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Quantitative Analysis of DEPES Distributions of Pt(111)
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Directional elastic peak electron spectroscopy (DEPES) was used to reveal a short range order within
the near-surface region of Pt(111). Experiments were performed at primary electron beam energies
in the range from 0.9 keV to 1.8 keV. DEPES signal was recorded for a wide range of polar § and
azimuthal ¢ angles and then transformed to two-dimensional DEPES maps using stereographic projec-
tion. Theoretical DEPES distributions were obtained with the application of the multiple scattering
(MS) theory. In MS calculations, the following parameters were varied: the inelastic mean free path A,
the radius around the emitter Rmax and the cones of smoothing M. The comparison of experimental
and theoretical DEPES maps was performed by an R-factor analysis in order to find the best corre-
spondence between the recorded and calculated distributions. The absolute minimum of the R-factor
was found at rather small values of the radius around the emitter and large inelastic mean free paths.
However, the obtained minimum was very shallow and took the form of a characteristic band in the
Rmax(l) plots. Thus, other Rmax and A values corresponding to the local R-factor minimum can also
be to some extent used in computations. The cone of smoothing, which reflects the spread of primary
beam directions before it strikes the sample, decreases at larger electron energies which scales with
better electron focusing at larger E), values. The discussion concerns the computation time associated
with the mentioned parameters and the convergence of theoretical data.
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1. Introduction

The directional elastic peak electron spectroscopy
(DEPES) [1-4] is an experimental method which
utilizes the phenomenon of elastic scattering of
primary electrons striking the sample on atoms
in a crystalline solid at electron energies above
500 eV. At these medium electron energies the for-
ward scattering effect [5, 6] occurs which leads to
the anisotropic distribution of scattered electrons.
As a consequence, the flux of electrons in solids
after scattering is mainly focused along the direc-
tion of the electron beam propagation. This ef-
fect is used to reveal the structure within the near
surface region of crystalline samples [4]. The lim-
ited value of the inelastic mean free path of pri-
mary and emitted electrons as well as the defocus-
ing effect [7-9] of primaries reduce the information
depth of the crystalline structure to the first few
atomic layers.

Forward scattering is a universal phenomenon
which concerns all electrons independently on the
direction of their propagation, including primary
electrons striking the crystalline samples but also
secondary electrons emitted from solids. There-
fore, it is also used to record angular distribu-
tions of photo- and Auger electrons in X-ray pho-
toelectron diffraction (XPD) and Auger electron
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diffraction (AED) [10-14], respectively. In XPD
and AED a small aperture hemispherical analyzer
(HA) [15, 16] is used which enables the recording
of secondary electrons emitted in a certain direc-
tion. In the case of DEPES, however, the mea-
surements are carried out with the application of
a large acceptance angle analyzer such as a retard-
ing field analyser (RFA) [17], usually applied for
low-energy electron diffraction (LEED) [18-20] pat-
tern observations and Auger electron spectroscopy
(AES) [21, 22| measurements. In this case, angular
distribution of the electron emission is integrated
over a large collector, therefore the recorded sig-
nal is mainly effected by the primary beam elec-
tron scattering effects. Furthermore, the recorded
intensities depend on the electron energy, inelas-
tic mean free path and the kind of atoms in
investigated solids.

The scattering process of electrons in solids
is described by different theoretical approxima-
tions [23-26]. In calculations, different parameters
are involved in order to reflect a real experimen-
tal and scattering geometry, electron attenuation,
scattering properties of atoms and weights of emit-
ters. The resulting theoretical data are compared to
experimental results by means of an R-factor anal-
ysis which enables finding quantitative information
about the sample [4, 27].
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In this work, the analysis of experimental and
theoretical DEPES data for the Pt(111) surface is
presented. In computations, the wave field in a
solid was calculated with the use of the multiple
scattering (MS) approximation [26]. The calcula-
tions were carried out by varying three parame-
ters involved in the description of the scattering
process of primary electrons on the atomic poten-
tial, namely: inelastic mean free path A, the radius
around the emitter Ry,.y, and the cone of smooth-
ing M. The considered parameters are associated
with the real scattering geometry in the sample and
influence the calculated intensities. The inelastic
mean free path describes the attenuation of the elec-
tron wave in a solid. The radius around the emitter
indicates a number of scattering atoms, which con-
siderably influence the final wave field at the emitter
site. Both parameters are, therefore, critical for the
time of calculations. The cone of smoothing takes
into account the angular distribution of the inci-
dent electron beam just after leaving the electron
gun. Therefore, this parameter reflects the focus-
ing of the electron beam just before it strikes the
sample. The experimental and theoretical DEPES
distributions were compared by means of a R-factor
analysis in order to find the best correspondence be-
tween theory and experiment. The computation of
DEPES theoretical distributions is discussed in the
context of the used parameters.

