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Surface-sensitive x-ray standing-wave study of §111)/3x \/3-Ag
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By combining the surface sensitivity of low-energy elastic photoelectrons with the position sensitivity of the
x-ray standing-wave technique, we have determined both the Ag and Si atomic heights at the
Si(111)\/3x \/3-Ag interface. Our data give evidence that theL$1)/3x \/3-Ag surface consists of a missing
Si top-layer reconstruction, with Ag adatoms terminating the structure. The perpendicular height of the Ag
layer and the first Si layer supports the honeycomb-chained-trimer model proposed for this infSGA63-
182996)02624-0

Despite intensive investigation since its discovery in 1967on the arrangement of the Si atoms within the near surface
by low-energy electron diffractiofLEED),! a consensus was determined, and the idea that the Ag-Si surface may be
concerning the structure of the($11)\/3x /3-Ag surface terminated with Si atoms in a honeycomb arrangement
has only recently begun to forfiThe ambiguity had arisen, persisted*?
in part, because of the complex arrangement of the Ag and Si A reanalysis of the XRD datf indicates that the struc-
atoms within the near surface. tural refinement of the HCT structure is very sensitive to the

Early scanning-tunneling-microscopy(STM) studies fitting parameters assumed in the calculations, including the
found the Ag-Si surface to consist of a honeycomb arrayDebye-Waller parameters for the nine topmost Si planes, and
with two bright protrusions pet/3x /3 surface-unit ceff*  that better quality data may be required to obtain accurate
These protrusions were, however, attributed t6R&if. 3 or  parameters? These results, however, are in agreement with
Ag (Ref. 4 atoms in back-to-back studies. This confusionx-ray photoelectron diffractidnand coaxial impact-collision
was propagated in other investigations utilizing Auger elecion scattering? which indicate that the very topmost surface
tron spectroscopy which concluded that the Ag saturatiohayer is Ag and not Si.
coverage for this surface is eithéror 1 ML.>® In a STM Due to the lack of chemical specificity in STM, and be-
reexaminatior, the lateral registry of the protrusions relative cause STM simultaneously measures topography and elec-
to the clean Si111)7 X7 adatom structure were determined, tronic density of states, interpretation of the STM images for
and the protrusions were again attributed to Ag atoms, althis system was complicated. A recent theoretical Wbilk
though it was argued that the full double-layer structure oflustrated that an unoccupied surface state close to the Fermi
the S{111) surface remained intact. level, for the HCT model terminated by a full monolayer of

In a later x-ray standing-waveXSW) study, Vlieg, Fon- Ag atoms, could account for the honeycomb array observed
tes, and PatBldetermined the position of the Ag atoms rela- in STM. Likewise, the theoretical charge distributions for the
tive to the Si-bulk-diffracting planes. This study supportedoccupied states for this model resemble the atomic arrange-
an earlier proposed honeycomb-chained-trigh6€T) model  ment of the Ag atoms in this model. Recent experimental
which was based on x-ray-diffractiotXRD) datd ‘2 and STM images obtained from tunneling into the empty states
consists of a missing-top Si layer. One of these studies alsand out of the occupied states have confirmed these
included termination of the/3x /3-Ag structure with Si conclusions?
atoms rather than AgUnfortunately, typical XSW data de- ~ Additionally, a prior low-energy electron-diffraction
termine only the impurity or adatom positions relative to thestudy suggested that Ag is not required for the formation of
diffracting planes of the host crystal; hence no informationthe \/3x /3 structure, and that when Ag is present it forms a
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diffuse interface with no long-range ord€rHowever these R : , , :
results contradict studies by STRefs. 3, 4, 7, and 15and
XSW .2 which indicate that Ag atoms in this structure do
have both short-range and long-range order. Also, more re-
cent LEED analyses indicate that th& data are consistent
with the HCT model with long-range ordér!®

