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The energy-loss distributions of ~20-keV electrons transmitted through 210-575 A-thick specimens of
Al and Al;O3; have been measured at zero scattering angle. Two types of Al,O; were used: films of the
v phase and amorphous films prepared by anodization. Loss spectra were obtained for an energy-loss range
of 0-160 eV, in which structure due to L-shell excitation in Al and Al:O; was observed. The positions of the
absorption edges and of the peaks on the high-energy-loss side of each edge agreed well with recent x-ray
absorption measurements. Slightly different structure for the two forms of Al,O; was found near the edge,
as recently found by x-ray absorption. From the observed intensities, the values of oscillator strengths,
mass-absorption coefficients, and electron-scattering cross sections have been derived for each material up
to =85 eV beyond the absorption edge. The Al results are in good agreement with recent x-ray measure-
ments and are consistent with the Al;O; data. The similarity in the electron energy-loss and x-ray absorp-
tion measurements is consistent with the equality of the longitudinal and transverse dielectric constants
¢(w) and with the expectation that in this energy-loss region Ime=—Im1/e to a good approximation.

1. INTRODUCTION

HE excitation of valence electrons in solids by
incident electrons of 100 eV-100 keV energy has
been observed in many experiments, but relatively few
measurements have been made of the excitation of
inner-shell electrons. Ruthemann!' observed energy
losses corresponding to the excitation of K-shell
electrons in C, N, and O when 7.5-keV electrons were
transmitted through thin films of collodion. Hillier
and Baker? similarly found energy-loss peaks due to
K-shell excitation in Be, C, N, O, Al, and Si, to L-shell
excitation in Fe and Zn, and to M-shell excitation in
Fe using primary electrons of 26-65 keV energy. More
recently, energy-loss peaks identified as being due to
the excitation of outer core electrons have been observed
in transmission experiments using = 50-keV electrons
and in reflection experiments using ~ 1-keV electrons.?:*
Watanabe* has observed the onset of excitation of
L-shell electrons in both Al and Al,O;, together with
structure which he has compared with that observed on
the high-energy side of the Al x-ray absorption edge.®
The purpose of this paper is to report measurements
of the excitation of L-shell electrons in Al and two forms
of Al,O;. Energy-loss spectra have been obtained using
=~20-keV primary electrons transmitted through thin
specimen films. “Fine structure” observed for energy
losses greater than the threshold excitation energy for
each material has been compared with x-ray-absorption
data. In addition, using a technique discussed in a
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previous paper,® it has been possible over the range
of measurement to obtain oscillator strengths, x-ray-
absorption coefficients, and an estimate of the total
cross section for creation of the inner-shell vacancy by
the primary electron.

2. THEORY

It can be shown’ that the doubly differential cross
section per atomic electron for an excitation involving
energy loss E=#w and momentum transfer ¢ can be
expressed in the form

d’c 2¢? 1 71
=— Iml: :|* . (1)

dwdg  wNhw? e(w,q) g
In this equation, IV is the total electron density, v is
the velocity of the primary electrons, and Im[1/e(w,g)]
is the imaginary part of the reciprocal complex dielectric
constant e= e;+-7e,, a function of frequency w and of g.
Following Fano,” and Glick and Ferrell,” Eq. (1)
may be related to microscopic theories® of inelastic

scattering by defining a differential oscillator strength

_(_i'_fz o Im[1/e(w,g)]
dw 37Q,2

where Q,= (4rNe*/m)! 2. The Thomas-Reiche-Kuhn?'8
sum rule becomes

; 2

/‘°° (@f/dw)dw=1, (3a)

and

net(E)=Z / [4f/dG)ld0)  (3b)

8 N. Swanson and C. J. Powell, Phys. Rev. 145, 195 (1966).
7J. Hubbard, Proc. Ph s. Soc. &ondon) A6 8, 976 (1955);
U. Fano, Phys. Rev. 103, 1202 (1956); A. T Glick and R. A,
Ferrell, Ann, Phys. (N. Y) 11, 359 (1960) D. Pmes, in Elementary
Lxcztatums in Solids (W. A. Ben]amm Inc New York, 1963).
H. Bethe, Ann. Physik 5, 325 (1930
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represents the effective number of electrons per atom
participating in the various excitation processes, up to
energy loss E. Here Z must be regarded as the number
of electrons per atom or unit molecule of the solid, since
the sum rule applies to the whole atom or molecule
under consideration.? In this work, the lower limit of the
integration is replaced by Ea.;, the binding energy of
electrons in the #! shell, so that Eq. (3b) can be used to
derive the number of #l shell electrons per atom
contributing to the absorption in a particular energy-
loss range. Equation (1) can now be written
& 4metl 1 df
- )

The dependence of df/dw on g is not generally known,
and Eq. (4) can only be integrated approximately

to give
d 4E
el W=, o
¢E

dw
Where ¢min is the minimum momentum transfer (= E/v)
for energy loss E, Eq=3%m1* and ¢ is a constant that
depends on the ¢ variation of df/dw.® Bethe® has
expressed the total cross section per atom or molecule
for ionization of the 7l shell (containing Z,; electrons)
in the form

do 2me* 1

—_———

dw m? E

g=¢min

(6)

Bnl
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2met anbnz 4E0
lnI: ] ,

mv:  En

where By, is of the order of E,;. Comparing Egs. (5)

and (6),
ZE, Emex ]| d 4E
G N pa In[—o]d(hw)
Zn 1n(4E0/ Bar) Ea E A(h) | gmgmin cE
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where Enmax is large compared to E,; but less than the
binding energy of the next most tightly bound shell.

