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In the present work, the atomic structure of the Si(111)(&3X +3)R 30'-Ag surface is investigated with

the quasikinematic low-energy electron-diffraction approach in conjunction with the constant-
momentum-transfer-averaging technique. Our results support the honeycomb-chained-triangle model.
The topmost layer of the model consists of Ag atoms arranged as "honeycomb chained trimers. " Below
the Ag layer is a Si-trimer layer and then bulklike Si double layers follow. In the optimized model of this

work the &3 X &3 reconstruction extends down to the fifth Si layer, and there is an oscillatory multilay-

er relaxation in the selvage region. We give all structural parameters of the model.

I. INTRODUCTION

In the last 2S years a great many works have been
published on the atomic structure of the
Si(111)(&3X&3)R30'-Ag surface. ' In these works
almost all of the surface-sensitive techniques, including
Auger-electron spectroscopy (AES), ' ' low-
energy electron diffraction (LEED), ' reAection high-
energy electron di6'raction, ' ' x-ray difT'raction

(XD), x-ray photoelectron diffraction, ' '

transmission electron diFraction, ion-scattering spec-
troscopy (ISS), ' ' impact-collision ion-scattering spec-
troscopy (ICISS), ' ' ' ' ' ' high-energy ion channel-
ing, ' x-ray standing wave (XSW), scanning tunnel-
ing microscopy (STM), ' ' ' ' photoelectron spectrosco-
py, * ' ' inverse photoelectron spectroscopy, ' surface
extended x-ray-absorption fine structure, " and high-
resolution reAection electron microscopy together with
some theoretical efforts ' have been used to study
the surface. As a result, many plausible structural mod-

els of the surface, including the simple honeycomb (HC)
model, ' ' missing-top-layer (MTL) model, ' ' '

embedded-honeycomb (EHC) model, ' "centered hexa-
gon (CH) model, atop trimer (T) model, substitutional
trimer (ST) model, ' ' ' ' ' silicon-adatom-vacancy
(SAV) model, ' honeycomb-chained-triangle (HCT) mod-
el, ' ' ' and the silver-honeycomb-chained-triangle
(SHCT) model, '" have been proposed. For the top and
side views of all these models see Ref. 39.

Despite the fact that the details of the atomic structure
of &3-Ag is still a pending problem, after 25 years of in-
tensive investigation, ' many features of the surface
have gradually been disclosed. In Table I we list these
features along with the proposed models and summarize
which of the features each of the models is compatible
with. It should be clear that HCT is the only valid model
for this surface, even though some of the features may be
questionable. In fact, the majority of the works pub-
lished recently directly support the HCT model
or similar models

TABLE I. Survey of the compatibilities of the proposed models with the established features of the
Si(111)(&3X &3)R30 -Ag surface. + denotes compatible; —denotes incompatible.

HC MTL EHC CH T ST SAV HCT SHCT

Each unit cell contains
3 Ag atoms (Refs. 2, 4, 24, and 31)

The Ag atoms reside
above the first Si layer
(Refs. 14, 35, and 45)

The Ag atoms are laterally
displaced away from
bulk Si positions (Ref. 42)

The Ag-Ag neighbor interaction
is weak (Refs. 36 and 41)

The surface is highly
reconstructed (Refs. 25, 31, and 38)

There is only one type
of surface Si atom (Ref. 19)

The surface is semiconducting
(Refs. 7, 15, 18, and 30)

'Reference 46.

0163-1829/93/48(24)/18109(5)/$06. 00 48 18 109 1993 The American Physical Society



18 110 J. F. JIA, R. G. ZHAO, AND W. S. YANG 48

Intuitively, one might think that the HCT model is in-
compatible with the STM images. ' ' Actually, recent
theoretical work and STM image calculations indicate
that the HCT model is not only compatible with the
bias-voltage dependence of the STM images, ' ' but is
also in agreement with the registry determined by
STM"

Thus, we feel that it is the right time for the
LEED contribution to be considered. Since we have
recently proposed the quasikinematic LEED/constant-
momentum-transfer-averaging (QKLEED/CMTA)
method, where the QKLEED calculations are com-
bined with the CMTA technique, ' ' and have proved its
capability in solving atomic structure of complex sur-
faces, in the present work we employ this method.
Through a thorough optimization of the structural pa-
rameters we obtained the optimized HCT model, which
consists of a honeycomb-chained-triangle Ag layer and
five v'3 X &3 reconstructed Si layers as well as a Si bulk.
In addition, we show that even the model most similar to
SHCT, ' i.e., the HCT model with a silicon honeycomb
on top of it, is confidently ruled out.

