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Modulated electron emission: The effect of elastic and inelastic electrons on core-level ionizatio
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We investigated the elastic and inelastic contributions to the focusing and defocusing properties of low-
index Fe atomic chains on keV electron beams. To this end, we measured the intensity of the 2p-ionization
loss signal from a thin Co film buried in a Fe matrix as a function of the incidence angle of the electron beam
for different values of the beam energy. The angular anisotropy of the measured signal,A(z), directly mea-
sures the focusing effect at the depthz where the Co marker is located. The maximum~102%! in A(z) occurs
at z55 scatterers; at about 12 scatterers below the surface the anisotropy is still 86%. The intensity anisotropy
of the 2p-ionization loss we measured is compared to that of the CoLMM Auger signal and to single-
scattering cluster calculations. It has been found that a finite spatial extension of the ionization region has to be
taken into account to reproduce the experimental results. The relative weight of elastic and inelastic contribu-
tions to the 2p core-level ionization cross section has been evaluated as a function of depth and electron
energy.@S0163-1829~97!00645-0#
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The basic mechanism leading to electron focusing al
atomic rows in crystalline solids is the interference betwe
the wave representing the electron beam~primary wave! and
that scattered by the atomic potential. In the keV ene
range the interference is constructive in the forward direct
only, and thus the incident electron flux is effectively f
cused in a small angular range. This forward-focusing p
cess provides the basis of several structural analytical t
niques such as Auger/photoelectron diffraction and inela
medium-energy electron diffraction; in these cases the
mary waves are the Auger, photoemitted or backscatte
electrons, respectively, and the scattering-interference
cess is experienced by the outgoing electrons,1–7 leading to
angular anisotropy in the emitted electron intensity.

When a collimated electron beam enters a solid, the in
dent wave flux is spatially modulated by the scatterin
interference process, resulting in a marked dependence o
electron yield on the incidence angle@primary-beam diffrac-
tion modulated electron emission,~PDMEE!#.8–11 Beam
electrons focused by the surface atoms give rise to str
maxims~about 10–15°, full width at half maximum! in the
Auger and secondary emission as the incident beam align
the interatomic axes.

The anisotropyA ~Ref. 12! of the electron wave along
given atomic row shows a characteristic dependence on
number of aligned atoms. The complex interaction betw
several structural~lattice constant, structure, temperatur!
and electronic~atomic specie, inelastic mean free path, et!
parameters that determine the actual ‘‘anisotropy depth
file’’ or A(z), has been investigated either theoretically
experimentally.9,13–23

In a solid, the incident wavefront hits about one thousa
atoms per layer. Even in a single-scattering interpretat
the superposition of such a large number of scattered wa
tends to cancel the focusing effect deep in the solid. Mo
over, multiple-scattering~MS! calculations in Cu, Al, and Ge
linear chains predict an effective defocusing even for a sm
number of scatterers, and a complete defocusing for si
eight atoms in the row.13,14 Several experimental studie
560163-1829/97/56~22!/14310~5!/$10.00
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have been done in order to get an insight into the anisotr
profile. The angular anisotropy of elastically scattered p
toelectrons and their plasmon loss peaks along low in
rows in Al, Ge, and W,15,16 and the spot diameter in th
secondary electron imaging patterns in the Pt@110# chain17

have been monitored. A study of the focusing-defocus
effect as a function of depth along the@110# Ga chains in
GaAs, GaP, and GaSb was performed by monitoring Ga
ger electrons and the related plasmon losses u
PDMEE.18,19 Direct experimental evaluation of the electro
wave anisotropy along Ni and Fe chains was done us
thin-film epitaxy.9,20–22 The value ofA and the defocusing
length have both been found to be larger than theoretic
predicted. The measuredA(z) profile has been used to mod
the anisotropy of electron emission in ordered multilayer20

or in alternate ordered/disordered layers.23

In electron-excited electron spectroscopy, the core-le
ionization is produced by either the elastically scatte
incident-beam electrons or the so-called backscattered e
getic electrons, i.e., those electrons which undergo inela
scattering before they produce a core-level hole. The ine
tic electron field is less anisotropic than that of the elastica
scattered electrons, depending on the amount of coher
they lose during the inelastic processes. The total ioniza
field is therefore determined by the superposition of the e
tic and inelastic fields; thus the Auger signal anisotropy
determined by the relative weight of this superposition a
by the energy dependence of the core-level ionization cr
section as well. A definite separation between Auger el
trons excited solely by the elastic or inelastic field is the
fore impossible.

