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K-shell ionization under zone-axis electron-diffraction conditions
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A comprehensive theoretical treatment for the inelastic scattering of fast electrons in a crystalline
environment is applied to account for variations in characteristic x-ray emission rates from spinel
and chromia under zone-axis difFraction conditions for 300-keV electrons. X-ray counts as well as
backscattered-electron contrast are recorded as the beam is tilted by about 70 mrad on a two-
dimensional scan raster. Calculated K-shell ionization and backscattering cross sections, based on
a model which takes into account interaction delocalization, thermal diffuse scattering, and the
consequent thickness-dependent channeling effects in a realistic way, are in good agreement with
experiment.

I. INTRODUCTION

In this paper an extensive theoretical and experimen-
tal study is made of the variation in characteristic x-
ray yields &om spinel (MgA1204) and chromia (Cr20s)
under dynamical zone-axis diffraction conditions. This
extends the systematic row diffraction studies on spinel
in earlier worki in that localization effects appear more
strongly when the dynamical fast electron wave function
is subject to two-dimensional fluctuations as a function
of thickness and orientation. Zone-axis x-ray emission
maps have previously been obtained by Bielicki and by
Christenson and Eades, s who have investigated associ-
ated experimental issues. 4 s Correspondence between x-
ray emission maps and backscattered-electron (BSE) con-
trast was observed in the early work of Duncumb. In this
work, BSE contrast has been acquired simultaneously
with the x-ray counts, where the counts are recorded
as a function of incident beam tilt near the symmetri-

@1zone-axis orientation. A fuller discussion on the the-
ory of BSE contrast used here is presented elsewhere. s

The theory presented by Allen and Rossouwe' o incor-
porating full ionization kinematics and delocalization of
the interaction &om first principles, is employed to cal-
culate the (e, 2e) ionization cross sections. This model
signi6cantly enhances earlier work by Taft@. Ionization
by dechanneled electrons which have undergone thermal
di6'use scattering (TDS) and further delocalization

- of the ionization interaction due to thermal fluctuations
of target atoms are also incorporated. Appropriate in-
tegration over fina states of the (undetected) scattered
fast electron, as well as the ejected target electron, is per-
formed for the ionization events. Calculated varia-
tions in both x-ray count rate and BSE contrast with
incident beam orientation are shown to be in good agree-
ment with experiment.

Effects of delocalization on the orientation dependence

of x-ray yields has ramifications in standard atom loca-
tion by channeling enhanced microanaiysis (ALCHEMI)
using the ratio method, is and various methods have
been proposed to account for delocalization. 2i The sta-
tistical ALCHEMI approachzo has been shown to be less
sensitive to delocalization efFects. The significance of full

(e, 2e) scattering kinematics in describing the delocaliza-
tion of inner shell ionization events is addressed in this
paper. The use of light elements, such as oxygen, as ref-
erence sites has until recently been difficult but consid-
erably extends the range and applicability of ALCHEMI
to oxides. The first experimental observation of a dy-
namical channeling effect in oxygen K-shell x-ray emis-
sion was reported by gian et aLzz (also &om the spinel
MgA1204), in the systematic row orientation. Allen et
al. i have recently confirmed these results and, in partic-
ular, considered a theoretical model for (e, 2e) ionization
in a crystalline environment ' ' that, contrary to pre-
vious simpler models, describes the observed channeling
efFects quantitatively.

II. THEORY

The wave function of the fast incident electron in the
crystal, taking inelastic scattering resulting in absorption
into account, may be described as a linear superposition
of Bloch states with complex wave vectors K + A' n, such
that"

@(K,r) = ) n' ) C' exp[i(K + A'n + g) . rj, (1)

where the wave vector K in the crystal is corrected for
re&action and the unit vector n is an inwardly directed
surface normal. Here o.' is the excitation amplitude of
the ith Bloch state, and the Bloch state coefficients C'
{the index g refers to the reciprocal lattice vectors g) are
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components of the eigenvector corresponding to a com-
plex eigenvalue A' = p' + ig'. The real part of the eigen-
value p' maps out the elastic dispersion surface, and the
imaginary part iI' is the absorption coefficient, resulting
from inelastic scattering. The wave function is obtained
through solution of the standard dynamical scattering
equations of Bethe,

[K —(K + A*n+ g) ]C' + ) Us i,C„'= 0,
h

(2)

generalized to include inelastic scattering, 24 such that the
complex (in general non-Hermitian) scattering potential
matrix Us i, has elements expressed as the sum of elas-
tic U"z and nonlocal inelastic U'"z' scattering potential
coefficients, Us i, = U'i, + iU'"i", .

