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Fourier transforms of LEED intensities contain convolution products of functions
of the interatomic vectors with data truncation, lattice vibration, and potential

windows. The composite and individual effects of the windows in the
deconvolution of transforms of LEED intensities are studied using calculated and
experimentally measured intensities. In the analysis of LEED intensities from
Al(100), lattice motion is found to be of major importance along with data

truncation and potential characteristics.

. INTRODUCTION

A large number of properties of solids exhibit a marked
dependence upon the atomic arrangement in the
topmost layers. Structural parameters of the surface
on the atomic scale and the correlation between the
geometrical and electronic structure are of fundamental
importance in the understanding of surface phenomena.
The use of low energy electron diffraction (LEED) for
surface-structure determination has been the subject
of intensive efforts in the last ten years.!

Recently, we have described for the first time a
practical direct method for surface structure analysis
via LEED.23 As we have shown, Fourier transforma-
tions of LEED intensities contain convolution products
of functions of the interatomic vectors with functions
(windows) of the scattering potential, temperature
factors and data-truncation effects. Thus, to extract
the geometrical information from the transform a
deconvolution of the nonstructural components must be
performed in order to achieve accurate and unambigu-
ous structural assignments.

In this paper we briefly illustrate, with reference to
experimental data from Al(100),% the individual and
composite effects of data-truncation, scattering po-
tential characteristics, and temperature dependence on
the deconvolution results and the interrelationships
between them.

Il. TRANSFORM WINDOWS AND
DECONVOLUTIONS

The Fourier transform of LEED intensities defines a
three-dimensional vector space.?® The first step in our
procedure consists of the determination of interlayer
spacings from one-dimensional projections of the trans-
form, the results of which are utilized in the determi-
nation of interlayer registries via (fwo-dimensional
transform sections as we have previously demonstrated.?
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The one-dimensional projection is defined as
P(Z) =/ dSIoo(S)wB(S; S1,Sz) exp[21riSz:], [1]

where Iy is the intensity of the specular beam and
wp(:5;.51,5,) is a “box car’ truncation function (unit
magnitude for values of the normal momentum transfer
S$1<S5<S; and zero otherwise. P(z) contains the
projections of interatomic vectors on the surface
normal.? The one-dimensional projection (Eq. 1) of a
kinematical expression for the intensity of electrons
diffracted from a uniform clean substrate with layer
spacing d is given by?

P(s)=Fare(a)+(1—ad) Y, oMd(z+vd), [2]

where ‘*’ denotes a convolution operation ;& =exp (—ud/
cosf), u is the attenuation coefficient, and # the angle
of incidence. The function Fprp(z) is the transform of

the truncated scattering potential renormalized with
respect to atomic motion, i.e.,

FBTP(Z) =/ dSwB(S; 81,52)0)'1'(5)0)1)(5) exp[ZwiSz],

= FBT(Z)*FBP(Z); [33']
FBT(Z) =/w dSwBT(S; 51,52) exp[21riSz]; [3b]
Fpp(2) =/°° dSwpp (S; S1,52) CXPEZ’"'iSZ]? [3c]

wpr=ws(S; S1,S)wr(S);
(S; S1S2)wr(S) [3d]

WBP =wB(S; Sl,Sz)wP(S) )

where the idempotency of wp is used. In the above,
wr(S) =exp[ —«(S5)S?] is the Debye-Waller® factor.
Elastic scattering from an ion core is described by the
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Frc. 1. Transforms P(z) and deconvolutions [P.(2)]. (al). Real

part of the P(z) transform of a kinematically calculated? (00)
beam intensity from Al(100) for incidence angle 6§=8° In the
calculation of the intensity 14 phase-shifts derived from Snow’s
potential were used with an interlayer spacing d=2.05 & ; Vo=14
eV, attenuation coefficient 4 =0.32 A7, ©p=340°K and T=295°K.
(aZ—a5). Deconvolutions of the transform of the kinematically
calculated intensity., The deconvolutions in (a2)-{a5) were per-
formed using the window functions defined in Eqs. (4), (3b), (3¢),
and (3a), respectively. A modified Southwell method was used.?
(b1). Real part of the P(z) transform of a measured (00) beam
intensity profile from Al(100), for angle of incidence ¢ =0° and
9=8° at room temperature. (b2-b5). Deconvolution of the trans-
form of the experimental intensity. The meaning of the various
window components are as indicated in caption (a2)~(a5). The
base width of the peaks is =:0.05 A. Structural peaks forming a
consistent weighted vector set have been filled.

atomic scattering factor expanded in a series of partial
waves,*7 with w,(.S) its squared magnitude.