Fortunately, there are spectral features which origin
from the elastic ionization field only, namely, the core-lev
ionization-loss peaks. Located at a fixed energetic dista
from the elastic peak, they still permit a chemical identific
tion of the atom from which they originate. These featur
have already been studied in the frame of a suitable comp
son between incident beam and outgoing electron-diffrac
experiments.24 A comparison between the Auger and th
14 310 © 1997 The American Physical Society
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56 14 311MODULATED ELECTRON EMISSION: THE EFFECT OF . . .
ionization-loss signals will enable us to separate the ela
and the backscattered contributions to the total ioniza
field.

In this study, we measured the elastic electron-beam
isotropy profileA(z) by monitoring the 2p ionization loss
and theLMM signals from a thin Co film used as a mark
that was embedded in a Fe~001! matrix. By changing the
depth at which the marker was located, we were able
sampleA(z) from the surface to the maximum depth
which the signal coming from the marker could be detect
We found the best compromise between depth resolut
signal intensity, and analysis depth using a 3 ML-thick Co
marker, that had been ‘‘virtually’’ moved by epitaxial F
deposition up to 12 ML below the surface.

Sample preparation and scattering experiments were
formed in a UHV system~base pressure,5310211 mbar!.
The substrate was a Fe~001! single crystal that was cleane
by repeated sputter-annealing cycles.25 Co and Fe were de
posited in sequence by evaporation from wires, 99.99%
rity, 1 mm diameter, heated by electron bombardment. T
evaporated flux at the sample surface was about 2 Å per min.
During deposition, the pressure rose to 5310210 mbar. The
Co film, 3 ML thick, was first deposited on the Fe substra
Bulk Co has an hcp structure at room temperature, bu
grows in a metastable bcc structure as a thin film on
~001!; the bcc to hcp transition occurs for Co thickness
larger than 20 ML~Refs. 24, 26–28! and is thus of no con-
cern for our experiments. Subsequently, Fe was depos
over the Co film.

The basic idea in these experiments is to get a sin
phase Fe bcc structure with an embedded Co marker, bu
at different depths. The scattering factors of Fe and Co
keV energies are very similar, so that the electron beam
a quasicontinuous and ordered structure, provided that
films grow in registry with the substrate. The quality of th
epitaxial growth has been carefully checked at each dep
tion stage by low-energy electron diffraction analysis, P
MEE, and Auger electron spectroscopy. No evidence of
ordered growth or deviation from a layer-by-layer grow
have been observed.

Measurements were performed by a cylindrical mir
analyzer~CMA! working in the first derivative mode, with
0.6% resolution and 15 V peak-to-peak modulation. The
axial electron gun was operated at 2.6 keV, 1mA over a
0.130.1 mm2 area. An automated data-acquisition syst
rotates the sample in front of the analyzer and records
peak-to-peak intensity of the selected spectral features.
monitored the Co 2p ionization loss and the CoLMM Au-
ger peaks as a function of the beam incidence angle
plane containing the@100# ~surface normal! and the@010#
directions. Measurements were also performed as a func
of the primary beam energy, in the 1–3 keV range, for
Co film buried below 2 ML of Fe. The CMA was found t
provide enough angular integration over the takeoff angle
prevent an outgoing electron-diffraction effect to
detected.8

The energy distribution spectrum of 3 ML of Co on F
~001! is shown in Fig. 1, top panel, for a beam energy of 2
keV at normal incidence. The energy region of the Fe and
L Auger series and of the 2p ionization losses is shown. Th
intensities of the Fe 2p, and FeLMM signals as a function
ic
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of the polar incidence angle along the@010# azimuth are
shown in Fig. 1, bottom panel, for the clean Fe~001! surface.
These two plots, as expected, are very similar because
both reflect the angular dependence of the electron-beam
tensity at the atom sites. Forward-focusing features are
tected at 0° and 45°; these correspond to beam alignm
along the@100# and @110# chains, respectively. Other peak
found between the main forward-focusing peaks are
principally to diffraction, although the maximum near 25
probably contain the forward-focusing contribution from t
@210# incidence direction. The angular distribution of the C
LMM intensity from 3 ML of Co on Fe~100!, also reported
in Fig. 1, bottom panel, looks the same as the substrate
nal, indicating that the overlayer grows in registry with th
substrate. Despite these similarities, the strength of the in
sity modulation~i.e., the anisotropy! is different for the three
signals for reasons that will be discussed later on. TheA
values for the forward focusing features are reported in
figure.

