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LEED holography applied to a complex superstructure: A direct view of the adatom cluster
on SiC„111…-„333…

K. Reuter, J. Schardt, J. Bernhardt, H. Wedler, U. Starke, and K. Heinz
Lehrstuhl für Festkörperphysik, Universita¨t Erlangen-Nu¨rnberg, Staudtstraße 7, D-91058 Erlangen, Germany

~Received 2 March 1998; revised manuscript received 29 May 1998!

For the example of the SiC~111!-(333)reconstruction we show that a holographic interpretation of discrete
low energy electron diffraction~LEED! spot intensities arising from ordered, large unit cell superstructures can
give direct access to the local geometry of a cluster around an elevated adatom, provided there is only one such
prominent atom per surface unit cell. By comparing the holographic images obtained from experimental and
calculated data we illuminate validity, current limits and possible shortcomings of the method. In particular, we
show that periodic vacancies such as cornerholes may inhibit the correct detection of the atomic positions. By
contrast, the extra diffraction intensity due to slight substrate reconstructions, as for example buckling, seems
to have negligible influence on the images. Due to the spatial information depth of the method the stacking of
the cluster can be imaged down to the fourth layer. Finally, it is demonstrated how this structural knowledge
of the adcluster geometry can be used to guide the dynamical intensity analysis subsequent to the holographic
reconstruction and necessary to retrieve the full unit cell structure.@S0163-1829~98!10539-8#
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I. INTRODUCTION

The majority of ordered surface structures known tod
has been determined by low energy electron diffract
~LEED!.1 The strong elastic and inelastic interaction of ele
trons in the energy range 50–500 eV involves a particu
sensitivity to the atomic arrangement within the outerm
layers. In many cases this permits a structure determina
with a precision of a few hundredths of an Ångstro”m, mak-
ing LEED one of the primary surface crystallography me
ods. Unfortunately, the strong multiple scattering implied
this type of interaction also tremendously complicates
theoretical analysis of the acquired data. In addition, the
space geometry can not be drawn from the intensities
rectly, so that standard quantitative LEED structure deter
nations have to apply a trial-and-error method which is f
quently supported by structural search procedu
Calculated diffraction intensities of a multitude of mode
have to be compared with the experimental data until ev
tually a sufficiently high agreement between both
achieved.2–4

Though more and more advanced experimental and th
retical developments have recently given access to ra
complex surface structures,4 it is just this complexity which
at a certain degree inhibits the successful application
quantitative LEED. The number of models as resulting fro
the mere combination of all coordinates of the many ato
in a large unit cell structure becomes so huge that it is d
cult if not impossible to handle. This applies even when
example using automated search algorithms in multipar
eter space5 as the latter has to include the correct mod
However, for a large unit cell structure our structural ima
nation is frequently unable to even define the type of
correct model or the relevant part of the parameter sp
containing the real structure, in which a search could then
started. Also, methods developed in LEED to determine
atomic positions directly still rely on an initial good guess
the real structure.6

The holographic approach represents a revival of the h
for the direct disclosure of structural information. The ide
PRB 580163-1829/98/58~16!/10806~9!/$15.00
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first developed for the related photoelectron diffraction7,8

aims at the determination of at least partial features of
structure when in addition to the multiple scattering proble
the complexity of the surface prohibits its full retrieval. I
the present case, the information provided consists of
local environment around an elevated atom in the cell, wh
might be an adsorbate or an intrinsic adatom resulting fr
surface restructuring. Even though only some atomic po
tions at a rather coarse resolution are determined in this m
ner, the necessary consistency of the obtained structural
with the complete surface geometry may rule out many m
els directly. Hence, the remaining parameter space can
reduced to an extent sufficient to allow the application
conventional surface crystallography methods.

The first translation of holographic schemes to the field
LEED as proposed by Saldin and De Andres9 was restricted
to surfaces on which atoms or molecules are adsorbe
lattice gas disorder. The lacking periodicity creates diffra
tion intensity also outside the sharp substrate Bragg s
and causes a diffuse intensity distribution on the screen@for a
recent review on diffuse LEED~DLEED! see, e.g., Ref. 10#.
This appeared as the natural input for the Fourier-like in
gral transform typical for holographic techniques. In t
course of subsequent theoretical improvements a prope
construction algorithm could be established that allowed
circumvent several problems complicating the holograp
interpretation of LEED intensities~see Sec. II!. In the present
investigation we use the latest stage of this developm
which allows to construct a reliable image of the comple
three-dimensional~3D! atomic surrounding of the elevate
atom from data of normal incidence alone.11–13

However, these theoretical achievements were based
the use of diffuse intensity distributions emerging from d
ordered systems while the majority of interesting surfa
structures are ordered phases, often with large superstru
unit cells. Certainly, it would be very advantageous to obt
a partial, butdirect information by holographic means fo
these ordered phases, too. As we briefly demonstrat
recently,14 the diffraction intensities arising from this class
systems may be used as input to just the same hologra
10 806 © 1998 The American Physical Society
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reconstruction algorithm as developed for the DLEED ca
Two important restrictions for this type of application ha
to be mentioned: there must be only one elevated adatom
surface unit cell and the unit cell must have a minimum si
The first condition arises from the necessity of a unique
lographic reference wave as we will outline in the third se
tion. The second limit is based on the data density availa
and required. The approximate minimum size of the unit c
could recently be estimated as ap(232) mesh.15 An upper
size limit is drawn by experimental factors and the mo
likely appearance of several adatoms per unit cell with
creasing unit cell area. A (737) cell already appears to b
too large as discussed in Sec. III.