Measurements of energy-loss distributions at zero
scattering angle can be used to obtain (df/dw)q—gpin-
For large frequencies (w2>100 eV) and as ¢— 0,

—Im[1/¢(w,0) ]~ Im[e(w,0)]

9 U. Fano, Ann. Rev. Nucl. Sci. 13, 1 (1963).

10 For atoms, the integration of Eq. (4) has been performed so
that do/dw is proportional to the optical oscillator strength
(@f/dw)qmo [see W. F. Miller and R. L. Platzman, Proc. Phys.
Soc. (London) 704, 299 (1957) ; L. Vriens, Physica 31, 385 (1965)].
In the present work, the electron oscillator strength (d1/dw)gmgmin
depends on the primary electron velocity v. The constant ¢ in the
logarithmic factor of Eq. (5) has been assumed here to be unity, in
analogy with formulas published by Bethe (Ref. 8) for atomic
excitation and ionization, though recent calculations for atomic
hydrogen [L. Vriens (private communication)] show that ¢ can
depart appreciably from unity for energy losses appreciably
greater than the threshold Ep;.
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to better than 5%.1! With this approximation and the
assumption that the “transverse” dielectric constant
(determining the optical absorption spectrum) is equal
to the “longitudinal” dielectric constant (determining
the electron energy-loss spectrum),’? it is possible to
derive x-ray linear absorption coefficients u; or mass
absorption coefficients u,, from values of df/dw obtained
from electron energy-loss measurements. Specifically,

af
dw

27N e?

(8)

M=

mce

g=¢min

and u==pi/p, where p is the density of the solid.

3. EXPERIMENTAL PROCEDURE
A. Apparatus

The electron energy-loss spectra were measured in
transmission through thin-film specimens at zero
scattering angle, using an energy analyzer with a
resolution of about 1 €V.61® The primary beam energy
ranged from 20 to 23 keV, depending on the specimen
used, and was set to give the optimum beam intensity.
The angular acceptance of the analyzer is a cone of
half-angle ~0.25 mrad. The angular distribution of the
primary beam could be measured by rotating the gun
and specimen jointly with respect to the analyzer and
was approximately Gaussian with a full angular width
at half-maximum of typically 1.6 mrad.

The energy-loss spectra were recorded on an X-¥V
recorder, plotting electron intensity versus energy loss.
A battery in series with the high-voltage lead to the
energy analyzer could be switched in to displace the
energy-loss spectrum a known amount on the energy-
loss scale. Thus a selected portion of the energy-loss
spectrum could be recorded while maintaining the
absolute energy-loss calibration.

B. Specimen Preparation

The Al specimens were prepared by vacuum evapora-
tion onto a Victawet 35B substrate at a pressure ~10~%
Torr. The specimens were floated off the substrate on
water, and mounted over the 0.5-mm-diam aperture of
the specimen holder. The specimen thickness was
monitored during the evaporation by a quartz-crystal
microbalance. The mass thickness of the specimens used
were 8.2 and 5.7 ug/cm?, which, assuming bulk density,

11 Data for Al over a wide frequency range are presented by H.
R. Philipp and H. Ehrenreich, J. Appl. Phys. 35, 1416 (1964).
Their values of e near 100 eV were derived from the data of Ref. 5
and show that —Im[1/e(w,0)] equals Im[e(w,0)] to better than
about 5% for % >72 eV. More recent work (see Fig. 4) indicates
absorption coefficients several times larger, and hence the differ-
ence between —Im[1/e(w,0)] and Im[e(w,0)] should be smaller
than 5%,

2V. Ambegaokar and W. Kohn, Phys. Rev. 117, 423 (1960);
P. Nozieres and D. Pines, ¢bid. 113, 1254 (1959).

1 L. Marton and J. A. Simpson, Rev. Sci. Instr. 29, 567 (1958).
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Fic. 1. Energy-loss spectrum of an 8.2-ug/cm?-thick Al film.
The relative-gain setting is indicated for each intensity change of
scale. The zero current level at all gain settings corresponds to the
horizontal part of the trace to the left of the elastic peak. The
strong loss peak at ~15 eV is due to plasmon excitation, with
weaker multiple losses visible at about 30, 45, and 60 eV super-
imposed on a rapidly decreasing background. Note the size of the
step at ~72 eV due to the Ly absorption edge compared to the
fourth multiple-loss-peak intensity at 60 eV.

80 90

correspond to thicknesses of 300 and 210 A. The
uncertainty in these film thicknesses is 5-109.

