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Abstract

Two types of oxide hetero-interfaces, alumina/spinel
and alumina/zirconia, have been investigated by
spatially resolved electron energy loss spectroscopy
(EELS) with nanometer-scale spatial resolution.
Even using the sub-nanometer probe, changes in fine
structures in valence and core loss regions across
these interfaces are clearly observed and useful
information can be successfully derived. We have
detected the EELS signal delocalization when inter-
preting the evolution of the lower energy plasmon of
zirconia near the interface and evidenced its energy
dependence: the signal delocalization in insulators,
such as ceramics, is rather important for the low loss
region but practically negligible for the core loss
region. Finally some of line-spectra analyses across
the interfaces suggest the existence of strongly loca-
lized chemical states at the interfaces. These results
demonstrate that spatially resolved EELS is a pow-
erful and relevant tool for ceramics characterization
at the subnanometer level. © 1998 Elsevier Science
Limited. All rights reserved

1 Introduction

Investigation of local electronic structure with
high-spatial resolution is essential for under-
standing macroscopic phenomena in materials sci-
ence. As for the ceramic microstructures, the
number of spatially resolved electron energy loss
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spectroscopic (EELS) studies in this field is
expanding widely. For example: Bruley has inves-
tigated the fine structure changes of Al Ly;-edge at
¥11 boundary in a-alumina.! Gu et al. have suc-
cessfully measured the intergranular glassy phase
composition in the polycrystalline §-SizN.?> The
Cr segregation between a-alumina and manganese
aluminate spinel (MgAl,O,) in a metal matrix
composite has also been reported by Bruley et al.?
Applications to metal/ceramic interfaces have been
performed by Scheu et al* and Brydson et al’
Moreover, an interpretation of the valence energy
loss spectra has recently been introduced suggest-
ing an increased ionicity at the 11 boundary in
the a-alumina.®

Here we report some results of nano-EELS
investigation on oxide hetero-interfaces, alumina/
spinel and alumina/zirconia. They are part of a
work which originally aimed to reveal the effects of
dopants on polycrystalline o-alumina micro-
structures. We have already reported’ that doping
alumina with Ni leads to the formation of the
nickel aluminate spinel (NiAl,O,) as inter-and
intra-granular phases during sintering and that the
doping of zirconia into the alumina has also turned
out to be an efficient way of controlling the grain
growth rate.® Therefore, one of the objectives of
this paper is to identify the intergranular phases
thus corroborating our previous high-resolution
works, and to investigate, at the nanometer-level,
the changes in local chemistry and chemical state
across the interfaces between the alumina matrix
and the dispersed grains.

Interpreting data recorded with increased spatial
resolution requires a good evaluation of the exact
delocalization of the EELS signal. For example,
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excitations occuring when electron beams travel
parallel and close to hetero-interfaces are now of
great interest (e.g. Ref. 9) because interactions of
the excitations between the two phases are expec-
ted to be non-negligible. It is known that the EELS
delocalization is energy-dependent and more
important for the valence loss spectrum than for
the core loss one. It also depends on the medium
through which the electron beam propagates: it is
more important in vacuum'? and less in a metallic
material.!! Our case (especially the alumina/zir-
connia interface) provides an interesting system
since both media are insulators without any density
of states (DOS) at the Fermi-level. Therefore
longer Thomas—Fermi’s screening lengths are
expected than in a conductive specimen. Moreover
two well separated plasmon peaks (25-2eV for
alumina and 14-2eV for zirconia) can be helpful
for the quantitative analysis. Here a non-relativistic
dielectric theory proposed by Howie et al.'? is
introduced to reproduce the low loss evolution
near the interface. Then we try to figure out how
far local analysis using the spatially resolved EELS
technique, can be pushed when applied to char-
acterize insulators, such as ceramics.

