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Characteristic energy-loss spectra of 20-keV electrons in amorphous and polycrystalline Al,O; have been
measured in transmission at zero scattering angle. The dominant loss peak, due to plasmon excitation,
occurred at 22.6:=0.2 and 24.3+0.2 eV for the amorphous and polycrystalline films, respectively. Lower-
lying weaker losses were observed at about 8.7 and 13.5 €V in both films, with an additional loss at 17.7
eV in the polycrystalline film. Using a previously developed technique, values of —Ime™ and electron-
energy-loss oscillator strength were derived from the loss spectra. The results for anodized Al;O; are in ex-

cellent agreement with existing optical measurements.

HE dependence of characteristic energy-loss
spectra on amorphous and polycrystalline struc-
ture has been measured for only a few materials, such
as C,! Si;? Ge,?3 and As.? The dominant loss peak of
at least the first three of these materials is due to a
collective electron excitation, or plasmon, and the
difference in position of this peak in the crystalline
and amorphous forms is interpreted as a density effect,
the loss peak for the lower-density amorphous specimen
occurring at a lower energy. The dominant =~23-eV
loss peak in AlyOj; is also due to a collective electron
excitation since recent optical measurements by
Freeman? on anodized Al,O; and Stephan, Lemmonier,
and Robin® on a-Al,O; show a peak in —Im(1/¢) at
~23 eV where both the real and imaginary parts of
the dielectric constant e= e, e, are small.®
Previously, Swanson and Powell had found a dif-
ference between amorphous and polycrystalline Al,O3
electron-energy-loss spectra in the 75-90-eV loss region
corresponding to Al L-shell excitation.” The energy-loss
measurements described here on these films in the
0-40 eV range also showed a structure dependence.
Values of —Im(1/¢) over this energy range for the two
forms of Al,O; were derived from the energy-loss spectra
by a comparison technique using an Al specimen (of
known cross section) and the relation between —Im(1/¢)
and the oscillator strength for electron energy loss.
The total scattering cross section for 20-keV electrons
was also calculated for both materials. The values ob-
tained for —Im(1/e) for anodized Al,O; were in excellent
agreement with the results of optical measurements.

1. EXPERIMENTAL

The characteristic energy-loss spectra were measured
in transmission through thin-film specimens at 20-keV
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primary energy and zero scattering angle, using an
energy analyzer with a resolution of about 1 eV.8 The
angular spread of the primary beam is typically 1.6
mrad full angular width at half-maximum, and the an-
alyzer has an acceptance half-angle of about 0.25 mrad.

Amorphous Al,O; films were prepared by anodization
of Al foil® while polycrystalline y-Al,O; films were
prepared by heating evaporated Al films in air at
~700°C for 7 h.71° The film thicknesses were 15.541.0
pg/cm? for the v-AlO; films and 13.641.4 ug/cm? for
the anodized films. These film thicknesses were deter-
mined by weighing a known area of an anodized film
and by assuming complete oxidation of an 8.2-ug/cm?
Al film whose thickness had been monitored during
evaporation by a quartz-crystal microbalance. The
respective film densities were 2.8 g/cm?® using a film
thickness of 13.0 A/V from the anodization process®
and 3.7 g/cm?® using an average value for y-AlLO;.!
These densities indicate thicknesses of 490 and 420 A
for the anodized and y-Al,O; films, respectively. The
positions determined for the energy-loss maxima
(Table I) were based on measurements taken on three
anodized and two y-AlyOj3 films. The values of —Im(1/¢€)
were derived from loss spectra on one film of each type.

2. RESULTS

Typical loss spectra are shown in Fig. 1 for the poly-
crystalline v-Al,O; films (Curve A) and the amorphous,
anodized films (Curve B). Weaker loss peaks are super-
imposed on the low-energy side of the dominant plasmon
loss, two for the anodized specimen and three for the
v-Al,O; specimen. The estimated locations of these peak
maxima'? are marked with vertical lines in the figure,
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Fic. 1. Energy-loss spectra of y-Al;O; (curve A) and anodized
Al,O3 (curve B). Maxima in the loss spectra are marked by
vertical lines. The dashed line represents the intensity attributed
to the dominant loss peak.

and are tabulated in Table I. (The second multiple of
the plasmon loss could be seen as a very weak peak
beyond 40 eV, not shown in the figure.) There is a
distinct difference, almost 2 eV, between the positions
of the plasmon loss peaks in the two specimens.

