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We present a theory of the elastic scattering of electrons from crystalline surfaces that contains both
low-energy-electron-diffraction (LEED) effects at low energies and x-ray-photoelectron- and Auger-
electron-diffraction (XPD/AED) effects at intermediate energies. The theory is based on a cluster-type
approach to the scattering problem and includes temperature effects. The transition from one regime to
the other may be explained as follows: At low energies all the scattered waves add coherently, and the
intensity is dominated by LEED effects. At intermediate energies the thermal vibration of the atoms
destroys the long-range coherency responsible for the LEED peaks, but affects little the interference of
those waves that share parts of their paths inside the solid. Thus, the interference of these waves comes
to dominate the intensity, giving rise to structures similar to those observed in XPD/AED experiments.
We perform a calculation of the elastic reflection of electrons from Cu(001) that is in good agreement
with the experiment in the range 200-1500 eV. At low energies the intensity is dominated by LEED
peaks; at 400 eV LEED peaks and XPD/AED structures coexist; and above this energy the intensity is
dominated by the latter. We analyze the contributions to the intensity at intermediate energies of the in-

terferences in the incoming and outgoing parts of the electron path.

I. INTRODUCTION

It is now well established that x-ray photoelectron
diffraction (XPD), Auger electron diffraction (AED), and
angle-resolved photoemission extended fine structure
(ARPEFS) can yield accurate information on the local
geometric structure of crystalline surfaces. ' In XPD
and AED the intensity of an Auger or core-level photo-
electron line is studied as a function of the emission direc-
tion; it is seen that the focusing of the outgoing electron
by the attractive potential of the near neighbors of the
emitting atom produces strong peaks at the internuclear
directions. In ARPEFS the emission direction is kept
fixed and the intensity of a core-level peak is studied as a
function of the photon energy; the fine-structure modula-
tions are due to the interference between the direct photo-
electron wave and the secondary waves produced by the
scattering with the neighboring atoms.

Some applications of these ideas to the problem of the
elastic and quasielastic reflection of electrons from crys-
talline surfaces have recently appeared in the literature.
While Barton, Xu, and Van Hove have formulated a
cluster-type theory of low-energy electron diffraction
(LEED) that offers a new perspective on the electron-
diffraction problem, other authors have concentrated
on the patterns observed at energies of several hundred
electron volts, which are very similar to those observed in
XPD and AED.

We present in this work a theory of the elastic
reflection of electrons from crystalline surfaces that con-
tains both the LEED effects at low energies and the
XPD/AED effects at medium energies. The theory fol-
lows the treatment of Ref. 5, but includes the thermal vi-
bration of the atoms, which, as will be shown below, is
the key ingredient to describe the transition from one re-
gime to the other. The paper is organized as follows:

The experiment and the theory are described in Secs. II
and III, respectively, and compared in Sec. IV. Some as-
pects of the transition from the LEED to the AED/XPD
regime and future improvements of the theoretical model
are discussed in Sec. V. Finally, our main results are
summarized in Sec. VI.

II. EXPERIMENT

The experiment has been described in detail in Ref. 8.
We measured the intensity of the elastic reflection of elec-
trons impinging on Cu(001) as a function of the polar an-
gle of emergence along the [010) azimuth and of the elec-
tron energy. A schematic drawing of the experimental
geometry is shown in Fig. 1.

All the measurements were performed in an UHV
chamber operated at a base pressure of 10 ' Torr. The

[001]
[010]

FIG. 1. Schematic illustration of the experimental geometry.
When the sample is rotated on the [100] axis, both the polar an-
gle of the scattered electrons, 8O, and the elevation angle of the
incident beam, e;, change; the scattering angle m-P remains con-
stant at 144.35'. For 00=75' the elevation angle is e; =30.
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electron spectrometer was a 150' spherical sector
analyzer with a preretarding grid; it was operated in the
constant retard ratio mode giving an energy resolution
b,E/E=0. 5%. The angular resolution was found to be
+6'.

The sample, a Cu(001) single-crystal disc of 6 mm di-
ameter, was mechanically polished with alumina of 0.05
pm. A clean and ordered crystal surface was obtained
after repeated cycles of Ar bombardment and annealing
at 800 K in vacuum.