Still, a considerable number of ordered reconstructio
remains open for a holographic analysis. In the present
per, our investigations are focused on the first succes
application to an ordered anda priori unknown complex
structure case, the example of the SiC~111!-(333) super-
structure. This surface phase is of considerable interes
current crystal growth investigations16 of the promising
semiconductor material SiC.17 Previous STM work18–20 had
revealed a single large protrusion per surface unit cell.
this reconstruction seemed particularly suited for a first
plication of holographic LEED to ordered surfaces meet
both requirements outlined above, i.e., sufficient unit c
size and the presence of a single elevated atom. By com
ing the holographic images obtained from experimental d
and from calculated intensities for fictitious models deviat
from the real surface geometry we illuminate alternative
pects of the validity and possible shortcomings of the n
method.

The paper is organized as follows: in Sec. II we recall
holographic reconstruction algorithm using diffuse LEED
tensities. In Sec. III we describe the relation between diff
and discrete intensities and give arguments under which
cumstances the holographic algorithm may readily be
plied to conventional spot intensities. In Sec. IV we give
reconstruction of an atomically well resolved image from t
experimental LEED intensities measured for the SiC~111!-
(333) phase. Section V shows that the spatial depth ac
sible by the method is rather large, which allows us to de
mine such important features as the stacking sequenc
deeper layers. In Sec. VI, we illuminate the role of period
vacancies within the unit cell acting as additional ho
graphic reference waves. In Sec. VII we address the issu
intensities arising from substrate relaxations such as buck
and finally, in Sec. VIII, discuss the use of the holograp
information for a complete surface structure analysis in
case of SiC~111!-(333), whose precise real space structu
is described in more detail elsewhere.21,22

II. THE HOLOGRAPHIC RECONSTRUCTION
ALGORITHM

The holographic approach in DLEED makes use of
fact that all measurable diffuse intensity outside the sh
substrate Bragg spots necessarily has been caused by a
one scattering event at one of the disordered adsorbate
top of the ~unreconstructed! crystal: scattering exclusively
within an ideal bulk-terminated substrate can only lead
diffraction intensities at Bragg spot positions. In that sen
e.
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the adsorbate atom can be viewed as a prominent scat
which, acting as a beam splitter, provides a natural sep
tion of all scattering paths as depicted by the solid lines
Fig. 1~a!: electrons whose final scattering is by an adsorb
form the referencewaveR(k), while those scattered subse
quently by substrate atoms before reaching the detector
vide theobjectwaveO(k) ~Ref. 9! @wherek[(ki ,k') is the
wave vector of the detected electron, with the componentki

parallel to, andk' perpendicular to the surface#. This allows
us to interprete the diffuse intensity as the interference p
tern of these two contributions. Hence, the local surround
of the beam-splitter atom should be extractable by a pha
2D Fourier transform of the data.8,9 However, the above in-
terpretation does not include that multiple scattering a
unwanted contributions to both reference and object wav
indicated in Fig. 1~a! by the dashed lines. A considerab
improvement in the image quality could be achieved by co
bining several DLEED patterns measured at different el
tron energies.23 The corresponding multienergy reconstru
tion algorithms include a 3D integral transform and try
single out the contributions due to the kinematic obje
wave, suppressing the unwanted effects caused by the
tiple scattering of the low energy electrons.

Yet, the pronounced forward scattering of the beam sp
ter led to only a selective appearance of the atoms in
reconstructed local adsorption geometries, depending
whether they were located within the forward scatteri
cone,24 cf. Fig. 1~b!. The implied necessity of combining
several~at least two! data sets taken at different angles
incidence to deduce the complete 3D surrounding of
beam splitter25 could be overcome with the introduction o
an improved reconstruction algorithm proposed by Sal
and Chen.11

This compensated object and reference wave recons
tion by an energy-dependent Cartesian transform11 ~COR-
RECT! allows the calculation of the real space distributi
around the adsorbateuB(r )u2 @wherer[(r i ,z) is a position
vector relative to the origin at the adsorbate with compone
r i parallel to, andz perpendicular to the surface# via the
following expression:

B~r !5E E
ki
F E

k'

K~ki ,k' ;r !x~ki ,k'!e2~ ikr 2k'z!dk'G
3eiki•r id2ki . ~2.1!

FIG. 1. Schematic display of the holographic interpretation
the adatom scattering:~a! electrons finally scattering at the adato
form thereferencewaveR, those subsequently hitting one substra
atom represent the kinematicobject wave O ~solid lines!. The
dashed lines display possible multiple scattering events provid
dynamic contributions to the reference and object wave~see text for
details!. ~b! Pronounced forward scattering at the beam splitter
dicated by different length of the arrows in different directions.



m
at
a

t

re
a

a
m

io

s
in

nt
c
s

b-

th
th

ad
d

a
ee

-

o
on

ng

g
th
ea

of
ctor

rete
nit
tal-
if-

ctive
nt

tallo-
the
dis-

ent
-
tion
ing

ates
ew
la-

e
of
as

ems
in
o-

ed
sian
ly,
se
he
u-
ady

nt.
hen

with

he
s.
data

a
s-

es
ro-
ally
hus
trate
the
icate
ely
al-
se
ties
ht

kle

10 808 PRB 58K. REUTERet al.
Note that in contrast to previous reconstruction algorith
that performed the involved 3D integral in a polar coordin
system~angle and energy!, the data input is provided on
cartesian grid (ki ,k'), which will be of importance when
discussing the step towards ordered superstructures in
next section.