The Co 2p, and LMM signal anisotropy profile of the
@100# forward-focusing feature excited by 2.6 keV electro
is shown in Fig. 2, bottom panel. The abscissa indicates
depthz at which the 3 ML Co marker film is located in th
Fe matrix. Asz increases, the Co 2p signal intensity anisot-
ropy sharply increases, reaches a maximum value of 102

FIG. 1. Top panel: Energy spectrum of the electron emiss
from 3 ML of Co on Fe~001!, for 1.7 keV electron beam at norma
incidence. The ionization loss energy region is displayed in m
detail. Bottom panel: angular dependence of the signal inten
of FeLMM , Co LMM , and Co 2p for a polar scan of the electron
beam along the@010# azimuthal plane. The anisotropy values of th
main forward focusing peaks are also indicated.
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5 ML coverage, and then progressively reduces to 86% a
ML coverage. Since no inelastic contribution is expected
the ionization-loss signal, the Co 2p anisotropy as a function
of the Fe coverage, shown in Fig. 2, is representative of
A(z) profile induced by a 2.6 keV electron beam along t
Fe @100# chain; the profile results from the competitive e
fects of focusing and defocusing processes.

The CoLMM Auger-signal anisotropy significantly dev
ates from that of the Co 2p signal. The maximum value is
smaller ~85%! and occurs at a larger Fe coverage~7 ML!.
These differences are important in the low-coverage ran
but are progressively smaller as the coverage increases.
is clearly shown in the upper panel, where the anisotro
ratio between the CoLMM and the Co 2p emission is re-
ported as a function of the Fe coverage. The ratio is a m
mum at zero coverage~surface Co layer!, decreases sharpl
in the 0–5 ML range, and then saturates at near unity at h
coverage.

Generally speaking, the difference in the beam-energy
pendence of the Auger and the ionization-loss signal int
sities is due to several causes:~i! the kinetic energies of the
measured signals are different as well as the correspon
inelastic mean free path~IMFP!, so that the two signals
originate from different regions of theA(z) profile; this point
can here be disregarded because the Co marker localize
emission at the same depth for both the 2p and theLMM
electrons, in spite of their different inelastic mean free pa
~ii ! contrary to the ionization loss, an appreciable fraction

FIG. 2. Bottom panel: anisotropy depth profiles of the Cop
~triangles! and CoLMM ~circles! signals from a 3 ML Co film
embedded in a Fe matrix as a function of the depth the marke
located. The sketch at the bottom right hand indicates the exp
mental situation; the anisotropy value refers to the@100# focusing
peak measured along the@010# azimuth. Top panel: ratio of the
two signal anisotropies.
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the Auger signal is excited by the inelastic ionization fie
whose anisotropy is lower than that of the elastic field for
reasons we discussed above.

Actually, the ratio between the anisotropy of the ioniz
tion loss and the Auger signalr A , is a measure of the so
called backscattering factorr B in Auger microanalysis, i.e.
the ratio between the total amount of ionization produced
the surface zone and that produced by the beam elect
alone.29 If we assume that the inelastic ionization field
completely isotropic with respect to the incidence directio
then r B5r A21, otherwiser B.r A21.30 The r B scale is re-
ported to the right of Fig. 2, upper panel.

The measuredA(z) profile can be simulated by single
scattering cluster~SSC! calculations of the electron intensit
at the atom sites. According to the SSC model, the total w
amplitude at a given position in the solid due to the incom
electron beam is calculated as the superposition of the
mary wave~i.e., the incident beam! and a suitable number o
~singly! scattered waves, each centered at the lattice s
The actual beam intensity is then calculated as the squ
module of the amplitude field. It is customary to calculate t
scattered waves as a limited expansion on angular mom
tum eigenfunctions~about 40 partial waves for 2.6 keV en
ergy!. To account for the lattice vibrations and the inelas
attenuation, we used the Debye-Waller factors and
~IMFP!, respectively.19 We calculated the wave intensit
along the@100# Fe atomic chains for normal and 8° of
normal~in the @010# azimuthal plane! beam incidence. From
these two intensity fields,I'(r ) and I /(r ), which experi-
mentally correspond to the maximum and minimum Cop
emission, respectively, we calculated the spatial distribut
of the intensity field anisotropy around each emitting atom
A(r )52@ I'(r )2I /(r )#/@ I'(r )1I /(r )#.

For the calculations we used about 500 scattered wa
gathered in a cylindrical bcc cluster 15 Å in diameter and
Å height. The anisotropy profileA(z) was then calculated fo
values ofz corresponding to the atomic positions. In Fig.
the results of theA(z) calculations, averaged over 3 layers
take into account the thickness of the Co marker, are co
pared with the experimental results. Curve ssc 1 refers to
beam intensity calculations at the atoms sites. Disregard
the absolute value ofA(z), its general behavior, i.e., th
abscissa value for the maximum and the two different
crease and decrease slopes, is quite nicely reproduced.