2. Experiment

The investigations were carried out for a Pt(111)
monocrystal. The ultra-high vacuum (UHV) cham-
ber was equipped with a retarding field analyser
(RFA) with an acceptance angle equal to 110° and
a manipulator, which enabled the precise azimuthal
and polar rotation of a sample with respect to the
axial electron gun of RFA. In the UHV system, the
pressure was lower than 1078 Pa. The Pt(111)
was cleaned using ArT ion sputtering, annealing
at the temperature around 1500 K and flashing.
The cleanness of the surface was controlled by AES,
and a long range order of surface atoms was moni-
tored by LEED. In DEPES measurements, the pri-
mary electron beam with fixed energy E, in the
range of 900-1800 eV struck the crystalline sample
and the current of elastically backscattered elec-
trons was measured during the sample rotation.
The recording of elastically backscattered electrons
was performed in the N(E) mode of the RFA oper-
ation. During the measurements of the elastic peak
height, the sample was rotated around the polar
axis (parallel to the surface sample) at a fixed az-
imuthal angle, which was chosen by the rotation
of the sample around the azimuthal axis perpen-
dicular to the sample surface. During DEPES in-
vestigations, the polar angle § was changed from
—80° to +80° with increments of Af = 0.25° and
the azimuthal angle ¢ was altered in the range of
0°-180° in Ay = 2° steps. The set of DEPES po-
lar profiles recorded at different azimuthal angles
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Fig. 1. (a) Experimental DEPES map I(0,¢)
recorded for Pt(111) at the primary electron beam
energy F, = 1200 eV and the range of polar angles
between —80° and 80°. The circle surrounds DE-
PES intensities within the polar angle range from
—40° to 40°, which is denoted as I(6,¢)-40. (b)
Experimental DEPES distribution after the back-
ground subtraction I(6, ¢)-B. As in (a), the area in-
side the circle ranges from —40° to 40°, which is de-
noted as (6, ¢)-B40. (c) Stereographic projection
of a (111) terminated fcc monocrystal. The area
surrounded by the dashed line indicates incidence
beam directions available experimentally (6 ranges
from —80° to 80° ) used in (a) and (b). The con-
trast for experimental (6, ¢) and I(6, $)-40 maps
is equal to 1.77 and 0.68, respectively.

was transformed to a two-dimensional DEPES map
presented as a stereographic projection. The angu-
lar coordinates (0, ) were transformed to Carte-
sian coordinates (x,y) according to the relation:
x = tan(0/2) sin(y)) and y = 2 tan(6/2) cos(p). For
each map the intensities were reflected by the colour
scale. The background subtraction was made with
the use of the cosine function of the incidence an-
gle 0 as Igg = Acos(Bf), where A and B are pa-
rameters fitted by means of the least square anal-
ysis [28]. This function was found to reflect the
background intensities of mono- and polycrystalline
samples in the best way [4]. In the data evaluation,
fragments of experimental and theoretical results
published in [29, 30] were used.

3. Results and discussion

The DEPES map recorded for the primary elec-
tron beam energy E, = 1200 eV and the wide polar
angle range from —80° to 80° before and after the
background subtraction [28], denoted as I(6, ¢) and
1(0, ¢)— B, respectively, is shown in Fig. 1. The sig-
nal strength from the minimum to maximum value
is reflected by the attached colour scale. A part of
the map within the polar angle range between —40°
and 40° surrounded by the black circle is denoted
as 1(0,¢) — 40 and I1(6, ¢)-B40 for DEPES inten-
sities before and after the background subtraction,
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respectively. In this way four maps for each energy
E, were considered for further evaluation. The in-
tensity maxima observed in the experimental DE-
PES map correspond to the distribution of close-
packed atomic rows in a (111) face-centred cubic
(fcc) monocrystal.

