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LEED holography applied to a complex superstructure: A direct view of the adatom cluster
on SiC(111)-(3x%x3)
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For the example of the SiC11)-(3x 3)reconstruction we show that a holographic interpretation of discrete
low energy electron diffractiofLEED) 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 strucf&®163-18208)10539-9

[. INTRODUCTION first developed for the related photoelectron diffractién,
aims at the determination of at least partial features of the
The majority of ordered surface structures known todaystructure when in addition to the multiple scattering problem
has been determined by low energy electron diffractiorthe complexity of the surface prohibits its full retrieval. In
(LEED).! The strong elastic and inelastic interaction of elec-the present case, the information provided consists of the
trons in the energy range 50—-500 eV involves a particulatocal environment around an elevated atom in the cell, which
sensitivity to the atomic arrangement within the outermosimight be an adsorbate or an intrinsic adatom resulting from
layers. In many cases this permits a structure determinatiosurface restructuring. Even though only some atomic posi-
with a precision of a few hundredths of an Angstromak-  tions at a rather coarse resolution are determined in this man-
ing LEED one of the primary surface crystallography meth-ner, the necessary consistency of the obtained structural unit
ods. Unfortunately, the strong multiple scattering implied bywith the complete surface geometry may rule out many mod-
this type of interaction also tremendously complicates thesls directly. Hence, the remaining parameter space can be
theoretical analysis of the acquired data. In addition, the realeduced to an extent sufficient to allow the application of
space geometry can not be drawn from the intensities dieonventional surface crystallography methods.
rectly, so that standard quantitative LEED structure determi- The first translation of holographic schemes to the field of
nations have to apply a trial-and-error method which is freA.EED as proposed by Saldin and De Andress restricted
quently supported by structural search proceduresto surfaces on which atoms or molecules are adsorbed in
Calculated diffraction intensities of a multitude of models lattice gas disorder. The lacking periodicity creates diffrac-
have to be compared with the experimental data until evention intensity also outside the sharp substrate Bragg spots
tually a sufficiently high agreement between both isand causes a diffuse intensity distribution on the scfémma
achieved™ recent review on diffuse LEELCDLEED) see, e.g., Ref. 10
Though more and more advanced experimental and thedrhis appeared as the natural input for the Fourier-like inte-
retical developments have recently given access to ratheral transform typical for holographic techniques. In the
complex surface structurést is just this complexity which  course of subsequent theoretical improvements a proper re-
at a certain degree inhibits the successful application ofonstruction algorithm could be established that allowed to
guantitative LEED. The number of models as resulting fromcircumvent several problems complicating the holographic
the mere combination of all coordinates of the many atomsnterpretation of LEED intensitiesee Sec. )l In the present
in a large unit cell structure becomes so huge that it is diffiinvestigation we use the latest stage of this development
cult if not impossible to handle. This applies even when forwhich allows to construct a reliable image of the complete
example using automated search algorithms in multiparamthree-dimensiona{3D) atomic surrounding of the elevated
eter spactas the latter has to include the correct model.atom from data of normal incidence alote!®
However, for a large unit cell structure our structural imagi- However, these theoretical achievements were based on
nation is frequently unable to even define the type of thahe use of diffuse intensity distributions emerging from dis-
correct model or the relevant part of the parameter spacerdered systems while the majority of interesting surface
containing the real structure, in which a search could then bsetructures are ordered phases, often with large superstructure
started. Also, methods developed in LEED to determine theinit cells. Certainly, it would be very advantageous to obtain
atomic positions directly still rely on an initial good guess of a partial, butdirect information by holographic means for
the real structuré. these ordered phases, too. As we briefly demonstrated
The holographic approach represents a revival of the hopeecently?* the diffraction intensities arising from this class of
for the direct disclosure of structural information. The idea, systems may be used as input to just the same holographic
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reconstruction algorithm as developed for the DLEED case.
Two important restrictions for this type of application have a)
to be mentioned: there must be only one elevated adatom pe
surface unit cell and the unit cell must have a minimum size.
The first condition arises from the necessity of a unique ho-
lographic reference wave as we will outline in the third sec-
tion. The second limit is based on the data density available
and required. The approximate minimum size of the unit cell
could recently be estimated aé2x 2) mesh> An upper
size limit is drawn by experimental factors and the more FIG. 1. Schematic display of the holographic interpretation of
likely appearance of several adatoms per unit cell with inthe adatom scatteringa) electrons finally scattering at the adatom
creasing unit cell area. A (77) cell already appears to be form thereferencewaveR, those subsequently hitting one substrate
too large as discussed in Sec. lIl. atom represent the kinematizbject wave O (solid lineg. The
Still, a considerable number of ordered reconstructionglashed lines display possible multiple scattering events providing
remains open for a holographic analysis. In the present paiynamic contributions to the reference and object waee text for
per, our |nvest|gat|ons are focused on the flrst Successflﬂetaus (b) Pronounced forward Scattering at the beam Splitter in-
application to an ordered ana priori unknown complex dicated by different length of the arrows in different directions.