Al,O; films were prepared in two ways. Several
300 A-thick Al films were mounted on Pt specimen
holders and heated in air to about 700°C for 7 h, produc-
ing transparent, continuous films of y-Al,O; over the
apertures.’* If oxidation were complete, these films
would be 15.5 pg/cm? thick. Anodized amorphous
Al;O; films were prepared in several thicknesses ranging
from 410 to 575 A,'® and were mounted on the specimen
holders by floating small sections on water. A mass
thickness was determined by weighing a known film
area on a sensitive microbalance, with an uncertainty
of about 109%,. The density of these films was 2.8 g/cm3,
using the film thicknesses calculated from the anodiza-
tion procedure. An investigation of the 0-40-eV energy-
loss region® for each form of Al,O; indicates essentially
complete oxidation.

C. Treatment of the Data

Figure 1 shows an energy-loss spectrum for a 300
A-thick Al film with the appropriate intensity scale
factors indicated. The 15-eV characteristic energy-loss
peak due to plasmon excitation is the dominant feature,
with the multiple losses at 30, 45, and 60 eV successively
diminishing in intensity. At about 72 eV there is an
increase in energy-loss intensity associated with the
excitation of the L-shell electrons. It should be empha-
sized that Fig. 1 does not represent a measure of the
differential cross section for zero scattering angle as a
function of energy loss. The angular resolution of the
apparatus was comparable with the half-width of the

1 G. Hass, Z. Anorg. Chem. 254, 96 (1947). v-AlO; densities
are typically 3.5-3.9 g/cm?

15 H. Johnson and R. D. Deslattes, Rev. Sci. Instr. 36, 1381
(1965).

16 N. Swanson, Phys. Rev. 165, 1067 (1968).
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inelastic angular distribution (a function of energy
loss E) and the system would detect more electrons of
low E than of high E for two loss processes of identical
cross section. It was therefore necessary to use thin
specimens so that multiple plasmon-loss peaks did not
obscure the features of interest; the films had to be
thick enough, however, to be self-supporting and to
eliminate angle-dependent corrections due to surface
effects.l”

Figure 2(a) shows the energy-loss region from 70 to
130 eV for the same Al specimen. From both Figs. 1 and
2 it is apparent that the energy-loss intensity from the
excitation of the L-shell electrons is superimposed on
the decreasing tail of the characteristic (valence-
electron) loss spectrum. A reliable estimate of this
“background” must be made in order to measure the
intensities corresponding to the inner-shell excitation
(ISE) as required for the calculation of oscillator
strengths and cross sections. The choice of background
also determines the positions of the observed structure.

It was initially thought that the background was due
entirely to the overlapping tails of the multiple plasmon

(a) A2
L t=8A2;Lg/cm2 b

(b) ¥-A2,03
£, 12155 pg/em? |
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F16. 2. Energy-loss spectra in the energy region corresponding to
L-shell excitation. (a) Al. (b) y—Al,O; prepared by oxidizing an
Al film in air. (c) Anodized Al;O;. Film thicknesses are indicated
for each specimen. The positions of absorption edges and loss-
spectra maxima are marked by vertical lines (see Tables I and II).
The backgrounds calculated by extrapolation of the energy-loss
intensities below the absorption edges are shown as long-dashed
lines (see Sec. 3C); the additional contributions to the loss
intensities from electrons exciting both a plasmon and an inner-
shell electron are shown as short-dashed lines. The measured
intensity of inner-shell excitation processes in each loss spectrum
was that above this combined background.

17 P, Schmiiser, Z. Physik 180, 105 (1964).
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peaks. On this basis, it would have been possible to
synthesize a loss spectrum, based on the line shape for
the 15-eV plasmon loss, and to use this computed
spectrum to predict the background in the ISE region.
The frequency-dependent dielectric constant can be
approximately expressed in the Drude form'8:

e(w)=1—0w,’/w(wtiy), )

where w,= (4rne?/m)'2, n is the valence-electron den-
sity, and v is a characteristic damping frequency.
The contribution of interband transitions to e(w) has
been neglected, and it is not possible to use Eq. (9) to
predict accurately the position and intensity of a
plasmon energy loss in Al. One can, however, use the
Drude form for e(w) to describe the line shape of a
volume plasmon loss by the function®

WY 0,7

1
——Im[———:l=————————— , (10)
ewd (=0 +o’y,

where the frequency w, is derived from the experimental
loss position #w, and v, from the observed half-width
fry,. 1t is similarly possible to describe the line shape of a
surface plasmon-loss peak® where the metal surface is
covered with an oxide layer of dielectric constant ez by
the function

WY sw o

1
- Im[ ]= ’
E(w)+ €B wv2[ (w2—ws2)2+w2732:l

(11)

where again the experimental parameters w, and v,
describing the surface loss are used.

Starting with a primary no-loss beam assumed to have
a Gaussian line shape, characteristic loss spectra have
been computed by successive folding calculations using
Egs. (10) and (11) in which the intensities of the various
peaks have been normalized to correspond approxi-
mately with those observed. The results of such a
calculation for Al are shown in Fig. 3, where the surface
plasmon loss has been included by folding with the
primary beam and the first three multiples of the
volume plasmon loss. The parameters used in this
calculation were #w,=14.8 €V, #y,=0.9 eV, fw,=6.8
eV, 7y,=1.6 eV, and the half-width of the primary
beam=1.75 eV.2

It was found that no reasonable adjustment of
the parameters could give a useful representation
of the observed spectrum, there being approximately

18N. F. Mott and H. Jones, The Theory of the Properties of
M eltaés and Alloys (Clarendon Press, Oxford, England, 1936),
p- 112.