Theoretical DEPES maps were calculated tak-
ing into account the crystalline structure of the
Pt(111) sample, phase shifts obtained with the use
of the muffin-tin approximation [18], electron ener-
gies and associated inelastic mean free path () val-
ues [31-33], the multiple scattering (MS) events of
primary electrons [26], the radius around the emit-
ter (Rmax) and the cone of smoothing (M) [4, 34].
In calculations the number of elastic scattering
events of electrons on atomic potential was limited
to 3 which assures the sufficient convergence of theo-
retical data [4, 35]. The comparison of experimental
and theoretical DEPES data as well as two theo-
retical DEPES distributions calculated for different
computation parameters was made by the R-factor
analysis. In the latter case, the convergence of theo-
retical data can be determined. In the quantitative
comparison of experimental and theoretical DEPES
maps, the following R-factor based on the Pearson
correlation coefficient [4, 29, 34] was used:
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where I and Ii;, are the experimental and the-
oretical signals, respectively, while ¢ numerates the
measured and calculated (6, ¢) points of the DEPES
stereographic distribution and N is the number of
points for the entire map. The quantitative analysis
of two theoretical DEPES maps involves respective
theoretical intensities in (1).

The minimum of the R-factor indicates the best
correspondence between experimental and theoret-
ical results. In Fig. 2 the R-factor obtained for
two theoretical DEPES maps calculated at subse-
quent n and n + 1 cluster layers and different pri-
mary electron beam energies F, is shown as a func-
tion of the number of sample layers taken into ac-
count in MS calculations. A better convergence of
theoretical results is observed with the increase of
the number of the considered layers. As expected,
at higher electron energies more layers should be
considered in MS calculations to obtain the same
R-factor values which scales with larger inelastic
mean free paths. No change of R-factor values at a
larger number of considered layers indicates no dif-
ferences between theoretical DEPES distributions
obtained at the same E,.

In MS calculations for a given primary electron
beam energy, the values of the inelastic mean free
path and the radius around the emitter were var-
ied. In Fig. 3 the decimal logarithm of ¢ is shown as
a function of the multiplier [ of the inelastic mean
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Fig. 2. The R-factor as a function of the number

of layers in Pt(111) obtained for two theoretical DE-
PES maps calculated at subsequent n and n+1 clus-
ter layers and E, equal to 900 eV, 1200 eV, 1500 eV,
and 1800 eV. The R-factor is shown for a larger n+1
considered number of layers.

(a)

20

1.6

log(t [min])

o
IS

2
(=}

04 06 0. 10 12 14 16 18 20
Multiplier of inelastic mean free path /

-(b)

o
»

2.0

1.6

log(t [min])

1.0 1.2

Rmax

Fig. 3. The logarithm of the calculation time of
a theoretical DEPES map at E, = 1200 eV and
constant Rmax = 0.9 as a function of the multiplier
[ of the inelastic mean free path (a) and the radius
around the emitter at constant [ = 1.7 (b).