structure case, the example of the GiC1)-(3X3) super-  {he adsorbate atom can be viewed as a prominent scatterer
structure. This surface phase is of considerable interest Which, acting as a beam splitter, provides a natural separa-
current crystal growth investigatioffs of the promising tion of all scattering paths as depicted by the solid lines in
semiconductor material Si€.Previous STM work~*’had  Fig. 1(a): electrons whose final scattering is by an adsorbate
revealed a single large protrusion per surface unit cell. Sdiorm the referencewave R(k), while those scattered subse-
this reconstruction seemed particularly suited for a first apgquently by substrate atoms before reaching the detector pro-
plication of holographic LEED to ordered surfaces meetingvide theobjectwaveO(k) (Ref. 9 [wherek=(k, ,k,) is the
both requirements outlined above, i.e., sufficient unit cellwave vector of the detected electron, with the componlents
size and the presence of a single elevated atom. By compaparallel to, andk, perpendicular to the surfageThis allows

ing the holographic images obtained from experimental datas to interprete the diffuse intensity as the interference pat-
and from calculated intensities for fictitious models deviatingtern of these two contributions. Hence, the local surrounding
from the real surface geometry we illuminate alternative asof the beam-splitter atom should be extractable by a phased

pects of the validity and possible shortcomings of the new2D Fourier transform of the dafe However, the above in-
method. terpretation does not include that multiple scattering adds

holographic reconstruction algorithm using diffuse LEED in-indicated in Fig. 1) by the dashed lines. A considerable
tensities. In Sec. I1l we describe the relation between diffuséMProvement in the image quality could be achieved by com-
and discrete intensities and give arguments under which ciining sev_eraé DLEED patterns measured at different elec-
cumstances the holographic algorithm may readily be apt/on energ|e§. The correspondmg multienergy reconstruc-
plied to conventional spot intensities. In Sec. IV we give ation algorithms include a 3D integral transform and try to
reconstruction of an atomically well resolved image from theSingle out the contributions due to the kinematic object
experimental LEED intensities measured for the (Bic)- ~ Wave, suppressing the unwanted effects caused by the mul-
(3% 3) phase. Section V shows that the spatial depth accediPle scattering of the low energy electrons. _
sible by the method is rather large, which allows us to deter- Y&t the pronounced forward scattering of the beam split-
mine such important features as the stacking sequence &' 1ed to only a selective appearance of the atoms in the
deeper layers. In Sec. VI, we illuminate the role of periodicréconstructed local adsorption geometries, depending on
vacancies within the unit cell acting as additional holo-Whether they were located within the forward scattering
graphic reference waves. In Sec. VIl we address the issue §Pn€:" cf. Fig. 1(b). The implied necessity of combining
intensities arising from substrate relaxations such as bucklingeveral(at least two data sets taken at different angles of
and finally, in Sec. VIII, discuss the use of the holographici¢idence to deduce the complete 3D surrounding of the
information for a complete surface structure analysis in thé?€@m splitte?* could be overcome with the introduction of
case of SiC111)-(3% 3), whose precise real space structure®” improved reconstruction algorithm proposed by Saldin

1
is described in more detail elsewhéteé? and C_?heriL. _
This compensated object and reference wave reconstruc-

tion by an energy-dependent Cartesian transtor(@OR-
Il. THE HOLOGRAPHIC RECONSTRUCTION RECT) allows the calculation of the real space distribution
ALGORITHM around the adsorba{@(r)|? [wherer=(r,,z) is a position

_ _ vector relative to the origin at the adsorbate with components
The holographic approgch In .DLEE.D make_s use of theru parallel to, andz perpendicular to the surfateia the
fact that all measurable diffuse intensity outside the Sha”‘?ollowing expression:

substrate Bragg spots necessarily has been caused by at least

one scattering event at one of the disordered adsorbates on

top of the (unreconstructedcrystal: scattering exclusively B(r)=f Jk
within an ideal bulk-terminated substrate can only lead to '
diffraction intensities at Bragg spot positions. In that sense x ki nid?k; . (2.1

