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Valence Loss Electron Spectroscopy of Ni—Al Mixed Oxides
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IN HONOR OF SIR JOHN MEURIG THOMAS ON HIS 60TH BIRTHDAY

An outline is given of the extension of the classical theory of dielectric excitation to deal with the
spatially localized valence electron spectroscopy of inhomogeneous media. The valence spectroscopy
technique has been applied to mixed oxides of Ni and Al. The results have then been interpreted in
terms of this extended theory. Significant variations in the position of the main collective loss peak
were noted at different points on the samples and arc tentatively ascribed to the presence of internal
voids or pores rather than to variations in composition, Valence loss spectroscopy may thus provide

a means of assessing local pore volume in mixed oxide catalysts.

Introduction

Some of the achievements of electron
spectroscopy carried out in thc context of an
electron microscope were described some
years ago in a valuable survey by J. M.
Thomas and his colleagues (7). Potentially
the technique is a very powerful adjunct to
high resolution, structural imaging, al-
though the day may only just be approaching
when it becomes possible to carry out both
procedures in the same instrument without
scrious compromises. Two significant de-
velopments which have taken place in the
intervening years have been first the wide-
spread adoption of truly effective instru-
mentation for parallel recording of the en-
crgy loss intensity distribution and sccond
the substantial improvement in the theory
for interpreting the valence loss part of the
spectrum. As part of the latter aspect, our
focus here is on the classical theory of di-
electric excitation and its extension beyond
the confines of homogencous media. The
ability to dcal with the local vartations in
structure and composition so characteristic
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of the many materials of practical impor-
tance which demand the attention of the
electron microscopist is opening up new
frontiers for spatially resolved, valence loss
spectroscopy. Mixed oxide systems are an
excellent example which illustrates the op-
cration of this extended theory and the po-
tential it offers for the improved character-
ization of complex microstructures.

Dielectric Excitation Theory for
Inhomogeneous Media

Because of its high intensity relative to
the core excitation part of the electron en-
ergy loss spectrum, the valence excitation
region has always seemed attractive to elec-
tron microscopists. More than twenty years
ago, pioneering results in microanalysis as
well as physics were obtained (for refer-
ences, see (2)), mainly on free electron
alloys, using the sensitivity to valence elec-
tron density shown by the position of the
prominent (plasmon) loss peak. The energy
loss spectra from local regions were re-
corded by incorporating in the column of
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a transmission electron microscope suit-
able energy-dispersive electron-optical ele-
ments, such as a Mollenstedt cylindrical
lens or a Castaing—Henry system. When the
advent of scanning transmission electron
microscopy (STEM) combined with effi-
cient magnet sector spectrometers opened
up the whole spectrum for practical use,
attention was redirected to the higher loss,
core excitation region since the interpreta-
tion of the results there is relatively straight-
forward. In the last few years, however, the
classtcal dielectric theory, originally devel-
oped by Fermi (3} for valence excitation by
a point charge moving in a homogeneous
medium, has been extended and quantita-
tively checked in a number of situations of
interest in electron microscopy. As a result,
there has been renewed interest in exploit-
ing some of the advantages of localized va-
lence electron spectroscopy.

Fermi showed that in a homogeneous me-
dium the probability of energy loss AE =
fiw by a nonrelativistic moving charged par-
ticle is described by the bulk loss function

Fylw) = Im{—1/elw)} = &/{(e))* + (&)},
(1

where (@) = g{w) + ig,(w) is the complex,
frequency-dependent dielectric function.
The bulk loss function ¢an evidently exhibit
peaks coinciding with maxima in e,(w) and
arising from single electron excitations from
either valence or core levels just as in optical
or X-ray absorption processes. In addition,
however, peaks in the bulk loss function can
arise from the minima in the denominator
of Eq. (1), e.g., when ¢ ,(w) = 0 and &y(w)
is small. The most prominent peak in the
valence region of the loss spectrum from
many materiais turns out to be of this latter
type and is associated with a collective exci-
tation of the whole valence system rather
than a single electron excitation. The wide-
spread accurrence of these collective losses
can be illustrated by reference to the sim-
plest expression for the dielectric function
of an insulator with a band gap E, = #iw,.

