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Electron scattering experiments at keV energies from a TiO2 surface are presented. The paper aims to give
an overview of the wide variety of information that can be extracted from such experiments. If the elastic
scattering cross sections are known these experiments give the sample composition, if the composition is
known one can extract the ratio of the elastic cross sections. In the experiments described here the ratio
of the Ti and O cross sections deviates noticeably from the one calculated from the Rutherford formula.
The peak widths give access to the mean kinetic energies of the atoms present. We show that the mean
kinetic energy of Ti atoms is less than that of O atoms, but both kinetic energies are still affected by quan-
tum effects, i.e. are larger than 3=2kT. We extract an estimate of the dielectric function of TiO2 by extend-
ing the measurement up to 100 eV energy loss. At these high energies the determination of the dielectric
function from the measured energy loss spectrum is relatively simple, as the contribution of surface exci-
tations is small and the obtained loss function is closely related to the dielectric function in the optical
limit. Finally, we use the technique to monitor the surface after sputtering with Ar+ ions, and observe
both differences in composition and electronic structure induced by sputtering that disappear again after
annealing.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Large-angle scattering of keV electrons from surfaces at high
energies provides a wealth of information. Under these conditions
the recoil energies can be resolved, particularly for light atoms, and
the technique is then usually referred to as electron Rutherford
backscattering spectrometry (ERBS) [1,2]. As a consequence the
elastic peak for compounds splits up into several components
due to the different atomic constituents. Each component has a dif-
ferent intrinsic width, which is related to the momentum distribu-
tion of the scattering atom. Moreover, at larger energy losses we
see the effect of electronic excitations. When these excitations
are studied the spectroscopy is usually referred to as reflection
electron energy loss spectroscopy (REELS). In REELS the elastic
peak position is taken as the zero energy-loss position. This inter-
pretation becomes ambiguous if the elastic peak splits up in sev-
eral components of comparable magnitude. Such a case is TiO2

where the oxygen elastic peak has �25% of the intensity of the Ti
elastic peak. Here we present a subtraction procedure to remove
this ambiguity. This procedure turns out to be competitive with a
more traditional curve fitting approach for interpreting the elastic
peak in terms of their separate components. The results show
clearly that the differential elastic scattering cross sections (DCS)
deviate significantly from those given by the Rutherford formula.

Both the experimental resolution and Doppler broadening due
to atomic vibrations contribute to the elastic peak width. The
experimental resolution is determined by evaporating a small
amount of Au on the surface. This results in a third elastic peak
(besides the ones due to Ti and O) but the intrinsic width of the
Au peak is well-understood. It can thus be used to determine the
spectrometer resolution. Provided with this information we are
able to determine the mean kinetic energy of O and Ti atoms in
TiO2, which turns out to be significantly higher than what is
expected in the classical limit: 3/2 kT. Surprisingly, few measure-
ments exist of this basic quantity and we compare our results with
some theoretical models.

Next we obtain an estimate of the dielectric function �ðk;xÞ for
TiO2 (where k is the momentum of the electronic excitation and x
the energy loss). Here several estimates already exist, but the the-
oretical and experimental estimates of this important property
vary considerably. We argue that our measurement is close to
the optical limit, and hence our estimate of the dielectric function
at k ¼ 0 should be quite reliable.

Finally it is demonstrated how one can monitor effects of sput-
tering with this technique. Ar ions remove preferentially O atoms.
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http://dx.doi.org/10.1016/j.nimb.2014.11.083
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http://www.elsevier.com/locate/nimb


Table 1
The differential cross section as calculated from partial wave calculations as
implemented in ELSEPA [9] for Ti and O at the energies indicated, as well as the
ratio of their cross section. Note that this ratio is energy dependent and deviates from
ðZTi=ZOÞ2 ¼ 7:56 as obtained for the Rutherford cross sections. The mean recoil energy
Ei

rec for scattering from Ti or O over 135� are given in the last columns.