We now specifically consider the case of electron im-
pact ionization. The contribution to the total inelastic
scattering potential coefficients U'"i", , due to ionization

in the crystal lattice (denoted by U' &), are given by,

4& +max 1
fg "(g, h) = „kr d~, , dAg

X g)K h)K

The "momentum" transfer q is defined in terms of the in-
I I

cident and scattered wave vectors k and k by q = k —k .
Furthermore, a is the ejected electron wave vector, n is
the number of electrons in the target shell (i.e., n=2 for
K-shell ionization), ao is the relativistic Bohr radius, and

Qs ——q+ g. The transition matrix elements

F(q, m) = u&(tc, r ) exp i(q r )u;(r )dr

are obtained between a discrete initial and an orthogo-
nalized continuum final state. The use of a screened hy-
drogenic model for the tightly bound initial K-shell
state, and an orthogonal continuum final state, is neces-
sary for realistic interaction localization and kinematics.
The details of the calculation of the U'

& are discussed
elsewhere and will not be repeated here.

The rate of characteristic x-ray emission is propor-
tional to the primary production of inner shell holes. The
primary ionization cross section o is sensitive to the na-
ture of the incident electron wave function, which in a
crystal may be severely distorted from a plane wave form.
This is particularly the case for zone-axis diffraction con-
ditions. In a simple form, the cross section for inelastic

U' g = —) exp[i(h —g) ~p„]
V,

x exp[—M(g —h)] f& "(g, h),

where ap are the n lattice sites of the atom of species P
in the unit cell, M(q) = I/2q (u&2) is the Debye-Wailer
factor for the atom of species P, and V, is the unit cell
volume. The ionization kinematics term (the so-called
atomic ionization form factor) is defined by

scattering can be given as

2m
62k 14(r) I

VI(r)dr

where the integration is over the whole crystal volume
and VI(r) represents the inelastic scattering potential. 27

A contribution to 0 from the diffuse background should
also be taken into account. Using a Bloch wave model
for propagation of the fast electron in the crystal, u may
be written ' as

o = XV, 1 —) B'~(t) ) C*C~' po, o

22 g

+) B' (t) ) CsCi pi s
U g, h

where N is the number of unit cells (exposed to electron
flux) in the crystal. The B'~ (t) are given by

,, exp[i(A* —A" )t] —18'~ t = o.'o.~*
i(A* —A~ )t

where t is the specimen thickness. The terms pi, z are
related to the nonlocal inelastic ionization potential co-
efficients U& ", by y& I ——Uz "jA,. It is important to note
that while the pb z refer to ionization only, the scattering
coefficients A' and the Bloch state coefficients Cz in Eq.
(7) and Eq. (8) come from solutions to the total scatter-
ing equations [cf. Eq. (2)], and hence include all forms of
inelastic scattering. In particular, the inclusion of TDS is
crucially importanti to obtain accurate ionization cross
sections.

Although TDS leads to the formation of Kikuchi
bands, re8ecting the dynamical nature of the scattered
fast electron. , when integrated over all possible scattering
angles the contribution of these incoherent TDS electrons
to o in effect averages to a kinematic (plane wave) term.
The first term in Eq. (7) (the factor in square brack-
ets multiplied by pe o) accounts for ionization by such
incoherent electrons. That is to say, ionization by elec-
trons that have been "dechanneled" from the dynamical
elastic beams, by wide angle (mostly TDS) scattering.
The second term containing ph g represents a dynami-
cal contribution to o that is also attenuated by inelastic
scattering such as TDS. In the limit as the scattering be-
comes purely kinematic, as is the case for polycrystalline
solids, or as the thickness t —+ oo, Eq. (7) reduces to
o = NV po 0, the usual kinematic result.

