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Photoelectron holography of the In-terminated S{001)-(4X3) surface

Paul J. E. ReeseT. Miller, and T.-C. Chian§
Department of Physics, University of Illinois at Urbana-Champaign, 1110 West Green Street, Urbana, Illinois 61801-3080
and Frederick Seitz Materials Research Laboratory, University of lllinois at Urbana-Champaign, 104 South Goodwin Avenue,
Urbana, lllinois 61801-2902
(Received 1 August 2001; published 15 November 2001

Photoelectron holography is used to examine the structure of a complex surface, which has been debated in
the literature. This is the (4 3) reconstruction of the In-terminated(®01) surface. The seven models pre-
viously proposed for this system are presented, and the holographic atomic image resulting from experiment is
used to identify the correct model.
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For over a decade, the technique of photoelectron hologdata from their models. In 1996, Yeoet al® examined this
raphy has been the subject of numerous studies involvingame system with core-level photoemission spectroscopy
theoretical, modeling, and experimental work in an effort toand determined that only one component could be resolved
bring it to its fullest potentiat-® Unlike other diffraction  for the In 4d core level, thus suggesting that the In adatoms
techniques based on refinement of an assumed model, whighould all lie in nearly identical bonding sites. This contra-
may or may not be correct, this technique is capable of prodicted the models proposed by Steeteal.
ducing three-dimensional atomic images of surfaces by di- Zotovet al* used a low-energy electron-diffraction tech-
rect data inversion, and is thus free from such modeling erhique, along with Auger electron spectroscopy, in 1997, to
rors. Another advantage is elemental specificity, allowingdemonstrate that when H atoms were used to replace the In
one to examine distinct chemical sites. The resulting holoatoms in this system, a (41) reconstruction remained in
graphic image consists of atoms neighboring an emitter sitéhe Si substraté* This should be taken into account in a
whose core level is measured by photoemission. While thisuccessful model of this system. They lafeproposed a
technique has been demonstrated to work for simple modénodel which would satisfy this requirement, as well as re-
systems, it has remained a challenge for practical applicauirements of previous studies. At around the same time
tions involving more complicated surfaces where such direct1998, a study by Bunlet al® using surface x-ray diffrac-
methods would be most useful. The difficulty lies in the facttion determined a structure for this system that also satisfied
that the number of possible atomic sites neighboring an emithe “nearly identical sites” requirement of Yeoet al. The
ter increases rapidly as the complexity of the surface struceriginal study by Bunket al. didn’t consider the structure
ture increases. With a finite achievable resolution, the numeiproposed by Zotovet al. for comparison to their x-ray-
ous atomic images can merge, diminishing the informatiordiffraction results. In a later comment on Zotetv al's ar-
content. Over the past several years, significant progress htisle, Bunket al* reported on their effort to fit the structure
been made in the holographic method that allows optimunproposed by Zotowet al. with their x-ray-diffraction data.
use of data to achieve a predictable resolution. The preseriihey concluded that fits to that model were inadequate when
work takes advantage of the latest developments to solve trg@mpared to their own model. Shortly thereafter, as a result
structure of a complex surface, the In-terminate@®@1l) sur-  of using a macroscopic counting technique with STM to ana-
face with a (4<3) reconstruction. This surface has beenlyze the number of In atoms in each unit cell, Saragtial °
studied with various other techniques, each of which proimodified the previously proposed model of Zotewal. to
vides valuable information, but none can completely specifyinclude one In adatom in addition to the six replacement
the structure with certainty. As many as seven models havatoms of the previous model, for a total of seven In atoms
been proposed previously. Only one of these agrees wither (4<3) unit cell. This also brought the total number of
our holographic image, and this is identified as the correcproposed models for the system up to seven. These seven
structure. models are presented in Fig. 1. In each case, two3% unit