E0 (keV) DCS O (cm�2) DCS Ti (cm�2) Ratio Ei
rec Ti (eV) Ei

rec O (eV)

M. Vos, P.L. Grande / Nuclear Instruments and Methods in Physics Research B 354 (2015) 332–339 333
As a consequence both changes in composition and electronic
structure are observed, but the initial spectra are largely recovered
after annealing.

This study is in many ways a follow-up of our work on HfO2 and
shows that much of the physics revealed for HfO2 is also present
for TiO2. A more extensive discussion can often be found in the
papers on HfO2 [3–5].
5 5.04E�21 4.79E�20 9.50 0.20 0.59
25 1.82E�22 1.55E�21 8.51 1.00 3.00
40 6.93E�23 5.79E�22 8.35 1.62 4.86
2. Theory

Fast electrons (with energy E0) moving through a material can
lose energy by creating inelastic (i.e. electronic) excitations or
change direction by deflection from a target atom. It is often
assumed that the creation of inelastic excitation does not affect
the direction of propagation of the electron, and that deflection
from a target atom does not change its energy. Both assumptions
are approximations only, the first one becomes better, the second
one worse, with increasing E0 values. The deflection from a nucleus
results in a momentum transfer q to the scattering atom, and, if the
atom was initially at rest, it acquires a kinetic energy q2=2Mi with
Mi the mass of the atom i. If the atom had a momentum p before
the collision, then the recoil energy Er (i.e. the change kinetic
energy of the atom due to the recoil) is given by:

Ei
rec ¼

ðpþ qÞ2

2Mi
� p2

2Mi
¼ q2

2Mi
þ p � q

Mi
: ð1Þ

The projectile energy is reduced by this amount. The elastic peak is
thus centred on the mean recoil energy Ei

rec ¼ q2=2Mi but its shape
is a Compton profile of the atomic motion. If the target contains two
elements with substantially different masses Mi then the elastic
peak splits up in two components, each related to a different ele-
ment, and with a width that is determined by the momentum dis-
tribution of that element [1].

It can be shown that for isotropic targets (e.g. polycrystalline
samples) the intrinsic width of a peak is related to the mean kinetic
energy Ei

kin of element i by the following equation [6]:

ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
3

Ei
rec Ei

kin

r
: ð2Þ

In the previous we assumed implicitly that the scattering of an elec-
tron by an atom can be described as incoherent (the electron scat-
ters from a single atom) and that the atom behaves as a free
particle, i.e. we neglected the fact that the atom is bound to the tar-
get. Especially the latter assumption is far from obvious as the
transferred energy is usually less than the binding energy of the
atom. Nevertheless this assumption, referred to as the impulse
approximation, works quite well under the present conditions.
The impulse approximation is discussed extensively for neutron
scattering at similar momentum transfers (then usually referred
to as neutron Compton scattering) [7,8] which is in many ways
the neutron-analogue of the present experiment.

For compounds the ratio for the elastic peaks is proportional to
the relative concentration of the different elements and their DCS
values. As a first approximation the DCS can be obtained from
the Rutherford formula, but partial wave calculations [9] show that
under these conditions the DCS for scattering of electrons from
heavy atoms is enhanced relative to the Rutherford DCS values.
For scattering from TiO2 at 40 keV and 135� the expected elastic
peak ratio for the partial wave cross sections differs by 10% from
the expectations based on Rutherford, and the difference increases
with decreasing E0 values. For a target of known composition these
measurements can thus be used to verify the partial wave calcula-
tions. Relevant values of the DCS are given in Table 1 as well as the

mean recoil energy Ei
rec.
An example of a spectrum of 40 keV electrons scattered over
135� from TiO2 is given in Fig. 1. The two elastic peaks are followed
by a feature-rich energy loss spectrum. In the following we try to
uncover the information that is contained in such a spectrum.
3. Some experimental details

ERBS measurements were done with our spectrometer
described extensively elsewhere, see e.g.[2,10]. Briefly, 40 keV
electrons are scattered over 135� from a target and the scattered
electrons are energy-analysed with a resolution of 0.3 eV. This is
good enough to separate the contributions of Ti and O to the elastic
peak and their intrinsic width. The zero point of the energy scale is
not exactly known and we use the energy peak of the heaviest peak
(in this case Ti) to fix the zero position by assuming that it has a
recoil energy as calculated for an electron scattering from a free
atom (1.62 eV for electrons scattering from free Ti under these con-
ditions). When electronic excitations are studied it is more conve-
nient to align the Ti peak with zero energy loss, as then the energy
loss scale corresponds directly to the energy of the electronic exci-
tation created.