The cross section expression of Eq. (7) is easily
adapted for other inelastic interactions. The terms B'~ (t)
and the Bloch wave coeKcients C' represent the dynam-
ics of the electron propagation through the crystal. All
elastic and inelastic scattering (resulting in absorption
effects) influences the dynamics, and are necessarily in-
cluded through the eigenvalues A* in B*~(t). It is the yi, s
that represent a particular inelastic scattering process
(occurring against the background of the other inelastic
processes), and that define the interaction kinematics for
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this particular process. The cross section for any inelastic
scattering process may be calculated from Eq. (7), given
the appropriate ph for that interaction. We note that
the interaction between difFerent Bloch states is included
in Eq. (7). This is crucial for a detailed description of
the scattering (particularly for thin crystals), although
in some circumstances (such as for thick crystals), an
independent Bloch state model may suKce. 2

In the BSE calculations of Rossouw et al. the ph
for the large angle, large momentum transfer BSE pro-
cess is calculated, as for the TDS used throughout this
work, in the Einstein model. We may write an expres-

p[*(h —g)- p-
(9)

The summation is now over all atom sites and all the
atom species in the unit cell. The Debye-Wailer factor
in Eq. (3) is implicit in the definition of the BSE form

factor and hence excluded in Eq. (9). The BSE form
factor is defineds as

sion similar to Eq. (3) for the inelastic BSE potential
coefficients U~h, in terms of the inelastic BSE form fac-

tors fgsE(g, h),

2m ~max

fp (g, h) = & d4 sin 8d8 fp(q+ g) fp(q+ h)(exp[ —M(g —h)] —exp[—M(q+ g) —M(q+ h)]) (10)
0 ~min

where fp(q) is the usual elastic scattering form factor,
and the region of integration over the scattered electron
solid angle dO& ——sin 8d8d4 in Eq. (10) is such that the
polar angle 8 is restricted to lie in the range (8;„to
8 ) of the backscattered-electron detector. s The BSE
cross section may be calculated using Eq. (7) as for the
ionization cross section.

III. EXPERIMENTAL DETAILS

A Gatan double-tilt liquid-nitrogen-cooled stage was
used at 110 K in a Philips CM30 transmission electron
microscope (TEM) in rocking beam mode with a 30 ium
condenser aperture (convergence semiangle of 0.9 mrad)
and accelerating voltage measured3 to be 302.75 keV.

The rocking beam facility was externally controlled us-

ing an AT computer in conjunction with the CM30 re-
mote control software package. The beam may be rocked
two dimensionally through up to 70 mrad with preset
number of pixels in orthogonal x and y scan directions
and preset acquisition time. Maps from up to four x-ray
windows defined in the energy dispersive x-ray analy-
sis (EDX) PV9900 software and f'rom up to two analog
signals selected from bright field, annular dark field, or
BSE detectors can be recorded simultaneously. Acqui-

sition can be paused at the end of each x scan in case
specimen translation correction is necessary. A beam of
0.2 pm diameter was located onto areas of reasonably
uniform thickness and orientation, and the beam rocked
two dimensionally through about 70 mrad. Typically the
two-dimensional angular scan would involve about 80 x
60 pixels, and with 1 s/pixel integration time each set
of maps may take up to 2 h to record. This requires
a high degree of beam current and specimen stage sta-
bility. Beam current was measured before and after the
experiment and was found to change by less than 5%.
Specimen stability was monitored during the course of
the experiment, but translation corrections were avoided
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FIG. 1. EDX spectrum for spinel obtained over the total
acquisition time, showing the Al, Mg, and 0 peaks.

FIG. 2. The projected (along (001)) atomic lattice sites for
spinel. The Al atoms (small shaded circles) project onto the
0 (large white circles) sites, which are in turn slightly offset.
The Mg atoms (medium shaded circles) project between the
Al and 0 sites. The box indicates the region of the unit cell
over which the real-space potentials are plotted in Fig. 5 and
Fig. 7.
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(u') (10 ' A)

Al
4.012

Spinel
Mg

3.823
0

5.658

Chromia
Cr 0
5.20 9.30

TABLE I. Thermal mean-square-displacement parameters
(at 110 K) for the constituent atoms of spinel and chromia,
used to calculate the Debye-Wailer factors.