f K(ky Ky ;1) x(ky akL)e_(ikr_kiZ)dkL
kL



10 808 K. REUTERet al. PRB 58

Note that in contrast to previous reconstruction algorithmsdown of the holographic algorithr.
that performed the involved 3D integral in a polar coordinate For the case of a completely ordered superstructure of
system(angle and energy the data input is provided on a such adsorbates, the modulations caused by the lattice factor
cartesian grid K, ,k, ), which will be of importance when concentrate the diffuse intensities to a series of discrete
discussing the step towards ordered superstructures in tRgperstructure—or fractional order—spots when the unit
next section. _ mesh of the adsorbate layer is larger than that of the crystal-
~ The transform does not operate directly on the measureghe substrate. However, the simultaneous extinction of dif-
!n_tensmeslﬂ, but rather on a contrast-enhancing and normaly;ge intensity between the spots as caused by destructive
izing function interference between the waves originating from different
Kk k K adsorbate-substrate clusters, does not remove the crystallo-
x(K; k)= Heki k)= Hay(ky) (2.2 9raphic information wanted: the energy dependence of the
Hau (Ky) superstructure spot intensities is the same as the one dis-
played by the correspondirlg positions in a diffuse distri-
bution resulting from a disordered adlayer in the equivalent
local adsorption geometA}. The only restriction is that scat-
J H(k, k., )dk, tering between such clusters has to be negligible, a condition
Ho (k)= "—"+—. (2.3 satisfieq even for relatively small superstructures when using
J dk, normal incidence dat®:>°
So, even though the perfect order among the adsorbates
significantly reduces the amount of available data, the few
It has been shown theoretically that the use of sugh a remaining intensities are not masked by disturbing modula-
function helps to partially remove the self-interference termsjons as in the case of partial disorder inhibiting the fikal
IR(k)|? and |O(k)|* in the DLEED intensity, which gives integration in Eq.(2.1). The superstructure spots can be
rise to spurious high values of the real space distributionhought of as sampling the DLEED intensity distribution of
|B(r)|? in the vicinity of the origin'* Additionally, x has  the corresponding lattice gas on a finite grid. Therefore, as
been designed in such a way as to suppress modulations §uggested earliéf,a DLEED holographic algorithm may, in
the DLEED patterns that arise from some partial orderingprinciple, be applied to such ordered superstructure systems
among the adsorbatés. with the only difference of a reduced density of input data in
The last part in the expression to be described is the inte,(” . This makes it more apparent why the CORRECT algo-
gral kernel which corrects for the anisotropy of the referencgithm is so particularly suited for the extension to ordered
wave. In a zeroth order approximation it can be written as phases: the data are provided on the appropriate cartesian
grid and only normal incidence is required. Interestingly,
earlier investigations on the information content of diffuse
intensities?® as well as on the minimum data base of the
R algorithm?® showed that the continuous diffraction distribu-
Here, f,(k;-r) is the atomic scattering factor of the adsorb-tion resulting from disordered atomic adsorbates is already
ate,k; the direction of electron incidence, afidhe so-called ~ Sufficiently described when using a X3) sampling grid.
kernel constantwhich we take to be repand which repre- Information on a more dense grid is largely redundant.
sents an isotropic approximation to the backscattering by thklence, there are no drastic changes to be expected when
substrate prior to scattering by the adsorbate. Optimizing th&1aking the transition from disordered systems to phases with
value of C provides access to those atoms of the local adlarge superstructure cells like the X38) reconstruction of
sorption geometry that lie outside the forward scattering di-SiC(111) of the present paper. This allows us to apply the
rection of the beam splittéf. This allows the retrieval of the algorithm developed for DLEED without any modifications.
complete 3D surrounding of the latter from data of normalHowever, it should be emphasized that a further reduced data
incidence alone. The algorithm in this present form has beeRase in connection with superstructures smaller than a
shown to give reliable images using theoretﬂéﬁ? as well (2X2) can lead to aliasing effects in the Fourier-like trans-

as experimental DLEED dat&!® form due to insufficient samplint.
The application of LEED holography to ordered surfaces

involves several practical advantages. For the diffraction pro-
cess is irrelevant whether the beam splitter is an externally
adsorbed atom or intrinsically belongs to the surface. Thus
The original holographic reasonihgias based on the as- besides ordered adsorption systems now ordered substrate
sumption that only one beam-splitting adsorbate atom igseconstructions can also be investigated. Additionally, the
present on the substrate surface. With several such adsorimeasurement of discrete spot intensities is much less delicate
ates, each time in the same local structure but without longhan that of the diffuse intensities which are comparatively
range order among therflattice gas disordey intensities weak. The high signal-to-noise ratio of the bright spots al-
simply add up in the low coverage limit leaving the resultinglows easy subtraction of contributions due to thermal diffuse
diffuse distribution practically unchangé®?’ A different  scattering. Also, at higher energies fractional spot intensities
situation emerges with the onset of order at higher coverageare not that much influenced by cross talk from the bright
and/or upon thermal annealing: additional modulations in theubstrate spots as is the case for diffuse intensitigsEur-
DLEED pattern are created that eventually cause the brealthermore, holographic LEED also seems suitable to tackle

with

fuk-n+c|]™*

K(k”,kj_;r): r

(2.9

IIl. SPOT INTENSITIES VERSUS DIFFUSE
DISTRIBUTIONS
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larger unit cell reconstructions: the high number of fractional
order spots generated in these cases provides a fine sampling
grid and ensures the proper working of the integral trans-
form. However, practical reasons also commend an upper
limit for the unit cell size as the increasing number of closely
spaced spots impairs a proper data acquisition, especially at
higher energies where more and more spots appear and weak
spots are disturbed by their bright neighbors. A unit cell such
as the (7 7) on S(111) (Refs. 31 and 3Ris probably al-
ready too large from an experimental point of view as the
accessible energy ranges become too small.