The transform does not operate directly on the measu
intensitiesH, but rather on a contrast-enhancing and norm
izing function

x~ki ,k'!5
H~ki ,k'!2Hav~ki!

Hav~ki!
~2.2!

with

Hav~ki!5

E H~ki ,k'!dk'

E dk'

. ~2.3!

It has been shown theoretically that the use of suchx
function helps to partially remove the self-interference ter
uR(k)u2 and uO(k)u2 in the DLEED intensity, which gives
rise to spurious high values of the real space distribut
uB(r )u2 in the vicinity of the origin.11 Additionally, x has
been designed in such a way as to suppress modulation
the DLEED patterns that arise from some partial order
among the adsorbates.13

The last part in the expression to be described is the i
gral kernel which corrects for the anisotropy of the referen
wave. In a zeroth order approximation it can be written a

K~ki ,k' ;r !5F f a~k i• r̂ !1C

r
G21

. ~2.4!

Here, f a(k i• r̂ ) is the atomic scattering factor of the adsor
ate,k̂ i the direction of electron incidence, andC the so-called
kernel constant~which we take to be real! and which repre-
sents an isotropic approximation to the backscattering by
substrate prior to scattering by the adsorbate. Optimizing
value of C provides access to those atoms of the local
sorption geometry that lie outside the forward scattering
rection of the beam splitter.26 This allows the retrieval of the
complete 3D surrounding of the latter from data of norm
incidence alone. The algorithm in this present form has b
shown to give reliable images using theoretical,11,26 as well
as experimental DLEED data.12,13

III. SPOT INTENSITIES VERSUS DIFFUSE
DISTRIBUTIONS

The original holographic reasoning9 was based on the as
sumption that only one beam-splitting adsorbate atom
present on the substrate surface. With several such ads
ates, each time in the same local structure but without l
range order among them~lattice gas disorder!, intensities
simply add up in the low coverage limit leaving the resulti
diffuse distribution practically unchanged.10,27 A different
situation emerges with the onset of order at higher covera
and/or upon thermal annealing: additional modulations in
DLEED pattern are created that eventually cause the br
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down of the holographic algorithm.13

For the case of a completely ordered superstructure
such adsorbates, the modulations caused by the lattice fa
concentrate the diffuse intensities to a series of disc
superstructure—or fractional order—spots when the u
mesh of the adsorbate layer is larger than that of the crys
line substrate. However, the simultaneous extinction of d
fuse intensity between the spots as caused by destru
interference between the waves originating from differe
adsorbate-substrate clusters, does not remove the crys
graphic information wanted: the energy dependence of
superstructure spot intensities is the same as the one
played by the correspondingki positions in a diffuse distri-
bution resulting from a disordered adlayer in the equival
local adsorption geometry.28 The only restriction is that scat
tering between such clusters has to be negligible, a condi
satisfied even for relatively small superstructures when us
normal incidence data.29,30

So, even though the perfect order among the adsorb
significantly reduces the amount of available data, the f
remaining intensities are not masked by disturbing modu
tions as in the case of partial disorder inhibiting the finalki

integration in Eq.~2.1!. The superstructure spots can b
thought of as sampling the DLEED intensity distribution
the corresponding lattice gas on a finite grid. Therefore,
suggested earlier,30 a DLEED holographic algorithm may, in
principle, be applied to such ordered superstructure syst
with the only difference of a reduced density of input data
ki . This makes it more apparent why the CORRECT alg
rithm is so particularly suited for the extension to order
phases: the data are provided on the appropriate carte
grid and only normal incidence is required. Interesting
earlier investigations on the information content of diffu
intensities,28 as well as on the minimum data base of t
algorithm,26 showed that the continuous diffraction distrib
tion resulting from disordered atomic adsorbates is alre
sufficiently described when using a (333) sampling grid.
Information on a more dense grid is largely redunda
Hence, there are no drastic changes to be expected w
making the transition from disordered systems to phases
large superstructure cells like the (333) reconstruction of
SiC~111! of the present paper. This allows us to apply t
algorithm developed for DLEED without any modification
However, it should be emphasized that a further reduced
base in connection with superstructures smaller than
(232) can lead to aliasing effects in the Fourier-like tran
form due to insufficient sampling.15

The application of LEED holography to ordered surfac
involves several practical advantages. For the diffraction p
cess is irrelevant whether the beam splitter is an extern
adsorbed atom or intrinsically belongs to the surface. T
besides ordered adsorption systems now ordered subs
reconstructions can also be investigated. Additionally,
measurement of discrete spot intensities is much less del
than that of the diffuse intensities which are comparativ
weak. The high signal-to-noise ratio of the bright spots
lows easy subtraction of contributions due to thermal diffu
scattering. Also, at higher energies fractional spot intensi
are not that much influenced by cross talk from the brig
substrate spots as is the case for diffuse intensities.10,30 Fur-
thermore, holographic LEED also seems suitable to tac
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larger unit cell reconstructions: the high number of fractio
order spots generated in these cases provides a fine sam
grid and ensures the proper working of the integral tra
form. However, practical reasons also commend an up
limit for the unit cell size as the increasing number of clos
spaced spots impairs a proper data acquisition, especial
higher energies where more and more spots appear and
spots are disturbed by their bright neighbors. A unit cell su
as the (737) on Si~111! ~Refs. 31 and 32! is probably al-
ready too large from an experimental point of view as
accessible energy ranges become too small.