Spinel
Chromia

a,
8.08
5.35

&o (keV) T (K) MFP (A) t (A)
302.75 110 1400 2750
302.75 110 1400 1660

TABLE II. The input parameters for spinel and chromia
used in this work: a„the unit cell parameter; Eo, incident
energy; T, temperature; MFP, an inelastic mean free path
additional to TDS; and t, the crystal thickness.
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FIG. 3. The K-shell ionization cross sections for the constituent atoms of spinel, as a function of orientation of the incident
beam near the (001) zone axis. The x and y coordinates are in units of the reciprocal lattice vectors (220) and (220) respectively.
The point (0,0) corresponds to the exact zone axis. (a) Al, experiment; (b) Al, theory; fc) Mg, experiment; (d) Mg, theory; (e)
0, experiment; (f) 0, theory.
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o (10 A )
Al Mg
1.89 2.33

0
6.82

Cr
0.369

TABLE III. Kinematic values of the X-shell ionization
cross section per atom, for the constituent atoms of spinel
and chromia calculated in this work.

if at all possible. Spherical aberration caused the beam to
move slightly during rocking, resulting in some contrast
changes with thickness and distortion due to changes in
orientation.

IV. CROSS SECTION CALCULATION
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FIG. 4. The calculated K-shell ionization cross sections per
atom as a surface plot, for the constituent atoms of spinel: (a)
Al, (b) Mg, and (c) O. For clarity, only the "Srst quadrant"
of the grey-scale scans in Fig. 3 are shown here. .

In order to solve the dynamical equations for the elec-
tron beam in the solid, Eq. (2), we require the elastic and
inelastic scattering potential coefBcients. The elastic po-
tential is calculated in the standard way for high energy
electrons, from the Doyle-Turner x-ray scattering form
factors converted to electron scattering form factors for
neutral atoms via the Mott formula. In this high energy
regime, the most significant large angle inelastic scatter-
ing process, resulting in dechanneling of the elastic beam,
is TDS.2r Due to its highly localized nature, thermal dif-
fuse scattering is overwhelmingly the dominant process
(by several orders of magnitude even at a temperature of
110K) contributing to the off-diagonal inelastic potential
coefBcients U'"h. Inelastic processes such as interbandg,h
electronic excitations and plasmon scattering are highly
delocalized and hence largely contribute only to a mean
attenuation (or Uo o i) of the incident beam. s2 ss The TDS
form factors are calculated in the Einstein model, and al-
though neglecting coherent (phonon) effects, s4 this gives
good results. The ionization form factors required to
calculate the p,hg for the cross section are based on a
screened hydrogenic model (an excellent approximation
for the lt-shell state) and an orthogonal modified con-
tinuum state. 2s The numerical evaluation technique is
described elsewhere. The BSE scattering matrix ph
is, as discussed in the previous section, based on large
angle TDS scattering into an annular ring. In this case
the annular ring, or window, is defined by the experimen-
tal detector as scattering through an angle of 132 —157
with respect to the incident beam.

In order to model the experimental cross section, we
need to evaluate o from Eq. (7), as a function of incident
beam direction K, solving the dynamical scattering equa-
tions [cf. Eq. (2)] for each K. We consider the crystal
oriented so that K is initially in the exact zone-axis ori-
entation, (001) and (111) for spinel and chromia, respec-
tively. To achieve the required accuracy we have found it
necessary to consider the 89 lowest g vectors lying in the
zeroth-order Laue zone (ZOLZ). Once all the relevant in-
elastic scattering matrix elements U'"h' lying in the ZOLZ
plane have been evaluated, we solve the dynamical scat-
tering equations at each required incident beam orienta-
tion. After evaluating the total wave function at a partic-
ular K, in general a significantly smaller subset of Bloch
states is found to have a significant excitation amplitude
squared ]

n' ]2, and hence contribute appreciably to the
wave function. We make use of this property in the final
calculation of 0 to overcome prohibitively time consum-
ing Bloch state and dispersion branch summations, by
ordering according to ]

n'
~

and considering only those
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excited Bloch statesstates comprising 99.98--f-"---,l. ud.

V. RESULTS AND DISCUSSIONS
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tion with a mean free path of 1400 A was included in the
calculations, providing an overall damping of the detailed
dynamical response. This is other than the mean absorp-
tion due to TDS which has a kinematic mean &ee path
of 3600 L, and accounts for processes other than TDS
that contribute to dechanneling. The parameters used in
this calculation are given in Table II, and the calculated
kinematic values of the cross section are given in Table
III.

