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We report the first atomically resolved images of ordered Au trimers ¢hl$i/3x 3R30°-Au using
wave-front reconstruction of scanned-energy glancing-angle Kikuchi electron spectra. Each Au image has a
resolution(full width at half magnitudgof less tha 1 A . Theimages indicate that Au trimers are ordered and
nonrotated within the surface plane and with respect to the second-layer Si plane providing direct evidence of
the conjugate honeycomb-chained-trimer model for the\Busystem[S0163-18206)07823-X]

The 3% /3 R30° (henceforth\/3) structures of noble present the first atomically resolved images of Au atoms in
metals Ag and Au on $111) have been the subject of par- the trimers of the Aug3 system. Each Au image has a reso-
ticularly intense studies because of the complexity of thdution (full width at half magnitudg of less than 1-A . The
atomic arrangements at the interfdce each case, the ad- images are obtained by wave-front reconstruction of
sorption of the metal atoms induces extensive surfacécanned-energy glancing-angle Kikuchi electron spectra. Be-
restructuring—the top-layer Si atoms are completely peelegides images of atoms within each trimer, we also obtain
off and replaced by the metal atoms. ng periodicity is images of atoms in ne|ghb9r|ng tnmers. As will be shown in
formed by subsequent rebonding of the metal atoms with §h's paper, the latter provides direct evidence that the Au
atoms in the layer belo#:* Here, the two metal systems LIMers are ordered and nonrotated.
follow different paths: As explained by Ding, Chen, and Ho,
in the Au-J/3 system, the Au-Au bond is stronger than either (a)
the Au-Si or Si-Si bond. This results in Au trimerization in
the surface layer and the Si lattice below distorts to bond to
the Au trimers(see Fig. 1 The situation is reversed for the
Ag-+/3 system, where the Si-Si bond is stronger than either
the Ag-Si or Ag-Ag bond. Here, the Si atoms in the second
layer trimerize and the Ag atoms are bonded to the remain-
ing dangling bonds on the Si trimetsThe structures of the
two metal-semiconductor systems, known respectively as the
honeycomb-chained-trimefHCT) and conjugate honey-
comb-chained-trimefCHCT) models for Agx/§ and Au-

J3, are supported by results of first principles total-energy
calculations’® low-energy electron diffractionLEED),®’
x-ray diffraction® and a host of other surface characteriza-
tion technique$:®-12

The Au-Au bond length in the trimers of the AB sys-
tem is 2.81 A . Because Au is a strong scatterer and the
trimers are on the surface layer, they should be good candi-
dates for direct imaging. Surprisingly, to date, no imaging
technique has successfully resolved individual atoms in the
Au trimer. Scanning tunneling microscof$TM) pictures of
the Au-/3 system show one maximum per unit celt®
Simulation predicts that the maximum corresponds to the
center of a Au trimer. Unfortunately, this is the case for both  FIG. 1. Schemati¢a) top view and(b) side of the CHCT model
filled and empty stateStherefore, individual atoms in the Au  for Si(111)-/3-Au. The largest circles i) and (b) represent Au
trimers can never be resolved by STM. In this paper, weatoms. All other circles represent Si atoms.
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{a) Si(111)-R3xP3-Au Kikuchi Patterns

166eV 2 7V (a)- 7=-219A

FIG. 4. Atomic images reconstructed from normal incidence
Kikuchi electron patterns. The images are viewed in plaaggb),
and(c), respectively, of Fig. (b).

FIG. 2. Six Kikuchi patterns displayed in orthographic projec-
tion. Each pattern is threefold-symmetry averaged. The anguldf@ined. We f_urther measure the LEHV spectra and com-
opening is 104°. pare them with published resulisee below. The wave-front

reconstruction of Kikuchi electron spectra is carried out at
Because we obtain the real-space informatiomic im- this coverage. This precise correlation between LEEI_D pat-
terns(sensitive to the long-range ordeand real-space im-

wave-front reconstruction of reciprocal- - - ) . T
ages by wave-front reconstruction of reciprocal-space Specages(sensnwe to the local ordgis particularly useful in this

r hi r llow reci rrelation ween .
tra, this process allows a precise correlation bet eecase because recent STM studies show that at quoted 1-ML

k-space patterns and real-space structure. The Au coverageolrs higher Au coverages, the periodicity is<® and not