In addition, it becomes more and more unlikely that such
a large unit cell contains only one elevated adatghe
Si(111)-(7x7) actually contains 12 adatoinsThis would
violate the strongest restriction of the technique at its current
stage, i.e., the condition that only a single beam splitter is
allowed within each unit cell. Several such prominent atoms
per unit cell would lead to intermixing of their respective
contributions as will be demonstrated further below. This is FIG. 2. Recovered local geometry of the 8iC1)-(3x 3) struc-
all the more problematic, since the actual number of elevatetire using experimental data in the energy range 50-300 eV and
adatoms is just one of the quantities sought in the structurkernel constan€=2.7 A. The maximum noise level in the image is
analysis of ara priori unknown surfacéeven though STM 48% of the maxima denoting the atom positiofr®ise cutoff:
might help as in the present casEuture efforts in method- 25%). For details on the display procedure, see Sec. IV. The inset
ologic improvements should hence be directed to overcomeisplays a schematic of the retrieved adcluster geometry including
the multiple beam-splitter problem, which did not occur in chemical bon.ds and the approximate layer distances as determined
the previous applications to simpler diffuse or ordered sysPY holographic LEED.

tems._As a consequence, qntil there is a proper theoreticalweasured in the energy range 50—300 eV using normal elec-
_descrlptlon of the detailed |_nfluences on _the recor_lstructe on incidence. Details on the data acquisition and sample
images, the systems to which holographic LEED is 10 b€&renaration will be published elsewhéfeé’ The low diffuse
applied have to be chosen with considerable care. background and noise level allowed the recording of 14 frac-
tional order beams closest to specular reflection, which are
IV. RECONSTRUCTION USING EXPERIMENTAL DATA symmetry @nequiyglent at normal incidence. Providing the
measured intensities as input to expresg@i) resulted in
SiC is a material that displays the most suitable electronig¢he 3D image displayed in Fig. 2: the real-space distribution
properties which have made it a promising candidate for highB(r)|? is calculated on a grid of 0.2 A resolution inside a
power and high frequency devices. Particularly, thex@  cylinder of depth 6.0 A and a lateral radius 3.0 A, which is
phase of the Si(11) surface has drawn considerable inter- consistent with estimates on the lateral validity of the
est in the last years, caused by the observed crystal growilgorithm?® Small spheres are drawn at the grid points, in-
improvement? that is achieved when this reconstruction is dicating the reconstructed real-space intensity by their diam-
stabilized under highly Si-rich conditio8.Its complexity,  eter which scales linearly with the intensity. As pointed out
which can already be deduced from an extensive debate iim previous holographic investigatioft; %8 this type of
the literature'®>>*had hitherto prevented a detailed struc- display permits a quick understanding of the essential fea-
ture analysis using trial-and-error methods. However, theures of the structural unit determined holographically and
high number of fractional order spots caused by such a conwill therefore be used in all figures included in the present
paratively large surface unit cell makes this phase an ideglaper.
candidate for a holographic investigation in view of the rea- The origin of the coordinate system is defined by the
soning outlined above. beam splitter, which is artificially added in the image as a
The cubic 3C-SiC polytype was chosen, since(itdl)  black sphere to facilitate understanding. The highly Si-rich
oriented surface exposes only one definite stackingonditions under which the (83) phase is observed suggest
sequencé? i.e., there is no coexistence of domains of differ- this beam splitter to be Si, the scattering factor of which is
ent orientation, which would have to be expected in the casgonsequently used for the computation of the integral kernel
of hexagonal polytypes with different layer stackings pos-(2.4). However, the zeroth order approximation of the latter
sible at the surfac® and which would certainly complicate is most sensitive only to the essential form of the atomic
if not inhibit the interpretation of the reconstructed images.scattering factor, which is very similar for most elements.
Additionally, there is strong evidence from comparison ofUsing carbon as a beam splitter in the computation conse-
experimental LEED intensiti€€, as well as from DFT test quently did not change the resulting images considerably.
calculations’® that the atomic structure of the &) surface  The kernel constan€ in this expression is optimized such
phase itself is rather independent of the sample polytype. St¢hat all atoms in the geometry appear with approximately
results obtained for 3C-S{€11) can be expected to hold equal brightnes® The highest disturbing intensity at non-
also for other polytypes. atomic positions(henceforth referred to as noise levéd
LEED I(V) curves of the sharp diffraction pattern were with 48% of the overall maximum value at an unprecedented
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low level. This has to be attributed to the—in comparison tolight elements like Si and C might provide a favorable case
the DLEED case—much better quality of conventionalfor holography as multiple scattering contributions are ex-
LEED I (V) data and the increased energy range available.pected to be smaller than for example for transition metal
The image allows the unambiguous identification of thecrystals. However, recent results for the system @00)-
local adcluster geometry formed by an adatom supportin?(2Xx2) (Ref. 15 make us believe that the developed algo-
trimer and two further atoms vertically below the beam split-fithm also works for stronger scattering materials. Now al-
ter (see the inset in Fig.)2The rough layer distances of 1.3 though the experimental result appears convincing, a test of
A (adatom trimer, 1.3 A (trimer and first lower atoinand the_ vaI_|d|ty and sensitivity of the m_ethod seems adequa_te,
2.0 A (between lower atomscorrespond surprisingly well whlc_h_ is presente_d in 'Fhe__next sections using simulated in-
with the (7X7) DAS model of the SiL11) surface’? This tensities from various fictitious models.
already indicates that probably the complete retrieved geom-
etry corresponds to Si atoms on top of the SiC substrate. V. VERTICAL SENSITIVITY AND STACKING