(nellegm)

slw) =1 - wl(w + iy) — o’

(2)
where n is the valence electron density and
v is a small damping constant. A collective
loss or plasmon will arise at an energy loss
AE = hw, where ¢ = 0 and thus for w2 =
(ne?legm) + mé. This example reduces to
the case of a free electron metal referred to
above if we take w, = 0. In many insulators,
however, where the collective excitation en-
ergy greatly exceeds the band gap (e.g., in
diamond where Aw, = 32 ¢V and fiw, =
6 eV), the collective excitation can be quite
similar to a free electron plasmon and be
strongly influenced by the valence elec-
tron density.

In the early microanalysis work (2), it was
assumed that the relation between o, and
n established for a homogeneous medium,
could also be applied at the local level in an
inhomogeneous situation. While this must
be valid for slowly varying situations, it has
been recognized more recently that quite
new excitations can arise in regions where
the dielectric properties vary rapidly with
distance. Ritchie (4) first identified the sur-
face plasmon excited at a free surface which
is a special example for the application of a
loss function F, characteristic of a planar
interface between two media A and B.

F, = Im{—=2/(e; + ep)}. 3)

For a planar interface between a medium
A and vacuum we find from this expression
the relation o} = (re*/2gm) + wi for the
surface plasmon frequency w, if we take
eg = | and use Eq. (2) for &¢,. Spherical
interfaces are another case of obvious prac-
tical importance. Fujimoto and Komaki (5)
observed the dipole surface excitation of a
small sphere of material A embedded in an-
other material B and described by the char-
acteristic loss function F,

F, = Im{-3/(e, + 2ep)}. (4)

The action of these different loss func-
tions has now been quantitatively tested
near a variety of isolated interfaces as a
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function of impact parameter in STEM (for
references, see (6)). In general we find a
linear combination of various loss functions.
As the interface is approached, the ampli-
tude of the interface loss function increases
and there is a corresponding drop {(begren-
zungseffekt) in the bulk loss function. In
some cases the results at the interface are
well described by the simple interface func-
tions given above, but in other cases where
some anomalous interfacial layer is present,
a more complex loss function corresponding
1o an appropriate sandwich structure has to
be used (6, 7). These cases provide some
evidence that the detailed analysis of va-
lence loss spectra near interfaces can some-
times yield high resolution information
about interface structure or composition not
accessible by other methods.

The theory of planar interfaces has also
been extended (8) to include relativistic ef-
fects such as Cerenkov radiation losses
which are important when the electron ve-
locity exceeds c/Ve(w) (the velocity of
light in the medium). Cylindrical interfaces
(9) and spherical interfaces in higher multi-
pole excitations have also been studied for
trajectories both external (/@, /1) and inter-
nal (12) to the sphere. Interactions between
two spheres have also been analyzed (13)
but further work is needed for the case of
a sphere near a planar interface since pre-
viously published solutions (74} for this ge-
ometry do not appear to be correct (15).

In many cases the sample of interest may
contain regions so densely packed with de-
fects that individual interfaces or other fea-
tures cannot be resolved because of overlap
effects. These regions may, however, ex-
hibit interpretable effects in the valence loss
spectrum. Examples include colloidal dis-
persions of small clusters (16}, dealuminated
zeolites (/7) heterogeneous catalysts with
highly porous supports containing metal
clusters and highly structured materials for
absorption of solar radiation. The concept
of an effective medium theory to model the
dielectric behavior of these materials goes
back to Maxwell though many more recent

theories have been developed, mainly to
deal with optical absorption data or conduc-
tivity data. In attempting to apply these ex-
isting theories to explain energy loss spectra
from such samples, it has been found (/6)
that a somewhat simpler intuitive model of-
ten gives considerably better results. In this
approach, the effective loss function is mod-
cled as alincar combination of characteristic
loss functions of the kind just described.
Thus for small clusters of a material A djs-
persed in a material B one would use an
effective loss function given by the ex-
pression