Although there appears to be a consensus on the structure
of this surface, most of the techniques used to date require a
complex modeling of the experimental data by varying fit-
ting parameters. Further investigation of this system is war-
ranted by a technique which is not dependent upon fitting the
experimental data to assumed structural models. In this
work, we utilize the recently developed surface-sensitive
XSW techniqué® to study the position of the Si atoms within
the near surface at the ($11)\/3x /3-Ag interface. Com-
bined with conventional back-reflection XSW data, we inde-
pendently determine both the Ag and Si atomic positions RN T T T TR
within the near surface. Our findings give compelling evi- 1973 1975 1977 1979 1981
dence that the structure consists of a missing-top Si layer Photon Energy (eV)
which is terminated with Ag atoms. A relatively large reduc-

tion in the perpendicular height of the top-layer Si atoms pig. 1. photon-energy dependence of the reflectivity and
from their ideal-bulk position suggests that they are trimerhe packground-corrected AgMNN x-ray standing wave
ized, in accord with the HCT model. near the Sil11) Bragg back-reflection condition for the

The experiment was performed on the “Jumbo” dOUble_'Si(lll) V3% \3-Ag surface. The lines are the best fits to the data
crystal monochromator at the Stanford Synchrotron Radiapoints (see text

tion Laboratory in a standard ultrahigh-vacuum chamber

equipped with a double-pass cylindrical mirror analyzeryng agjusting it for a small energy offset. Shown also is the
(CMA) and low-energy electron-diffractioLEED) optics.  yna1on energy dependence of the background-corrected Ag
Clean S{111)7x7 surfaces were prepared by ﬂf‘Sh'ng de-\NN (350 eV) Auger yield. This signal is compared to a
greased and degassed(13i) wafers to 1050 C._ _The least-squares fit by the functizh
Si(111)\/3x \/3-Ag surfaces were prepared by depositing ap-
proximately 1 ml(calibrated by a quartz-crystal balanas
Ag from a thoroughly degassed W coil followed by heat Y=1+R+2\RF cog ¢—2mv).
treatment to 575 °C for 15 min. This procedure produced
sharp 3% \/3R30° LEED patterns with no residual>X77  The pertinent fitting parameters for the standing-wave pat-
spots of the clean Si surface. tern arev, the coherent distance in units of the reflecting
Back-reflection x-ray standing-wave data were collectedblane spacing, ané, the coherent fraction of atoms at
in a fixed-angle normal-incidence diffraction geometry byR is the reflectivity andp is the phase of the standing wave.
scanning a pair of InSh11l) monochromator crystals The best fit to the Ag standing-wave pattern determines
through the SiL11) Bragg back-reflection condition, which »=1.07+0.02 andF=0.94+0.1 These numbers are indis-
occurs near 1977 eV. Data from the Ag overlayer were retinguishable (within the experimental uncertaintyfrom
corded in the constant-final-state mode both at the Aghose reported by Vlieg, Fontes, and Pafet the same sur-
MNN Auger line (350-eV kinetic energyand 50 eV above face, and they support the HCT model as previously
it at background. Surface-sensitive Si data were recorded described
from the overlayer covered surface in the constant-initial- Although these data very accurately determine the posi-
state mode both at the Sklphotopeakaround 130-eV ki- tion of the Ag atoms relative to the [3iL1] bulk-diffraction
netic energy and 5 eV above it at background by scanningplanes, they contain no information on the position of the Si
the CMA kinetic energy and the monochromator simulta-atoms within the near surface. Note that the HCT model is
neously. The reflectivity spectra were measured by the inciunique to most other surface structffds that it consists of
dent flux monitor, which consisted of an 80% transmitting Nia missing-top Si layer. Further analysisf [111] and[220]
grid and a channeltron upstream of the sample. As the energgflections found the Ag atoms to be laterally reconstructed,
is swept through the Bragg condition, the back-reflectecand the data consistent with a Ag-Ag bond length of 3.5 A;
beam intensity from the crystal at normal incidence is ob-however, the termination of the Ag-Si surface remained an
served on top of the signal from the incident flux. The de-open issue, and the standard XSW technique alone is not
tection of the reflectivity peak is critical for the analysis be- sensitive to surface relaxation.
cause it provides fiducial information on the energy In order to determine the structure of the Si atoms within
resolution and energy calibration as well as control of thethe near surface, we turn to the standing-wave data collected
sample alignment. by monitoring the surface-sensitive S signal. Much suc-
Figure 1 shows the Gi1]) reflectivity along with the best cess has been achieved recently in the application of the
fit to the data points. The fit is the result of convoluting the XSW technique to the study of clean surface reconstructions
theoretical reflectivit$? with a Gaussian of width 0.70 eV through the use of surface-sensitive electron detection to-
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iy FIG. 3. Side view of the $111)y/3x y3-Ag HCT model with
TRUUUR TOUSUHUE SYOVTUVI FOVOYDUI POUON SO IURTOUUON DOUSY SOV OO Si and Ag perpendicular distancesn units of the Sil11)
1973 1975 1977 1979 1981 reflecting-plane spacifjqs determined from this work.