Note that the .distorted fprm of the.trime_r atoms is an effect OF DEEPER LAYERS
of the scattering factor in connection with the zeroth order
approximation of this property in the integral kerri@l4).1* The simplest model consistent with the atomic positions

However, neither the obtained spatial resolution, nor the exebtained from the holographic reconstruction would be just
act position of the atoms inside the geometry are the primargan adatom on top of a SiC bilayer. Yet, such a model appears
object or strength of the holographic analysis: it is rather thémprobable since it would not account for the strong silicon
direct and quick idea of a structural unit belonging to theenrichment at the surface as detected by earlier electron en-
investigated surface. ergy loss(EELS) and auger electron spectroscof4ES)

The obtained tetramer formed by the adatom and the supesults® which we discuss in detail elsewheéfeAssuming
porting trimer is typical for hexagonal semiconductor sur-therefore the tetramer as the essential structural unit—
faces. Its unambiguous determination in the holographic impresumably formed by Si atoms in view of the EELS and
age proves that only one of the two possible orientation®AES results—the first question to be verified is its position
rotated by 60° with respect to each other is present on then the underlying substrate. The simplest possible solution
surface. This already excludes domains of differently rotatedywould be to directly place it somehow on top of the SiC
i.e., coordinated clusters, as can also directly be deduceshmple, to which the two further atoms showing up in the
from the pronounced threefold symmetry of the measurediolographic reconstruction would then belong. Given the bi-
fractional order spot intensiti€d>" It further rules out the layer stacking sequence of this material in [h&1] direction
model proposed first by Kaplahof a (3% 3) mesh which in itis, however, impossible to find any location consistent with
close analogy to the (77) DAS modef? contains two such two atoms directly on top of each other as predicted by Fig.
tetramers per surface unit cell, which in turn would necessar2. Even though the holographic method is most reliable in
ily be differently oriented. It should be noted that this modeljust this direction vertically below the beam splitter, in which
was also inconsistent with STM investigations, which clearlyatoms already show up without the scattering factor compen-
revealed only one elevated protrusion per unit cell, thussation by the integral kerndR.4), there is yet no definite
strongly favoring models including a single tetrani&®  certainty on the limit of the algorithm’s validity for deeper
Since the atomic beam splitter has to be identified with thdayers: all previous investigations with DLEED data had
top adatom of this tetramer, exactly these results ultimatelglealt with rather simple test structures, which were already-
enabled the application of LEED holography to this struc-completely determined by the atomic positions in the first
ture: the obligatory uniqueness of the beam splitter excludetvo layers. Hence, the now performed calculatiof®(r)|?
DAS-like models with two tetramers per surface unit cellup to a depth of 6.0 A raises concerns whether the lowest
from the class of systems accessible under the current staliing atom identified at 4.6 A might already be outside such
of theory. a limit.

We should recall now that we are dealing withapriori Consequently, for the moment we focus on only the tet-
unknown structure. Although the low noise level in the im-ramer and the third layer atom of the holographic image.
age may appear very convincing, it has to be recognized thdthis arrangement suggests a cluster position in which each
the strong multiple scattering combined with the anisotropicof the three trimer atoms is located in a hollow site of the
scattering factors for low energy electrons may lead to seritopmost hexagonal bilayer of the SiC substrate. Depending
ous artifacts in the images that would not easily be distin-on whether this position is fourfold coordinated, i.e., on top
guishable from real atoms. Since the multienergy algorithm®f a carbon atom in the substrate bilay@# site) or truly
developed for holographic LEED can only suppress, but nothreefold coordinatedH3 site), the tetramer would have to
completely eliminate these effects, it is often advisable tde oriented as in the SiC substrate bilayers or rotated by 60°,
vary the used input energy range. In view of the fact thatrespectively. The adatom would then reside on top of a Si
scattering factor anomalies may sometimes even lead to atom in the bilayer, which corresponds to the third layer
increased image quality when reducing the number of inatom of the holographic image. No further atom would be
cluded energies, the stability of the obtained result undepresen 2 A below the latter in either site geometry. Note,
such variations can significantly increase the confidence ithat this geometry corresponds to the model proposed by Li
the deduced local geometry. Dividing the experimental datand Tsong on the basis of their STM wdfkwhich assumed
into various subsets always resulted in equivalent imagesuch coordinated tetramers in aX3) periodicity directly
which strongly confirms the structural unit determined. Inon top of the SiC. In order to verify whether the atom addi-
general, one has to admit that the weak scattering power dionally appearing in Fig. 2 is an algorithmic artifact or not,
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a) (3x3)-DAS E §

b) (3x3)-Kulakov adcluster
stacking fault
s isl g%y,

‘$ L - c) (3x3)-Full Adlayer
TF e\ 13A
e S BBBBL % 2.3

1 \L/ 19k <« (3x3)-unitcell ——
;ﬁ'—"-'ﬁ@—‘a]/—\ FIG. 4. Schematic side view of different models for the

SiC(111)-(3X% 3) reconstruction in a projection parallel to tel0]