The TiO2 sample was grown by annealing a high-purity Ti foil
for 5 h at 650 �C under a flow of high purity oxygen. The thickness
of the polycrystalline (mainly rutile) oxide film grown in this way
is several 1000 Å. For one experiment 2 Å of Au was evaporated
from a W coil and the thickness was determined from a crystal
thickness monitor reading.
4. Subtraction procedure for the contribution of electrons
scattered from Oxygen

All detected electrons have been scattered elastically at least
once, as inelastic excitations basically do not affect the direction
of propagation of the projectile electron. The fact that we see
two well-defined peaks in the spectra with a separation within
1–2% of what is predicted by Eq. (1) is a strong indication that
the vast majority of detected electrons had basically a v-shaped
trajectory with only a single large-angle elastic deflection. Assum-
ing v-shaped trajectories and a spatially homogeneous target then
for TiO2 the spectrum can be separated into a part that is due to
electrons scattered elastically from Ti and a part due to electrons
scattered elastically from O. The intensity ratio of both contribu-
tions is determined by their relative concentration and the ratio
of their DCS at the scattering angle dictated by the experimental
geometry. Thus all detected electrons have lost energy due to the
recoil, and many have lost additional energy due to inelastic
excitations.

The contribution of electrons scattered elastically from O is
shifted to larger energy losses by the difference of the Ti and O
mean recoil energy. The Ti part of the spectrum is broadened by
the Doppler broadening due to the Ti atom motion, whereas the
O part is broadened by the Doppler broadening of the O atom. From
Eq. (2) it is clear that for the lighter element the Doppler broaden-



Fig. 1. A spectrum of a TiO2 film. The top panel shows the elastic peak of Ti and O as
measured (dots) and after subtraction of the contribution due to electrons
scattering from oxygen (solid line). The subtraction procedure is described in
Section 4. The bottom panel shows the energy loss spectrum over a much wider
energy range. There are small changes in the shape of the energy loss spectrum
before (black dots) and after (red line) subtraction of the contribution due to
electrons scattered elastically from O atoms. This is emphasised in the central panel
that shows the ratio of the signal before and after subtraction of the O-related
intensity. Also plotted in the lower panel is the (scaled by ratio of the Ti and O DCS
values) difference of the raw data and the spectrum after subtraction of the O
contribution. It is the same distribution, but smoothed and shifted by the difference
in recoil for Ti and O. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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ing will be larger (as the recoil energy is larger) unless the kinetic
energy of the heavier element exceeds that of the lighter element
by a considerable factor. In practice one always find that the Dopp-
ler broadening is larger for the lighter elements. There is thus an
ambiguity if one considers an energy loss spectrum of a compound
taken under conditions where the recoil energy is resolved: the
intensity at a certain energy loss can correspond to different elec-
tronic excitations, depending on the magnitude of the recoil
energy. In the following a procedure is given to correct for this
for homogeneous samples.

We start with an array S½N� containing the spectrum including
the elastic peaks and an array E½N� containing the corresponding
energy loss values, with subsequent elements increasing by Estep.
We first consider the first element (i ¼ 1) of this array (correspond-
ing to the high kinetic energy side of the spectrum) and the inten-
sity here (S½i�) is assumed to be only due to the electrons scattered
from the heaviest element, in this case Ti. We define R as the ratio
of the DCS values: R ¼ ðdrdXÞO=ð