A summary of the seven models is given below, and thecells are shown in both top and front views. For the top view,
large differences among these models illustrate the potentighe 3Xreconstruction direction is along the vertical.
pitfalls in using indirect information for model construction. ~ Photoelectron holography, with its element-specific, direct
This system was studied in 1991 by Baski, Nogami, andmaging capability, would be useful for resolving this case.
Quaté using scanning tunneling microscog@TM). They  Our work is a holographic study based on the lth ore-
were unable to achieve atomic resolution of the In adatomdgvel emission, which should yield images of the Si neigh-
but were able to define certain limits for proposed models oboring atoms. However, considering that the reconstruction
the unit cell. In 1994, Steelet al® studied this system using involves approximately six or seven different In atoms in the
impact-collision ion-scattering spectrometyCISS) and  unit cell in various local bonding geometries, the holographic
STM. Based on the STM work, they proposed four possiblémages, reflecting a superposition of these geometries, can be
models for the unit cell. They then compared these modelairly complicated. Because the rectangulaix(3) unit cell
with ICISS data and determined a closest match with thahas a lower symmetry than the X1L) unreconstructed Si
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(@ collection, and for each direction 40 spectra were taken using
a hemispherical analyzer with an angular acceptance of
+1.5°. The polar emission angles covered a range of 0°
< #<65° relative to the surface normal. The azimuthal
angles covered a range of €%<90° relative to thg 110]

direction. The data set was expanded using the twofold rota-
tion symmetry and appropriate mirror symmetry of the sur-
face. These symmetry operations expanded the number of

emission directions to 184, resulting in a total of 7360 points
in k space within the range of 2.3&<k<55A"1.
Holographic images were derived from the acquired in-
? gﬁq ?

(c

tensity data using the derivative method in order to minimize
experimental errors caused by drift and variation in experi-
mental parameters, and a sweeping-cone algorithm was em-
ployed to overcome the phase probl&MiA brief outline of

malized to a smooth background functitf(k,k) to yield
the fine-structure function

f) the method follows. Along each emission directikn the
measured logarithmic intensity derivatives are numerically
integrated to yield the intensiﬂ;(k,R) as a function of pho-
toelectron wave vectdt. This is then subtracted by and nor-

(9 I (k,K)—19(k, k)
' In adatom X(k,k) — ; - ,
) Insubstitutional atom 1=(k,k)
¢ Siadatom which shows oscillations caused by interference from scat-
4 Sitop layer atom tering by near neighbors. The holographic transform involves
#  Sisecond layer atom a three-dimensional numerical integration in the reciprocal

space using all of the fine-structure functions deduced from
the experiment, and is given by

FIG. 1. Proposed models for In/Si(081{4 X 3). (a)—(d) repre-
sent Steeleet al’s models. (e) represents the model from Zotov
et al. Saraninet al’s model with seven In atoms per unit cell is U(r)=f f f x(k)exp(ik-r—ikr—i¢)g(k)dk
shown in(f). (g) is the model presented by Buek al. Both top and
side views are presented for each model. Thk0] direction is to  whereg(k) is a window function that incorporates a sweep-
the right. ing angular cone and a Welch function knmatched to the
experimental data range. A calculated backscattering phase

substrate, two orthogonal domain orientations can be simushift ¢ is employed, but its effect is negligible for the present
taneously present for commonly used Si substrates. This réystem because it is fairly constant over the range of the
sults in a superposition of holographic images from thes@xperiment.
two domains and effectively doubles the number of imaged We define the coordinate system with the In adatom at the
atoms. This causes additional complication, and must berigin, thex andy directions alond110} and[llO] respec-
avoided if possible. The two-domain problem is solved intively, andz along the surface normal. Figuréh2 shows an
our experiment by using a vicinal substrate with a miscut ofexperimental image corresponding to s planar cut atz
about 4° towards thgL10] direction. A miscut of this size is =—1.4A. This z value corresponds approximately to the
known to favor double steps on the(@)1) surface instead majority of expected first-neighbor Si atoms, and shows
of the usual single steps. After In deposition, a single-domaimmore details than cuts at other heights. The image has a size
orientation of the (& 3) reconstruction was obtainéfias  of 6 Ax6 A, and is centered about the origin. The results
verified by reflection high-energy electron diffraction in our show four bright peaks ag=*+1.4A andx=+0.4A. In
experiment. addition, a “tail” can be seen extending from these peaks
Our preparation of the (4 3) reconstruction of the In- around toward thex axis, together with some weaker
terminated S001) surface followed the recipes given in the features.
literature, and involved deposition of about three monolayers Figure 2 also contains holographic images calculated
of In at elevated temperatures followed by prolonged annealfrom the seven models discussed above, using parameters
ing to desorb the excess In. Photoemission spectra of the land data structure corresponding to the experiment. These
4d core level were collected at the 1-GeV storage ring Al-are essentiallyfuzzy) ball models involving a superposition
addin at the Synchrotron Radiation Cent8toughton, Wis-  of neighboring atoms for all inequivalent In emitters. Figures
consin. A total of 46 emission directions were used in data2(a)—2(g) are derived from the models presented in Figs.