FIG. 3. Same as Fig. 2, but using simulatd®¥) curves of a  Plane(Si atoms are depicted by large spheres; C atoms by small
simplified Li/Tsong model as described in Sec. V. The electronda@rker spheres. Bonds within the projection plane are drawn as
energy range was 146—300 eV, the kernel constan6.0 A and  Single lines, double lines represent two bonds pointing out of the
the maximum noise level is at 46% of the maxima at the atomProjection plane by+60° and—60°, respectively (&) DAS model
positions (noise cutoff: 25% The inset displays the atomic ar- containing two adatoms and one cornerhole per unit cell as pro-

rangement in the model assumed to calculate the intensities used fBPsed by KaplaitRef. 34. (b) Single adatom model containing two
the holographic reconstruction. cornerholes with a local stacking fault in the Si-bilayer fragment

underneath the adatom; derived from the model by Kulagoal.

we thus simulated theoretical LEE¥V) curves of an ad- without the stacking faultRef. 18. (c) Single adatom-trimer-
cluster model for the identical number of fractional ordercluster residing on a complete monolayer in{1) periodicity with
beams and the same energy range as in the experihent all cornerholes filled. The bilayer fragment underneath the adatom
tails of these calculations will be published elsewf®rdn  again represents a local stacking fault.
order to focus on the depth information available from LEED
holography we chose the fourfold coordinated trimer atonsmall deviations from the bulk positions are usually to be
positions, yet artificially expanded the distance between adexpected in such deep layers, the location of each of these
cluster and substrate to push the third layer atom to a posatoms uniquely determines the complete stacking sequence
tion 3.2 A below the beam splitter. A schematic view of this of the corresponding entire layer. Hence, even though the
geometry can be seen in the inset of Fig. 3. The resultingbtained structural unit itself may contain only a small num-
holographic image is displayed in Fig. 3, showing the ex-ber of atoms, its consistent embedding into the surface unit
pected tetramer unit plus the third layer atom, but also coneell subsequently can reveal a quite important further frac-
sistently not indicating any sign of possible artifacts verti-tion of the investigated surface.
cally below the adatom. Only the carbon atoms of the
substrate SiC bilayer are still within the reconstruption Vol \/; CAN A VACANCY ACT AS A BEAM SPLITTER?
ume, but do not appear in the reconstructed imdte. 3.
However, one has to consider that in the geometry chosen The confirmation of the lowest atom inside the revealed
they are 4.3 A apart from the beam splitter and 1.9 A off thestructural unit, whose on top stacking is inconsistent with a
vertical axis, and in addition represent comparatively wealSiC bilayer at the very surface, necessitates to include an
scatterers. This distance—not in the forward scatteringdditional Si adlayer in the crystallographic model. Such an
direction—probably represents the detection limit at least fodlayer between tetramer and substrate had already been in-
a weak scatterer. However, in view of the absence of artifactsluded in the original DAS-like model, since the EELS and
in the holographic image obtained for our test model, theAES results indicated the strong presence of Si-Si bonding in
presence of two atoms vertically below the adatom as indithe highly Si-rich surfac&? In order to bring this otherwise
cated in the real space reconstruction from the experimentalery reasonable model in accordance with the STM data de-
data is assumed to be correct. Furthermore, the pronouncedribed above, Kulakoet al. proposed the absence of one of
appearance of the lowest atom might indicate that it is silicorthe two tetramers per surface unit cgliin the language of
since a weakly scattering C atom should not be detectable #ite DAS-type models the top atom of the trimer represents
that depth. Our test case resulting in the image shown in Figan adatom on top of a Si bilayer. In the DAS-unit cell one of
3 thus clearly rules out the possibility of the Li/Tsong model,the two adatoms is located on a piece of bilayer in faulted
whose bilayer stacking sequence results in fourth layer atomarientation as indicated in Fig.(@. One would expect an
off the vertical axis and which is thus incompatible with the energetical difference between the adcluster which follows
lowest atom in the image obtained from the experimentathe substrate stacking direction and the one, which intro-
data. duces a local stacking fault in the adlayer. Thus it is plau-

This further emphasizes the importance of the retrieval ofible that in the end exclusively the more favorable type
the two deepest atoms in the local geometry. Since onlyvould be present on the surface. Such a model, hence includ-
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ing only a single tetramer with definite orientation in each a) b) .

(3% 3) unit cell, could explain not only the single protrusion - =
in the STM images, but also the threefold symmetry of the % = e
LEED pattern. What remains is the following question: b | =

which of both orientations is actually realized. Note, that the
orientation of the adcluster can be deduced from a compari:
son with a previous LEED analysis of the X1l) phase on
the same sampfe:*>*However, we demonstrate a verifica-
tion of this assignment using test calculations, a method tha
could generally be applied in cases where no independen
analysis of the substrate is available.