(a) BSE (exp. )

0)

CO

C

0
CL

(0
O

.-(a)

0.50

g sites

" ~ .500

—'&t. P. 025/

0 4-
I

0
C)

/N 4

-12 -8 -4 0 4 8 12
(220) orientation

(b) BSE (theory)

„-()0
Mg sites

0)
E
C

~~
CI
0
CL

UJ
(D
LQ

0.4

i)i'

P-' 050
0. '.0' ~us.~J. .;...

,

.,

p.5p
0.75 ~ ~Q

C0 4—

a p-0
C)

tel 4

FIG. 7. The projected (along the (001) zone axis) equiv-
alent local real-space potentials for (s) total thermal difFuse
scattering snd (b) electron bsckscsttering, in spinel. The po-
tentials are plotted for the region of the unit cell indicated in
Fig. 2, snd is along the real-space lattice vectors [010]/2 snd
[100]/2. The two Mg sites sre marked in each Sgure.
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I i I
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FIG. 6. The backseat tered electron cross sections for
spinel, as a function of incident beam orientation near the
(001) zone axis. (s) experimental results, (b) theoretical re-
sults, (c) theoretical results (cross section per atom) on s sur-
face plot The point . (0,0) indicates the beam is in the exact
zone-axis orientation, and the x and y scans are in units of
the reciprocal lattice vectors (220) snd (220) respectively.

EDX spectrum (chromia)
D
O

lA
O

Cr -KC) a

0)
c 0
CQ

X

Cr -K]

yA0
0 1 2 3 4 5 6 7

Energy (keV)

FIG. 8. EDX spectrum for chromia obtained over the total
acquisition time showing the 0 and Cr peaks.

The large variation observed in the ionization cross
section for crystalline solids, as a function of incident
angle (clearly apparent in Fig. 3), may be understood
qualitatively in the Bloch wave formalism. The excita-
tion amplitude a' may change rapidly as the incident
beam K crosses BZ boundaries. 6 This in turn, may re-
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FIG. 9. The projected (along (111))atomic lattice sites for
chromia. Several 0 atoms (large white circles) are seen to
project onto each other with a slight offset, encircling the Cr
(small shaded circles) sites. The box indicates the region of
the unit cell over which the real-space potentials are plotted
in Fig. 11 and Fig. 13.

suit in a rapid variation of the electron probability den-

sity in the crystal, moving selectively &om one atomic
site or species to another. The characteristic x-ray emis-
sion rate and ionization cross section for a particular
atomic species may of course be expected to follow the
electron probability density on that particular atomic
species. ' To understand the variation in the ioniza-
tion cross section quantitatively, however, it is not sufIi-

cient to consider just the electron probability density on
a particular site, but the interaction kinematics must also
be taken into account. This is crucial to microanalyti-
cal techniques such as ALCHEMI, where an understand-

ing of the variation in ionization rates allows determina-
tion of both concentration and &actional site dependence
of impurity atoms. The greater the localization of the
interaction, the more site specific the ALCHEMI tech-
nique becomes, as has been investigated by a number of
authors. '2 ' The effective interaction delocalization
is particularly large for, and hence of particular signifi-
cance to, light elements such as oxygen.

Al and 0 project onto similar positions (see Fig. 2),
when viewed down (001), resulting in similar ionization
cross section topography. For both these species there
is a central "crown" with excess vertical and horizontal
{220}bands, as well as excess diagonal {400}bands. For
Mg, however, due to its different site symmetry, there is
a deficit near the center and deficit banding along {400}.
These effects, and the absolute value in the ionization
cross sections per atom, can be seen more clearly in the
projected surface plots of Fig. 4. For clarity, on}y the
"first quadrant" of the grey-scale map of the ionization
cross section has been displayed. The variation in the to-
pography of the calculated cross sections about the kine-

matic value correlates closely with experiment. %e have
previously shown that this close correspondence be-
tween theory and experiment is only reproduced by con-
sidering correct interaction delocalization and thickness-
dependent dechanneling effects in the cross section.