1 N. Swanson, J. Opt. Soc. Am. 54, 1130 (1964).

20 R. H. Ritchie, Phys. Rev. 106, 874 (1957); E. A. Stern and
R. A. Ferrell, bid. 120, 130 (1960).

2 J, Geiger and K. Wittmaack, Z. Physik 195, 44 (1966) found
7v»=0.60 eV using a monochromatized electron beam and high-
resolution energy analyzer. There is evidence [C. von Festenberg,
Phys. Letters 23, 293 (1966) ] that the loss half-width depends on
crystallite size, and %vy,=0.9 eV is more representative of the Al
films produced in this laboratory.
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F16. 3. Plot on a logarithmic scale of characteristic loss spectra
of Al Curve (a) is the observed spectrum (210 A specimen), and
curve (b) is the spectrum computed using the folding procedure
discussed in Sec. 3C. Curve (c) is a plot of 10X the difference
between curves (a) and (b); relatively large surface-plasmon-loss
lc.ontributions were included in (b) to make plot (c) approximately
inear.

an order of magnitude difference in the intensities
at E=170 eV energy loss if the curves were normalized
to coincide at E=14.8 eV. It was realized that the
difference between the experimental and computed
spectra was due to such factors as the occurrence of
interband transitions in Al%? to inelastic scattering in
the oxide layers on the specimen surfaces, to the
inadequacy of Egs. (9)-(11), and to the variation of
effective angular resolution with E. The background in
the ISE region was therefore regarded as being of two
parts: a contribution due to plasmon peaks which could
be estimated by the folding calculation, and a contribu-
tion due to the approximations and omissions just
described. The latter portion, the difference between
the observed and computed spectra, is shown in Fig. 3
and could be fitted by least squares with a decreasing
exponential function. This function could be extrap-
olated into the ISE region, and a total background
found by adding the plasmon contribution from the
folding calculation. The exponential function was one
of several functions used in trial fits and yielded the
least imprecision in the region of extrapolation; there is
however, no a priori justification for the use of such a
function. It is difficult to estimate the magnitude of
any systematic error on this account because no
independent data of sufficient reliability exist to esti-
mate the magnitude of all the effects contributing to
the difference between the observed and computed
spectra in Fig. 3.

Similar background calculations have been made for
the two forms of Al,O3; in each case, it was only
necessary to consider the = 23-eV loss!® and one multiple
of this loss. The scatter in the data points [as in Fig.
3(c)] was such that the uncertainty in the extrapolated
intensity for the largest energy loss considered was less

2 H. Ehrenreich, H. R. Philipp, and B. Segall, Phys. Rev. 132,
1918 (1963).
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TasiE I. Positions of the absorption edge and maxima in the energy-loss spectrum of Al, as marked in Fig. 2(a). The number of
measurements on each structure is given under »#. The stated errors are the standard deviation of a single measurement, for seven or
more measurements, and are estimates, for less than seven measurements. The positions of structure in Watanabe’s (Ref. 4) energy-loss
measurements, in the u., derived here (Fig. 4), and in two soft-x-ray absorption measurements (Refs. 23 and 24) are also shown. All

energies are in eV.

Electron energy loss

x-ray absorption

Derived from Codling and Fomichev and

Structure n Present work Watanabe present work Madden Lukirskii
Los edge 13 72.5+0.5 72 72.722 ~72

Ey 3 76.3 1P 76.8 76

82 84 (weak) 84 (weak)

Es 9 96.340.5 94 96.8 96 96

Es 6 111241 111.7 ~117 112

E,4 6 124.24-1 124.7 125

s L3 edge. b Possibly due to Alz20s.

than 29, except for the ¥-AlOs;, where it was less
than 79,

Another correction to the observed intensity in the
ISE region is the contribution from electrons which
have undergone one (or more) valence-electron char-
acteristic loss processes in addition to having excited
an inner-shell electron. Since Poisson statistics hold for
inelastic-scattering processes, it can be shown that for
sufficiently thin films and at zero scattering angle, the
ratio of the number of electrons undergoing one
characteristic loss process and an ISE process to the
number of electrons undergoing only an ISE process is
very nearly equal to the ratio of the first characteristic-
loss-peak area to the elastic (no loss) peak area. We
can neglect the probability of two characteristic loss
events and an ISE compared to the probability of an
ISE alone, at zero scattering angle. This additional
background correction is shown in Fig. 2 as a short-
dashed line.

The intensities and positions of the structure observed
in the various ISE spectra were measured assuming the
combined background discussed above. Differential
oscillator strengths, x-ray-absorption coefficients, and
total electron-scattering cross sections for inner-shell
excitation were calculated from these intensities using a
comparison technique described in Sec. 5.1 of Ref. 6.
The technique consists of folding the primary-beam
angular distribution with the differential cross section
to correct the zero-angle spectrum for finite angular
resolution and to determine the fraction of the angular
distribution not measured. A specimen with an energy-
loss process of known cross section is used as a compar-
ison standard to minimize the effects of uncertainties
in the angular characteristics of the apparatus; in this
work, ISE intensities were compared with the 14.8
energy-loss intensity in ALS

4. RESULTS

A. Energy-Loss Peaks and Comparison with
x-Ray-Absorption Data

The locations of prominent structure in the energy-
loss spectra were measured, as illustrated in Fig. 2.