The expected positions of the two plasmon losses,
assuming a purely free-electron model for 24 valence
electrons per molecule,” can be calculated from®

hwe=hwp[1— (1/8w,27) ],

where w,= (4nne?/m)!? is the free-electron plasma
frequency and 7 is the relaxation time. Here ¢ and m
have their conventional meaning, while # is the valence-
electron density and #/7 is approximately the loss-
peak full width at half-maximum (FWHM)." On this
model, #w,=23.0 and 26.5 eV for the anodized and
v-Al,O; specimens, respectively, compared to the
respective measured peak positions at 22.6+0.2 and
24.3+0.2 eV. (The plasmon loss was assumed to be
symmetrical,* with a FWHM of twice the width from

TasLE I. Maxima in the characteristic energy-loss spectra of
anodized AlO; and 7-Al;O; together with the maximum in
—Ime? from Freeman’s optical measurements on anodized
Al,O3. The quoted errors for the anodized Aly,O; are the standard
deviation of nine measurements, and for the y-Al;0; are estimates
based on five measurements. The corresponding maxima in the
derived —Ime™ occur about 0.4 eV higher in energy.

Anodized
Anodized AlO;
v-Al, 03 ALO, (optical)
(eV) (eV) (eV)
8.7+0.4 8.60.2
14.0+£0.4 13.240.3
17.7+0.4 v
24.340.2 22.640.2 23.3

18 The binding energy of the oxygen 2s electrons is about 24 eV,
hence we may expect that they will also take part in a collective

excitation.
14 N. Swanson, J. Opt. Soc. Am. 54, 1130 (1964).
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the peak maximum to the half-maximum intensity on
the high-energy-loss side. The remaining peak width
was attributed to the lower-lying losses.) Although the
plasmon energy-loss positions seem to be well repre-
sented by this model, the dielectric constant differs
considerably from a free-electron dielectric constant
over a substantial portion of the measured energy
range.5

The differential scattering cross section per electron
of the solid for an energy loss £ and momentum transfer
q from the primary electron to the solid is given by

@g__2me’ f5(9) M

dEdg E.E ¢

where E, is the primary energy and fz(g) is the general-
ized oscillator strength for the scattering process'®17
normalized to /o fgdE=1. (References 15 and 16
apply to atoms and Ref. 17 discusses the generalization
to solids.) The angular dependence of the differential
cross section varies with energy loss E through the
dependence of momentum transfer ¢ on scattering
angle 0: g= (2mE,)'/*(6°405%)'/2, where 0g= E/2E,. The
energy-loss spectrum observed at nominally zero angle
represents the folding of the differential cross section
with the primary-beam angular distribution integrated
out to the acceptance angle of the energy analyzer. The
energy analyzer accepts all electrons scattered within
a fixed angular cone of acceptance for all energy losses,
and hence a larger fraction of the scattered electrons is
detected for small energy loss than for large energy loss.
Consequently, the measured energy-loss spectrum is
not proportional to the differential cross section. A
correction factor, which increases with energy loss in a
manner depending on the primary beam-analyzer
geometry, must be used to multiply the observed loss
intensity at nominally zero angle to give the differential
cross section.?:18

If the angular characteristics of the primary beam
and energy analyzer are known, the differential cross
section and oscillator strength fz(g) for a ¢ correspond-
ing to 6=0 can be calculated. At 6=0, ¢=qmin
= (mE?*/2Eo)"2. The procedure for obtaining fg(¢min)
from a characteristic loss spectrum has been described
previously.'” In this procedure, a comparison standard
film of Al, whose cross section is known, is used to
eliminate the need for an exact knowledge of the angular
characteristics of the apparatus.