In addition, it becomes more and more unlikely that su
a large unit cell contains only one elevated adatom@the
Si~111!-(737) actually contains 12 adatoms#. This would
violate the strongest restriction of the technique at its curr
stage, i.e., the condition that only a single beam splitte
allowed within each unit cell. Several such prominent ato
per unit cell would lead to intermixing of their respectiv
contributions as will be demonstrated further below. This
all the more problematic, since the actual number of eleva
adatoms is just one of the quantities sought in the struc
analysis of ana priori unknown surface~even though STM
might help as in the present case!. Future efforts in method-
ologic improvements should hence be directed to overco
the multiple beam-splitter problem, which did not occur
the previous applications to simpler diffuse or ordered s
tems. As a consequence, until there is a proper theore
description of the detailed influences on the reconstruc
images, the systems to which holographic LEED is to
applied have to be chosen with considerable care.

IV. RECONSTRUCTION USING EXPERIMENTAL DATA

SiC is a material that displays the most suitable electro
properties which have made it a promising candidate for h
power and high frequency devices. Particularly, the (333)
phase of the SiC~111! surface has drawn considerable inte
est in the last years, caused by the observed crystal gro
improvement,33 that is achieved when this reconstruction
stabilized under highly Si-rich conditions.16 Its complexity,
which can already be deduced from an extensive debat
the literature,18–20,34had hitherto prevented a detailed stru
ture analysis using trial-and-error methods. However,
high number of fractional order spots caused by such a c
paratively large surface unit cell makes this phase an id
candidate for a holographic investigation in view of the re
soning outlined above.

The cubic 3C-SiC polytype was chosen, since its~111!
oriented surface exposes only one definite stack
sequence,35 i.e., there is no coexistence of domains of diffe
ent orientation, which would have to be expected in the c
of hexagonal polytypes with different layer stackings po
sible at the surface,35 and which would certainly complicat
if not inhibit the interpretation of the reconstructed imag
Additionally, there is strong evidence from comparison
experimental LEED intensities,22 as well as from DFT tes
calculations,36 that the atomic structure of the (333) surface
phase itself is rather independent of the sample polytype.
results obtained for 3C-SiC~111! can be expected to hol
also for other polytypes.

LEED I (V) curves of the sharp diffraction pattern we
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measured in the energy range 50–300 eV using normal e
tron incidence. Details on the data acquisition and sam
preparation will be published elsewhere.22,37The low diffuse
background and noise level allowed the recording of 14 fr
tional order beams closest to specular reflection, which
symmetry inequivalent at normal incidence. Providing t
measured intensities as input to expression~2.1! resulted in
the 3D image displayed in Fig. 2: the real-space distribut
uB(r )u2 is calculated on a grid of 0.2 Å resolution inside
cylinder of depth 6.0 Å and a lateral radius 3.0 Å, which
consistent with estimates on the lateral validity of t
algorithm.15 Small spheres are drawn at the grid points,
dicating the reconstructed real-space intensity by their dia
eter which scales linearly with the intensity. As pointed o
in previous holographic investigations,11–13,26 this type of
display permits a quick understanding of the essential f
tures of the structural unit determined holographically a
will therefore be used in all figures included in the prese
paper.

The origin of the coordinate system is defined by t
beam splitter, which is artificially added in the image as
black sphere to facilitate understanding. The highly Si-r
conditions under which the (333) phase is observed sugge
this beam splitter to be Si, the scattering factor of which
consequently used for the computation of the integral ker
~2.4!. However, the zeroth order approximation of the lat
is most sensitive only to the essential form of the atom
scattering factor, which is very similar for most elemen
Using carbon as a beam splitter in the computation con
quently did not change the resulting images considera
The kernel constantC in this expression is optimized suc
that all atoms in the geometry appear with approximat
equal brightness.26 The highest disturbing intensity at non
atomic positions~henceforth referred to as noise level! is
with 48% of the overall maximum value at an unpreceden

FIG. 2. Recovered local geometry of the SiC~111!-(333) struc-
ture using experimental data in the energy range 50–300 eV
kernel constantC52.7 Å. The maximum noise level in the image
48% of the maxima denoting the atom positions~noise cutoff:
25%!. For details on the display procedure, see Sec. IV. The in
displays a schematic of the retrieved adcluster geometry includ
chemical bonds and the approximate layer distances as determ
by holographic LEED.
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10 810 PRB 58K. REUTERet al.
low level. This has to be attributed to the—in comparison
the DLEED case—much better quality of convention
LEED I (V) data and the increased energy range availab