The intensity of the elastic scattering from polycrystal-
line Cu was also measured, and used to normalize the re-
sults obtained with the crystal.

P, (R)= g A„exp( L„—/2A, )

+ g g A„Iexp( L„&/—2A, )+
n IWn

exp(ikR )

R

follows: (i) for each scattering event there is a product of
the scattering amplitude times a phase factor formed
with the change of wave vector and the atom position,
and (ii} for each pair of consecutive scattering events at
Rn and Rl there is a 1/Rl„ factor.

The total scattered wave at the detector can now be
written as

III. THEORY

A. The scattering problem at T=0

We shall consider the elastic scattering of a plane wave
with wave vector k; by a perfect crystal with the atoms
fixed at their rest positions. Following the treatment of
Ref. 5, the atom potentials will be represented by spheri-
cally symmetrical muffin-tin potentials and the total scat-
tered wave will be expanded in terms of individual
scattering events in the following way:

P, (r)= gg„(r)+ g g g„,(r)+ g g g g„,, (r)+
n n l&n n l&n j&1

where P„(r) is the wave produced by the scattering of the
plane wave by the atom at position R„, f„&(r) is the wave

produced by the scattering of g„by the atom at position

Rl, and so on.
P„(r) is the familiar scattered wave of a plane wave in-

cident on a central potential; if the detector is far away
from the surface, at position R, g„can be written as

exp(ikR )
n n

with

A„=f(8;,)exp[i(k; —k, ) R„],
where k =

~ k; ~, k, =k R, 8;, is the angle between k; and

k„and f(8) is the elastic scattering amplitude.

Q„I(r) corresponds to the scattering of the spherical

wave g„by the atom at RI. In the plane blaue appro-xi-

mation, P„l at the detector position can be written as

(R) exp( ikR )
n l nl

with

1
A.( =f(8;I„)exp[i(k;—kI„, ) R„] f(8I„,)

ln

X exp[i (k& k„—}R,I ],
where kI„=kRI„, with RI„=RI—R„, and 8,. ,„(8I„,) is
the angle between k; (k, ) and kI„.

Higher-order waves can also be written as a spherical
wave times an amplitude, and this latter can be built by
inspection; for example, the amplitude A nl can be read as

where the effect of the inelastic collisions has been intro-
duced by weighting each amplitude with an attenuation
factor exp ( L/2A, )—, with L the total electron path inside
the solid and k the electron mean free path. Finally, the
intensity at the detector is given by the square modulus of
g, and can be expressed as

I(k, ,k, )= g g A„ A„'exp[ (L„+—L„ )/2A, ]
1

R

+ Re+ g g A„IA„'
R

+ ~ ~ ~

X exp[ (L„I+L„,—)/2A, ]
(2)

B. The efFect of the temperature

The above expression for the intensity at T=O is total-
ly equivalent to that derived in Ref. 5, except for our use
of the plane-wave approximation. To include now the
thermal vibration of the atoms we proceed in the usual
way since the time scale on which the electron scatter-
ing occurs is much shorter than the characteristic periods
of the atomic oscillations, we assume that during the
scattering the crystal is frozen with the atoms at positions
Rn =Rn+un, where R„ is the equilibrium position and

un the displacement vector. Using R„+un in the phase
factors of the amplitudes A„and A„l one obtains an ex-

pression for the instantaneous intensity. The observed in-

tensity is the average of the instantaneous intensity over

the displacernents u„; this involves the calculation of the

averages:

P„„=( exp[i (k—k }, u„—i(k, —k, ) u„])

and

The first term on the right-hand side of Eq. (2) corre-
sponds to the interference between singly scattered waves
(SSW's), and the second term to the interference between

doubly scattered waves (DSW's) and SSW's; omitted are
the terms corresponding to the interferences between
DSW's and between SSW's and triply scattered waves

(same order in the number of scattering events), and to all

higher-order interferences. In the interest of mathernati-

cal simplicity we will keep in what follows only those
terms explicitly written in (2).
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P« „=( exp[i (k,—kI„).u„+i(kI„—k, ) uI —i(k; —k, ).u„]) .