II. EXPERIMENT
The experiments were performed on a UHV system

(Riber) consisting of a sample preparation chamber and a
main chamber. The latter was equipped with LEED,
AES, and electron-energy-loss spectroscopy and its base
pressure was in the 4—8X10 "-torr range. The sample
was a Si wafer with a size of 8X12XO.S mm and its
orientation was measured with a precision better than
0.5. After Ar+ bombardment, heating (1100'C for 5

min) and annealing (850 C for 10 min) a very sharp 7X7
LEED pattern was routinely obtained. Ag deposition
was carried out in the sample preparation chamber. Dur-
ing the deposition the pressure was maintained at better
than 7X 10 ' torr and the sample was kept at room tem-
perature. The &3-Ag structure was formed by depositing
about 1 monolayer (ML) (7.8X10' atoms/cm ) of Ag at
a rate of about 0.25 ML/min and subsequent annealing at
about 500'C for a couple of minutes. Such surfaces were
very clean and exhibited excellent &3 X &3 LEED pat-
terns.

The LEED I-E curves were collected with the tv-
camera-computer system. The sample manipulator al-
lows the incidence angle to vary within 0' —21' and the az-
imuthal angle from 0' to 360, which are large enough to
effectively reduce the infIuences of multiple scattering,
provided the number of I-E spectra involved in a CMTA
curve and the incidence geometries of these spectra are
carefully arranged in the way suggested previously.
From each diffraction beam more than one CMTA curve
with difterent incidence geometries were measured, and
those CMTA curves were in good agreement with one
another. This procedure ensures that the CMTA curves
are indeed reliable and that the inAuences of multiple
scattering on them have essentially been eliminated.

III. QKLEED CALCULATIONS

LEED is a particularly useful technique for determin-
ing the structural details of surfaces because it is sensitive

to the structure of not only the top atomic layer but also
several layers in the selvage region. ' However, the
full dynamic LEED calculations are so time consum-
ing ' that they are very difficult to use to thoroughly
optimize all structural parameters gf complex models. In
this respect, the newly proposed QKLEED/CMTA
method is much more useful. Since in the method the
mean complex atomic scattering factor (MCASF) is intro-
duced, it is valid for surfaces consisting of more than
one element. In fact, by means of the QKLEED/CMTA
we have obtained a model of the Si(111)(V3X &3)R 30-
Al surface, which is almost identical to the one obtained
with full dynamic LEED calculations. Therefore, the
QKLEED/CMTA method is suitable for determining the
atomic structure of the &3-Ag surface.

The phase shifts of Ag and Si used for calculating the
MCASF's were taken from Ref. 52 and its related LEED
package. For both Ag and Si, five phase shifts were used
in the calculations. Because there are as many as 14
structural parameters and each of them may vary within
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FIG. 1. (a) Side view of the HCT model with a p31m syrnme-
try, showing all optimized structural parameters of this work.
The arrows attached to an atom, which all lie on the plane of
the figure, show the direction of the atomic shifts from the bulk
position of the atom, while the nearby numbers represent the

0
amount in A. The atomic shifts of these atoms without arrows
can be found according to the p31m symmetry of the model.
The vertical distance between the Ag layer and the first Si layer
is 0.79 A. (b) Top view of the model with a &3 X &3 unit cell
outlined.
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TABLE II. Comparison of the structural parameters of the present optimized HCT model with x-
ray diffraction (Refs. 32 and 43), low-energy ion scattering (Ref. 45), and first-principles total-energy
calculation (Ref. 46) results. The z-Ag and z-Si are the vertical distances of the Ag and Si trimer layers

0
above the first Si double layer. Units are in A.

Ag-Ag

Ag-Si

Si-Si
z-Si

z-Ag

XD (Ref. 43)

.5.07
3.39
2.68
2.54
2.30
2.1+0.2
2.95+0. 1

XD (Ref. 32)

4.95
3.43
2.63
2.57
2.32
2.26
3.05 (Ref. 42)

ISS (Ref. 45)

5.1

3.43
2.61
2.58
2.30
2.23
2.98

Theory (Ref. 46)

4.95
3.45
2.60
2.54
2.51
2.30
3.15

KLEED

4.98
3.42
2.61
2.54
2.35
2.35
3.14

a wide range, to reduce the risk of landing on local mini-
ma rather than the global minimum, we employed the
simulated annealing approach and other optimization
skills. Throughout the work, the Van Hove —Tong r fac-
tor R,h, (Ref. 57) was used as the criterion for the agree-
ment between the calculated and experimental curves.
The calculations were carried out with a personal com-
puter of 80386 with a coprocessor of 80387.

IV. RESULTS AND DISCUSSION

The HCT model, according to Refs. 43, 45, and 46, is
shown in Fig. l. In each &3 X&3 unit cell there are
three Ag atoms arranged as "honeycomb-chained tri-
mers" lying above the first Si layer which is a trimerized

missing top layer. As the &3-Ag surface has the symme-
try of p31m, the Si trimer is not twisted as in Ref. 34.
The topmost five Si layers are &3 X&3 reconstructed as
shown in the figure. The surface relaxation extends to
the seventh silicon layer, and the bulk silicon starts from
the eighth.