dr
dXÞTi and C as the ratio of number of O

and Ti atoms present (C ¼ 2 for TiO2). There should be a contribu-
tion to the spectrum of magnitude RCS½i� due to electrons scattered
from O at the array element j for which E½j� � E½i� þ DErec=Estep with
DErec ¼ ErecðOÞ � ErecðTiÞ. However, the intensity of electrons scat-
tered from O has a larger Doppler broadening (‘extra width’) than
the intensity of electrons scattered from Ti. The intensity contribu-
tion RCS½i� is thus not just located at energy E½i� þ DErec but distrib-
uted over a Gaussian centred at E½i� þ DErec. The width of this
Gaussian, rextra, is given by r2

extra ¼ r2
O � r2

Ti where rTi and rO refer
to the intrinsic width of the Ti and O elastic peaks respectively. A
spectrum S0 can be obtained that is corrected for the O contribution
related to the Ti intensity at E½i� according to:

S0½j� ¼ S½j� � RCS½i�ffiffiffiffiffiffiffi
2p
p

rextra
e�ðE½j��E½i��DErecÞ2=ð2r2

extraÞ ð3Þ

for j > i and S0½j� ¼ S½i� for j 6 i.
For the spectrum S0 the O intensity is considered fully sub-

tracted up to channel iþ 1 and the procedure of Eq. (3) is repeated
for i ¼ iþ 1 using S0 as the input. By continuing in this way until
i ¼ N the O contribution can be subtracted from the whole spec-
trum (both the elastic peak part and the energy loss part). An
example of the result of the subtraction procedure is shown in
Fig. 1.

The difference between the spectrum before and after the sub-
traction is of course the O contribution itself. Taking this difference
(as is done in the lower panel of Fig. 1) and scaling it by the ratio of
the Ti and O DCS values we get a spectrum that resembles that of
the Ti only contribution, but is shifted by the difference in Ti and O
recoil energies. Surprisingly, the O only contribution, obtained
from subtracting two rather noisy spectra, is very smooth. Clearly
the noise in the raw data, and the data after subtracting the O con-
tribution is correlated. The procedure given in Eq. (3) smoothes the
statistical noise further, as it effectively convolutes the Ti contribu-
tion with a Gaussian with a width rextra. Hence the O only contri-
bution is proportional to the Ti only contribution shifted by the
difference in recoil, but smoothed by a Gaussian function repre-
senting the difference in their Doppler broadening.

5. Results

We show the elastic peak area of a TiO2 spectrum taken at E0

values of 5, 25 and 40 keV in Fig. 2. For convenience the Ti peak
is aligned with zero energy loss and is normalised to unit area.
At 5 keV the Ti and O peaks are not resolved but the presence of
O is still discernible as an asymmetry in the elastic peak. From
the measurement with E0 ¼ 5 keV it is clear that the energy loss
spectrum starts rising again a little over 3 eV, consistent with a
band gap of 3.3 eV for rutile. This onset is obscured by the O elastic
peak in the spectra taken with larger E0 values. We now subtract
the O contribution as described in Section 4. There are two param-
eters that affect the subtraction for which the values can be dis-
cussed: R and rextra. We used two values for R: the one expected
based on the Rutherford formula (R ¼ Z2

O=Z2
Ti) and the value calcu-

lated using the DCS as calculated by the partial wave method as
implemented in ELSEPA [9] which, are reproduced in Table 1.



Fig. 2. Subtraction of the contribution of electrons scattered from oxygen from the
spectrum of TiO2, as energies of 40, 25 and 5 keV. The Ti peak is aligned with zero
energy loss and the dashed line is the nominal O peak position. The intensity ratio of
electrons scattered from O was taken to be that determined from the Rutherford
formula (i.e. Z2

1=Z2
2, dashed line) or as calculated using ELSEPA (full line).
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The best estimate for rextra was obtained by trial and error. The
guiding principle is that the shape of the spectrum after subtrac-
tion of the O contribution should resemble the onset of the energy
loss spectrum seen at 5 keV. A reasonable fit could only be
obtained using the R values derived from ELSEPA. The R values
based on Rutherford always produced significant negative intensi-
ties. We obtained values of rextra ¼ 0:51 eV at 40 keV and 0.42 eV at
25 keV. Varying these values of rextra by more than 0.05 eV causes
clear structure in the spectrum after subtraction.