Fg = Im{— Ve 4(w)}

X Im{— Ves(@)} + ¥ Im{— 1/eg(w)}
+ Z Im{—3/(gslw) + 2eg(w))}, (5)

where the coefficients X, Y, Z are deter-
mined by the particle size and volume frac-
tionand X + Y + Z = 1. This approach
has even been applied (/8) with moderate
success to model the way in which the loss
function of a zeolite depends on pore vol-
ume as a result of the increasing interface
contribution.

Energy Loss Spectroscopy of Mixed
Oxide Samples

The Ni-Al mixed oxide samples were
produced by coprecipitation methods simi-
lar to those described in detail by Sohier et
al. (I9), and were provided by the Univer-
sity of Lille as part of ajoint EEC collabora-
tion. Specimens for electron microscopy
were then produced by standard methods
of crushing under methanol, ultrasonic dis-
persion followed by deposition on to holey
or lacey carbon films supported on copper
or aluminum grids. Samples of relevant pure
oxides were also examined to yield dielec-
tric data for calibration purposes.

From an experimental loss spectrum in a
homogeneous material, the bulk loss func-
tion Fy = Im{— I/e(w)) can be derived fol-
lowing some standard procedures (20} to
correct for aperture effects and multiple



VALENCE LOSS SPECTROSCOPY OF Ni-Al

5.0 sttt | | L Liaasl 1.4
1 Alumina diclectric data a
4.0 ] £ - 1.2
B -F
] -- B B 140
30 5 i o8
2.0 ] K - 06
3 N "] 0.4
1.0 4 .
] S 0.2
] - T - - -
0.0 1| Ty L""\""!""l"'*i 0.0
0.0 50 10.0 150 20.0 25.0 30.0 35.0 40.0

Energy (V)

51

10.0 s L Y Loy L 1 il il " 1.2
1 NiO dielectric data ) b
i - F -1,
8.0 ] B 0
1 Y
] 4 0.8
1 - _.&
6.0 -] 2
] -4 0.8
4.0 J
] 4 0.4
2.0 7 - o2
3 e e 4
e J S~ et —— Y 1+
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Energy {(eV)

FiG. |. Dielectric functions (a) for alumina (21) and (b) for NiQ (supplied by Yuan Jun). in each
case & and e, are plotted on the lefi-hand scale and bulk loss funcitons Fg on the right.

scattering. A Kramers—Kronig transforma-
tion then yields Re(—1/e(w)) and hence
g/(w} and e,(w). Figs. la and 1b show the
bulk loss function Fy, together with the real
and imaginary parts of the dielectric func-
tion determined in this way for ALG, (21)
and NiO respectively. The major peak in
both loss functions at 23 eV is clearly of
collective (plasmon} type, since it lies just
above a near zero of g, rather than at a
maximum of &,. The rise in e, from zero,
which can be seen at low energies, occurs
at the band edge but mayv not be entirely
accurate in this region since relativistic cor-
rections have not been applied.
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In the mixed oxide samples, small (<10
nm diameter) particles of NiO could be dis-
cerned mixed with similarly sized particles
of amorphous alumina. Fig. 2a shows spec-
tra obtained from a larger 15 nm NiQ particle
at the edge of a hole, with the beam first
passing through the particle (1), then exactly
at the edge of the particle (i) and finally at
a distance of about 1 nm into the vacuum
outside the particle (v). In Fig. 2b we show
for comparison the results of some computa-
tions made for these three situations.
Clearly the theory successfully provides a
qualitative description of the shift of the
spectra to lower energies on moving to the

Number of electrons

T J
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F1G. 2. Loss spectra obtained (—) at the center (1), (-—) at the edge, and (--) 1 nm outside (v) of a
15-nm diameter isolated NiO particle. Experimental data are shown in (a), computations in {b).
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F16. 3. Loss spectra taken from two different regions
A and B of an alumina-NiO mixed oxide showing the
variable position of the plasmon loss peak,

outside of the particle but seriously overesti-
mates the drop in intensity.