233307-2



BRIEF REPORTS PHYSICAL REVIEW B 64 233307

axis, but no sign of the “tail” from the experimental result.
(a) Figure 2f) has a “tail” that is somewhat similar to the ex-
perimental data, but this “tail” has its intensity peaked at the
X axis, whereas the experimental result shows a node in the
tail at thex axis. Figure 2g) contains both the two bright
atomic pair images and a “tail” that dies off near zero at the
x axis. Thus, the major features of the experimental results
are only reproduced by the model shown in Figg)1In this
model, the tail in the image arises from atoms 0.4 A above
the image plane.

The experimental image additionally contains some weak
features near the center of the picture, which are not repro-
duced by any of the models. The likely source for this dis-
crepancy is the high density of step edges on the surface. The
4° miscut is necessary in the present experiment to suppress
two-domain formation, but leads to a relatively small plateau
width of about 40 A. The result is that some 20% of the unit
cells can be expected to be partially distorted or modified by
the step edges. Such “misplaced” indium atoms must be
expected to add some weak features to the primary image.

Although the present study is a success, it illustrates the
limitations of photoelectron holography as a method of direct
imaging for complex surfaces. Namely, numerous neighbor-
ing atoms in the image involving inequivalent sites can
merge, making it impractical to reconstruct the atomic struc-
ture directly from the data. In the present case, we have
employed a hybrid method that is somewhere in between
traditional diffraction analysis and true holographic recon-
struction. A comparison of the experiment and model is car-
ried out in real space to identify the correct structure. This is
still better than pure diffraction methods where the compari-
son is made in reciprocal space; very different real-space
models could yield similar diffraction results, thus possibly
leading to erroneous conclusions.

To summarize, this work is an effort to use photoelectron
holography to solve the structure of a complex system. Our
photoelectron holographic image for In on Si shows that the
model developed by Bunét al. based on x-ray diffraction is
the correct model. This work establishes photoelectron
holography as a practical structural tool even for complex

FIG. 2. Planar cuts of holographic imageszat— 1.4 A. (a)— systems.
(g) are calculated holographic images derived from the seven pro- ]
posed models shown in Figs(al—1(g), respectively(h) is the ex- This work was supported by the U.S. Department of En-
perimentally determined holographic image. Tha0] direction is ~ €rgy (Division of Materials Sciences, Office of Basic Energy
to the right. All images have the same scale of 8 AA. Sciencep under Grant No. DEFG02-91ER45439. The Syn-

chrotron Radiation Center of the University of Wisconsin-
1(a)—1(g), respectively. Comparing the models to the experi-Madison is supported by the U.S. National Science Founda-
mental result, we note that Figs(a®, 2(b), and Zd) show tion Grant No. DMR-00-84402. An acknowledgment is made
bright images along the axis that are clearly missing in the to the donors of the Petroleum Research Fund, administered
experimental result. Figure(® has no such image, but the by the American Chemical Society, and to the U.S. National
large intensity maxima centered about thaxis clearly do  Science Foundation Grant Nos. DMR-99-75182 and DMR-
not correspond to the experimental result. Figufe) 2loes  99-75470 for partial personnel and equipment support in
have the two bright atomic pair images centered abouythe connection with the synchrotron beamline operation.
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