Unfortunately the spectra after subtraction show still some
structure that is not seen in the 5 keV energy loss spectrum. It is
asymmetric relative to the O peak position, with excess intensity
present at losses smaller than ErecðOÞ, and a deficit in intensity at
larger losses. These residuals are very similar to those seen for elec-
trons scattered from carbon at smaller momentum transfer [10]
and for the H peak of gaseous spectra of CH4 [11] and H2O [12]
at E0 values around 1 keV. These deviations from a Gaussian line
shape, similar to the ones seen here, were attributed to final state
effects i.e. the failure of the assumption that we can treat the scat-
tering atom as a free particle.

We also applied the procedure to the 5 keV spectrum. Here the
O peak is not resolved, but still causes an asymmetry of the main
elastic peak. After O peak subtraction the main peak becomes more
symmetric. A value of 0.2 eV was used for rextra, but under these
conditions we are not very sensitive to the exact value. The effect
on the energy loss part of the spectrum is now very minor, as the
recoil shift DErec is smaller than the width of the energy loss struc-
tures. Again using the R value derived from Rutherford cross sec-
tions (which deviate at these low energies substantially, i.e. by
25% from the ELSEPA value) one can not avoid negative intensities
after subtraction.

From a TiO2 spectrum as shown in Fig. 1 one cannot obtain esti-
mates of the mean kinetic energy of Ti and O atoms, as the contri-
bution of the spectrometer resolution to the observed widths is
unknown. To remediate this we evaporated 2 Å of Au on the TiO2

surface. Au is a soft metal with a low Debye temperature (170 K).
Hence we are confident that the mean kinetic energy of Au atoms
can be well described in the classical limit and is very close to 3

2 kT
(37 meV). Using such a value for the kinetic energy and a recoil
energy of 0.4 eV for Au, results using Eq. (2) in an intrinsic width
(r) of 0.14 eV at 40 keV and hence the lower limit of an elastic peak
width for Au (with infinite good experimental resolution) is about
0.33 eV FWHM, whereas the observed width is close to 0.5 eV
FWHM. Thus for Au the resolution and intrinsic width contribute
about equally to the observed width.

The spectrum obtained after Au evaporation is shown in Fig. 3.
The spectrum was fitted in terms of the kinetic energy of the
atoms, their masses and the energy resolution. The intensity ratio
of the Ti and O peak was fixed to the ratio calculated from ELSEPA.
The Au intensity was a free fitting parameter. As the intrinsic width
of the Au peak was kept fixed to the value corresponding to a
kinetic energy of 3

2 kT, the Au peak allows for the determination
of the experimental resolution. From fits of the Ti and O peak we
can then deduce their mean kinetic energies from their intrinsic
widths. The Ti and O peak are considerable broader than the Au
peak and the contribution of the experimental resolution to the
observed width is small, and easily corrected for. In this way we
get an intrinsic width (r) of 0.33 eV for Ti (corresponding to
Ekin ¼ 50 meV) and 0.062 eV for O (corresponding to
Ekin ¼ 60 meV). From these estimates the value of rextra is
0.53 eV, in reasonable agreement to the value of 0.51 eV used in
the O subtraction analysis.

For the spectrum after O subtraction, as shown in Fig. 1 the
ambiguity in the energy loss of the electronic excitations has been
removed, as now all remaining counts are after backscattering
from a Ti atom. The Ti elastic peak position is now taken as the zero
loss (due to electronic excitations) position and the 40 keV spec-
trum can be treated as an ordinary REELS spectrum to determine
the dielectric function. At these high energies the surface plasmon
contribution (proportional to the time of the surface crossing i.e.
1=ðcos h

ffiffiffi
E
p
Þ [13]) is minor and, as was demonstrated for HfO2, dif-

ferent analysis methods result in very similar estimates of the
dielectric function [5].