The absorption edge was taken to lie midway between
the top and the bottom of the step occurring at the
onset of ISE, because of the =1 eV full width at half-
maximum (FWHM) energy spread of the primary
electron beam. (In principle, the absorption edge should
lie at the point of inflection of the initial rise in
energy-loss intensity, but in practice this point could
never be clearly distinguished.) The L, and L; edges
could not be resolved for any of the specimens, and are
referred to jointly as the Ly; edge.

The number of measurements of any given loss peak
or absorption edge varied from as few as three up to
21. The mean of the energy-loss values was used in
each case. If seven or more measurements were made,
the standard deviation of a single measurement was
computed. If less than seven measurements were made,
the estimated uncertainty in the measurement was used
for the error. The confidence coefficient is 0.95 that the
mean of seven measurements is within one standard
deviation of the true value, in the absence of systematic
error. In all cases of seven or more measurements, the
values appeared to be randomly distributed about the
mean. Measurements were made with three Al speci-
mens (two of 300 A and one of 210 A thickness), three
anodized Al;O; (of 410, 480, and 575 A thickness) and
two y-Al,O; films.

The results for Al are shown in Table I. For compar-
ison, the results of Watanabe* obtained from electron
energy-loss measurements at 50 keV, the measurements
by Codling and Madden?®? for the soft-x-ray absorption
spectrum of Al using the continuum radiation from the
NBS synchrotron, and the results of Fomichev and
Lukirskii?* for x-ray absorption using bremsstrahlung
are also shown. A group? using the Tokyo University
synchrotron has obtained similar results in the 70~100-
eV region.

2
167, Igg '7(:(()1(19116%% and R. P. Madden, preceding paper, Phys. Rev.

2V, A. Fomichev and A. P. Lukirskii, Fiz. Tverd. Tela 8, 2104
(1966) [ English transl.: Soviet Phys. —Solid State 8,1674 (1967)] ;
V. A. Fomichev, sbid. 8, 2892 (1966) [English transl.: ibid.
2312 (1967)].

2 T. Sagawa, Y. Iguchi, M. Sasanuma, A. Ejiri, S. Fujiwara,

M. Yokota, S. Yamaguchi, M. Nakamura, T. Sasaki, and T. Oshio,
J. Phys. Soc. Japan 21, 2602 (1966).
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TasLE II. Positions of the absorption edge and maxima in the energy-loss spectra of Al;O; prepared by anodization and by oxidizing
Al films in air (y-AlyOs), as marked in Figs. 2(b) and 2(c). The number of measurements on each structure is given under #. The stated
errors are the standard deviation of a single measurement, for seven or more measurements, and are estimates, for less than seven
measurements. For comparison, the positions of corresponding structure in Watanabe’s energy-loss measurements (Ref. 4) and the
soft-x-ray absorption measurements of Codling and Madden (Ref. 23) and of Fomichev (Ref. 24) are shown. The peaks in u, (Fig. 4)
derived from Figs. 2(b) and 2(c) occur about 0.5 eV above the stated energy-loss values. All energies are in eV.

Electron energy loss

x-ray absorption

Present work Watanabe Codling and Madden Fomichev
Anodized Anodized Anodized Anodized
Structure n Al,04 n v-Al;03 Al O3 Al,03 v-Al,03 AlO3
Los edge 21 75.840.5 9 76.94+0.4 76.48 77.41 76.3
E, 17 76.7+0.6 7 78.8+0.4 77 77.1 78.0 76.8
78.6 (weak)
E, 20 79.0+0.5 79 79.8 79.5 79.5
Ey 7 83.940.4 86 84.0 84.5
E; 10 97.8+£0.7 7 98.240.5 94 99 99 98
110
E, S 123.341.5 4 124.241.5 124

The Al L, edge has been reported to lie at 117.740.4
eV,% but no peak could be seen near this energy on any
of the loss spectra. This is not surprising, because the
L, hole is short-lived and it is also possible that the Ly
oscillator strength is distributed over a relatively large
energy range. Watanabe*?® has attributed the peak at
111 eV to the combination of a =96-eV loss process and
a 15-eV plasmon loss. However, the present results still
show a weak peak at =111 eV after the characteristic
loss contribution is subtracted. The weak loss at 76.3
eV may be due to the surface layer of Al,O;. This layer
is amorphous in character,'* and the loss position corre-
sponds to that found for the L,; edge of anodized Al,Os.

The anodized Al;O; and the v-Al;O; prepared by
oxidizing Al films in air gave slightly different energy-
loss spectra, corresponding to differences in the two
materials first noticed by Codling and Madden? in
their soft-x-ray absorption measurements. The Lo
absorption edges are several eV higher in energy than
the Al L,; edge, and appear to be about 1 eV apart.
The anodized (amorphous) film has a clearly resolved
doublet peak at about 77 and 79 eV, while the polycrys-
talline film has only one pronounced peak near the ab-
sorption edge, which, from Codling and Madden’s data
at higher resolution, would appear to be several closely
spaced narrow peaks not resolved here. Fomichev?
has also measured the soft-x-ray absorption spectrum
of anodized Al,O; and his results agree well with those
found here. The measured positions of the absorption
edge and the energy-loss peaks are listed in Table
II, together with the energy-loss measurements of
Watanabe for anodized films, and the soft-x-ray meas-
urements of Codling and Madden and of Fomichev.