free path A at constant Ry, = 0.9 and the ra-
dius around the emitter R, at constant [ = 1.7.
As expected, the considerable increase of the com-
putation time is observed with the increase of [
and R,.x. Both computation parameters scale with
the primary electron beam energy in experiment.
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The classical interpretation of the inelastic mean
free path considers A\ as an average distance mea-
sured along the trajectory of a particle at a given
energy between two inelastic collisions in a mat-
ter. In the case of DEPES, the incident electron
beam striking the crystalline sample interacts with
an atomic potential which results in elastic or in-
elastic scattering events. In the quantum mechan-
ical description of the scattering process, the pri-
mary electrons are described by a plane wave and
the scattered electrons by spherical waves ema-
nating from the scattering centres located on the
atomic cores [4]. The elastic scattering leads to
the constructive or destructive interference of pri-
mary and scattered waves resulting in a wave field
in a solid. The inelastic scattering events lead to
the damping of electrons in a sample. Both elas-
tic and inelastic scattering events were taken into
account in the MS calculations by considering ap-
propriate scattering factors [36] and exponential de-
cay of the electron wave amplitude. The calcula-
tions were performed at different polar 6 and az-
imuthal ¢ angles which reflect mutual orientations
of an axial electron gun and the crystalline sample
as well as different wave lengths associated with en-
ergies of primary electrons used in the experiment.
In the literature, A values were determined basing
on: Tanuma-Powell-Penn (TPP-2) predictive for-
mula [37], Gries model [38], EPES (elastic peak
electron spectroscopy) results and Monte Carlo cal-
culations [39-42| as well as a model dielectric func-
tion [43]. The Bethe equation with some modifica-
tions is suggested for electron energies lower than
200 eV in [33, 40]. The values of A determined
with the use of these models for electron energies
in the range of 50-2000 eV are particularly useful
for analytical methods such as X-ray photoelectron
spectroscopy (XPS) and AES.

The dependence of X\ on the electron energy ob-
tained with the use of the above mentioned ap-
proximations is shown in Fig. 4. Similar A val-
ues in the considered energy range from 400 eV
to 2000 eV arise from TPP2 and Gries models.
The EPES measurements and Monte Carlo simula-
tions give significantly lower A values especially at
higher electron energies. Because of a large num-
ber of applications, theoretical DEPES distribu-
tions were calculated taking into account the in-
elastic mean free paths obtained with the use of
the TPP-2 model. Then, at a given electron en-
ergy, the A value was varied by the multiplier ! in
the range from 0.4 to 2.0 with 0.1 steps. The in-
fluence of the A value on the DEPES intensities is
shown in Fig. 5. The signal modulation within each
DEPES map is reflected by the contrast defined
as C = 2(Ilnax - Imin)/(lmax + Imin)7 where Imax
and I,;, are the maximum and minimum intensi-
ties. The increase of A results in a more detailed
intensity pattern and large contrast values which
are associated with the contribution of deeper sam-
ple layers to the DEPES intensities. In all DEPES
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NIST database [40] obtained with the use of
the TPP2 [37] and Gries [38] approximations, as
well as the EPES measurements and Monte Carlo
calculations [39, 41, 42].
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Fig. 5. Theoretical DEPES maps I(6,¢) at the
primary electron beam energy E, = 1200 eV calcu-
lated for Pt(111) at Rmax = 1.0, M = 0.0° and dif-
ferent multipliers [ of the inelastic mean free path of
the primary electrons Ag,: (a) I = 0.9, (b) [ = 1.4,
and (c¢) I = 1.8. (d) The R-factor as a function of
the multiplier [ of A calculated for subsequent pairs
of theoretical maps, e.g. for [ = 1.1 and [ = 1.2.
Contrast values are equal to: (a) C 1.91, (b)
C =1.89, and (c) C =1.9.

distributions, the main intensity maxima associated
with close-packed crystallographic directions are
well visible. The characteristic intensity bands as-
sociated with crystallographic planes are better re-
flected at larger [ values. Experimentally, this effect
is achieved at increased primary electron beam ener-
gies [30]. At lower E,, the intensity DEPES pattern
is less detailed and characterised by broad maxima
which makes the analysis of the crystalline structure
ambiguous. The convergence of theoretical data
was proved by the calculation of an R-factor for
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Fig. 6. Theoretical DEPES maps for

1(0,9)
Pt(111) at 1200 eV, I = 1.0, M = 0.0°, and differ-
ent values of the radius around the emitter Ryax:

(a) 0.5, (b) 0.8, and (c) 1.1. (d). The R-factor as
a function of the radius around the emitter calcu-
lated for subsequent pairs of theoretical maps, e.g.
for Rmax = 0.5 and Rmax = 0.6. Contrast values
are equal to: (a) C = 1.9, (b) C = 1.9, and (c)
C =1.93.

theoretical DEPES distributions obtained at con-
stant Rnax = 1.0 and M = 0.0° and increased [
multipliers of A with respect to the DEPES distri-
bution at [ + 0.1. The R-factor falls to 0.001 above
I = 2.0. This means that a subsequent calcula-
tion for a larger ! does not result in more detailed
maps. Also for this range of [ the computation time
is reasonable (Fig. 3).

