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The structure of the Si(111)v/3x+/3R30°-Ag surface has been analyzed with a novel form of low-
energy ion-scattering spectroscopy and energy-minimization calculations. The topmost layer of the sur-
face is formed by Ag atoms with a honeycomb-chained-trimer arrangement in which the intratrimer
Ag-Ag distance is 5.1 £0.2 A. At 0.75%+0.07 A below the Ag layer, there exists a Si layer with three Si
atoms per surface unit cell. The lower layer of the subsequent bulklike Si double layers is split into a
honeycomb and a +/3x+/3 layer with a large interlayer distance of about 0.6 A.

PACS numbers: 68.35.Bs, 61.16.Fk

The structural analysis of the Si(111)V/3x+/3R30°-
Ag surface (v/3x+/3 surface) has been one of the impor-
tant pending problems in surface science. Since the first
study' on this surface was reported more than twenty
years ago, almost all surface-sensitive experimental
methods have been employed to analyze its structure,
and a number of structural models have been proposed,
i.e., simple honeycomb (HC),?”> missing top layer
(MTL),*%? embedded honeycomb (EHC),'%"!? atop tri-
mer (AT),'? substitutional trimer (ST),'*' honey-
comb-chained-trimer (HCT),%%-2® centered hexagon
(CH),* silicon-adatom-vacancy (SAV),? and silver-
honeycomb-chained-trimer2® (SHCT) models. Howev-
er, none of these models is universally accepted as being
correct. Indeed, two scanning-tunneling-microscopy
studies*>'®1% have yielded completely different models,
and two x-ray-diffraction studies?®?>2¢ have also result-
ed in different models. Most researchers agree that the
V/3%~/3 unit cell contains three Ag atoms, '*1325.27.28 4.
though whether the Ag atoms form the topmost layer or
are embedded below a Si layer is still controversial. In
this paper, we show that our clear-cut experimental re-
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o

sults from low-energy ion-scattering spectroscopy, com-
bined with energy-minimization calculations, yield a
modified HCT model, which is consistent with most of
the reported experimental results.

The low-energy ion-scattering spectroscopy experi-
ments were done in the mode of coaxial impact-collision
jon-scattering spectroscopy (CAICISS),?+*® in which an
ion source and a time-of-flight (TOF) energy analyzer
are placed coaxially so as to put the experimental
scattering angle at 180° (% 1.5°). The most striking
characteristic of this mode is that the center of each
atom is “‘seen’ via a head-on collision with an ion, which
makes data analysis simple. All the CAICISS experi-
ments were done with an incident beam of 2-keV He™*.
The /3x+/3 surface was prepared in the usual method
described elsewhere.3! All computer simulations of ion
scattering in this paper were carried out using a multi-
target cross-section calculation. 3

Shown in Fig. 1 are selected CAICISS energy spectra
of the +/3x+/3 surface, which were measured as a func-
tion of the azimuthal angle about the sample normal, ¢,
at 1° intervals, with the angle between the axis and the
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FIG. 1. CAICISS spectra of the v/3x+/3 surface, measured by changing ¢ at 1° intervals, a being fixed at various values (see the

inset for « and ¢).
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FIG. 2. Computer simulations of the intensity of He parti-
cles scattered from the Ag atom of a Ag-Si pair parallel to the
surface as a function of ¢ at various «’s for an incident beam of
2-keV He* (see the inset for @ and ¢).

surface plane, a, being fixed at various values. Peaks at
TOF of 4.83 and 5.35 us are caused by He particles
(He™ and He®) scattered from Ag and Si atoms, respec-
tively (referred to as the Ag peak and the Si peak, re-
spectively); scattered He * and He® are both detected in
CAICISS, so that there is no ambiguity related to the
neutralization probability of incident He*. An impor-
tant feature of Fig. 1 is that the intensity of the Ag peak,
I ag, is constant, being independent of ¢ for a > 19°, and
shows noticeable variations only for « < 17°. This clear-
ly indicates that the Ag atoms form the topmost layer, as
will be discussed below.