To avoid being trapped at local minima, in addition to
using the simulated annealing scheme, we also started the
optimization processes from several significantly different
structures of the HCT model. However, the very similar
model parameters were always reached. For each param-
eter the difference was not larger than 0.03 A, indicating
that the local-minimum problem was indeed solved in the
work. All 14 structural parameters of the optimized
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FIG. 2. Comparison of the QKLEED intensity curves (solid) calculated from the optimized HCT model with their experimental
CMTA counterparts (dashed). To facilitate optimization of the inner potential, the CMTA curves have been converted to the I-E
form of normal incidence (Ref. 49). Shown also in boxes are beam index and beam R,z, . The total R,q, of the ten beams is 0.16.
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TABLE III. Mean-layer spacings of the present optimized HCT model. D&g is the spacing between
the Ag and Si trimer layers, and D1 through D8 are the first through the eighth Si-Si layer spacings, re-

0
spectively. Units are in A.

Mean-layer
spacing

DAg

0.79

D1

2.35

D3

2.47

D4

0.63

D5

2.48 0.69 2.36

D8

0.78

HCT model are shown in Fig. 1(a). The Si-Si bond
lengths of the model are all within 6% of the bulk value
(2.35 A). The inner potential is 12.5 eV, and the electron

0
mean free path is 4.5 A. The total R„h, of ten beams is
0.16, indicating an excellent agreement. The experimen-
tal CMTA intensity curves (six integral- and four
fractional-order beams) and their QKLEED counterparts
calculated from the model are shown in Fig. 2.

In Table II our structural parameters are compared
with those reported recently in XD (Refs. 32 and 43) and
ICISS (Ref. 45) experiments, as well as in first-principles
total-energy calculations. As one can see, our structur-
al parameters match their counterparts of the first-
principles calculations excellently with only one excep-
tion: the silicon trimer bond length is 2.35 A in our work
as opposed to 2.51 A in the theoretical work. However,
our value is very close to that of the experimental
works. ' ' Therefore, we suppose that the theoretical
value is probably a bit too large.

In a recent x-ray standing-wave experiment it was
determined that the Ag layer is located in one plane at a
height of 3.44+0.02 A above the center of the extrapolat-
ed bulk Si(111)bilayer. In our model the corresponding
value is 3.45 A, which is in excellent agreement with the
XSW experimental value.

Before the present work only those data listed in Table
II were determined for the HCT model, ' ' '" ' al-
though it has been known that the &3-Ag surface is high-
ly reconstructed or the &3XV3 reconstruction extends
down to the deeper Si layers. ' ' In the present work,
the atomic positions of the subsurface Si atoms are deter-
mined for the first time (some of them had been estimated
by Keating-type energy-minimization calculations ). In
addition, from the mean-layer spacings listed in Table III
one can clearly see that there is an oscillatory multilayer
relaxation in the selvage. Of course, the error bar on in-
terlayer spacing of the deeper layers must be quite large.
However, qualitatively, there should be no doubt about
the existence of the oscillatory multilayer relaxation,
since, starting with the significantly difFerent structures of
the HCT model, very similar oscillatory multilayer relax-
ations (the maximum diff'erence of the sixth Si-Si layer
spacings ~0.06 A) resulted. For the &3-Ag surface this

is a phenomenon which had never been reported before.
In fact, oscillatory multilayer relaxations have been re-
ported as existing in several clean Si surfaces as well
as in the Si(111)(&3X&3)R30'-Al surface; thus, it
seems to be a general phenomenon for silicon surfaces
even though its mechanism is as yet unknown.

In order to see if other proposed models could be ruled
out by LEED with confidence, we have tested the SHCT
model ' which is very similar to the HCT. By using ex-
actly the same procedure as that used for the HCT mod-
el, the best R,h, of the SHCT model was only 0.22. Even
worse was that to get this R„&,many bond lengths in this
optimized model had to be physically unfeasible, other-
wise the R,&„would be worse than 0.22. Consequently,
the SHCT and, naturally, the other proposed models
should be ruled out.

V. SUMMARY

Based on a general review on the current status of the
investigation of the Si(111)(+3X +3)R 30'-Ag surface
atomic structure by means of the newly proposed
QKLEED/CMTA method, we have ruled out all models
previously proposed for this surface except the HCT and
have obtained the optimized HCT model which has top-
most few layers essentially identical to the HCT-1 model
of a recent theoretical work and a selvage with an oscil-
latory multilayer relaxation that had never been reported
before.

The success of the QKLEED/CMTA method in deter-
mining the structural parameters of a complex surface
that had never before been determined by full dynamic
LEED analysis is a strong indication of the applicability
of the method for surface determinations.
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