carefully monitored until a sharg3 LEED pattern is ob- J3.15717 STM also observes that at 1-ML or higher cover-
ages, considerable amounts of defects in the form of domain
walls are present on the surfae® Both STM and x-ray
diffraction studies find that th¢3 phase corresponds to a Au
) I L coverage of 0.8 ML or les¥*>6Thijs has led to the specu-
lation that perhaps a different model with or§yML of Au
atoms is required to explain thé3 structure. Our result di-
rectly rules out this possibility. We confirm that at a Au
coverage corresponding to very shaf@ LEED spots and
below the transition to the X6 periodicity, the real-space
[~ arrangement consists of ordered Au trimers in accordance
III ¢ with the CHCT mode?.

The experiments are carried out inuametal UHV ana-
lyzing chamber (base pressure below X310 1° Torr)
equipped with a three-grid rear-view LEED optics. The

] M; Si(111) substrate is cut from an-type commercial wafer.
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4.0 4.5 50 55 6.0 FIG. 5. lllustration of expected atomic images from glancing-
k -1 angle Kikuchi electron wave-front reconstruction. The incident
momentum (a-u- ) beam travels from bottom to tofa) Top view of Au trimer(labeled

1, 2, and 3 and its nearest-neighbor trimer; panély to (e):
FIG. 3. The normalized intensity modulations of Kikuchi elec- emitter-scatterer pairs which contribute to the hologréfn.The
trons at I,¢p=45°, 6=32.5°; Il, $=37.5°, 6=35°; Ill, $=30°, expected atomic images from all inequivalent emitter-scatterer
6=37.5° IV, ¢=20°, 6=225°; V, ¢=5°, 6=37.5°; VI, pairs. The color photograph on the right shows the images by in-
$=0°, 6=17.5°. verting data.
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Sharp 7X7 LEED patterns are obtained after repeatedmust use a grazing-incidence-beam—backscattering detection
sputtering-annealing cycles. Gold is evaporated at room tenrgeometry. We rotate the crystal so that the LEED gun is
perature and a sharB pattern is obtained after annealing at pointed along thg211] direction at 80° from the surface
700 °C for about 10 min and slowly cooled. The coverage ofnormal. In this scattering geometry, the majority of the col-
Au is estimated to be slightly below 1 ML, consistent with lected Kikuchi electrons come from backscattering within
earlier works. We measure the LEBM spectra of they3  the first two layers of the sample. Also, the much stronger
surface and find them in excellent agreement with the pubscattering factor of Au compared to Si further enhances the
lished results of Quinn, Jona, and Marcusikuchi patterns ~ contribution from the Au layer. In Fig.(8), we show a Au
with the incident beam normal, and 30°, 80° from normaltrimer (atoms labeled 1, 2, and) &nd its nearest-neighbor
with its parallel component pointed towards {{#41] direc-  trimer in the CHCT model. Atom 5 is a second-layer Si
tion, and 70° from normal with its parallel component to- atom, 0.46 A below the plane of Au atofhdn Kikuchi
wards the211] direction are recorded with a frame-transfer €lectron imaging, every atom acts as a reference atom. Fig-
charge-coupled device camerd2-bit digitized readout, ure Sb) showsE, one as the reference atom, from which the
1024x 1024 pixel$ coupled with an optical lensf(0.85).  nearest-neighbor aton® andS; are imaged by backscatter-
The patterns of the fifteen different runs are averaged in redng. Similarly, Figs. §c) and §e) show atomE;(E;) as the
time to improve the signal to noise ratio. The electron-beanieference atom, imaging atoy in the next trimer. From
energies are varied from 120 to 700 eV. The suppressor vol-EED, this next-nearest-neighbor Au-Au distance is 4.4% A.
age used in these experiments is 12 eV. The entire 64-enerdygure d) shows the second-layer Si atdsg imaging Au

experiment takes less than 40 min. atomS,. Translation of the four reference atoms to a com-
The Kikuchi electron patterns are inverted using themon origin results in a predicted image depicted in Fid),5
integral-energy phase-summing methdBPSM) to elimi-  if the CHCT model is correciThe color figure on the right is