2 Experimental

The gel process and co-sintering methods were
used for preparation of the doped alumina speci-
men. The dopants into the investigated samples
were pure Ni and yttria-stabilized-zirconia (the
tetragonal phase). Detailed preparation procedures
for the examined specimens can be found else-
where.!3 A dedicated STEM VG-HB501 equipped
with a Gatan PEELS 666 at the Solid State Physics
Laboratory in Orsay was operated at 100keV for
imaging and spectroscopy. The probe sizes were
about 0-5nm for the low loss, Al L-edge, Ni M-
edge and Zr N-edge and about 1-2nm for O K-
edge acquisitions.!* A data acquisition and proces-
sing mode named ‘image-spectrum’!> allows
sequences of EELS spectra to be obtained at pixels
regularly spaced on the specimen surface. Here
line-scans across the interfaces oriented parallel to
the incident beam were recorded with steps of 1-25
or 2:5nm.

3 Results and Discussions

3.1 Alumina/spinel interface (a-Al,O3/NiAl,O,)

A high angle annular dark field (HAADF) image
of the analysed interface is shown in Fig. 1(a). The
intergranular spinel (NiAl,O4) phase of ~0-5 um in
width appears brighter in contrast (for details in

quantative calculations of HAADF contrasts, sec
Ref. 16). The analyzed interface has been selected
for several reasons: (1) the region is thin enough
for fine structure analysis, (the thickness ratio to
the inelastic mean free path is 0-52 and 0-54 for the
alumina and spinel grains, respectively); (2) the
interface lies almost in perfect edge-on conditions
with hardly any tilt; (3) the interface is quite flat
and possibly in a preferred orientational condition
of (0002)alumina//(111)spinel with parallel oxygen
closed packed planes as revealed by diffraction and
high resolution works.”!? A set of line-scans is
acquired along the indicated line across the inter-
face in the figure.

Figure 2 shows variations of the Al Ly3-, Ni Mj3-
edges and the low loss region across the interface
from the alumina grain to the spinel one. (The
corresponding spectra are shown from bottom to
top in the figure.) The step increment between each
spectrum is of 1-25 nm, and the energy dispersion is
of 0-21 eV between each energy loss channel. Mul-
tiple scattering effects have been removed by
Fourier-log deconvolution.!® In the valence loss
spectra, changes in the plasmon peak and other
small peaks indicated by arrows are detected when
the electron beam is scanned across the interface.
The alumina peaks are defined by their positions in
the derivative mode at 9-8, 14.7, 20-3 and 32-5¢V.
They fit correctly with previously reported ones.5
The small peaks from the spinel phase are similarly
identified at 8-9, 13.9, 18-3, 35-0 and 41-0eV.

The exact interface position is determined by the
spatial evolution of Al Ly;-edge and Ni M,;-edge
shown in the right hand side in the figure. (The
detailed analysis of these core-loss edges are found
in the following paragraphs.) The interface spec-
trum is modeled by a linear combination of two
typical spectra from the alumina and spinel, both
recorded far from the interface (typically 10-20 nm
away). The difference between the interface spec-
trum and the best fit spectrum is shown in the
uppermost part of the figure. This procedure is not
fully valid for the plasmon loss region but repre-
sents a first approach to detect any difference
between the interface spectra and the bulk spectra.
In this procedure the fit is not perfect at the plas-
mon and the interband transition region (20—
40eV). This difference in the low energy loss
region, the origin of which should be further
investigated, may imply an interface plasmon mode
or changes in ionicity of the interfacial oxygen, as
Miillejans and French claimed in their Kramers—
Kronig quantitative analyses of the valence loss
spectra.®

Figure 3 shows the background stripped Al Ljs-
edge and Ni Mj3;-edge fine structures. The energy
dispersion for the line-scan is 0-1 eV and the multiple
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Fig. 1. HAADF images of the explored interfaces (a) alumina/spinel and (b) alumina/zirconia. (a) The intergranular spinel

(N]A}204) appears brighter in contrast. The thickness ratio in unites of inelastic mean free path is 0-54 and 0-52 for the analysed

algmma and spinel grains. A set of line-spectrum has been acquired along the indicated line. (b) A zirconia grain appears also in

brighter contrast rather than an alumina grain. The thickness is 0-47 and 0-59 for the explored grains. Line-scans are recorded along
the indicated line.

scattering effects have not been removed. The fine
structure of the Al L,;-edge from a-alumina shows
good similarities with those spectra previously
reported'! and modelled.!” When acrossing the
interface from the a-alumina into the spinel
(NiAl,O,4), we can notice several variations asso-
ciated to the Al L-edge:

1. a hump on the lowest energy peak (A);

2. an increasing intensity in peaks (B) around 84
to 87¢eV;

3. a broadening and shifting of the peak (C)
towards the lower energy;

4. a lowering in the intensity of the peak (D).