The image allows the unambiguous identification of t
local adcluster geometry formed by an adatom suppor
trimer and two further atoms vertically below the beam sp
ter ~see the inset in Fig. 2!. The rough layer distances of 1.
Å ~adatom trimer!, 1.3 Å ~trimer and first lower atom! and
2.0 Å ~between lower atoms! correspond surprisingly wel
with the (737) DAS model of the Si~111! surface.32 This
already indicates that probably the complete retrieved ge
etry corresponds to Si atoms on top of the SiC substr
Note that the distorted form of the trimer atoms is an eff
of the scattering factor in connection with the zeroth ord
approximation of this property in the integral kernel~2.4!.11

However, neither the obtained spatial resolution, nor the
act position of the atoms inside the geometry are the prim
object or strength of the holographic analysis: it is rather
direct and quick idea of a structural unit belonging to t
investigated surface.

The obtained tetramer formed by the adatom and the s
porting trimer is typical for hexagonal semiconductor s
faces. Its unambiguous determination in the holographic
age proves that only one of the two possible orientati
rotated by 60° with respect to each other is present on
surface. This already excludes domains of differently rota
i.e., coordinated clusters, as can also directly be dedu
from the pronounced threefold symmetry of the measu
fractional order spot intensities.22,37 It further rules out the
model proposed first by Kaplan34 of a (333) mesh which in
close analogy to the (737) DAS model32 contains two such
tetramers per surface unit cell, which in turn would necess
ily be differently oriented. It should be noted that this mod
was also inconsistent with STM investigations, which clea
revealed only one elevated protrusion per unit cell, th
strongly favoring models including a single tetramer.18–20

Since the atomic beam splitter has to be identified with
top adatom of this tetramer, exactly these results ultima
enabled the application of LEED holography to this stru
ture: the obligatory uniqueness of the beam splitter exclu
DAS-like models with two tetramers per surface unit c
from the class of systems accessible under the current
of theory.

We should recall now that we are dealing with ana priori
unknown structure. Although the low noise level in the im
age may appear very convincing, it has to be recognized
the strong multiple scattering combined with the anisotro
scattering factors for low energy electrons may lead to s
ous artifacts in the images that would not easily be dis
guishable from real atoms. Since the multienergy algorith
developed for holographic LEED can only suppress, but
completely eliminate these effects, it is often advisable
vary the used input energy range. In view of the fact t
scattering factor anomalies may sometimes even lead t
increased image quality when reducing the number of
cluded energies, the stability of the obtained result un
such variations can significantly increase the confidence
the deduced local geometry. Dividing the experimental d
into various subsets always resulted in equivalent imag
which strongly confirms the structural unit determined.
general, one has to admit that the weak scattering powe
o
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light elements like Si and C might provide a favorable ca
for holography as multiple scattering contributions are e
pected to be smaller than for example for transition me
crystals. However, recent results for the system O/Ni~001!-
p(232) ~Ref. 15! make us believe that the developed alg
rithm also works for stronger scattering materials. Now
though the experimental result appears convincing, a tes
the validity and sensitivity of the method seems adequ
which is presented in the next sections using simulated
tensities from various fictitious models.

V. VERTICAL SENSITIVITY AND STACKING
OF DEEPER LAYERS

The simplest model consistent with the atomic positio
obtained from the holographic reconstruction would be j
an adatom on top of a SiC bilayer. Yet, such a model appe
improbable since it would not account for the strong silic
enrichment at the surface as detected by earlier electron
ergy loss ~EELS! and auger electron spectroscopy~AES!
results,34 which we discuss in detail elsewhere.22 Assuming
therefore the tetramer as the essential structural un
presumably formed by Si atoms in view of the EELS a
AES results—the first question to be verified is its positi
on the underlying substrate. The simplest possible solu
would be to directly place it somehow on top of the S
sample, to which the two further atoms showing up in t
holographic reconstruction would then belong. Given the
layer stacking sequence of this material in the@111# direction
it is, however, impossible to find any location consistent w
two atoms directly on top of each other as predicted by F
2. Even though the holographic method is most reliable
just this direction vertically below the beam splitter, in whic
atoms already show up without the scattering factor comp
sation by the integral kernel~2.4!, there is yet no definite
certainty on the limit of the algorithm’s validity for deepe
layers: all previous investigations with DLEED data h
dealt with rather simple test structures, which were alrea
completely determined by the atomic positions in the fi
two layers. Hence, the now performed calculation ofuB(r )u2

up to a depth of 6.0 Å raises concerns whether the low
lying atom identified at 4.6 Å might already be outside su
a limit.