The inset of Fig. 2 shows neighboring Si and Ag atoms
at an imaginary surface. Computer simulations were
carried out for the intensity of He particles scattered
from the Ag atom with changing ¢ at various a’s for an
incident beam of 2-keV He ™, as shown in Fig. 2. In the
simulations, the Ag and Si atoms were at the same
height and the lateral distance between the two atoms
was 3.33 A, which is the possible maximum Ag-Si lateral
distance under the condition that the v/3X+/3 unit cell
contains three Ag atoms. As we see in Fig. 2, the inten-
sity shows strong variations with ¢, which are caused by
shadowing (the Ag atom is shadowed by the Si atom)
and focusing (the Ag atom is bathed in a focused ion
flux due to the existence of the Si atom), even at values
of a as large as 21°; if the Ag-Si distance is decreased
from 3.33 A to a more realistic value, 2.61 A, which is
the sum of the atomic radii of Ag and Si, the intensity
variations become much stronger. If we compare Fig. 2
with the experimental results in Fig. 1, where /5, shows
no variation at all with ¢ for a > 19°, it is obvious that
the Ag atoms are not embedded below any Si layer, but
are exposed, forming the topmost layer.

In order to analyze the lateral arrangement of the top-
most Ag atoms, /5, was measured as a function of a in
the [110] and [112] azimuths, as shown in Fig. 3(a).
Corresponding computer simulations were made for a
number of different lateral arrangements of Ag atoms
and it was found that only the HCT arrangement was
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FIG. 3. (a) The intensity of He particles scattered from Ag
atoms of the v/3x /3 surface measured as a function of a along
the [T10] and [112] azimuths (see the inset for a). (b)-(e)
Computer simulations for various arrangements of Ag atoms.

consistent with the experimental results. As an example
of inconsistent cases, the results for the HC arrangement
are show in Fig. 3(b), which clearly disagree with the ex-
perimental results. Even in the case of the HCT ar-
rangement, good agreement is obtained only when the
intratrimer Ag-Ag distance D is 5.1 £0.2 A, as shown in
Fig. 3(d) (the disagreement observed at small a’s is not
serious because this is caused by surface imperfections
such as atomic steps and vacancies); if D is increased or
decreased from 5.1+0.2 A, a disagreement is seen, as
shown in Figs. 3(c) and 3(e) [the case of D =2.9 A, Fig.
3(c), coincides with the T arrangement]. The HCT ar-
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FIG. 4. Modified HCT model for the structure of the
V3 x+/3 surface, which is derived from the CAICISS experi-
ments with the aid of energy-minimization calculations.
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rangement of Ag atoms with D =5.1+0.2 A is illustrat-
ed in Fig. 4, which shows our modified HCT model for
the v/3x+/3 structure discussed later. This arrangement
of Ag atoms is also consistent with the ¢ dependence of
Iag seen in Fig. 1 with respect to the angular positions of
the observed shadowing dips.

Figure 5 shows a CAICISS spectrum of the v3x+/3
surface, which was measured by taking the CAICISS
axis normal to the surface. Shown in the insets (a)-(h)
are various scattering trajectories of He* in the geom-
etry of CAICISS, or 180° total (experimental) scatter-
ing angle. A striking characteristic of the 180° total
scattering angle is that double scattering by two atoms of
the same mass and single scattering by an atom of that
kind give the same postscattering kinetic energy regard-
less of the orientation of the two atoms. Because of this,
trajectories (a) and (b) related to the Ag atoms give a
single peak at a TOF of 4.83 us and trajectories (f)-(h)
related to Si atoms give a single peak at a TOF of 5.35
us (referred to as the Ag peak and the Si peak as be-
fore), although the contribution (cross section) of double
scattering is much smaller than that of single scattering
(less than 6%). On the other hand, trajectories (c)-(e),
which are related to both Ag and Si atoms, yield a spec-
tral peak between the Ag peak and the Si peak. The po-
sition of the peak depends on the angle between the Ag-
Si axis and the surface plane B, where B is defined to be
positive (negative) when the Ag atom is higher (lower)
than the Si atom. In particular, if 8=0, the peak ap-
pears at a position indicated by the thick vertical line in
Fig. 5, and if >0 (8<0), the peak appears on the
larger- (smaller-) TOF side. As we see in Fig. 5, such a
peak is not observed on the smaller-TOF side, but there
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FIG. 5. CAICISS spectrum of the +/3%+/3 surface mea-
sured with the axis of CAICISS normal to the surface. Insets
(a)-(h): Various trajectories for ion scattering and the posi-
tions in the spectrum where they should be detected.
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is a distinct structure on the larger-TOF side. This also
clearly shows that the Ag atoms form the topmost layer
(see Fig. 4). The reason why the observed structure is
not a peak but a broad plateau is that there are many
Ag-Si pairs with different 8’s. In other words, the ob-
served broad structure contains information on the distri-
bution of the underlying Si atoms, as will be discussed
below.