Use of the formula"

(exp(i A.u„+iB.u„.)) =exp[ —
—,'(( A.u„+B.u„.} ) ]

(4)

reduces the problem to calculating the average in the argument of the second exponential, and assuming that the atomic
vibrations are isotropic and uncorrelated one obtains

((~ u„)') =~ ~['(u,') =
~

~~'~',

((A u„)(B.u„))=5„„(AB)(u, )=5„„.(A B}o

(5)

(6)

Finally, using Eqs. (5) and (6) to compute the thermal averages (3}and (4), one obtains the following expression for the
obserued intensity:

(I(k;,k, )) =
2 g g A„A„'F' 'exp[ (L„+—L„)/2A, ]+ z Re+ g g A„I A„'F„'I'exp[ (L«+—L„)/2A, ]

R R

+
z g ~A„~ (l —F' ')exp( L„/A, —)1

n

+
2

Re g g A„& A„*(F„'P—F„'P)exp[ (L„I+L—„)/2A, ]
n 1%n

+
2

Re g g A„t AI'(F„'I' F„'&')e—xp[ —(L„I+LI)/2A, ],
R „(~„

(7)

where F' ', F„'(', F„'(', and F„'(' are Debye-Wailer factors
defined as follows:

F"'=exp( —
~k,

—k. ('o'),
F„'I"=exp[——,'()k,. —k,„('+(k,„—k, )'+ [k, —k, (')o'],
F„'I'=exp( —(k, kI„( o—),
F„'I'=exp( —[k; kI„( c—r ) .

The first term on the right-hand side of Eq. (7) is the re-
sult of the single-scattering or kinematic model of LEED,
and the second term is the first-order correction of this
model. We shall group these two terms in I~zEo', they
represent the coherent part of the scattering. The third
term corresponds to the thermal diffuse background in
the kinematic model; we shall call it Id;f. The fourth and
fifth terms will be named I;„, and I,„„respectively, for
reasons which will become clear in the next section. Fol-
lowing the usual terminology, we shall consider that the
last three terms, Id;f, I;„„and I,„„represent the in-
coherent part of the scattering, although, as we shall
demonstrate below, a high degree of coherency is still
present.

Note that none of the terms defined above needs to be
positive; only the sum represents an intensity and should
always be positive. However, as we have neglected the
contribution of the interference between DSW's, even the
sum may result in some cases slightly negative. In spite
of the nonseparability of the terms, it can certainly be ex-
pected thai IIEE~ and the sum I,.„,+I,„,+Idlf behave as
the coherent and incoherent "intensities, " respectively,
taking always positive values. We will show that this is
indeed so, and that the incoherent intensity behaves as
the intensity in XPD/AED experiments: strong modula-

tions, due to the terms I;„,and I,„„appear superimposed
on the smooth background provided by the term Id f.

C. Analysis of the intensity terms

In this section we will analyze briefly the main proper-
ties of the terms I„EEO and Id;f, and in more detail those
of the new terms I;„,and I,„,.

l. IL Eggy

This term corresponds to the coherent part of the in-
tensity. It is formed with the products of the amplitudes
of the waves shown in Fig. 2(a), and accounts for all the
intensity at T=O. Barton, Xu, and Van Hove have re-
cently discussed the main features of this intensity at
T=O and in the regime of intermediate energies. At
TAO the structure of the term is preserved with the
products of wave amplitudes being weighted with the
Debye-Wailer (DW) factors F'0' and F„'& '. These DW fac-
tors are determined essentially by the change of wave
vector k; —k„and for most backscattering geometries
decrease rapidly when the temperature and/or the energy
are increased; this is shown in Fig. 3 for 0;,= 144 .

2o Igfaf

This term is formed with the square rnoduli of the
SSW's, as shown in Fig. 2(b). '~ Clearly the square
modulus of a wave is unaffected by the thermal motion of
the atoms of the crystal. Then, this kind of product has
been incorrectly attenuated with the DW factor F' ' in
ILEE&, and Id;f "corrects" this by summing them weight-
ed with the factor 1 —F' '. This term is negligible at low
temperatures but becomes increasingly important as the
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FIG 2. Schematic illustration of electron paths whose in-

terferences contribute to the intensity terms I&BED, Id;f, I;„„and
I,„,. In (b) the waves have the same paths; in (c) the incoming
paths are equal, and in (d) the outgoing paths are equal.