In Fig. 5 we show projected equivalent local real-
space K-shell ionization potentials Va (r), for Al, Mg,
and 0, in spinel. The nonlocal contribution to the
ionization and backscattering interactions is relatively
small, particularly at these high incident energies,
and hence we consider (for the purposes of repre-
senting the real-space potential) the equivalent local
approximation Ug h Ug h p The projected equiva-
lent local real-space potentials are obtained from the
summation of approximately 2000 U'

p coefBcients:
Va. (r) = h2/2m+ U' oexpt'(g r). The projection is

along the (001) zone axis and we have displayed the po-
tential over one unit cell length, parallel to the real-space
vectors [010]/2, and [100]/2. Comparing Fig. 5(a) with
Fig. 5(c), we see the effective projected 0 potential is

clearly more delocalized than Al. This is largely due,
in effect, to the lower ionization threshold energy, but
the slightly off-set projection of the 0 atoms (see Fig. 2)
also contributes to an apparent "delocalization. " The
distinction between the atomic interaction delocalization
and an apparent "delocalization" effect due to crystallog-
raphy is clear and must not be confused. However, it is
of interest to consider the thermal "broadening" effects
of the Debye-Wailer factor in Eq. (3). The inclusion of
this term results in an additional small increase in the
effective interaction "delocalization" [cf. Fig. 5(c) and
Fig. 5(d)] due to thermal motion of the target atom. We
see from Fig. 5(d) that the slight onset in the projected
0 sites (cf. Fig. 2), not present in Al, is effectively ob-
scured in Fig. 5(c) by the presence of this Debye-Wailer
term.

The experimental and theoretical BSE cross sections
for spinel are shown in Fig. 6. To a first-order approx-
imation, the BSE cross section has been shown to be
proportional to the electron probability density on a par-
ticular site scaled by a weighted sum of the square of the
atomic numbers, Z&. As the BSE scattering is simply
large angle TDS, it is instructive to consider a compar-
ison with the total TDS potential. In Fig. 7 we show
projected equivalent local real-space potentials, for both
BSE's and the total TDS in spinel. The BSE potential,
while retaining the same general form as TDS, is almost
four orders of magnitude smaller and significantly more
localized than the total TDS potential. The high degree
of localization for BSE's is a measure of the large mo-
mentum transfer necessary for backscattering of the fast
incident electron, corresponding to a significantly smaller
classical ilnpact parameter for the scattering process.

B. Chromia

The chromia sample was prepared by crushing and
mounting on a holey carbon support film prior to exper-
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iments at 110 K. Thickness was measured &om CBED
contrast to be 1660 A.. Angular maps were recorded on
a 79 x 52 pixel scan raster, with a recording time of
0.7 s/pixel. Oxygen characteristic x rays were collected
within an energy window of 0.4—0.55 keV, with counts
varying between 51 and 134. Some overlap with the Cr
L-shell excitations occurred, and these were mapped &om
a separate energy window of 0.56—0.64 keV. We have not
accounted for this overlap in presentation of the 0 counts.
Counts in this window varied between 11 and 44. The

contribution &om Cr L-shell counts was small, possibly
as a result of high absorption by 0 in the sample and
in the thin polymer window of the x-ray detector. The
energy window for the Cr K-shell excitations was 5.25—
6.07 keV and the counts varied between 532 and 1466.
The total x-ray spectrum recorded during the mapping
experiment is shown in Fig. 8, and the projection of the
unit cell along the zone axis (ill) is shown in Fig. 9.
Again, no background subtraction was attempted, and
BSE counts were recorded simultaneously with the x-ray
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FIG. 10. The K-shell ionization cross sections for the constituent atoms of chromia as a function of orientation of the incident
beam near the (111)zone axis. The x and y coordinates are in units of the reciprocal lattice vectors (011) and (211) respectively,
and the point (0,0) indicates the exact zone axis. (a) Cr, experiment; (b) 0, experiment; (c) Cr, theory; (d) 0, theory; (e) Cr,
theory (cross section per atom) on a surface plot; (f) 0, theory (cross section per atom) on a surface plot.



6682 JOSEFSSON, ALLEN, MILLER, AND ROSSOUW 50

20
E r

10 [

0.5
0.5

1~0.01.0

than for Cr (cf. Fig. 10). This effect was also apparent
for 0 in spinel (Fig. 3 and Fig. 4), albeit to a lesser degree
due to the similar localization of the ionization interac-
tion for these light atoms. The ionization cross section is
effectively proportional to the volume under the poten-
tial, and so it is not surprising that the Cr cross section is
approximately an order of magnitude smaller than 0 (see
Table III). We note that this effect is not seen as clearly
in the calculated grey-scale ionization maps, due to the
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FIG. 11. The projected (along the (111) zone axis) equiv-
alent local real-space ionization potentials for the constituent
atoms of chromia: (a) Cr and (b) O. The real-space scan is
over the region of the unit cell indicated in Fig. 9, and is along
the real-space lattice vectors [101] and [121]/3.
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In Fig. 10 we display the experimental and theoretical