By taking the total-energy resolution of our instru-
ment (about 50 eV) as well as the discussions given
below into account, the broad plateau is divided into sub-
structures as shown by the broken curves in Fig. 5. The
leading substructure, indicated by hatching, corresponds
to the smallest 8 and is related to Si atoms in a Si layer
next to the topmost Ag layer (see Fig. 4). Other sub-
structures, which correspond to larger f§’s, are related to
Si atoms in the subsequent bulklike Si double layers (see
Fig. 4). From the position of the leading substructure,
TOF of 5.14 £0.01 us, we calculate that 8 for the Ag-Si
pairs related to the Si layer next to the topmost Ag layer
is 17° = 1° (see Fig. 4). Therefore, if the interatomic
distance of the Ag-Si pair, dagsi, is given, Ahag.s; can
be estimated. In the various structural models'=2® of the
V3x3 surface, dag.si is distributed between 2.48 and
2.63 A. This corresponds to Ak ag.5i=0.75+0.07 A (see
Fig. 4). From the intensity of the leading substructure
relative to that of the Ag peak, we can estimate the num-
ber density of Si atoms in the Si layer next to the top-
most Ag layer by calculating and comparing the cross
sections for the scattering trajectories shown in insets
(a), (b), and (e) of Fig. 5. The number density is es-
timated to be about three per v/3x+/3 cell (see Fig. 4), in
accordance with x-ray-diffraction?>?® and electron-
diffraction?' experiments, so that this Si layer will be re-
ferred to as the Si trimer layer.

In Fig. 4, the bond between a Si atom in the Si trimer
layer and its nearest-neighbor bulklike Si atom is tilted
from the surface normal. It is therefore expected that
subsurface bulklike Si atoms are relaxed from their ideal
positions. The magnitude of the relaxation of each bulk-
like Si atom was estimated by energy-minimization cal-
culations using the Keating method®? (the Si atoms in
the Si trimer layer and those in the fourth bulklike Si
layer were fixed at the experimental and ideal positions,
respectively) and the results are shown in Fig. 4. As we
see, the second bulklike Si layer is split into two layers
with a large interlayer distance of about 0.6 A resulting
in a honeycomb layer and a v/3x+/3 layer. In x-ray-
diffraction?>2¢ and electron-diffraction?' studies of the
V3x+/3 surface, the existence of a Si honeycomb layer
has been suggested in order to obtain a better reliability
factor in the data analysis. Our structural model, Fig. 4,
indeed contains such a Si honeycomb layer.

Recently, Watanabe ez al.>* performed energy-band
calculations for our structural model, Fig. 4, using the
density-functional method. The results agree very well
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with reported photoemission® and inverse photoemis-
sion®® data in regard to the band gap, the energy posi-
tions of Ag 4d bands, and the density-of-states profiles of
both filled and empty bands.

To summarize, we have proposed a new structural
model, a modificed HCT model, for the Si(111)v/3
x+/3R30°-Ag surface on the basis of CAICISS experi-
ments and energy-minimization calculations. The model
is consistent with most of reported experimental results.
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