For ES>E, fr(gmin)= f2(0), the oscillator strength
for zero momentum transfer.® A sum rule for
—Im[1/e(E,g)] can then be applied to obtain the

15 H. Bethe, Ann. Physik 5, 325 (1930).

16 H. S. W. Massey, in Advances in Electronics and Electron
Physics, edited by L. Marton (Academic Press Inc., New York,
1952), Vol. 4, p. 1.
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18 H. Raether, Ergeb. Exakt. Naturw. 38, 125 (1965); M.
Creuzburg, Z. Physik 196, 433 (1966).
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—Im[1/¢(E,0)] corresponding to optical processes®:

By

47N,
f E Im[e(E0) HdE= — a7
0 m

82
Zg(0), (2)

where IV is the number of molecules per unit volume, Z
is the total number of electrons per molecule, and g(0)
is the integrated oscillator strength for energy-loss
processes between E=0 and E=E,. Differentiating
Eq. (2) yields®
2w*h?Ne?
—Imel=———Z1z(0). 3)
mE

The primary-beam angular distribution and the zero-
angle loss spectrum of an Al and an Al,O; film were
recorded in succession. Using 360 A as the mean free
path for plasmon excitation in Al at 20 keV,'” values of
fr were calculated from the Al:O;-loss spectra at 1-eV
intervals. The corresponding results for —Ime™! are
shown in Fig. 2 for the anodized Al,O3; and y-AlOs.
The integrated oscillator strengths g(0) for the 6-35-eV
region are listed in Table II.

To calculate the scattering cross section do/dE for
energy loss E integrated over angle, the oscillator
strength fz(gmin) Was assumed to be constant over an
angular range of integration corresponding to gmin<¢
< max= (2mE)'12 for each incremental E.16:*” Then

do wetfg(0) /AE,
—_— ln< ) .
dE

— ©)
EE E

This choice of gmax overestimates the angular range
of a free-electron plasmon loss.”” However, since there
is a considerable contribution to the loss spectrum from
single-electron excitations at the lower-energy losses,
and since gmax affects do/dE only logarithmically, this
choice of gmqx is believed to be reasonable considering
the over-all accuracy of the measurements. The results
for the total scattering cross section o, for the 6-35-eV
region are summarized in Table II.

The precision of these measurements for fz(0), o,
and —Im(1/¢) is estimated to be 4209, while the
accuracy, including the uncertainty in the Al mean free
path and in the assumption that there is no background
continuum under the energy-loss spectra, is estimated to
be £35%, adding the various uncertainties quadrati-
cally. There is an additional inaccuracy in o, due to the
choice of gmax and the approximation that fz(g)
= f&£(gmin) OVer the range of integration. The values of
f2(0) and o depend on the specimen mass thickness,
so that any uncertainty in the density only affects
—Im(1/e) [through N in Egs. (2) and (3)].

1 U. Fano, Phys. Rev. 103, 1202 (1956); P. Nozieres and D.
Pines, ibid. 113, 1254 (1959).

2 Combining Egs. (1) and (3) above yields Eq. (56) in Raether’s
paper, Ref. 18.
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F16. 2. A plot of —Ime? derived here for anodized AlOs
(solid line), and y-AlyO; (long-dashed line). The maxima in
—Ime™ occur about 0.4 €V higher than the corresponding maxima
in the loss spectra tabulated in Table I. For comparison the results
of Freeman (dot-dash line) and Hass and co-workers (A) for
optical measurements on anodized Al;Os are included.

Since the results for o; and g(0) for the anodized and
v-Al;O3 specimens differ by an amount just within the
combined precisions of the measurements, their differ-
ences are not necessarily significant.

3. DISCUSSION

Numerous measurements have been made previously
of the characteristic loss spectrum of Al,05%~25 but
no differences between the two forms of Al,O3 have been
reported. Differences between anodized and +y-AlyOs
energy-loss spectra corresponding to differences seen in
the L-shell x-ray absorption spectra in the 75-90-eV
region?® have been observed by Swanson and Powell.”

TasiE II. Values obtained for the integrated oscillator strength
£(0) and total cross section per electron o, for electron scattering
with energy loss between 6 and 35 eV in Al;O; at 20 keV. Z(=50)
is the number of electrons per molecule. The precision and ac-
curacy of g(0) is estimated to be =20 and =359, respectively.
The precision of o, is the same as that of g(0), with some additional
inaccuracy due to the angular integration (see Sec. 2). The
difference in the results for the two kinds of AlyOj; is therefore
not necessarily significant.