ionization cross sections for Cr and 0 in CrzOs, around
the (111) zone-axis orientation. The z and y scans are
along (and in units of) the ZOLZ reciprocal lattice vec-
tors, (011) and (211), respectively. The Debye-Wailer
factors are obtained &om Ref. 34, and we have used an
additional mean f'ree path of 1400 A. in this calculation
(see Table I and Table II).

In Fig. 11 we show the projected equivalent local real-
space ionization potentials for Cr and 0 in chromia, over
one unit cell along the [101] and [121]/3 directions. Al-
though much of the preceding discussion for spinel applies
equally to chromia, there are some significant differences.
In spinel the peak effective ionization potentials for the
constituent atoms are all of the same magnitude, with
0 only slightly more delocalized than Al or Mg. How-
ever, for chromia the projected Cr ionization potential,
Fig. 11(a), is significantly more localized (although not
greater in peak magnitude) than for 0 [Fig. 11(b)], or
any of the species in spinel. This results in the ioniza-
tion cross section for 0 being significantly more diffuse
and showing far less relative change across BZ boundaries

o 4

3

O-

FIG. 12. The backscattered electron cross sections for chro-
mia, as a function of incident beam orientation near the (111)
zone axis. (a) experimental results, (b) theoretical results, (c)
theoretical results (cross section per atom) as a surface plot.
The point (0,0) indicates the beam is in the exact zone-axis
orientation, and the x and y scans are in units of the recipro-
cal lattice vectors (011) aud (211) respectively.
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from Cr is both an order of magnitude greater, and sub-
stantially more localized, than that due to O. This can
be understood qualitatively as the Cr/0 atomic number
ratio is much larger (= 24/8) than for any of the ele-

ments in spinel (for instance Al/0= 13/8), where this
effect is not as apparent. For BSE contrast in chromia,
we therefore expect that the Cr atoms will dominate the
cross section, due to the resultant larger elastic scattering
form factor at these momentum transfers [f ~ i ~ Z f
large q] and hence a larger TDS form factor [Eq. (10)],
and indeed this is what we found in Fig. 12. Because the
Cr atoms dominate the backscattering, and because the
backscattering is highly dependent on the crystallogra-
phy, it is not surprising that the topography of the BSE
map reBects the general form of the Cr ionization cross
section [cf. Fig. 12(c) and Fig. 11(e)].
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FIG. 13. The projected (along the (111)zone axis) equiv-
alent local real-space potentials for (a) total thermal diffuse
scattering and (b) electron backscattering, in chromia. The
potentials are plotted over the region of the unit cell indicated
~ ~

in Fig. 9, snd is along the real-space lattice vectors [101] snd
[121)/3. The five largest peaks are due to Cr, snd the six
smaller peaks are due to O.

relative intensity normalization used to display details
'

the cross section structure.
In Fig. 12 we show the BSE results for chromia. The

projected equivalent local BSE potential has a distinctly
different character to that of spinel. In spinel, the con-
tribution to the effective TDS and BSE potentials from
the constituent atoms are both of similar magnitude and
localization. However, the TDS and BSE potentials for
chromia (see Fig. 13) indicate that the peak contribution

VI. CONCLUSIONS

A raster scan technique has enabled an extensive study
of the effect of electron channeling in characteristic (e, 2e)
x-ray emission and electron backscattering for zone-axis
orientations. Applied to spinel and chromia, unambigu-
ous evidence for channeling in oxygen x-ray emission has
been observed for It-shell ionization. The experimental
results have been accurately reproduced by the theory
of Allen and Rossouw, for calculating inelastic electron
scattering cross sections in crystalline solids. For light
elements it is crucial that the atomic ionization interac-
tion be included in a realistic manner, and that electron
dechanneling from thermal diffuse scattering (appropri-
ately thickness integrated) be considered. In addition,
it is found that large angle, large momentum transfer,
thermal diffuse scattering in this same model, but with
appropriately calculated inelastic scattering potentials,
accounts for the observed electron backscattering to a
high degree of precision.
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