Photon Energy (eV)

relaxation? It has been noted that a trimerization of the first
Si layer exists for the HCT model in which the Si-Si near-
) ) ’ Sheighbor distances in the Si trimers are close to the bulk
1s normalized x-ray standing wave for the clearil3i)7x7 and 316 of 2.35 A2 In this case, the perpendicular height of this
Si(111)V3x (3-Ag surfaces near the @il1) Bragg back-reflection layer is significantly reduced from its unrelaxed position be-
condition. The lines are the best fits to the data paise text cause the bonds no longer are oriented perpendicular to the

gether with low photon energid®2! this study further ex- surface. For ideal trimer@.e., those with the bulk Si-Si near-

tends these investigations to overlayer-induced reconstrud€ighbor distance of 2.35 )A the corresponding height
tions. would be 0.82, which is within the experimental uncertainty

Figure 2 shows the normalized Sis lphotoelectron of our result. Additionally, theoretical calculatiddsind a
yield for the clean SL11)7x7 surface and for the relaxation of the deeper layers, which would likely bring our

Si(111)y3x \3-Ag surface plotted with the Gi11) reflec- result into even closer quantitative agreement. Figure 3

tivity. Also shown are the best fits to the data points. NoteShO.WS the side view of'the H.CT structure with our determi-
ation of the Ag and Si positions.

the significant difference between the two wave patterngI . e L
In conclusion, by exploiting the surface sensitivity of low-

from the clean and overlayer-covered surfaces. The signal : .
from the clean surface was attributed to adatoms of th&"c'9Y elastic photoglectrons an_q the x-ray standmg—wavg—:-
7X 7 structuré Their position, 0.54 0.1, agreed well with ield, we have determined the positions of both the Ag and Si

recent theoretical predictiod$,although it differed some- atoms at the $111)y3xy3-Ag interface independently.

what from the x-ray-diffraction determinatiGAOn the other While our data for the Ag position are consistent with earlier

; ] XSW result$ the Si position gives compelling evidence that
hgnd, the wave form from the @11)y3x {3-Ag surface the structure is terminated by Ag and not Si atoms. Our
gives a position of 0.7%0.1.

.combined results for both the Ag and Si atomic positions are
Let us now explore the structural consequences of this - ; o ; . S
= . ' consistent with a missing-top Si layer, and imply Si trimer-
position. It is clear that the Si arrangement does not corre: _on in support of the HCT model
spond to a bulklike geometry. Had it, the surface- and bulk- '
standing-wave patterns would be indistinguishable, and their This research was carried out at the Stanford Synchrotron
resulting normalization would consequently be independenRadiation Laboratory, which is supported by the U.S. De-
of photon energy. The position determined is consistent witlpartment of Energy, Office of Materials Science. The work
a single layer of Si atoms displaced away from the positionwas performed under ONR Contract No. N00014-92-J-1280,
of a bulk double layer, i.e., 3.13 A). Note, however, that and was additionally supported by the National Institute of
the position corresponding to the atoms of the bottom half oStandards and Technology and Stanford Synchrotron Radia-
a double layer is 0.875. The significant reduction observedion Laboratory. Pacific Northwest Laboratory is operated
experimentally from this position, nearly 0.1(81]) lattice  for the U.S. Department of Energy by Battelle Memorial

spacing or 0.31 A, is too large to attribute only to Institute under Contract No. DE-AC06-76RLO 1830.

FIG. 2. Photon-energy dependence of the reflectivity and the
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