We used here the Tougaard–Yubero method to extract the
dielectric function. As a first step the normalised loss distribution
is obtained using the Tougaard–Chorkendorff procedure [14],



Fig. 3. A spectrum (dots) of a TiO2 film on which �2 Å of Au was deposited. The Au
signal is used to determine the resolution of the spectrometer. The larger widths of
the Ti and O peak are due to Doppler broadening. In the central panel we calculated
a fit based on an intrinsic width corresponding to a mean kinetic energy of 3

2 kT for
the O and Ti atoms. The dashed line is the assumed background. In the lower panel
we varied their kinetic energy in order to get the best fit, and values of 50 meV for Ti
and 60 meV for O were obtained. The top panel shows the residuals of both fits.

Fig. 4. The top panel shows the normalised loss function as obtained from the
experimental data by applying the Tougaard Chorkendorff deconvolution procedure
for multiple scattering [14] as applied to the raw data (dots) and after correcting for
the shifted contribution of electrons scattered elastically from O. The minor
differences visible in the REELS spectra (see Fig. 1) are amplified by this
deconvolution procedure. The corrected loss function was fitted with a dielectric
function using the QUASES-REELS package. The fit is shown as a solid line. The
lower panel shows the present loss function in the optical limit, which is compared
with other loss function obtained by Fuentes et al. [16], Vast et al. [17], Dash et al.
[18] and Limandri et al. [19].
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which corrects for multiple scattering. The result is shown in Fig. 4
using either a raw spectrum as input, or a spectrum after subtrac-
tion of the electrons scattered elastically from O. The small differ-
ences seen in the input data for this procedure (see Fig. 1) are
amplified in the normalised loss distribution. This shows that it
is indeed important to correct first for these recoil-induced
changes in the spectrum before extracting the loss function. Subse-
quently the normalised loss function was fitted using the QUEELS
program [15], assuming it can be written as a set of n Drude–Lind-
hard oscillators with energy xi, intensity Ai and width ci:

Im � 1
�ðx;kÞ

� �
¼ hð�hx� EgapÞ

Xn

i

Aici�hx

½ð�hxiÞ2 � �h2x2�
2
þ ð�h2xciÞ

2 ð4Þ
The obtained fit is shown as well in Fig. 4 and the parameters used
are reproduced in Table 2. The lower panel of Fig. 4 shows the loss
function in the optical limit (k ¼ 0) obtained from the fit and com-
pared to other estimates of this quantity. Note that there is a fair
resemblance in the shape of the normalised loss distribution and
the loss function of the derived dielectric function in the optical
limit. This is not surprising, as the surface loss contribution are rel-
atively minor at the high electron energies used here.

Finally we want to show how the technique described here can
be used in a materials science context and we chose for this the
topic of preferential sputtering. The TiO2 layer was sputtered by
a 2 keV Ar+ beam. A 1 lA beam (10 mm Full width half maximum)
was applied at normal incidence for 30 min. This results in prefer-
entially removal of oxygen atoms. The surface layer evolves into a
non-stoichiometric oxide film. As can be seen in Fig. 5 this results
in a reduction of relative strength of the oxygen signal in the elastic
peak spectrum taken at 40 keV. For spectra taken at E0 ¼ 5 keV,
where the recoil energy is not resolved, there appears to be also
a change in shape near the elastic peak. The latter observation
has been reported before [20,21]. In sub-stoichiometric TiOx some
Ti 3d levels are occupied, whereas in TiO2 all Ti 3d levels are empty.
The tail observed at the high energy-loss side of the elastic peak of