The assumption that the ionization probability of a giv
atom is proportional to the beam intensity evaluated at
corresponding lattice positions is rather simple and proba
inaccurate. Due to the spatial extension of the core orb
the interaction between the beam and the bound electro
not localized at the atom center, but depends on the ma
element of the electron-electron interaction between the
tial state~actually the bound 2p electron and the diffraction
state! and the final state of the ionized atom~i.e., the ionized
electron and the inelastically-scattered beam electro!,
whose exact determination goes beyond the scope of
paper. To include at least some aspect of the core orb
extension, we calculated the beam intensities and the co
sponding anisotropy over a 1.24 Å3 cubical volume centered
around each emitting atom. The inset of Fig. 3 showsA(r ) in
a cut parallel to the surface plane passing through the ce
of an atom located 8.61 Å below the surface. The anisotr

is
ri-



a
tro
c
-

a
v
a
be

er

es
m
c

ak
d
l
la

o
py

s
2
ve
s
en

en
p
V,

; this

ex-
ws.

am
ack-
on
ons
ng
ab-
-
pa-

the

is-
ita
c-

th
hi

ot
m

y of

ot-
e

56 14 313MODULATED ELECTRON EMISSION: THE EFFECT OF . . .
is not constant around the atom center. In particular, there
spatial regions where it is negative, i.e., where the elec
beam is more intense at off-normal than at normal inciden
We spatially averagedA(r ) assuming a weight function pro
portional to the squared modulus of the Co 2p atomic radial
function ~curves ssc 2!. The weight function represent
crude approximation of the ionization matrix element; ne
ertheless this approach effectively reduces the absolute v
of the calculated anisotropy without changing its general
havior. In order to fit correctly the maximum value ofA(z),
we also used a weight function that is unity within a sph
with radius 0.6 Å~curve ssc 3!.

Figure 3 clearly points out that SSC calculations over
timate the anisotropy value but, despite the crude assu
tions of this theory, it correctly predicts a defocusing effe
that is generally claimed to be correctly described only t
ing MS processes into account.14 Furthermore, the predicte
short MS defocusing length13 clashes with the experimenta
results, which on the contrary agree with the SSC calcu
tions.

We also investigated the effect of the incident electr
energy onA(z). The dependence of the intensity anisotro
on electron energy for the CoLMM and Co 2p emission
from 3 ML Co covered by 2 ML Fe is shown in Fig. 4. A
the electron energy is raised from 1.2 to 3 keV, the Cop
intensity anisotropy increases, at a rate that progressi
lessens. In contrast, the CoLMM anisotropy first increase
very slowly, and then decreases significantly for electron

FIG. 3. Anisotropy depth profiles of the Co 2p signals from a 3
ML Co film embedded in a Fe matrix as a function of the depth
marker is located; triangles are the experimental values, w
dashed lines are the results of SSC calculations~see text for details!.
Inset: cut of the spatial distribution of the beam intensity anis
ropy calculated over a 1.24 Å3 volume centered around an ato
located 8.58 Å below the surface.
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ergies over 2.2 keV. The intensity anisotropy ratio betwe
the CoLMM and the Co 2p emission is reported in the to
panel of Fig. 4. It is almost unity for an energy of 1.2 ke
near the ionization threshold of the 2p core level, and then
steadily increases as the primary beam energy increases
fraction increases as the overvoltage ratioU ~Ref. 31! in-
creases and thus the anisotropy of the Auger signal is
pected to decrease with the beam energy, as Fig. 4 sho

In conclusion, we measured theA(z) profile along the
@100# row of Fe ~001! using thin film epitaxy of Co and Fe
on Fe ~001!. Concerning the CoLMM Auger signal, we
were able to separate the contribution of the primary be
electrons from that of the backscattered electrons. The b
scattering factorr B has been directly measured as a functi
of depth and beam energy. Single-scattering calculati
agree very well with the experimental findings concerni
the defocusing length, but they largely overestimate the
solute value ofA(z). An important improvement of the cal
culated behavior has been obtained by inclusion of the s
tial extension of the core orbital, simulated by averaging
calculated anisotropy over a suitable weight function.

The authors are indebted to C. M. Bertoni for useful d
cussions. Financial support by the Ministero dell’Univers`
e della Ricerca Scientifica e Tecnologica is gratefully a
knowledged. The work of one of us~A.d.B.! is supported by
Instituto Nazionale per la Fisica della Materia.
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FIG. 4. Bottom panel: energy dependence of the anisotrop
the Co 2p ~triangles! and CoLMM ~circles! signals from a 3 ML
Co film located 2 ML below the surface of a Fe matrix; the anis
ropy value refers to the@100# focusing peak measured along th
@010# azimuth. Top panel: ratio of the two signal anisotropies.
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