B. Oscillator Strengths, Absorption Coefficients,
and Cross Sections

ISE spectra were recorded 40-90 eV beyond the ab-
sorption edge for each of the specimens. Three of the

26 A. Fahlman, K. Hamrin, R. Nordberg, C. Nordling, and K.
Siegbahn, Phys. Rev. Letters 14, 127 (1965).

best loss spectra were selected in each case for obtaining
differential oscillator strengths, total cross sections,
absorption coefficients, and values of #e:(E) using
the appropriate equations of Sec. 2 [and assuming c=1
in Eq. (5)].

The results for a 300 A-thick Al film are given
in Figs. 4 and 5 and Table III for a primary energy
of 21 keV. The results of the three ISE spectra
agreed to about 309, ; the reason for this large impreci-
sion is not clear, though it might be due to changes in
the degree of axial symmetry of the gun-analyzer
system from run to run. The results based on three ISE
spectra of each of the Al,Os specimens at 21 keV are
also shown in Figs. 4 and 5 and Table III. These results
agreed to about 109, for each kind of Al,Os.

The uncertainties in the calculated values of ¢, df/dw,
and u,, arise from the 259, uncertainty in the cross
section of the Al 14.8-eV loss used as a standard,®
together with the uncertainties in the various experi-
mental quantities involved in the comparison technique.
Combining the uncertainty in the standard cross section
quadratically with the estimated errors in the compar-
ison technique leads to an estimated error of about
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F1c. 4. Results for the mass absorption coefficient u,, from the
ISE measurements on Al and Al,Os. For comparison, the Al data of
Fomichev and Lukirskii are included; the precision in their
determinations of ux (x is the specimen thickness) was about
+59%, and to derive um it has been assumed that their films were
of bulk density and that there was negligible error in their stated .
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Fi16. 5. The effective number of electrons per Al atom participat-
ing in inner-shell excitation processes versus energy loss obtained
from the energy-loss measurements on Al and Al;O;. For compar-
ison, values of #.:t(E) were calculated using Eqgs. (8) and (3b)
f(rom the p:(E) data for Al measured by Fomichev and Lukirskii

Fig. 4).

409, in the results for o, df/dw, and u, for the three
materials.

5. DISCUSSION
A. Positions of the ISE Structure

The positions of the structure in the ISE spectra for
the three materials in general agree very well with
measurements of x-ray absorption using continuous
x-radiation sources. A few weak peaks seen in x-ray
absorption are not detected or resolved in the ISE
spectra.

The chemical shift of the Ly; edge from Al metal to
the oxide in the ISE measurements was 3.3 eV for
anodized Al,0; and 4.4 eV for y-AlL;O;. Codling and
Madden’s results for this shift are somewhat larger, 4.0
and 4.9 eV, respectively,? although the differences in
the results for each material are within the experimental
uncertainty. In K-absorption measurements, Rud-
strom?’ found a chemical shift of the K-absorption edge

TasLE III. Cross-section parameters for L-shell excitation in Al
and Al,O; for 21-keV primary electron energy. Cross sections (per
atom or molecule) and values of 7.t (160) [Eq. (3b)] and b,
[Eq. (7)] were obtained from the experimental distributions of
oscillator strength. The b values were determined for all L-shell
electrons using the average Al L-shell binding energies En; indi-
cated. As there are two Al atoms per Al:O; molecule, the Al;Os
parameters are expressed to indicate the values per Al atom. The
estimated error of each quantity is discussed in Sec. 4B.

Anodized
Al AlOs v-Al,03
Range of integration (eV) 72-160 75-160 76-160
Cross section per atom or
molecule (1078 cm?) 1.08 2%1.03 2X0.67
7ess (160) 6.3 2X6.1 2X3.9
l 0.55 0.55 0.36
En (eV) 83 87 87

2 1,, Rudstrom, Arkiv Fysik 12, 287 (1957).
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of 5.3 eV for anodized Al;O; compared to Al Deslattes?
in a similar measurement found a shift of 5.8 eV. Due to
the possibility of different K- and L-shell binding
energies in the Al and Al;O3, however, a direct compar-
ison with the L,; absorption-edge shift is not significant.
For similar reasons, a direct connection between the
AlL,O; band gap and the chemical shift of the Ls; edge
cannot be made.

A complete theory to describe the positions and
intensity of the fine-structure maxima observed on the
high-energy side of x-ray absorption edges does not
exist.?® A number of authors,® however, have measured
the effects of crystalline structure on the absorption
fine structure and have compared the fine structure of
an element and a number of its compounds. In most
cases, crystalline and noncrystalline phases of a material
may show similar though not necessarily identical
fine-structure spectra. The fine structure in different
oxides of some transition metals has been shown by
White and McKinstry® to be dependent on the bond
character and the nearest-neighbor environment. The
crystalline and amorphous forms of Al;O3; show similar
fine structure (Fig. 2), except for the region close to
the absorption edge, where x-ray absorption measure-
ments?® show more structure in the crystalline than in
the amorphous phase. In addition, the fine-structure
spectra of both oxides is qualitatively similar to the
fine structure of Al (Fig. 4), though this similarity is
probably fortuitous.