The radius around the emitter is a dimensionless
geometrical parameter (normalized to the value of
the inelastic mean free path at given energy), which
limits the number of scatterers of electron wave to
the sphere of radius Rpyax around the considered
emitter [34, 35]. In other words, this parameter re-
duces the number of scattered waves finally reaching
the emitter site. In Fig. 6 the theoretical DEPES
maps for Pt(111) calculated at 1200 eV, [ = 1.0 and
M = 0.0° are shown at different R, values. The
increase of Ry,.x results in a more detailed intensity
pattern and larger contrast because of the contri-
bution of a larger number of scattered waves to the
DEPES signal. We proved the convergence of theo-
retical results by an R-factor analysis. R-factor was
obtained for theoretical DEPES maps calculated at
increased Ry.x With respect to the DEPES distri-
bution obtained at Ry.x = 2.4. As expected, the
decrease of R-factor observed with R, indicates
a better convergence of theoretical data. The R-
factor values show that R,.x above about 1.5 do not
result in significantly more detailed intensity pat-
terns in DEPES maps. Therefore, the consideration
of Rnax up to about 1.5 assures the sufficient con-
vergence of theoretical data. Nevertheless, due to
computation time Ry,.x was limited to 1.1 (Fig. 3).
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Fig. 7. Theoretical DEPES maps for

160,9)
Pt(111) at 1200 eV, I = 1.0, and Rmax = 1.0 cal-
culated at different smoothing cones M: (a) 0.0° ,
(b) 2.0°, (c) 4.0° , and (d) 6.0°. Contrast values are
equal to: (a) C =1.92, (b) C =1.88, (c) C =1.86,
and (d) C = 1.83.

Another computation parameter taken into ac-
count in MS calculations is the cone of smooth-
ing M which reflects the geometry of the incidence
electron beam. In experiment, the primary beam
is characterised by a dispersion angle which results
from repulsive interactions of electrons and their fo-
cusing in the electron gun. Therefore, the primary
electrons — just after leaving the electron gun —
form a cone with a small but not negligible angle.
As it was shown in [34], the dispersion angle equals
a few degrees and decreases with the electron beam
energy. In MS calculations, the electron beam is
considered to be a plane wave with a well-defined
propagation direction. In order to take into account
the above mentioned effects the cone of smoothing
was introduced [4, 34]. The DEPES intensities are
averaged within a small (a few degrees) cone around
the incidence direction which corresponds to a circle
of a certain radius (smoothing radius)on a stereo-
graphic plot. In calculations, the cone of smooth-
ing was considered to vary in the range from 0.0°
to 6.0° with 0.5° increments around the incidence
beam direction. Because of the integration of the
DEPES signal within a small cone around the inci-
dence direction — which reflects a number of inci-
dence beam directions in experiment — less details
of the intensity pattern and lower contrast values
are observed with the increase of M (Fig. 7).

A further analysis concerns the calculation of
R-factor for experimental and theoretical DEPES
data, the latter obtained by changing the I, Ry ax,
and M parameters. The result of such an analysis
for the I(0, #)-B distribution at 1500 eV, M = 3.0°
and different [ and Ry,.x values is shown in Fig. 8.
The range of the R-factor values, reflected by
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Fig. 8. The R-factor calculated for experimen-

tal and theoretical I(6,¢)-B distributions at
1500 eV. Theoretical DEPES data were obtained
at M = 3.0° and different ! (from 0.4 to 2.0) and
Rmax (from 0.3 to 1.1) values. The absolute mini-
mum of the R-factor is marked by the red dot. The
variation of an R-factor, given in percent in the up-
per right corner with respect to the highest value
shown in this work, is reflected by colour.

colour, within the plot is given in percent with
respect to the highest value shown in this work. For
small and large | and Ry.x, the R-factor achieves
large values which indicates a large discrepancy be-
tween theoretical and experimental DEPES distri-
butions. The characteristic band of low R-factor
values, indicating the correspondence between ex-
perimental and theoretical data, is observed with
increased | and associated decrease of Ry.x. The
absolute minimum of the R-factor equal to 0.1159,
marked by the red circle, was found at [ = 1.7
and Rp.x = 0.5. For example, at [ = 1.0 and
Ryax = 1.0 the R-factor minimum equals 0.1250
which shows small differences between R-factors ob-
tained within the characteristic band in Fig. 8. The
similar plot of R-factor as a function of [ and Ry,ax
was found for all other electron energies.