The Al L,3-edge structure of the spinel (NiA1,O4)
is similar to that recorded on other spinels by
Cadete Santos Aires?® or by Bruley et al.> These
spinels contain different Al sites coordinated to
oxygen.?! In the case of the nickel aluminate spinel
the AI3* cations occupy both octahedral (60%)
and tetrahedral sites (40%). Therefore the spinel
spectrum could simply be interpreted by super-
posing those of two different Al sites. A report by
Hansen et al. contains clear references of the Al L,
edges in both octahedral and tetrahedral coordi-
nations to oxygen.?? In comparison with their
work the shoulder of peak (A) is attributed to the
tetrahedrally coordinated Al atoms because the
octahedrally coordinated Al edge will be similar to
that of alumina. Also the lower onset of peak (A)
in tetrahedral Al sites is suggestive of a variance in
the amount of charge transfer between Al and O
atoms.?® The peak (C) is supposed to reflect Al-O
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Fig. 2. Variation of the low loss region when the electron
beam is scanned across the interface. Each spectrum has been
obtained at 1-25nm increments with the energy dispersion of
0-21 eV. Multiple scattering effects have been removed by the
Fourier-log deconvolution. Changes in the plasmon loss, the
valence loss and the core loss are detected across the interface.
In the uppermost part, the difference between the spectrum
from the interface and the best fit obtained from two char-
acteristic spectra is shown.

bond length>?*—the position of this peak above
the edge onset should vary as 1/R? where R is the
bond length. Therefore the broadening in peak (C)
represents the different Al-O bond lengths in the
spinel structure. The peak (D) is rather higher in
energy for the extended structure and must be
connected with Al 2s edge. A workable interpreta-
tion of the less intense peak (D) may be a decrease
in intensity of the dipole allowed exciation of Al 2s
to Al 3p states, which may reflect the less ionicity
of AI-O bonds with increased 3p occupancy in
spinel than in alumina.
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Fig. 3. Background stripped Al L-edge and Ni M-edge. The
channel dispersion for these spectra is 0-1eV and the incre-
ment of each step is 1-25 nm. Variations in the Al L-edges can
be noticed across the interface from the alumina (bottom) to
spinel (top): (A) a small shoulder peak, (B) an increasing
intensity of peak, (C) a shift of peak and (D) a lower intensity
of peak. The Al L-edge of the spinel is interpreted by con-
tributions of two different AI** cation sites (octahedrally and
tetrahedrally coordinated to oxygen atoms), while the L-edge
of a-alumina consists of only octahedral sited AI** cations.

Figure 4 shows the oxygen K-edge variation
across the same interface between alumina and
spinel. Here the probe size was 1-2nm to provide a
good signal-to-noise ratio while a probe of 0-5nm
was used for the other edges of lower energies. The
increment of the probe position is 2-5nm. The
sharp peak around 536eV in w-alumina becomes
broader and shows a shoulder in the spinel. This
shoulder around 532eV is characteristic to Ni-O
bond and attributed to the O 2p states hybridized
with Ni 34 states.?® The different structure in the
higher energy peaks is due to the different longer
range environments in the two materials and
involves important information: (i) by measuring
the position of peak (C) from the Fermi level the
0O-0 bond length can be deduced; (ii) the peaks (A)
and (B) also come from interference effects of
backscattered waves on the third or higher coordi-
nation shell of the oxygen atoms or cations, there-
fore multiple scattering calculations, as formerly
published by Kurata et al.,>* would be of great
help to extract the local higher coordination struc-
ture from these fine structures.

Figure 5 gathers the spatial variations of sev-
eral parameters extracted from the line-scans
shown in Figs 2-4. The features are summed up as
follows:

1. the Ni M;;-edge integrated intensity shows a
sharp transition that suggests an abrupt
interface.

2. the plasmon peak position varies from 25-2eV
in o-alumina to 24-5eV in spinel.