B. Absorption Coefficients

Few measurements have been made of absorption
coefficients in the ultrasoft x-ray region. Tomboulian
and Pell® measured y; for Al films both self-supporting
and on a Zapon substrate, obtaining results which
differed by roughly a factor of 3 for the two cases. A
recent measurement by Fomichev and Lukirskii* using
bremsstrahlung incident on =1000 A-thick Al films,
both self-supported and on a nitrocellulose base, gave
values of u; larger than Tomboulian and Pell’s results
and comparable to those found here.

Henke ef al.%! derived semiempirical values of u. for
various elements in the 5-50 A (2500-250 eV) region.
If we extend Henke’s ‘“universal absorption” function
to lower energy, we obtain for Al u,=~9.0X10* cm?/g

28 R. D. Deslattes (private communication).

¥ 1,. V. Azaroff, Rev. Mod. Phys. 35, 1012 (1963).

® W, F, Nelson, I. Siegel, and R. W. Wagner, Phys. Rev. 127,
2025 (1962) ; W. M. Weber, Physica 30, 2219 (1964) ; E. Alexander,
S. Feller, B. S. Fraenkel, and J. Perel, Nuovo Cimento 35, 311
(1965) ; ¥. W. Lytle, in Proceedings of the International Conference
on the Physics of Non-Crystalline Solids, Delft, 1964, edited by J. A.
Prins (North-Holland Publishing Co., Amsterdam, 1965), p. 12;
E. W. White and H. A. McKinstry, Advan. X-Ray Anal. 9, 376
(1965); A. Meisel, Phys. Status Solidi 10, 365 (1965); J. Perel,
Phys. Rev. 147, 463 (1966) ; O. Briimmer and G. Driger, Phys.
Status Solidi 14, K175 (1966).

3L B, L. Henke, R. White, and D. Lundberg, J. Appl. Phys. 28,
98 (1957).
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at 155 eV. Recent measurements® of u, for Al are
25-309%, larger than the values predicted by Henke
for 850< E<1000 eV, the difference increasing as the
energy decreases. We might infer, then, that the value
obtained from Henke’s functions at 155 eV is at least
309% low, or that u,, (155 eV)>1.2X10°% cm?/g. A new
x-ray measurement at 278 eV by Singer® has led to a
similar conclusion.

The Al absorption-coefficient measurements of
Fomichev and Lukirskii have been plotted in Fig. 4
assuming bulk density, together with the values of
um derived from the ISE spectra. The results are in
reasonably good agreement and consistent with the
lower bound estimated using Henke’s function and
Bearden’s data, while Tomboulian’s® values for pm
are considerably smaller. Fomichev’s** absorption
coefficients for anodized Al;O; are also in good agree-
ment with those found here. The experimental errors in
the absolute determinations of un, however, are such
that absorption coefficients for y-Al;03 (for w>90 eV)
are not believed to be significantly different from those
of anodized AlyO3. The ratio of ., for each oxide to that
for Al is comparable to the proportion by weight of
Al in each material.

C. Ionization Cross Sections

Cross sections for ionization of particular shells in
several solids have previously been obtained by meas-
uring the resultant x-ray yields.?* These results can be
used to derive values of the two constants b,; and By
in Eq. (6), applicable to all atoms, or can be compared
in a few cases with more detailed calculations for
specific atoms.? Though Bethe? has tabulated values of
b for a number of atoms and for various values of #» and
1, these estimates do not take account of transitions
forbidden by occupation of the inner shells. While
Eq. (3a) represents a sum rule on df/dw for all electronic
excitations, a partial-sum rule does not exist; that is,
an integration of df/dw over an energy region corre-
sponding to excitations of the 7/ shell does not yield a
value of #eg;(E — Emgx) equal to Z.;.38 Thus b,; cannot
be derived from theory without calculation of df/dw for
each atom. It would, however, be expected [Eq. (7)]
that b, would be of order unity.

8 B. A. Cooke, K. A. Pounds, P. C. Russell, and E. A. Steward-
son, Proc. Phys. Soc. (London) 79, 883 (1962); A. J. Bearden,
J. Appl Phys. 37 1681 (1966).

S, Singer, J. Appl Phys. 38, 2897 (1967).

3 J. C. Clark, Phys. Rev. 48 30 (1935); A. E. Smick and P.
Kirkpatrick, zbul 67, 153 (1945) M. Green and V. E. Cosslett,
Proc. Phys. Soc. (London) 78, 1206 (1961) ; M. Green, in X- Ray
Optics and X-Ray M wro(malyszs edited by H. H. Pattee, V. E.
Cosslett, and A. Engstrom (Academic Press Inc., New York,
1963), p. 185; A. J. Campbell, Proc. Roy. Soc. (London) A274
319 (1963) J. 'W. Motz and R. C. Placious, Phys. Rev. 136, A662
(1964) ; W. Hink, Z. Physik 177, 424 (1964); 182, 227 (1965)

3BA. M. Art_hurs and B. L. Moiseiwitsch, Proc. Roy. Soc.
(London) A247, 550 (1958); H. S. Perlman, Proc. Phys. Soc.
(London) 76, 623 (1960).