FIG. 3. Debye-Wailer factors of the intensity terms I«ED
and I;„,. The full line corresponds to F' ', the long-dashed lines
to the maximum and minimum F„'I', and the dashed lines to F„'I"
for three angles between RI„and k, .

temperature and/or the energy are increased and eventu-
ally dominates all the intensity.

3. I;„,and I,g,

Figures 2(c) and 2(d) show the pairs of waves whose
products give rise to the terms I;„,and I,„,. Defining the
incoming and outgoing paths of a wave as the path from
the electron gun to the first scatterer and the path from
the last scatterer to the detector, we may say that I;„,and
I,„, are formed with the interferences of waves with the
same incoming or outgoing paths, respectively.

The two waves represented in Fig. 2(c) reach the atom
at R„with exactly the same phase, irrespective of the
thermal motion of the atom; since no phase difference is
accumulated in the incoming paths, the interference is of
the same type as those found in XPD/AED and
ARPEFS. These interferences are much less affected by
the temperature than the general interferences considered
in ILEED, in particular, they are not weighted with DW
factors F„'I' but with DW factors F„'I', which are deter-
mined by the change of wave vector k, —

kIn and may de-
cay with the temperature and/or the energy very slowly
if the exit direction k, falls near to an internuclear direc-
tion. This effect is illustrated in Fig. 3.

Conversely, for the two waves shown in Fig. 2(d), no
phase difference is accumulated in the outgoing paths and

I

the interference becomes independent of k, . Again, the
interferences of this kind are much less affected by the

temperature than those considered in ILEED, and are
weighted with DW factors F„'I', which depend only on
the change of wave vector k, —kI„, instead of F„'I'. Simi-
larly to F„'I', the DW factors F„'I' may decay very slowly
with the temperature and/or the energy if the incoming
direction k; falls near to an internuclear direction.

Note that these intensity terms are different from those
defined in Ref. 5. This is not surprising as we have used
different criteria: while Barton, Xu, and Van Hove have
grouped the interferences by the type of phase difference
between the waves, we have grouped them by the type of
thermal attenuation. Another important difference is
that the analysis of Ref. 5 is based on the assumption that
the two-dimensional (2D) Bragg conditions are met,
whereas this is not used in our analysis. A comparison of
the terms assuming that the 2D Bragg conditions are met
shows that I;„,is contained in the term IARpE„s of Ref. 5,
and that a part of I,„, is contained in IARPE„s (that part
due to interferences in which the atoms are in the same
layer) and another in I„b (when the atoms are in

different layers).
There is a high symmetry between the terms I;„, and

I,„,. This is made more evident if one compares their ex-

plicit forms

I,„,= z Re f(0, , )' g g ' '
exp[ —(L„&+L„)/2A](F„I F„I )exp[ikR&„(1——cosgI„, )]2 . f(~i, ln)f(~ln, o) (&) (o)

R R

f(~, I )f(~l,o)
Re f(0;, )*g g ' '

exp[ —(L„I+Ll )/2A, ]
R n l&n In

X (F„'I ' F„'I i) exp[i—kR &„(1
—cos8, &„)]
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It can be proven that these terms satisfy the following re-
lationship:

I,„,(k;,k, )=I;„,( —k„—k, ),
which expresses that the term I,„, is the same as the term

I;„, when the motion is reversed, i.e., when the plane
wave impinges along —k, and the detector is along —k;.
Notice that when the motion is reversed both terms I;„,
and I,„,change, but the sum I;„,+I,„, is conserved.

Another important feature of these terms is that for a
given first scatterer of the DSW, the main contributions
to I;„, correspond to those second scatterers located in-

side a cone around the exit direction k„whereas the
main contributions to I,„, come from those second
scatterers located inside a cone around the incoming
direction k, . This is due to the combined action of the
elastic scattering amplitude, which is strongly peaked in
the forward direction at intermediate energies, and the
DW factors F„'& ' and F„'& ', which are maximum when k&„

is parallel to k, or k, , respectively. Figure 4 shows these
effects for a scattering problem in 2D. In Fig. 4(a) we
have plotted in polar coordinates the DW factor F„'&

' and
the product of the scattering amplitudes f(8; «)f(8 „t,).
The product of the scattering amplitudes has prominent
peaks in both the incoming and outgoing directions, but
the DW factor F„'& ' selects only one of them, namely, the
one along k, . Figure 4(b) shows that the final result is a
single lobe directed along the outgoing direction. Figures