Consequently, for the moment we focus on only the t
ramer and the third layer atom of the holographic ima
This arrangement suggests a cluster position in which e
of the three trimer atoms is located in a hollow site of t
topmost hexagonal bilayer of the SiC substrate. Depend
on whether this position is fourfold coordinated, i.e., on t
of a carbon atom in the substrate bilayer~T4 site! or truly
threefold coordinated~H3 site!, the tetramer would have to
be oriented as in the SiC substrate bilayers or rotated by
respectively. The adatom would then reside on top of a
atom in the bilayer, which corresponds to the third lay
atom of the holographic image. No further atom would
present 2 Å below the latter in either site geometry. Not
that this geometry corresponds to the model proposed b
and Tsong on the basis of their STM work,19 which assumed
such coordinated tetramers in a (333) periodicity directly
on top of the SiC. In order to verify whether the atom ad
tionally appearing in Fig. 2 is an algorithmic artifact or no
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we thus simulated theoretical LEEDI (V) curves of an ad-
cluster model for the identical number of fractional ord
beams and the same energy range as in the experimen~de-
tails of these calculations will be published elsewhere22!. In
order to focus on the depth information available from LEE
holography we chose the fourfold coordinated trimer at
positions, yet artificially expanded the distance between
cluster and substrate to push the third layer atom to a p
tion 3.2 Å below the beam splitter. A schematic view of th
geometry can be seen in the inset of Fig. 3. The resul
holographic image is displayed in Fig. 3, showing the e
pected tetramer unit plus the third layer atom, but also c
sistently not indicating any sign of possible artifacts ve
cally below the adatom. Only the carbon atoms of t
substrate SiC bilayer are still within the reconstruction v
ume, but do not appear in the reconstructed image~Fig. 3!.
However, one has to consider that in the geometry cho
they are 4.3 Å apart from the beam splitter and 1.9 Å off
vertical axis, and in addition represent comparatively we
scatterers. This distance—not in the forward scatter
direction—probably represents the detection limit at least
a weak scatterer. However, in view of the absence of artifa
in the holographic image obtained for our test model,
presence of two atoms vertically below the adatom as in
cated in the real space reconstruction from the experime
data is assumed to be correct. Furthermore, the pronou
appearance of the lowest atom might indicate that it is silic
since a weakly scattering C atom should not be detectab
that depth. Our test case resulting in the image shown in
3 thus clearly rules out the possibility of the Li/Tsong mod
whose bilayer stacking sequence results in fourth layer at
off the vertical axis and which is thus incompatible with t
lowest atom in the image obtained from the experimen
data.

This further emphasizes the importance of the retrieva
the two deepest atoms in the local geometry. Since o

FIG. 3. Same as Fig. 2, but using simulatedI (V) curves of a
simplified Li/Tsong model as described in Sec. V. The elect
energy range was 146–300 eV, the kernel constantC55.0 Å and
the maximum noise level is at 46% of the maxima at the at
positions ~noise cutoff: 25%!. The inset displays the atomic a
rangement in the model assumed to calculate the intensities use
the holographic reconstruction.
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small deviations from the bulk positions are usually to
expected in such deep layers, the location of each of th
atoms uniquely determines the complete stacking seque
of the corresponding entire layer. Hence, even though
obtained structural unit itself may contain only a small nu
ber of atoms, its consistent embedding into the surface
cell subsequently can reveal a quite important further fr
tion of the investigated surface.

VI. CAN A VACANCY ACT AS A BEAM SPLITTER?

The confirmation of the lowest atom inside the revea
structural unit, whose on top stacking is inconsistent with
SiC bilayer at the very surface, necessitates to include
additional Si adlayer in the crystallographic model. Such
adlayer between tetramer and substrate had already bee
cluded in the original DAS-like model, since the EELS a
AES results indicated the strong presence of Si-Si bondin
the highly Si-rich surface.34 In order to bring this otherwise
very reasonable model in accordance with the STM data
scribed above, Kulakovet al.proposed the absence of one
the two tetramers per surface unit cell.18 In the language of
the DAS-type models the top atom of the trimer represe
an adatom on top of a Si bilayer. In the DAS-unit cell one
the two adatoms is located on a piece of bilayer in faul
orientation as indicated in Fig. 4~a!. One would expect an
energetical difference between the adcluster which follo
the substrate stacking direction and the one, which in
duces a local stacking fault in the adlayer. Thus it is pla
sible that in the end exclusively the more favorable ty
would be present on the surface. Such a model, hence inc

n

for

FIG. 4. Schematic side view of different models for th
SiC~111!-(333) reconstruction in a projection parallel to the@11̄0#
plane ~Si atoms are depicted by large spheres; C atoms by s
darker spheres. Bonds within the projection plane are drawn
single lines, double lines represent two bonds pointing out of
projection plane by160° and260°, respectively!. ~a! DAS model
containing two adatoms and one cornerhole per unit cell as
posed by Kaplan~Ref. 34!. ~b! Single adatom model containing tw
cornerholes with a local stacking fault in the Si-bilayer fragme
underneath the adatom; derived from the model by Kulakovet al.
without the stacking fault~Ref. 18!. ~c! Single adatom-trimer-
cluster residing on a complete monolayer in (131) periodicity with
all cornerholes filled. The bilayer fragment underneath the ada
again represents a local stacking fault.
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ing only a single tetramer with definite orientation in ea
(333) unit cell, could explain not only the single protrusio
in the STM images, but also the threefold symmetry of
LEED pattern. What remains is the following questio
which of both orientations is actually realized. Note, that
orientation of the adcluster can be deduced from a comp
son with a previous LEED analysis of the (131) phase on
the same sample.21,35,38However, we demonstrate a verifica
tion of this assignment using test calculations, a method
could generally be applied in cases where no indepen
analysis of the substrate is available.