36 A, H. Compton and S. K. Allison, X-Rays in Theory an
Experiment (D. Van Nostrand and Co., Inc., New York, 1935)
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X-ray-yield measurements® indicate values of &n;
between about 0.5 and 1.5. Values of 4,; derived from
the present work are shown in Table III; due to the
small range of energy integration, these values would
be low by about 509,. The ionization cross sections
for the same energy-loss region are also shown in Table
I1I; these cross sections would probably be at least 509,
larger if oscillator-strength contributions over a wider
and more realistic energy-loss region could be measured
(with the necessary precision) and included.

X-ray absorption measurements on alloys and
compounds®# show that df/dw generally changes from
the distributions characteristic of the parent elements.
The possibility of resultant change in ba; could be
important in high-precision quantitative electron-probe
microanalysis; hitherto, it has been implicitly assumed
that atomic ., values did not change with compounding
or alloying.

D. Oscillator-Strength Sum Rule

The values of df/dw derived from the ISE spectra
have been used to derive the effective number of L-shell
electrons per Al atom contributing to the observed
absorption [Eq. (3b)]. Figure 5 shows plots of #.s:(E)
per Al atom for Al and the two forms of Al,Os, as well as
a plot of #.:(E) derived from the values of u; for Al
measured by Fomichev and Lukirskii.?

It is convenient to break the integration [Eq. (3a)]
into three regions when considering Al or Al;Os, and

to define

0 df

ﬁK=Z/ —dE, (12a)
Ex
EK df

ﬁL=Z/ —dE, (12b)
Eq,
B df

=2 / g, (12¢)
0

where 7ig, 7L, and 7iva represent the number of Al
electrons per atom (or molecule in Al,O;) contributing
to df/dE in the three energy regions which are delin-
eated by the Al K- and L,s-shell binding energies. For
Al, 7iyq is approximately three®! and 7ix is between
1.4 and 2.0.! Therefore, 721, should be between 8 and 9.
For photon energies between about 200 and 10* eV,
df/dE has been empirically found to vary as E= (away
from absorption-edge regions), where ¢ is between 2.7
and 3.31.36 While the values of df/dE derived here are
not varying as E—* in the region of measurement,
df/dE has been arbitrarily assumed to vary as E~2 for
E>160 eV, from which 7 has been found to be 12.2,
about twice the value of #.1:(160) shown in Table III,

37 B, N, Das and L. V. Azaroff, Acta Met. 13, 827 (1965).
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which was obtained by integration from 72 to 160 eV
(Fig. 4). Considering the accuracy of the present
determinations of df/dE and the arbitrary nature of the
extrapolation, the value of 77, is in reasonable agreement
with the value expected. The apparent discrepancy in
the sum-rule evaluation of Philipp and Ehrenreich,!!
based on early absorption data,’ is therefore removed
with the present results and the recent soft-x-ray
absorption measurements.?

Again using an E—? extrapolation, values of 75 of
2X13.0 and 2X 7.5 have been found for anodized and
v-ALOs, respectively.’® These values are also about
twice the values of #.::(160) shown in Table III.

6. CONCLUSION

Structure observed in the electron energy-loss spectra
corresponding to L-shell excitation in Al and Al:O; is
in good agreement with structure observed in soft-x-ray
absorption measurements on the same materials. By
choosing a reasonable background for the energy-
loss spectra and performing a correction for the finite
angular resolution of the apparatus, values of oscillator
strengths, mass absorption coefficients, and electron-
scattering cross sections have been derived for these
materials up to about 80 eV beyond the absorption edge.
The Al and Al;O; results appear reasonable both from
the point of view of self-consistency and when compared
with the most recent x-ray measurements of u, for
Al These results are consistent with the equality of the
longitudinal and transverse dielectric constants and the
expectation that in this energy region e;=1 and &1,
so that the optical-absorption parameter e, is to a good
approximation equal to the electron energy-loss function
—Ime™

38 The numerical results are shown in this form to take account
of the two Al atoms per molecule and to indicate the effective
number of electrons per Al atom participating in the absorption.
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It has been shown that the cross sections for ionization
of inner-shell electrons in solids can be measured more
directly than by finding the yield of x rays following
the decay of the particular excited state. The accuracy
of the cross-section measurements in the present work
has not been high, though it is believed that this could
be significantly improved by using an apparatus with
poorer angular resolution than that used here. Though
it might seem from Fig. 1 that the loss intensity due to
L-shell excitation is a small fraction of that of the 14.8-
eV loss, it has been found here that the total cross
section per Al atom for L-shell excitation is about } of
that for the plasmon loss.® With apparatus better suited
to measuring energy losses due to inner-shell excitation
in solids, it would be possible to use thicker specimens,
eliminate or reduce the uncertainties in the estimation
of the background, as discussed in Sec. 3 C, and to make
more precise estimates of loss intensity over a more
extensive energy-loss range. If a comparison technique
like that used here was adopted in similar work, it
would be desirable to know the cross section for the
standard loss more accurately. In addition, attempts
should be made to ascertain more precisely the extent
to which crystalline order and orientation affect the
inelastic processes of interest.?®
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