4(c) and 4(d) show that the product of the scattering am-

plitudes weighted with the DW factor F„'& ' is again a sin-

gle lobe, but directed along k;.
Despite the great similarity between I;„,and I,„„there

is a major difference in that the type of interferences
which give rise to the term I;„, also appears in the
description of XPD/AED and ARPEFS experiments,
whereas I,„, has no counterpart in such experiments.
This connection with the physics of the diffraction of
photoelectrons or Auger electrons was first pointed out
by Egelhoff, ' and has been used in the interpretation of
several experiments. However, a detailed analysis of
how this connection comes about and to what extent it
can be used to explain experiments has not been given
yet. We will return to this point later in Sec. V.

IV. RESULTS

We will compare now some experimental and theoreti-
cal results obtained for the scattering of electrons from
Cu(001) at room temperature. In spite of the very simple
approximations made in the descriptions of the scattering
process and of the thermal motion of the atoms, there is
an overall good agreement which, besides confirming the
general aspects of the theory, allows an analysis of the in-

terplay of the different intensity terms. In particular we
will stress those features of the experimental results
which may be related directly to the hitherto not con-
sidered term I,„,.

k,( o /k.
ot„,

I

)

I
I

I
/
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'
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rr
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FIG. 4. (a) Polar plots of the DW factor F„'&', broken line,
and of the product f(8; ~„)f(8~„,), full line. (b) Polar plot of the
triple product F„'Pf(8; q„)f(8~„,). (c) Same as (a) but the broken
line corresponds to F„'&'. (d) Polar plot of the triple product
F„'~'f(8; ~„)f(8~„,). The origin of coordinates is at the atom po-
sition R„and the polar variable is the angular position of the
atom at R~. The products of the elastic scattering amplitudes
have been normalized to unity along k; and k„and the DW fac-
tors have been computed with 0. =0.0065 A . The energy is
E =700 eV.

A. Calculation details

To compare the theory with the experiment we have to
give values to f(8), /L, , and 0 . The elastic scattering am-
plitude f(8) was computed by the standard partial-wave
method using the muf5n-tin potential of Cu given by
Moruzzi, Janak, and Williams. ' The resulting scattering
amplitudes are in good agreement with those used by oth-
er authors. ' The electron mean free path and the mean
squared displacement of the atoms were taken from the
work of Kono et al. X=0.39 A(E/eV)' and
0 =0.0065 A . We have also included the refraction of
the electron at the surface by considering an inner poten-
tial U0=14. 1 eV. '

The summations of Eq. (7) were evaluated in the fol-
lowing way: in the summations over 1, which converge
rapidly, we considered only those second scatterers
within a distance of 2.5 lattice constants of the first
scatterer. The summations over n or n' were divided into
a summation over the atoms in a layer, which can be
made analytically, and a summation over layers, which
was evaluated numerically. We have also integrated the
intensities inside a cone of 6 half angle to simulate the
angular acceptance of the analyzer. The angular convo-
lutions of Id;f, I;„„and I,„, were made numerically using
a nine-point grid, and that of I„EED was made analytical-
ly assuming a 5-like angular dependence.

In an attempt to put the intensities on a common scale
we have normalized the experimental intensities to that
of a polycrystal and the theoretical results to
I (T=ac) '6
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B. Comparison of experiment and theory

Figure 5 presents the experimental results, in the form
of polar intensity plots (PIP's), for the geometry depicted
in Fig. 1. These results have been analyzed thoroughly in
a previous publication. The main features are the fol-
lowing: The PIP at 250 eV is dominated by LEED
effects; the intense peak at Ho= 39' corresponds to the (31)
diffracted beam, and the other minor peaks correspond to
the (02), (1 1), (20), and (42) diffracted beams. Increasing
the energy to 400 eV produces a decrease of the intensity
of the LEED peaks, and the appearance of a broad struc-
ture at Hp 45 ~ A further increase of the energy to 800
eV makes the LEED peaks disappear completely, leaving
a PIP similar to those observed in XPD/AED experi-
ments two broad peaks at Ho=0 and 45' which corre-
spond to exit directions along the internuclear axes [001]
and [011], respectively, and a smaller structure at
Ho=20'.