The R-factor analysis was made for experimen-
tal and theoretical I(6,¢) distributions obtained
at different primary electron beam energies FE,.
The experimental results were compared to theo-
retical data, the latter calculated at different M, [
and Rpax. The results of this analysis are shown
in Fig. 9. As in Fig. 8, the similar distribution of
R-factor values is observed including their rise at
small and large | and Rp,.x as well as their decrease
taking a form of a broad band with a hyperbole-
like shape. It stems from the fact that both R
and [ limit the number of scattered wave functions,
however in the latter case this limitation is done
by decreasing the wave function amplitude in an
exponential manner. In almost all cases, the abso-
lute minimum of the R-factor was found at large [
and small R,.x. This minimum is, however, very
shallow as it is also visible in Fig. 8. Therefore,
other local minima visible in Figs. 8 and 9, taking
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a form of a characteristic band, also reflect a good
correspondence between experimental and theoret-
ical data. The increase of F, at constant M leads
to larger R-factor values, especially at low and high
l and Ry ax-

The R-factor analysis of experimental and the-
oretical DEPES distributions for a wide polar an-
gle range 1(0, ¢), limited to the maximal polar an-
gle 40° denoted as I(6, ¢)-40, after the background
subtraction I(6, ¢)-B as well as limited to the maxi-
mal polar angle 40° and after the subtraction of the
background (6, ¢)-B40 at 1500 eV as a function of
M, 1, and Ryax is shown in Fig. 10. The data indi-
cate a similar distribution of R-factor values as in
Figs. 8 and 9 independently on the applied back-
ground subtraction procedure and the limitation of
the maximal polar angle to 40°. The absolute min-
imum of the R-factor is observed in almost all cases
at similar [ and Rp,.x, which confirms a very shallow
minimum of the R-factor values. Moreover, at the
same primary electron beam energy F, = 1.2 keV
the lowest values of the R-factors are noted for a set
of data obtained at the cone of smoothing M = 2°,
which scales with previous observations [34]. This
confirms that at this energy the incident beam di-
rections spread within a few degrees which results
in the averaging and smoothing of experimental
DEPES intensities.

In Fig. 11 the absolute minimum of the R-factor
read out from the Rpa.x(l) plots (as shown
in Figs. 8-10) is presented as a function of the
cone of smoothing M for experimental and the-
oretical I1(0,¢), I(6,¢)-40, 1(0,$)-B, and I(0,¢)-
B40 DEPES distributions at the primary electron
beam energy I, equal to 900 eV and 1500 eV. The
pronounced minimum for all considered DEPES
maps is observed, which reflects the best agreement
between experimental and theoretical data. The
R-factor minimum is independent of the kind of DE-
PES map considered in the analysis at £, = 900 eV.
At E, = 1500 eV, however, the R-factor minimum is
observed at slightly different M values. Generally,
the characteristic shift of the R-factor minimum to-
wards lower M values with E, (Fig. 11a and b) is
noted, which is associated with a better focusing
of the primary electron beam in the electron gun
at larger F, values. This tendency is well reflected
in Fig. 11c, where the smoothing cone associated
with the R-factor minimum is shown as a function
of E, for all considered DEPES distributions. Such
an analysis allows to determine the distribution of
incidence angles of primaries before they strike the
sample and gives a direct evidence of the focusing
of the primary electron beam in the electron gun of
the RFA analyzer.