Fig. 5. The top panel shows for a measurement with E0 ¼ 40 keV the elastic peaks
of a TiO2 layer as grown (red, thick line), after sputtering (dashed) and after
sputtering plus annealing (black, thin line). The Ti elastic peak (aligned with 0 eV
energy loss) was normalised to unit area. Clearly the area of the O elastic peak is
decreased after sputtering, but recovers almost completely after annealing. The
bottom panel shows a spectrum taken with E0 ¼ 5 keV. Here the elastic peaks are
not resolved, but after sputtering extra intensity is seen very close to the elastic
peak due to inelastic excitations associated with the Ti3+ ions. This intensity
decreases after annealing when the film stoichiometry is recovered.
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sub-stoichiometric TiOx is attributed to the excitation of these Ti
3d electrons to higher 3d levels. After annealing near 600 �C the
O elastic peak intensity recovers almost completely its original
value and at the same time the additional energy loss feature is
reduced by an order of magnitude. Correlating electronic structure
and elemental composition measurements done in the same spec-
trometer on a single sample is one of the charming aspects of the
experiments described here.
Table 2
Drude–Lindhard parameters used in Eq. (4) for the fit in Fig. 4.

xi (eV) Ai (eV2) ci (eV)

6.2 1.65 2.4
11 16.8 3
14 17.9 3
18 25.5 7
27 266.9 12
39.5 16.6 3
47.5 124 5.5
53.5 366 17
90 102 50
6. Discussion

6.1. Analysis procedure

We have demonstrated here a somewhat different way of ana-
lysing spectra of electron scattering experiments where the recoil
from different elements is resolved. This procedure subtracts the
intensity due to scattering from the light element from the spec-
trum and can only be applied for homogeneous samples. Assuming
that the DCS is correctly determined by a program such as ELSEPA,
then the analysis procedure has only two unknowns (the relative
concentration and the extra width). In contrast to a more tradi-
tional fitting procedure (such as described e.g. in Ref. [22]), where
a background is affecting the fitting procedure in a less controlled
way, the validity of the subtraction procedure can be judged by
comparing the spectrum after subtraction with an energy loss
spectrum taken at much lower incoming energy. The additional
advantage, important when measuring samples for which more
than one elastic peak contribute significantly to the spectrum, is
that the energy loss spectrum is also corrected for contributions
with different recoils. Although this appears at first sight to be only
a minor correction, these small differences are amplified when one
converts the REELS spectrum to a normalised scattering distribu-
tion. This correction is thus required if one wants to extract the
dielectric function in these cases.
6.2. Elastic scattering cross sections

For the HfO2 case we have shown before that for E0 values as
used here the cross section of high-Z elements (such as Hf) is
enhanced relative to the Rutherford cross section [4]. It was dis-
cussed that this enhancement is intimately related to the differ-
ence in stopping of a particle and its antiparticle, a phenomenon
that is referred to as the Barkas effect [23,24]. For lighter atoms,
such as Ti, the effect is considerable smaller (10% for Ti, compared
to 100% for Hf). However, the signal strength of the electrons scat-
tered from O is only about a factor of 4 smaller that the signal
strength from Ti, whereas for HfO2 this difference is close to a fac-
tor of 100. It is much more difficult to measure a small O peak adja-
cent to a huge Hf peak, than to measure an O peak next to a more
modest Ti peak. Thus, although the deviation from Rutherford
cross section for Ti in TiO2 is much smaller than that for Hf in
HfO2, this deviation is still well resolved as the Ti:O intensity ratio
can be measured with greater precision.
6.3. Elastic peak width and kinetic energy of Ti and O

The phonon structure of TiO2 is well studied, see e.g. [25,26].
The lower frequency (acoustic) branches are mainly due to motion
of Ti atoms whereas the higher frequency optical branches involve
mainly the motion of O atoms. Based on this, it is to be expected
that the O atoms have more kinetic energy in TiO2 compared to
the Ti atoms. The average atomic kinetic energy, as we claim to
measure here, is generally not calculated as part of a phonon calcu-
lation. The GULP program has an option to do this [27]. The validity
of the output produced by such a program will depend firstly on
the appropriateness of the inter-atomic potential used. We run
the program using a series of standard potentials for oxides avail-
able in the literature [28–31]. Significant differences in the calcu-
lated kinetic energies were obtained as can be seen in Table 3.
The phonon density of states can be calculated as well using this
program. For those potentials where the phonon density of states



