Further experimental evidence on the occurrence of
d -d nondipole transitions is provided by soft-x-ray-
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absorption data measured at the Ta 4p3/p and 4d3/p 5/p

edges. Soft-x-ray-excited transitions strictly obey dipole
selection rules and on the basis of the symmetry charac-
ter of the Ta DOS above Fermi edge one would expect
the 4p edge intensity to be higher than the 4d one. Figure
4 shows the absorption data taken at the Ta 4p3/p [Fig.
4(a)] and 4d edges [Fig. 4(b)], respectively. As can be
seen, the Ta 4p3/p edge shows an appreciable s/b ratio at
the edge while the Ta 4d edges are indistinguishable from
the background. Analogously to the case of 4d metals
where theoretical and experimental work showed that
d-f transitions take place several tens of eV above Ef, we
tentatively explain the small intensity increase visible
above the Ta 4d3/p edge in Fig. 4(b) as possibly due to the
onset of d ftran-sitions. The persistence of nondipole
d-d transitions could be further evidenced in Ta at a
higher electron primary-beam energy. Figure 5 shows
the REELS spectrum of the Ta 4d edges taken at 2980 eV
electron energy. The spectrum was collected at normal
incidence in derivative mode with a CMA equipped with
a coaxial electron gun. The 1-projected (l = 1,2, 3)
theoretical cross sections calculated for 2980 eV primary
energy are shown in Fig. 5(b).

Theoretical calculations also show that the absolute
values of the differential cross sections decrease for in-
creasing primary energies in each of the three investigat-

ed elements. In the vicinity of the energy zero, calcula-
tions predict for Au and Pt a maximum intensity
difference of about 27% in the total differential cross sec-
tion between the lowest and the highest E used in the ex-
periment, about 18% between the lowest and the middle
energy, and about 11% between the medium and the
highest energy. According to the previous sequence the
percentage decrease in Ta is found to be 48%, 38%, and
16%, respectively. As already noted before, experimental
edge jumps seem not to reflect the theoretical prediction
as they showed to have within about 10% the same inten-
sity for different E in all three elements. On the other
hand, it is worth noting that, although reproducibility of
experimental data would indicate an uncertainty well
below 10%, allowing an error of about +10%%uo in the nor-
malized intensities would account for the results obtained
for Pt and Au. In case of Ta the maximum error bound
is still not sufticient to explain the disagreement between
theory and experiment in this case. For this reason we
explain the discrepancy in the relative decrease of the
edge intensity upon increasing of the primary energy as
mainly due to the inaccuracy of the theoretical data close
to the energy zero. In fact, as noted above, calculations
take into account only unbound final states, thus neglect-

0 2

E
O

o 1

b 0
0

I

100 200 300 400
Energy above E„ (eV)

o 385
O
&D

LLI

U

CL

I I I I

395 405 415 425
Photon Energy (eV)

Q7
N

E
O

210

4d~~~
I I I I

220 230 240 250
Photon Energy (eV)

260

FIG. 4. (a) X-ray-absorption spectrum at the Ta 4@3/p edge.
The photon energy scale is calibrated within +2 eV. (b) X-ray-
absorption spectrum in the energy range of the Ta 4d edges.
The energy positions of the Ta 4d&/& and 4d3/& edges are indi-
cated in the figures. Uncertainty in photon energy calibration is
+1 eV.

200 220 240
Energy Loss (eV)

260

FIG. 5. (a) Ta 4d REELS spectrum taken in derivative mode
with a CMA at 2980 eV primary energy. The two well-
pronounced minima at about 228 and 240 eV correspond to the
Ta 4d5/& and 4d3/p edges, respectively. Modulation was 3.5 V
and acquisition time about 15 min. (b) Ta 4d initial-state
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ing the 4d-5d transition intensity which, as explained be-
fore, is expected to be strongly influenced by the density
of states right above Fermi level. In addition, as pointed
out in Sec. II, any other contributions to the edge intensi-
ty due to multiple scattering effects have not been ac-
counted for by the present theoretical model.

The calculated differential cross sections are found to
decrease with increasing atomic number and the Au total
cross-section value in the vicinity of zero turned out to be
on the average about 1.4 times and 4 times smaller than
the values of Pt and Ta, respectively. These ratios are
smaller than the experimental ones, which were measured
to be about 5.5 and 2.5 for Ta/Au and Pt/Au, respective-
ly. Therefore theoretical predictions reproduce only
qualitatively the measured edge intensity decrease. As
explained above, due to the inaccuracy of calculations in
the vicinity of the energy zero, a quantitative comparison
of the intensities between experiment and theory turns
out to be unreliable.

V. CONCLUSIONS

The 4d edges of Ta, Pt, and Au have been measured for
the first time by means of REELS, at different primary
electron beam energies with the aim of investigating the
nature of the electronic transitions which are involved at
these edges. In order to compare edge intensities at
different energies for the same element and among
different elements a novel normalization procedure was

developed. Theoretical calculations of GOS and
differential cross sections performed for the investigated
elements Ta, Pt, and Au at the experimental primary en-
ergies by employing a muffin-tin potential and compar-
ison with soft-x-ray-absorption data have shown that, for
all three elements and for all the primary energies used,
the d-d nondipole transition is the dominating transition
channel. The experimentally observed reduction of the
edge intensity as a function of increasing atomic number
was also found in agreement with calculations which pre-
dicted a cross-section decrease in going from Ta to Au.
The discrepancy between the expected edge intensity ra-
tios and the measured ones was explained by taking into
account the amount of empty-d character states available
in each element.
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