3. the position in the energy of the inflection
point of peak (A) in the Al L3-edge exhibits a
slight decrease of 1-5¢V through the interface.
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Fig. 4. Oxygen K-edge evolution through the interface. The
probe size is then 1-2nm and the step increment is 2-5nm. The
shoulder peak around 532¢V is characteristic to Ni-O bond-
ing and attributed of the O 2p states hybridized with Ni 34
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Fig. 5. Spatial variations of several parameters extracted from
the line-scans shown in Figs 2-4. (a) Ni M-edge intensity
shows a sharp changes that suggests an abrupt interface. (b)
The plasmon peak position varies from 25.2eV in a-alumina
to 24-5¢V in spinel. (c) The inflection point of peak (A) in the
Al L; edge shows a decrease of 1.5¢V across the interface. (d)
The inflection points of oxygen K-edge defined by the first
peak positions in the first derivated spectra exhibit a clear
change of 1-1eV through the interface. These values are usable
for further phase identifications.
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4. the inflection point of oxygen K-edge defined
by the first peak positions in the derivative
spectra shows a clear change of [-1eV
through the interface. [Note the bigger probe
(~1-2nm) and an increased increment were
used for the O K-edge acquisition.)

Although it is generally difficult to calibrate the
absolute values of core-loss edges, the methods
described above are straight forward to measure
the exact values of energy shifts. Therefore these
quantified evolutions in fine structures provide
reliable references when assigning some unknown
phases using the finger prints methods.

3.2 Alumina/zirconia interface (a-AL,03/Zr0;)
An HAADF image of the analyzed interface
between zirconia and alumina is shown in Fig. 1(b).
The zirconia grain, shown in the left side, appears
brighter in Z-contrast. The thickness ratio is 0-47
and 0-59 in terms of the inelastic mean free path in
the zirconia and alumina grains. Line-scans are
realized along the indicated line through the inter-
face at the centre of the figure.

Variations in the low-loss and the Al L, ;-edge,
across the interface from zirconia to alumina, are
shown in Fig. 6. Both the low loss and the Al L, 3-
edge are extracted from the same set of the data in
a single line-scan. (We can then rule out any pro-
blem which arises in aligning line-scans.) In the
zirconia, two plasmon (or plasmon associated
excitation) are found at (A) 14-2¢V and at (B)
26eV. According to Camagni et al.,® the first peak
(A) is the bulk plasmon where g, goes minimum
and &, is near to zero, while the second peak (B) is
still unclear and may be interpreted by an inter-
band transition associated with the plasmon. The
small peak at 34eV and a broader peak at 41¢V
are known as Zr N,z edge.?’

An important feature in the evolution of the low
loss is a gradual decrease in the intensity of the
plasmon (A) at a few steps (its distance ~4nm)
before the interface, while, as one can see in the
right hand figure, the Al L-edge weight changes
sharply within two steps (+1.25nm) of the
interface; this indicates the interface is quite
abrupt. The spatial evolution of the intensities of
the plasmon (A) and the Al L-edge can be seen
more clearly in the Fig. 7. The Al L-edge intensity
has been integrated after the back ground subtrac-
tion, while the zirconia plasmon intensity is tenta-
tively defined by the amplitude in the first
derivative. The gradual decrease of the plasmon
(A) starts about 4nm away from the interface,
while the chemistry changes sharply within two
steps (& 1-25nm).
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Fig. 6. Variations in low loss and Al L-edge across the zirco-
nia to alumina interface shown in Fig. 1(b). Two sets of data
are extracted from the same series of a line-scan. In the zirco-
pia part, a double plasmon (or plasmon associated excitation)
is found at (A) 14-2eV and (B) 26¢eV. A small peak at 34eV
and a broader peak at 41 eV are known as Zr N,; edge. At a
few steps before the interface one can see a gradual decrease of
the plasmon (A), while the Al L-edge’s evolution (right hand)
suggests an abrupt interface.