Studies of interior regions of the mixed
oxide gave loss spectra broadly consistent
with the bulk loss functions shown in Fig.
1 but quickly revealed significant variations
in the position of the main valence loss peak
from one point on the sample to another.
An example is shown in Fig. 3. In addition
to the major change in intensity of the peak,
which may be partly due to local changes
in effective thickness, the two regions A and
B give an energy shift of almost 2 eV. This
large shift cannot arise from any local varia-
tion in chemical composition since the core
loss spectra in the two regions are rather
similar as shown in Fig. 4. In any case a
local change in the NiQ-Al,O; ratio would
not be expected to show much effect since
both oxides give a bulk toss at 23 eV, In
principle a shift might result from the forma-
tion of a new mixed oxide compound but
we did not observe any other evidence of
one. Our studies of one such possible com-
pound namely NiAl,O, revealed moreover
a bulk loss peak at 23.5 eV. A downward
shift could perhaps occur if there had been
substantial local reduction of NiQ to Ni
since the latter exhibits a plasmon loss at
21.3 eV. The Ni L, ; edges shown in Figure

4a both display, however, the white lines
characteristic of the oxide (22).

The many internal interfaces evidently
present in the mixed oxide samples could
perhaps provide an explanation for some
shift in the plasmon peak position. In Fig. 5
the characteristic loss functions for various
planar interfaces are shown. Since the di-
electric functions of NiQ and alumina are
rather similar in the relevant energy region,
it is perhaps not too surprising that the
NiO-alumina interface shows a peak at the
unshifted position of 23 ¢V. However, the
planar interface between either oxide and
vacuum shows a surface excitation at a sub-
stantially lower energy of 20 eV. A popula-
tion of smail voids might be a more appro-
priate microstructural basis for a dielectric
model rather than planar interfaces and the
characteristic loss functions for this case
(shown in Fig. 6 and derived from Eq. (4)
with £, = 1) both show a peak at 21 eV.
While such a downward shift from the bulk
loss position at 23 ¢V might go some way to
explaining the experimental results, a very
large volume fraction of voids would clearly
be required in some parts of the thin sample
if the observations were to be modeled using
Eq. (5) with contributions from only the bulk
loss function and from the void loss func-
tion. A much bigger downward shift of the
loss peak is shown by the loss function for
a small isolated spherical particle of either
NiO or alumina as is shown in Fig. 7. Only
a relatively small contribution of this type
would therefore be required. In reality of
course the sample consists of a rather dense
aggregate of particles which will interact di-
electrically, s0 a much more elaborate
model may ultimately be necessary.

Conclusions

Spatially localized valence loss spectro-
scopy would seem to offer considerable po-
tential in conjunction with other electron
microscopical techniques in addressing the
problem of characterizing the fine-scale mi-
crostructure of mixed oxides. Even in an
unfavorable case, such as NiO-alumina
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FiG. 4. Core loss spectra from the two regions A and B of Fig. 3. The Ni-AM,; and Al-L,; edges
are shown in {a), the O-K edge in (b) and the Ni-L,; edge in (c).
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interface and for the NiO and alumina free surfaces. in NiO or alumina.
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Fi1G. 7. Characteristic dipole loss functions for a small
alumina or NiO spherical particle.

where the dielectric response of the two
components are quite similar, spatial varia-
tions in the position of the loss peak are
observed and may ultimately vield informa-
tion about the void or pore fraction of the
material.
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