Both Kulakov-type models, with the adcluster either i
troducing or not introducing a local stacking fault, comp
with the holographic image from the experimental da
when identifying the upper of the bottom two atoms as
longing to the Si adlayer and the other one as a Si atom
the substrate’s topmost bilayer. Yet, the subsequent inter
between LEED holography and conventional LEED can
better than that: when reconstructing images using theo
cally simulated data, the orientation of the substrate ins
the given coordinate system is known. Depending on
resulting orientation of the adcluster in the image—or to
exact, the tetramer of four atoms representing the Si bila
underneath the adatom—when choosing one of the
equivalent beam assignments in the LEED pattern, its or
tation with respect to the bulk can be deduced even with
seeing the latter in the reconstructed image itself. From
result shown in Fig. 3, we therefore know the orientation
an unrotated tetramer. Comparing this with the holograp
image obtained from the experimental data~cf. Fig. 2! we
find that the adcluster geometry involves a local stack
fault of the Si bilayer as shown in Fig. 4~b!. Hence, of all the
previously existing models of the SiC~111!-(333) phase,
LEED holography would only be fully consistent with th
Kulakov model in the local stacking fault version.

In order to further verify this conclusion, we simulate
LEED I (V) curves for this model, whereby small deviatio
from bulklike positions as, for example, those induced
dimerization were not considered. Surprisingly, the cor
sponding holographic image displayed in Fig. 5~a! is of con-
siderably worse quality than the previous results. Althou
all five atoms of the expected structural unit show up, th
overall configuration is badly distorted and high noise in
form of three concentrated artifacts prevents the unamb
ous distinction between real atoms and false contributio
Since the image from ideal theoretical data should only
better than the one from the experiment, the situation in
latter has somehow to be more favorable for LEED holog
phy than so far assumed, which, of course, demands cla
cation.

As mentioned above, a severe source of an algorith
breakdown at its current level of development is given by
multiple beam-splitter problem. Therefore, we reconside
the atomic arrangement of the Kulakov model under t
point of view. Since it was derived in close analogy to t
DAS model, its Si adlayer is not completely closed but co
tains vacancies to relax the stress induced by the la
mismatch.18 These so-called cornerholes appear just like
the Si~111!-(737) structure32 and break the (131) period-
icity as much as the identified beam splitting atom on top
the tetramer. Consequently one might also concede them
e
:
e
ri-

at
nt

,
-
of
ay
o
ti-
e
e
e
er
o

n-
ut
e
f
ic

g

y
-

h
ir
e
u-
s.
e
e
-
fi-

ic
e
d
s

-
e

n

f
he

sameholographic interpretation. In the sketch of the Kulak
model in Fig. 4~b! it can be seen that the vacancy is ev
enlarged by the removal of one adcluster from the D
model, cf. Fig. 4~a!. It may appear difficult at first glance to
imagine a vacancy as a possible beam splitter, but spea
in terms of missing wave contributions to achieve the d
structive interference corresponding to a perfect (131) ad-
layer helps us to understand its influence on the fractio
order beams. This would be equivalent to replacing the
cancy by a pseudo-adatom with the same dynamic scatte
behavior.

From this point of view, we would have to conclude th
the Kulakov model contains various distinct beam splitt
per surface unit cell, whose respective wave contributio
could consequently interfere and completely prohibit a ho
graphical interpretation. However, the strong damping of
low energy electrons makes us hope that the dominant c
tribution in the reconstructed image is due to the most
evated, periodicity breaking atom in the surface unit cell a
that the existence of further extra atoms or vacancies in
superstructure unit cell leads ‘‘only’’ to image disturbanc
although they might be considerable. This interpretat
would help us to understand why Fig. 5~a! basically shows
the local environment of the top tetramer atom plus artifa
and some distortions that may then be due to the corner
vacancies. To test this line of thought, we simulated LEE
I (V) data of exactly the same model as before, but filling
vacancies with Si atoms at bulklike positions in the Si a
layer as shown in Fig. 4~c!. The resulting image in Fig. 5~b!
is of impressive clarity and contains all essential features
the result obtained with the experimental data. We take
as a strong indication of the correctness of our reason
although we want to stress again that there is yet noproper
theoretical treatment of the multiple beam-splitter difficu
in LEED holography. It should further be noted that in o
test model, cf. Fig. 4~c!, we only filled the Si monolayer. The
adatom supporting trimer atoms are still not repeated w
the bulk periodicity and thus break the (131) periodicity,
too.

VII. INFLUENCE OF SUBSTRATE RECONSTRUCTIONS

What had started as a pure necessity to ensure the co
working of the holographic algorithm subsequently turn

FIG. 5. Same as Fig. 2, but using simulatedI (V) curves of a
simplified Kulakov model as described in Sec. VI. The electr
energy range was 146–300 eV and the kernel constantC55.0 Å.
~a! Geometry including cornerholes in the Si adlayer, cf. Fig. 4~b!:
maximum noise level at 76%.~b! Geometry with filled cornerholes
in the Si adlayer, cf. Fig. 4~c!: maximum noise level is at 29%
~noise cutoff: 25%!.
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out to be the last required piece for the solution of t
(333) puzzle. Since LEED holography seemed only fu
consistent with a Kulakov-derived model containing one t
ramer in local stacking fault orientation on a closed Si a
layer without cornerholes, a careful reconsideration th
showed that indeed there had been no other reason fo
cluding the cornerholes at first hand but the sole analog
the DAS model. The situation for SiC~111!-(333), where
the Si adlayer shows an intrinsic lattice mismatch of 20
with respect to the underlying substrate, might however
quire a different form of relaxing the lattice strain und
simultaneous dangling bond saturation than the corner
and dimerization principle underlying the homoepitac
Si~111!-(737). As a further hint, the obtained STM image
of the (333) phase20,21 never showed comparably stron
cornerhole depressions as visible on the silicon surface.39