The calculated PIP's are shown in Fig. 6; in all the
PIP's we have drawn the incoherent and the total intensi-
ties; the term ILEED is the difference between these two
curves. The PIP at 250 eV is in excellent agreement with
the experiment; the incoherent intensity is small and, as
expected, all the peaks belong to the term ILEED. At 400
eV the main features are the loss of intensity of all the
LEED peaks and the increase of some structures of the
incoherent intensity, specially the one at Ho=45', again in

general agreement with the experiment. A discrepancy in
the intensity of some individual LEED peaks will be ex-
plained below. Finally, at 800 eV all the LEED peaks
have disappeared completely and the calculated PIP cor-
responds entirely to the incoherent intensity; as in the
measured PIP, there are two big structures at Op=0 and
45' and a smaller one at Ho=20'.

Therefore the theory predicts correctly that at an ener-

gy of -400 eV the intensity of the elastically reflected
electrons passes from a regime dominated by I&BED to a
regime dominated by the incoherent intensity
I;„,+I „,+Id f It is also seen that the incoherent inten-
sity has many structures, similar to those observed in
XPD/AED experiments, due to the terms I;„,and I,„,.

Note that the good description of the transition be-
tween the two regimes has been obtained with no adjust-
able parameters. However, with the simple models we
are using to describe the scattering process and the
thermal motion of the atoms, some discrepancies with the
experiment are unavoidable. Among them are the wrong
intensities of the LEED peaks (03), (1 2), and (52) in the
PIP at 400 eV, and the overestimate of the structures in
the incoherent intensity. Figure 7 shows that the large
intensity of the (12) peak in the PIP of 400 eV is due to
the occurrence of an intensity maximum in the I-E curve
at exactly this energy, and that maxima of intensity of the
diffracted beams (03) and (52) occur slightly above 400
eV. Based on the results of Barton, Xu, and Van Hove,
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FIG. 5. Experimental polar intensity plots (PIP's) of the elas-
tic reflection of electrons from Cu(001). The intensities have
been normalized to the elastic reflection from polycrystalline
Cu. The arrows indicate LEED directions in the PIP's of 250
and 400 eV, and crystallographic directions in the PIP of 800
eV. Note that the PIP of 250 eV has been multiplied by 0.5.

FIG. 6. Calculated PIP's of the elastic reflection of electrons
from Cu(001). The intensities have been normalized to
Id f(T= ao). The broken line corresponds to the incoherent in-

tensity and the full line to the total intensity. Note that the PIP
of 250 eV has been multiplied by 0.3.
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by an increase of I,„, below 600 eV; this compensation of
the variations of I;„,and I,„, causes the plateau observed
in the experiment.

V. DISCUSSION
Th eory
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intensity peak. This effect, corroborated by the experi-
ment, illustrates the importance of the term I,„,.

The energy dependences of the intensities at 80=0 and
45' are shown in Figs. 11 and 12. It is seen that the
trends of the experimental curves are reproduced remark-
ably well by the calculated curves. The magnitudes of
the intensities seem to be correct at 80=0 but too big at
00=45'; however, it must be pointed out that a precise
agreement is not to be expected in view of the different
normalizations of the experimental and calculated inten-
sities, and of the neglect of spherical-wave corrections
and multiple-scattering effects in the calculation. Note
that the marked threshold at -400 eV of the intensity at
80=0 is due to the fall in this region of both I;„,and I,„,.
On the contrary, at 00=45' the fall of I;„, is compensated
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FICs. 12. Experimental and calculated intensities at 00=45
as a function of the energy.
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FIG. 11. Experimental and calculated intensities at 80=0 as
a function of the energy. The three components of the theoreti-
cal intensity are also shown.

We have shown in the preceding section that the re-
sults of the theory developed in Sec. III are in reasonably
good agreement with the experiments. However, in our
opinion the main achievement of the theory has been to
connect two well-differentiated regimes of the elastic
reflection of electrons from crystalline surfaces: the low-
energy regime, in which the intensity is dominated by
LEED effects, and the regime of intermediate energies, in
which modulations like those observed in XPD/AED ex-
periments are the dominant factor.