Both Kulakov-type models, with the adcluster either in- FIG. 5. Same as Fig. 2, but using simulatg¥) curves of a
troducing or not introducing a local Stacking fault, Comp|y simplified Kulakov model as described in Sec. VI. The electron
with the holographic image from the experimental data,energy range was 146-300 eV and the kernel con€an$.0 A.
when identifying the upper of the bottom two atoms as be{@ Qeometry_including cornerholes in the S_i ad_layer, cf. Fidp4
longing to the Si adlayer and the other one as a Si atom ghaximum noise level at_76%b) Geqmetry WIFh filled cqrnerholes
the substrate’s topmost bilayer. Yet, the subsequent interpld{) the Si adlayer, cf. Fig. @): maximum noise level is at 29%
between LEED holography and conventional LEED can dgn0iSe Cutoff: 25%

better than that: when reconstructing images using theoretsameholographic interpretation. In the sketch of the Kulakov
cally simulated data, the orientation of the substrate insidénodel in Fig. 4b) it can be seen that the vacancy is even
the given coordinate system is known. Depending on thenlarged by the removal of one adcluster from the DAS
resulting orientation of the adcluster in the image—or to bemodel, cf. Fig. 4a). It may appear difficult at first glance to
exact, the tetramer of four atoms representing the Si bilayeimagine a vacancy as a possible beam splitter, but speaking
underneath the adatom—when choosing one of the twin terms of missing wave contributions to achieve the de-
equivalent beam assignments in the LEED pattern, its orienstructive interference corresponding to a perfeck (1) ad-
tation with respect to the bulk can be deduced even withoutayer helps us to understand its influence on the fractional
seeing the latter in the reconstructed image itself. From th@rder beams. This would be equivalent to replacing the va-
result shown in Fig. 3, we therefore know the orientation ofcancy by a pseudo-adatom with the same dynamic scattering
an unrotated tetramer. Comparing this with the holographidehavior. .
image obtained from the experimental dét& Fig. 2 we From this point of view, we would have to conclude that
find that the adcluster geometry involves a local stackingh® Kulakov model contains various distinct beam splitters
fault of the Si bilayer as shown in Fig(l). Hence, of all the ~P€' surface unit ceI.I, whose respective wave cqn_trlbutlons
previously existing models of the SiCL1-(3x3) phase, could .con'sequently_lnterfere and completely proh|p|t a holo-
LEED holography would only be fully consistent with the graphical interpretation. However, the strong dampl_ng of the
Kulakov model in the local stacking fault version. IO_W energy electrons makes us hope_that the dominant con-
In order to further verify this conclusion, we simulated tribution in the reconstructed image is due to the most el-

LEED I (V) curves for this model, whereby small deviations evated, per_iodicity breaking atom in the surface unit. cel! and
from bulklike positions as, for example, those induced bythat the existence of further e?ftra a}’tom_s or vacancles in the
dimerization were not considered. Surprisingly, the corre-Superstructure unit cell leads _only to image pllsturbanc_es
sponding holographic image displayed in Figa)s of con- although they might be c0n3|dera_ble. Th|§ interpretation
siderably worse quality than the previous results. AlthoughVeu!d help us to understand why Figab basically shows

all five atoms of the expected structural unit show up, theilIhe local environment of the top tetramer atom plus artifacts

overall configuration is badly distorted and high noise in theand some distortions that may then be due to the cornerhole

form of three concentrated artifacts prevents the unambig \{a\(/:agmes. fTO teslt thr'ls line of th%ll?ht, \tl)vef Slml,[l)latef_clil_LEEhD
ous distinction between real atoms and false contributiond.() data of exactly the same model as before, but filling the

Since the image from ideal theoretical data should only b acancies with Si atoms at bulklike positions in the Si ad-

better than the one from the experiment, the situation in th yer as shovyn in F|g.(4). The re;ultlng Image In Fig.(B)
latter has somehow to be more favorable for LEED hologra—'s of impressive clarity and contains all essential features of
he result obtained with the experimental data. We take this

phy than so far assumed, which, of course, demands clariff! RO )
cation. as a strong indication of the correctness of our reasoning,

As mentioned above, a severe source of an algorithmi@'though we want to stress again that there is yepruper

breakdown at its current level of development is given by thetheoretical treatment of the multiple beam-splitter difficulty
multiple beam-splitter problem. Therefore, we reconsidered” LEED holography. It should further be noted that in our

the atomic arrangement of the Kulakov model under thigest mode, cf. Fi_g.@:),_we only filled the .Si monolayer. The_
point of view. Since it was derived in close analogy to theadatom supporting trimer atoms are still not repeated with

DAS model, its Si adlayer is not completely closed but con-"€ Pulk periodicity and thus break the X1L) periodicity,

tains vacancies to relax the stress induced by the lattickPO-
mismatcht® These so-called cornerholes appear just like in