Consequently, the thus most favored model with fill
cornerholes was input to a refining LEED and density fu
tional theory~DFT! analysis. Even though the holograph
results had considerably reduced the multiparameter s
for the trial-and-error search of both methods, it should ho
ever be emphasized that the remaining structure determ
tion was still a tremendous task: there is a qualitative diff
ence between a coarse local beam-splitter surrounding
depicts a small fraction of the huge surface unit cell an
detailed variation of all involved atomic positions on a den
grid in steps of a few hundredths of Ångstro”ms. It was in this
respect most gratifying that both analyses independe
yielded the same full (333) structure by input of the holo
graphically recovered cluster: the resulting finaltwist
model21 can indeed essentially be described as a SiC s
strate with a strongly buckled Si adlayer without any corn
holes plus one tetramer per surface unit cell consisting o
trimer and one adatom. These trimer atoms and the Si
layer below locally resemble a Si bilayer in stacking fa
orientation. A more detailed description of the exact mo
and both analyses involved will be given elsewhere.22,40

Yet we have to realize that the bond optimizing rela
ations inside the adlayer also contribute to the superstruc
spot intensities and might consequently affect the working
the holographic reconstruction algorithm: each atom that
left its (131)-like position has, in principle, to be regarde
as a possible additional beam splitter in view of the disc
sion in Sec. VI. Therefore, as a final test, we used theI (V)
curves calculated for the exact geometry of the optimiz
model as input to the holographic algorithm. The result
image is displayed in Fig. 6 and shows exactly the sa
local adatom environment as the experimental data, wh
we—even in the presence of buckling—take as a final pr
of the validity of our method. In accordance with the exp
rience made recently with other, simpler structures,15 the ef-
fect of the slight deviations from bulk-like positions on th
reconstructed image is apparently negligible and leads o
to an increased overall noise level, which can be seen c
paring Fig. 5~b! and Fig. 6, whose underlying structure d
fers exclusively by just these substrate relaxations. All t
becomes more understandable when recalling that it is a
only the difference in the outgoing wavelets arising from
buckled atoms that can act as a conduit for diffraction int
sity in the fractional order beams. The~additionally damped!
contributions due to these shifts can hence be regarded s
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with respect to the major rupture of periodicity caused by
introduction of a completely new and elevated atom such
the adatom in the present structure. In this context, it is a
important to notice that the majority of such shifts is f
below the resolution capabilities of LEED holography at
present stage, which can typically be stated to be'0.6 Å.

VIII. CONCLUSION

In the present paper we described in detail the contri
tion that holographic LEED can provide, when applying it
a complex superstructure. Using a holographic interpreta
of fractional order spot intensities, a 3D image of the loc
geometry around an elevated, periodicity breaking ada
can be retrieved. The structural unit thus obtained has to
consistent with the real space atomic structure and can
used to considerably reduce the multiparameter space
possibly enable the trial-and-error search of geometry o
mizing methods like quantitative LEED and DFT ener
minimization. We exemplified this for the case of th
SiC~111!-(333) phase, where the holographically derive
adclusterdirectly rules out the majority of all previously ex
isting models of this surface and whose geometry has n
been fully confirmed by the finaltwist model obtained inde-
pendently by conventional LEED and DFT. This applicati
additionally marks the first example that a holographic inv
sion of LEED data actually played a crucial part in the d
termination of a complex anda priori unknown structure.

We have illuminated the power and the limits of this h
lographic LEED method for ordered surfaces. Even in
best of all cases the obtained image is restricted to the l
geometry around the prominent beam splitter. Only for ve
simple surfaces, this uniquely determines all atomic po
tions inside the unit cell. Furthermore, exclusively for su
simple test surfaces has this still developing method b
thoroughly tested so far. There, some severe problems

FIG. 6. Same as Fig. 2, but using simulatedI (V) curves of the
final twist model as described in Sec. VII. The electron ene
range was 65–300 eV, the kernel constantC50.75 Å and the maxi-
mum noise level is at 51%~noise cutoff: 25%!.
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the multiple beam-splitter problem encountered in
present investigation do usually not arise and have there
not yet been theoretically treated. Consequently, the syste
to which holographic LEED is to be applied, have for t
moment to be chosen with great care.

Nevertheless, regarding the immense problems that q
titative LEED and DFT face with complex, large superstru
ture systems, every directly obtainable preinformation
highly welcome. In this view, the possibility of a holograph
approach raises hopes that a new ally in the structure ana
of these ordered phases has been found. It is particularl
.
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direct simplicity that already now renders holographic LEE
such an ideal supplement to its established trial-and-e
brethren, even though the young method has still a long w
to go.
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