Anodized
v-Aly03 Al O3
X101 X107
a1(cm?) 1.7 2.6
£(0) 0.15 0.22
Zg(0) 7.6 11

21 H. Watanabe, J. Phys. Soc. Japan 9, 920 (1954).

21, B. Leder, Phys. Rev. 103, 1721 (1956).

2 G. W. Jull, Proc. Phys. Soc. (London) B69, 1237 (1956).
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Measurements of the optical constants of anodized
ALO; have been made by Freeman in the energy range
from 12 to 24 eV at intervals of about 1 eV,* and by
Hass and co-workers at five energies between 5 and
22 eV.2 Values of —Im(1/¢) calculated from their
results are plotted in Fig. 2. Optical constants of
a-Al,03 (corundum) measured between 9 and 40 eV
by Stephan, Lemonnier, and Robin® give a maximum
in —Im(1/¢) at about 23 eV and a subsidiary peak
at 16 eV.

The results obtained here for —Im(1/¢) for anodized
AlLO;, shown in Fig. 2, are in excellent agreement with
the two previous optical measurements. The displace-
ment in energy of the curve of —Im(1/e) for v-AlsO;
with respect to that of anodized AlO; is significant,
though the magnitude of —Im(1/¢) is not known to
better than 359, in each case.

At energy losses above about 30 eV, the contribution
of the second-multiple-loss intensity to the tail of the
dominant first-loss peak becomes significant. To allow
for this contribution, the values for —Im(1/€) were
extrapolated to 35 eV by assuming a Lorentzian line
shape fitted to the peak maximum and upper half-
width at half-maximum. The corresponding loss in-
tensity attributed to the dominant loss peak is shown as
a dashed line in Fig. 1.

A recent optical-absorption measurement on anodized
Al;03%8 shows the absorption edge occurring at about
7 eV, with a shoulder near the energy-loss maximum
at 8.6 eV. The energy-loss peak at about 13.5 eV is
probably due to another optical-absorption maximum,
although Freeman’s rather widely spaced data points
show no indication of a subsidiary peak in either e,
or —Im(1/¢) near this energy. The energy loss at 8.7
eV in y-Al,O; seems to correspond to optical absorption
in @-Al;03, which rises very rapidly from 8.3 to 9.5
eV.5 The energy-loss peak at 17.7 eV in y-ALOs may
be related to the peak in —Im(1/e) at 16 eV seen in
a-Al,O3. The broader width found for the plasmon loss
of the anodized specimen (10.2 eV) compared to that
of the y-Al,O; specimen (8.9 eV) agrees with the ob-

27 G. Hass, W. R. Hunter, and R. Tousey, J. Opt. Soc. Am.
47, 1070 (1957); R. P. Madden, L. R. Canfield, and G. Hass,
ibid. 53, 620 (1963).

28 E. T. Arakawa (private communication).

SWANSON

165

servation of Zeppenfeld and Raether for plasmon-loss
peaks in amorphous and polycrystalline Ge and Si.2

Less than one-half of the 24 valence electrons are
participating in the energy-loss process in AlO; out
to an energy loss of 35 eV. [ From Eq. (3) and the results
in Fig. 2, it is clear that the electron oscillator strengths
calculated from the optical results will closely approxi-
mate our fz(0).] Since there are no strong electron-
energy-loss peaks between 35 eV and the Al Ly; edge,
the remaining oscillator strength presumably occurs as
an absorption continuum at energies beyond 35 eV.%®
Since AlyO; infrared absorption begins at energies
below =~0.19 eV, it is unlikely that there will be
significant oscillator strength in this region.

4. CONCLUSIONS

Distinct differences in the characteristic loss spectra
of (amorphous) anodized Al,O; and (polycrystalline)
v-Al,O; have been observed. Both the position and line-
width of the dominant energy loss differ in the two
materials, with the lower-density amorphous AlyO;
showing the expected lower energy loss and broader
linewidth. Values of —Im(1/¢) and oscillator strength
fe(0) for electron energy loss have been calculated
from the loss spectra in the 6-35-€V energy range and
are in excellent agreement with available optical mea-
surements. The results for fz(0) show that less than
one-half of the 24 valence electrons are participating
in the energy-loss process in the measured energy-loss
range. '
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