, . VII. INFLUENCE OF SUBSTRATE RECONSTRUCTIONS
the S{111)-(7%x 7) structuré and break the (X 1) period-
icity as much as the identified beam splitting atom on top of What had started as a pure necessity to ensure the correct
the tetramer. Consequently one might also concede them thweorking of the holographic algorithm subsequently turned
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out to be the last required piece for the solution of the
(3% 3) puzzle. Since LEED holography seemed only fully
consistent with a Kulakov-derived model containing one tet-
ramer in local stacking fault orientation on a closed Si ad-
layer without cornerholes, a careful reconsideration then ’ C e e .
showed that indeed there had been no other reason for in- *° - s e
cluding the cornerholes at first hand but the sole analogy to
the DAS model. The situation for S{C11)-(3X3), where
the Si adlayer shows an intrinsic lattice mismatch of 20%
with respect to the underlying substrate, might however re-
quire a different form of relaxing the lattice strain under
simultaneous dangling bond saturation than the cornerhole
and dimerization principle underlying the homoepitactic
Si(11D)-(7X 7). As a further hint, the obtained STM images .
of the (3x3) phasé®?! never showed comparably strong . +
cornerhole depressions as visible on the silicon surface. .
Consequently, the thus most favored model with filled .l -
cornerholes was input to a refining LEED and density func- %
tional theory(DFT) analysis. Even though the holographic
results had considerably reduced the multiparameter space
for the trial-and-error search of both methods, it should how- FIG. 6. Same as Fig. 2, but using simulatétf) curves of the
ever be emphaS|zed that the remaining Strucw_re _dEter.mmﬁhal twist model as described in Sec. VII. The electron energy
tion was still a tremendous task: there is a qualitative dn‘fer-range was 65-300 eV the kernel const@rt0.75 A and the maxi-
ence between a coarse local beam-splitter surrounding tha, noise level is at él%noise cutoff: 25%
depicts a small fraction of the huge surface unit cell and a

de.ta?led variation of all involved atomic positions ona d_ensq,\,ith respect to the major rupture of periodicity caused by the
grid in steps of a few hundredths of Angstis. It was in this  introduction of a completely new and elevated atom such as
respect most gratifying that both analyses independentiyhe adatom in the present structure. In this context, it is also
yielded the same full (33) structure by input of the holo- jmportant to notice that the majority of such shifts is far
graphically recovered cluster: the resulting findkist  pelow the resolution capabilities of LEED holography at its

modef! can indeed essentially be described as a SiC Sulyresent stage, which can typically be stated tod@6 A.
strate with a strongly buckled Si adlayer without any corner-

hples plus one tetramer per surfape unit cell consisting .of a VIIl. CONCLUSION
trimer and one adatom. These trimer atoms and the Si ad-
layer below locally resemble a Si bilayer in stacking fault In the present paper we described in detail the contribu-
orientation. A more detailed description of the exact modekion that holographic LEED can provide, when applying it to
and both analyses involved will be given elsewHgr&. a complex superstructure. Using a holographic interpretation
Yet we have to realize that the bond optimizing relax-of fractional order spot intensities, a 3D image of the local
ations inside the adlayer also contribute to the superstructurgeometry around an elevated, periodicity breaking adatom
spot intensities and might consequently affect the working otan be retrieved. The structural unit thus obtained has to be
the holographic reconstruction algorithm: each atom that hasonsistent with the real space atomic structure and can be
left its (1X 1)-like position has, in principle, to be regarded used to considerably reduce the multiparameter space and
as a possible additional beam splitter in view of the discuspossibly enable the trial-and-error search of geometry opti-
sion in Sec. VI. Therefore, as a final test, we usedl{hé mizing methods like quantitative LEED and DFT energy
curves calculated for the exact geometry of the optimizedninimization. We exemplified this for the case of the
model as input to the holographic algorithm. The resultingSiC(111)-(3x 3) phase, where the holographically derived
image is displayed in Fig. 6 and shows exactly the samedclusterdirectly rules out the majority of all previously ex-
local adatom environment as the experimental data, whicksting models of this surface and whose geometry has now
we—even in the presence of buckling—take as a final proobeen fully confirmed by the finalvist model obtained inde-
of the validity of our method. In accordance with the expe-pendently by conventional LEED and DFT. This application
rience made recently with other, simpler structufethe ef-  additionally marks the first example that a holographic inver-
fect of the slight deviations from bulk-like positions on the sion of LEED data actually played a crucial part in the de-
reconstructed image is apparently negligible and leads onltermination of a complex and priori unknown structure.
to an increased overall noise level, which can be seen com- We have illuminated the power and the limits of this ho-
paring Fig. 8b) and Fig. 6, whose underlying structure dif- lographic LEED method for ordered surfaces. Even in the
fers exclusively by just these substrate relaxations. All thidest of all cases the obtained image is restricted to the local
becomes more understandable when recalling that it is agageometry around the prominent beam splitter. Only for very
only the differencein the outgoing wavelets arising from simple surfaces, this uniquely determines all atomic posi-
buckled atoms that can act as a conduit for diffraction intentions inside the unit cell. Furthermore, exclusively for such
sity in the fractional order beams. Tkadditionally damped  simple test surfaces has this still developing method been
contributions due to these shifts can hence be regarded sméltloroughly tested so far. There, some severe problems like

b teees.
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the multiple beam-splitter problem encountered in thedirectsimplicity that already now renders holographic LEED
present investigation do usually not arise and have thereforeuch an ideal supplement to its established trial-and-error
not yet been theoretically treated. Consequently, the systembrethren, even though the young method has still a long way

to which holographic LEED is to be applied, have for the
moment to be chosen with great care.

Nevertheless, regarding the immense problems that quan-

titative LEED and DFT face with complex, large superstruc-

to go.
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