Table 3
The experimental lattice parameters (a and c: unit cell dimensions, x refers to the
position of O as a fraction of a, the bulk modules (taken from Ref. [33]) and the kinetic
energies of Ti and O as determined in this paper). The same values were calculated
using the GULP program for 4 different versions of the Ti4+–O2� potential. Note that
these inter-atomic potentials where not designed for the current problem of the
determination of the mean kinetic energies of atoms.

a (Å) c Å x fract. blk md (GPa) Ekin Ti (meV) Ekin O (meV)

exp. 4.59 2.96 0.306 210 50 60
[28] 4.45 3.08 0.312 374 58 69
[29] 4.57 3.16 0.314 160 47 52
[30] 4.57 3.27 0.310 233 50 50
[31] 4.42 3.06 0.305 453 52 54
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extended to higher energies larger values of the kinetic energy of
the atoms was found. The potentials of [28] gave a phonon density
of states that resembles in shape the experimental one [25] most
(although it extended to slightly larger energies) and this potential
gave a kinetic energy of 60 meV for Ti and 70 meV for O, compared
to the experimental values of 50 meV and 60 meV respectively. As
the phonon density of states calculated with this potential extends
to too high an energy these values should be seen as an upper limit.
Comparing high-quality calculations of the mean kinetic energy,
based on a fit of experimental phonon dispersion data of constitu-
ent atoms in materials such as TiO2 and SiO2, would be of great use
to test our understanding of both electron scattering and lattice
vibrations. Surprisingly, very few theoretical estimates of the mean
kinetic energy of atoms exist.

The only previous experimental determination of the mean
kinetic energy of atoms in TiO2 was only for the Ti atoms and based
on nuclear resonant photon scattering by Jacob et al. [32]. It
assumes the Ti vibrational properties can be described by a Debye
model for the phonon density of states (and the oxygen atoms con-
tribute exclusively to the optical branch of the phonon spectrum).
In this way a mean kinetic energy at room temperature of 44 meV
is obtained. The more recent work of Ref. [26] indicates that for a
large part of the phonon spectrum both Ti and O atoms contribute,
in contrast to the assumption made by Jacob et al.

6.4. Dielectric function

After correcting for the double elastic peak we determined the
dielectric function using the method of Yubero–Tougaard. The
resulting normalised loss distribution revealed a wealth of struc-
ture. The dielectric function required to fit this loss distribution
shows both significant differences and similarities with previous
determinations. The agreement with other measurements and cal-
culations on the position of the various peaks in Im½�1=�ðx; k ¼ 0Þ�
is quite good, but the intensities differ considerably. The cause of
these discrepancies is not fully understood.

6.5. Preferential sputtering

Preferential sputtering is a well established phenomenon, but it
is more difficult to determine over which depth range the change
in stoichiometry occurs. Is it restricted to the outermost layer, or
extends all the way over the penetration depth of the sputtering
ion? More elaborate measurements using the technique described
here could shed light on this question. Especially for smooth TiO2

films, it should be possible to measure the O concentration versus
depth by changing the geometry (increasing the depth sensitivity
by making either the incoming or outgoing trajectory glancing)
or by reducing the incoming energy E0. Such investigations are
now under way. The inelastic mean free path of 40 keV electrons
is �450 Å [34] and hence the mean depth probed in the current
geometry (determined by the incoming plus outgoing path length,
here the incoming beam was along the surface normal) is of the
order of 180 Å. The fact that we observe a sizable depletion of oxy-
gen (�10%) implies that the O depletion is either very large at the
surface, or extends to a significant depth. The present observation
of sizeable O deficiencies in measurements that probe rather deep
in the material seems to indicate that the O depletion extends past
the region probed by XPS, Auger and lower-energy EELS measure-
ments [35–37].
7. Conclusion

We used TiO2 films as an example to demonstrate that electron
scattering at multiple keV energies can be used to study a range of
phenomena. The main drawcard of this approach is that the elastic
peak provides information about the sample composition and the
spectrum at larger energy losses provide information about the
electronic structure. In practise we find this method very useful
for characterising films of transition metal oxides whose properties
are currently being explored extensively for the fabrication of new
electronic devices.
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