In Fig. 12 experimental DEPES distributions
1(0, ¢) recorded at the primary electron beam en-
ergy 900 eV and 1500 eV are shown together with
the results of calculations at [ = 1.0, Ryax = 1.0,
and M 0.0° as well as at the best fit.
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Fig. 9. The R-factor calculated for experimental and theoretical distributions I(6, ¢) at 900 eV, 1200 eV, and
1800 eV. Theoretical DEPES data were obtained at M equal to 0.0°, 2.0°, 4.0° and 6.0° as a function of [
(from 0.4 to 2.0) and Rmax (from 0.3 to 1.1). The absolute minimum of the R-factor is marked by the red
circle. The range of the R-factor, given in the upper right corner as a percentage of the highest obtained value,
is reflected by colour.

TABLE I

The R-factor minimum (R fmin) obtained for experimental and theoretical 1(6, ¢) and I(0, ¢)-40 DEPES maps at
different primary electron beam energies E, and associated I, Rmax and M parameters of calculations. Contrast
and R-factor (Rf) values at | = 1.0, Rmax = 1.0 and M = 0.0°.

E vl | ¢ | Ml | © | AA] | Ruax | Rfuin | C Rf for 1 =10, c
Runax = 1.0, M = 0°
900 | 1.65 | 35 | L7 | 21 03 | 0.8830 | 1.82 0.1396 1.92
S| 1200 | 177 | 40 | 18| 27 04 | 0.7790 | 1.87 0.1069 1.92
S| 1500 | 161 | 30 | 17| 30 0.5 | 0.1159 | 1.86 0.1361 1.93
1800 1.28 2.0 1.5 30 0.5 0.1350 1.91 0.1572 1.93
= 900 0.65 4.5 1.1 13 0.8 0.2520 0.91 0.3451 1.28
E.]\ 1200 0.68 2.0 1.8 27 0.4 0.1857 1.10 0.2364 1.27
3 1500 0.75 1.5 1.4 25 0.8 0.2244 1.26 0.2474 1.36
= 1800 0.91 1.5 1.7 34 0.5 0.2268 1.50 0.2538 1.54
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Fig. 10. The R-factor calculated for experimental and theoretical DEPES distributions I(0, ¢), 1(6, ¢)-40,

1(0, ¢)-B, and 1(6, ¢)-B40 at 1500 eV. Theoretical DEPES data were obtained at M equal to 0.0°, 2.0°, 4.0°
and 6.0° as a function of I (from 0.4 to 2.0) and Rmax (from 0.3 to 1.1). The absolute R-factor minimum is
denoted by the red circle. The range of the R-factor shown as a percentage of the highest obtained value in

the upper right corner is scaled by colour.

As in Table I but for 1(0, ¢)-B, and I(0, ¢)-B40 DEPES distributions. TABLE IT
° Rf for | = 1.0,
E, [eV] M [°] ! A [A] Rumax R fiin R — 1.0, M — 0°
- 900 3.5 1.8 22 0.7 0.3757 0.4936
’é: 1200 2.0 1.7 25 0.6 0.2563 0.3237
< 1500 1.5 2.0 35 0.5 0.2455 0.2920
= 1800 1.5 1.7 34 0.5 0.2450 0.2920
2 900 3.5 1.5 18 0.7 0.2858 0.3981
g 1200 2.0 1.7 25 0.6 0.1910 0.2528
§ 1500 1.5 2.0 35 0.5 0.2201 0.2726
= 1800 1.5 1.7 34 0.5 0.2256 0.2570

R-factor minimum (Rf,;,,) obtained for experimen-
tal and theoretical 1(6,¢), I(0,¢)-40, I(6,¢)-B,
and I(6,¢)-B40 DEPES maps at different pri-
mary electron beam energies E, and associated [,
Riax, and M parameters as well as contrast and
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R-factor (Rf) values at I = 1.0, Rpax = 1.0, and
M = 0.0° are summarised in Tables I and II. Gen-
erally, the best fit between experimental and the-
oretical DEPES data was found for rather large [
and small R, values.