This discrepancy is due to the energy dependence
of the delocalization of an EELS signal. Using
optical data for a-alumina and zirconia®® we simu-
late, in Fig. 8, the energy loss excitation probability
assuming an electron traveling parallel to and close
to the abrupt interface between two materials.*
This calculation is based on a non-relativistic
dielectric theory proposed by Howie et al.1® which
has been shown to model sucessfully experimental
EELS spectra for Si/SiO, interfaces.?® The calcu-
lated spectra reproduce satisfactorily the spatial
dependence of the intense plasmon (A) in the
zirconia part near the interface, which has been
found experimentally. This interaction distance is
dependent on the Thomas-Fermi’s screening
length of the medium and on the energy loss of the
traveling electrons. Muller and Silcox?® have
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Fig. 7. Spatial variations of the plasmon (A} and the Al L-
edge intensifies extracted from the same series of the line-scan
shown in Fig. 6. The decrease of the plasmon (A) can be
detected even at 4nm apart from the interface, while the
chemistry changes sharply within two steps (+ 1.25nm).

*The program named ‘inter’ is used. This has been elaborated
by Z.L. Wang (Georgia Institute of Technology, Atlanta, GA)
and modified by P. Moreau.
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Fig. 8. Simulated electron energy loss spectra based on a non-

relativistic dielectric theory, assuming that the electron travels

parallel to an abrupt interface with impact distance shown in

the right hand side in the figure. The computed spectra can

reproduce the behaviour of the less intense plasmon (A) away
from the interface.

clearly measured the energy dependence of the
EELS signal delocalization into vacuum, where the
Thomas—-Fermi’s screening length is infinite. On the
contrary, our recent works of the plasmon analysis
at subnanometer-level?>3° suggest that the deloca-
lization can be negligible even for the low-loss
regions in a conductive medium, where quite
shorter screening lengths (typically less than 1
angstrom) are expected. The specimens investi-
gated in this paper are insulators without any DOS
at the Fermi level, therefore the Thomas—Fermi’s
screening length is of the order of a few tens nan-
ometers which is between the vacuum and the
conductive medium. Then it is quite consistent that
the energy dependence of the EELS signal deloca-
lization can be found in this work.
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Fig. 9. Changes in oxygen K-edge across the alumina,zirconia
interface. A quite large core-level shift (about 3-2eV) can be
found through the interface. The O K-edge in zirconia exhibits
three major peaks and a broader one around 550eV. The dif-
ference between the interfacial spectrum and the best fit of the
two typical spectra is shown at the uppermost part of the fig-
ure and suggests an increased accomodation of oxygen
vacancies at the interface.

Finally the O K-edge evolution is shown for
another interfacial line-scan in Fig. 9. The O K-
edge from zirconia has three major peaks as well as
a broad peak around 550eV. The core level shift
between alumina and zirconia is large and is
estimated to be about 3-2¢eV for the peak position
in the derivative spectra. Modelling of the inter-
facial O K-edge by the two typical spectra has been
performed. The difference between this and the
experimental spectrum is shown as the upper curve
in Fig. 9. Peak (A) at low energy in the difference
spectrum may reveal a local non-stoichiometry of
the oxide material. For example, chemical sub-
stitution in SrTi;_,Fe, 033! or in a magnetor-
esistive ceramic La(Mn,_,Sr,)04** leads to
intensity changes in the lowest energy peak of the
O K-edge. Therefore, in the case of zirconia, the
intensity of this peak is supposed to be connected
to the amount of oxygen vacancies which are
introduced by substituted yttrium atoms into the
Zr sites. The increase of this peak intensity found
at the interface spectrum therefore suggests that
the interface between alumina and zirconia can
accommodate more oxygen vacancies than the
bulk zirconia does, possibly because of the trivalent
feature of aluminium atoms.

4 Conclusion

Investigations of the chemical states at nanometer-
level have been carried out across oxide hetero-
interfaces using the near-edge fine structure ana-
lyses. The changes in valence and core loss regions
have been well justified and the results imply fur-
ther perspective to identify an unknown phase by
its electronic structure. Moreover a very localized
chemical state for oxygen at the alumina/zirconia
interface has been suggested. Finally the calcula-
tions based on the non-relativistic theory have
modelled the experimental low-loss evolution near
the alumina/zirconia interface. This would help
practically understanding the EELS signal deloca-
lization in ceramics: One should be careful of the
delocalization for the low-loss analysis but the
effect can be negligible for core-loss analysis in a
typical STEM based nano-EELS configuration. It
confirms the great power of the spatially resolved
EELS technique when applied to ceramics nano-
structure characterization.
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