nate multiple scattering contributioh&:?®> The inversion the actual image obtained by reconstructing 32 grazing inci-
produces atomic images which represent vectorial atomic padence (80° from normalKikuchi electron patterns in the
sitions of near-neighbor atoms measured from reference aenergy range 196 to 389 eV. Referring to the color figure, the
oms. The information is averaged over all equivalent refertwo brightest spots 2.78 A from the origin are Au atoms in
ence atoms. We first show the normal incidence data anthe same trimer. Their positions are shift@hlie to a phase
their inversion of the AuJ3 system. Figure 2 displays six Shiftinduced by the scattering factf) by less than 0.03 A
Kikuchi patterns taken at different incident energies. The pofrom the LEED determined valeThe two furthest spots
lar angular range is 10° to 52° due to constraint of the LEEDA.43 A away{LEED result: 4.44 ARef. 6] are equally well
optics. Diffraction features in the patterns exhibit a strongresolved and free from streaking. This is direct evidence that
energy dependence. For inversion, a total of 48 patterns witf€ Au trimers are mostly well ordered. Further evidence of
energies ranging from 196 to 514 eV are used. The intensitprdered trimers on the surface is the sharp spot 2.40 A due
is first normalized and plotted as a function of wave numbernorth of the origin. According to Fig. (8), this spot is the
We show in Fig. 3 six such scanned-enefgsave-number image of Au atom 4 seen from the second-layer Si atom 5.
normalized modulationg(k;). The normalization and inver- The isotropic shape of the image and the lack of streakiness
sion follow the procedure set forth in the integral-energyOf the spot suggest that the Au trimers are well ordered with
phase-summing methdf2® In the 300-eV or so energy respectto the second-layer Siplane. In the grazing-incidence
range used, backscattering modulations which have shorté@ckscattering geometry, only scatterers lying to the far side
wavelengths dominate the diffraction featuf&s®® At nor-  of a reference atom from the electron gun are imaged. Also,
mal incidence, we expect to observe only Si atoms at bullvvith a Au atom as the reference atom, both first and second
sites. Figure 4 shows the reconstructed images viewed iReighbors are imaged. With the second-layer Si akfnas
three planes parallel to the surface. These@ra plane 2.19 reference, only its nearest neighbor is imaged.
A from the origin. Referring to the bottom diagram of Fig. 1,  In conclusion, we have shown that inversion of scanned-
this plane passes through from above the finite-sized imagenergy, glancing-angle Kikuchi electron spectra produces di-
of atomC, with B as the reference atofor other equivalent rect evidence that ordered Au trimers are arranged in the
pairs; (b) a plane 2.74 A from the origin, which again passesCHCT configuration for the Auf3 system. The Kikuchi
through the image of ator®, with B as the referencéor  electron spectra are measured at a coverage wherg/3he
other equivalent paiys The same plane also passes through-EED spots are the sharpest. The Au coverage is estimated
the images of atom®, D’, ..., arranged in an upside- to be slightly below 1 ML. As shown by recent STM work,
down triangle, withB as the reference atom, &, D’,..., there is a sizable amount of domain walls at this
arranged in an upright triangle, with as the reference atom coverage®>~1’From the LEED spots, the Au trimers within a
(or other equivalent groups The seven highly resolved domain and among different domains must have a good
spots, each corresponding to a single atom, are clearly sedong-range order. Surprisingly, the best long-range order of
in this figure. Finally,(c) shows a plane 3.84 A from the the Au trimers is not at a lower coverageelow 0.8 ML)
origin that passes through atos D', .. ., arranged in an  where STM detects few domain walfisThe role of the do-
upright triangle, withA as the reference atorfor other  main walls in enhancing the long-range order and reducing
equivalent groups All the images are free from artifacts, the total energy of this surface remains unsolved.
and correspond to Si atoms arranged in a lalk) lattice. In Kikuchi electron spectra inversion, both surface and
To image the Au atoms, thought to be on the surface, wdulk information can be obtained by changing the angle of
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incidence. Kikuchi electron patterns are easily collected us- Y.C.C. and C.M.W. acknowledge the support of the Na-
ing laboratory-based equipment and data acquisition takefonal Science Council, Republic of China under Grant No.
only a few seconds per pattern. The AB- system is an NSC-84-2112-M-001-006 and No. NSC-82-0208-M-007-
example where the superior resolution of the method allowd11; S.Y.T. acknowledges support from the University of
an unambiguous interpretation of the images even in thélong Kong and NSF Grant No. DMR-9214054 and ONR
presence of multiple, inequivalent reference atoms. Grant No. N00014-90-J-1749.
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