From Eq. 2, it is evident that the extraction of
geometrical information from the LEED transform
requires a deconvolution of the complex window
function Fpre(z) [Eq. 3(a)] from the transform. To
facilitate our discussion of the effects of the components
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of the window, we have introduced the functions Fgr
and Fpe [Eqs. 3(b) and 3(c), respectively], which
represent the truncated temperature and potential
windows, respectively. In addition, we define the
window fuunction Fp which represents the effect of
data-truncation

Foe / dSwn(S; Su,Sy) exp[2riSz).  [4]

In the following analysis we have used kinematical
specularly diffracted intensities® from Al(100) for angle
of incidence 6=_8° calculated by using 14 phase-shifts
with a Debye temperature 8p=340°K, T'=295°K and
an interlayer spacing d=2.05 A, and specularly dif-
fracted intensities from Al{100) measured* at room
temperature for the same angle of incidence, which
exhibits marked multiple scattering features. The real
parts of the one-dimensional transform projections of
these intensities are shown in Figs. 1(al) and 1(b1) for
the calculated and experimental measured intensities,
respectively. In both the kinematical and experimental
cases, the transforms exhibit marked peak broadening
and pronounced extra features which are of non-
structural origin. These effects are the result of the
convolution of functions of the interatomic vectors with
the truncated potential and temperature windows. The
appearance of pronounced nonstructural features in the
transform clearly precludes direct structure determi-
nation on the basis of the transform alone, demon-
strating the necessity of an appropriate deconvolution.
It is instructive to note the strong similarity between
the transforms of the kinematically calculated and the
measured intensities which exhibit pronounced multiple-
scattering features. This similarity demonstrates the
effective averaging introduced upon Fourier trans-
formation of LEED intensities.??

We turn now to an examination of the effects of the
data-truncation, potential, and temperature com-
ponents of the window [Eqgs. (3), (4)] on the de-
convolution. We proceed by performing deconvolutions?
of the above P(z) transforms of the intensities with
respect to the individual contributions to the window
Fayp(z) [Egs. (3) and (4)]. First a deconvolution of
data truncation alone, represented by the Fp window
[Eq. (4)] is performed. Figures 1(a2) and 1(b2)
contain the computer deconvolutions of the complex
function Fg from the complex transforms of the kine-
matical and experimental intensities, respectively. We
observe that deconvolution of data-truncation alone is
not sufficient to account for all the nonstructural
components in the transforms. Improved results are
obtained by the deconvolution of the truncated po-
tential window, Fsp [Eq. (3c)], shown in Figs. 1(a3)
and 1(b3) for the kinematical and experimental cases,
respectively. However, the deconvolution results still
contain nonstructural features which interfere with the
accuracy of the analysis. Next, we study the results of
deconvoluting the truncated temperature effect from the
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original transforms. Since in analyzing experimental
data the effective Debye temperature is unknown, a
variation is performed to achieve an optimized de-
convolution. (The convergence criterion employed is
that a convolution of the deconvolution result with the
corresponding window, recovers the original transform
to a few percent.) The results of deconvoluting the
Frrwindow [Eq. (3b)]shown in Figs. 1(a4) and 1 (ab4)
for the kinematical and experimental cases, respectively,
are surprisingly good, though an additional improve-
ment is achieved by the deconvolution of the composite
truncated potential-temperature window [Eq. (3a)],
shown in Figs. 1(a5) and 1(b5) for the kinematical
and experimental cases, respectively.

While a complete study of temperature effects is
obviously beyond the scope of this paper, it will be
discussed in a forthcoming publication where the
analysis is extended to intensities measured at different
temperatures.* We emphasize here the correlated effects
of lattice dynamics and scattering potential in the
analysis of LEED intensities.t":10 This results in
different values of the Debye temperature needed to
achieve an optimized deconvolution, depending on the
window function used.

Examination of the various deconvolutions of the
kinematical transform [Figs. 1(a2)-1(a5)] reveals a
variable degree of ‘‘noise’’ depending upon the window
function used in the deconvolution (‘“noise’ of negative
value is included in these figures although no structural
significance is associated with it in our analysis).
Similar noise occurs in the deconvolutions of the trans-
forms of the experimental data [Figs. 1(b2)-1(b5)].*
Consequently, at this time, it is difficult to determine
the source of the noise in the experimental deconvolu-
tions. Since, as demonstrated in the kinematical case,
an incomplete description of the window function results
in noise in the deconvolution, we estimate that a
significant part of the noise in the deconvolution of the
experimental transforms derives from an incomplete
description of the temperature and potential com-
ponents of the window function and does not necessarily
represent multiple-scattering effects.?
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The result of the deconvolution of the composite
window from the transform of the experimental
intensity is shown in Fig. 1(b5) (other angles of inci-
dence yield similar results).* In these results prominent
peaks occur only at 2.05N A (N=0, 1, 2, etc.) and
form the only consistent periodic vector set. The
unique value of the interlayer spacing determined from
different intensity profiles, despite its strong variation
with angle of incidence, demonstrates the consistency
and applicability of the method. The determined value
of 2.05 A is in agreement with the bulk interlayer
spacing of 2.025 A to within our estimated accuracy
of +0.05 A.

The above results demonstrate the importance of
data-truncation, vibronic and scattering potential
effects in the analysis of LEED intensities. Specifically,
in the surface structure analysis of AI(100), lattice
motion is found to be of major importance along with
data truncation and scattering potential characteristics.
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