The 100 years anniversary of the

20 (— T T
Ep=900 eV
v
15F, .
A "
S
‘ v
§ 10 e ] )
: \ ¥
Eopeea N v 1
5h S X NaE
‘,‘ AN m v -’m
.‘\1\ o r's
0 _(a) ‘l:.f N ~eo—9 |
0.0 1.0 2.0 3.0 4.0 5.0 6.0
50 — T T —7 T T T
(b) Ep=1500 eV s |(e,(p) v
= |(0,9)-40
40 & 1(0,0)-B v o
v L ]
30} v ]
3 v
g 201 v i ,"’/ i
0 v X5
10 v & 1
. e —e. v I - ) "‘
Wi Al A .
0k, | P i : "
0.0 1.0 2.0 3.0 4.0 5.0 6.0
M [°]
45+ O O 1(6.9) 1
O 1(6,0)-40
4.0+ @) 10,0)-B |7
o- 1(0,9)-B40
350 @ (6.9)-B40 |
= 30} (o) -
=
25F -
20} (o) O 1
15 (C) © © -
800 1000 1200 1400 1600 1800
Energy [eV]
Fig. 11. The minimum value of the R-factor (Rf)

obtained from the Rmax(l) plots (as shown in
Figs. 8-10) as a function of the cone of smoothing
M for experimental and theoretical DEPES maps
1(0,9), 1(6,¢)-40, I(6,¢)-B and I(0, ¢)-B40 at the
primary electron beam energy E, equal to 900 eV
(a) and 1500 eV (b). The smoothing cone corre-
sponding to the R-factor absolute minimum for all
kinds of DEPES maps as a function of E, (c).

The results presented in this paper prove that the
application of DEPES allows to reflect a short range
order within the first few atomic layers of monocrys-
talline samples. Due to the forward scattering of the
collimated primary electron beam the characteris-
tic intensity maxima observed in the DEPES stere-
ographic distributions reflect the Pt(111) sample
crystallinity. The simulations performed with the
use of the MS approximation varying the inelastic
mean free path A as well as different geometrical pa-
rameters enabled finding the best fit of theoretical
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Exp. maps 1(0,0) Th. maps for Rf,

(a)

Th. maps
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=17 ; Ry =03 ; M35°

1500 eV

=10, R =10; MFOO © /=17 Ry =0. 5, M=3.0°
Fig. 12. Experimental = DEPES  distributions
1(0,¢) recorded at E, = 900 eV (a) and

E, = 1500 eV (d). Theoretical DEPES maps
1(6, ¢) calculated at | = 1.0, Rmax = 1.0, M = 0.0°
and E, = 900 eV (b) and E, = 1500 €V (e). The-
oretical DEPES data I(6,¢) obtained at the best
fit with the experimental distributions (R-factor
minimum) calculated at [ 1.7, Rmax = 0.3
and M = 3.5° at E, = 900 ¢V (c) and | = 1.7,
Rmax = 0.5, and M = 3.0° at E, = 150 eV (f). The
R-factor values are indicated in the upper right cor-
ner of theoretical distributions. Contrast values are
equal to: (a) C' =1.65, (b) C =1.92, (c) C =1.82,
(d) C =1.61, () C' = 1.93 and (f) C' = 1.86.

results to the experimental DEPES data. This
quantitative analysis results in I, Ryax, M and A
values which determine the signal measured in elec-
tron spectroscopy methods such as DEPES.

4. Conclusions

In this work the experimental DEPES distri-
butions were compared to the theoretical DEPES
maps obtained with the use of different computation
parameters such as the inelastic mean free path, the
radius around the emitter and the cone of smooth-
ing. The analysis of the DEPES results enabled
finding the short range order within the near surface
region of Pt(111). The data obtained at different
primary electron beam energies E, show that the
best agreement between theory and experiment was
found for small R,.x and large A\ values. However,
the R-factor minimum is very shallow. Therefore,
other R, .« and A values associated with the local
R-factor minimum also — to some extent — reflect
the correspondence between theory and experiment.
The cone of smoothing associated with the focusing
of primary electrons decreases with increasing elec-
tron energy E,. This reflects the spread of primary
beam directions before it strikes the sample and
shows better focusing at larger E,. The quantita-
tive analysis performed with the use of the R-factor
enables to determine the number of layers and the
radius around the emitter taken in calculations at
different E,, which assure the sufficient convergence
of theoretical data and the reasonable computation
time of theoretical DEPES distributions.
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