The passage from one regime to another is determined
by the thermal vibration of the atoms. In the low-energy
regime the thermal effects are of little importance and all
the scattered waves add coherently; the DW factors are
all near unity and the intensity is dominated by INDEED. In
the regime of intermediate energies the thermal disorder
of the lattice becomes more important and destroys all
the long-range coherency responsible for the LEED
peaks; however, the interferences of the waves with the
same incoming or outgoing paths are little affected by the
temperature and come to dominate the intensity through
the terms I;„,and I,„,.

The elastic reflection of electrons in the LEED regime
is one of the most well-studied problems in surface sci-
ence and need not be analyzed here. On the contrary, the
regime of intermediate energies has received much less
attention; the patterns observed at these energies have
been generally interpreted as due to quasielastic or Kiku-
chi electrons, ' assuming a two-step process: (i) in-
elastic and incoherent scattering of the incident electron
at a lattice site (involving an energy loss so small that the
electron is practically indistinguishable from the truly
elastic electrons), and (ii) diffraction of the electron on its
way to the surface. We have proved that the inelastic
scattering of the electron is not a necessary prerequisite,
since as shown in Sec. III, the thermal disorder of the lat-
tice also makes the elastic electrons to produce a similar
pattern. Regarding the diffraction of the electron, in
former papers it was assumed that the structures were
part of Kikuchi bands, which originate in Bragg
reflections in the atomic planes and therefore are a
volume effect, whereas in more recent papers a cluster-
type model like the one used here was adopted. ' Al-
though we have not made a detailed comparison of the
two diffraction models, we think that any structure due
to Kikuchi bands, if present, must be very small; this is
based on the results of Trehan, Osterwalder, and Fad-
ley, and on our own observation that complete conver-
gence of the numerical results occurred in all cases for
7—10 layers, which is barely the minimum degree of
periodicity necessary for the Kikuchi bands to develop.

We think that the theory presented in this work pro-
vides the correct framework in which the problem of the
elastic reflection of electrons should be treated. The
different contributions to the intensity as well as the ap-
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Note that an important consequence of this will be the
appearance of new terms in the incoherent intensity that
will not fit in Id;f, I;„„orI,„,. For example, if we had in-

cluded in Eq. (2) the interference between DSW's, we
would have had contributions to the incoherent intensity
from the six types of waves represented in Fig. I3. The
interferences of waves of types (a), (c), and (e} would have
been included into I;„„I,„„and Id;f, respectively, but the
interferences of waves of types (b), (d), and (f) would have
required the definition of entirely new terms.

Finally, if one wants to analyze extended fine-structure
effects, the model of uneorrelated atomic vibrations may
become inappropriate, and a model which considers the
correlated motion of neighboring atoms may be neces-
sary.

VI. SUMMARY

FIG. 13. Schematic representation of the new types of in-
terferences which must be considered when the interference be-
tween DSW's is included in Eq. (2}.

proximations that can be made appear naturally, and the
transition from one type of pattern to the other can be ex-
plained without need of ad hoc assumptions. The results
shown in the preceding section correspond to the theory
in its simplest version, and thus the agreement with the
experiment is not the best. In its present state the theory
is equivalent to the plane-wave single-scattering theories
of XPD/AED and ARPEFS; to make it capable of more
accurate quantitative predictions one must include
spherical-wave' and multiple-scattering corrections,
which are known to produce a reduction of the intensity
modulations, specially in those cases in which forward
scattering is important. Formally, the spherical-wave
corrections involve only a redefinition of the scattering
amplitudes, but the numerical calculation can become
more cumbersome. Multiple-scattering corrections are
easily introduced by allowing more terms in Eq. (2).

By including thermal effects in a cluster-type theory of
LEED we have obtained a theory that contains both the
LEED effects at low energies and XPD/AED effects at
intermediate energies. It has been shown that the in-
terferences between waves that share part of their paths
inside the solid are less affected by the temperature than
the interferences between waves with no point of contact;
thus these interferences survive the fall off of the long-
range coherency at intermediate energies and give rise to
the structures of the type of XPD/AED experiments.

The comparison with the experiment has shown that (i)
the theory predicts correctly the transition from one re-
gime to the other at an energy of -400 eV; (ii) there is a
good qualitative agreement; (iii) a good quantitative
agreement must await the incorporation in the theory of
spherical-wave corrections, multiple scattering, and
correlated atomic vibrations.
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