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Phase transition of the Ag/Si„111…-„�3Ã�3… surface studied by photoelectron diffraction
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The local atomic structure of the Ag induced Si�111�-��3��3� surface has been investigated using photo-
electron diffraction �PED� at 10 and 300 K. Two surface components, whose intensities varied by changing the
photon energy as a consequence of diffraction effects, were observed in the Si 2p core-level spectra at both
temperatures. The good agreement between the experimental PED patterns of the Si 2p surface components
and the simulated PED patterns indicates that the atomic structure of this surface follows the inequivalent
triangle model. Further, since the PED patterns obtained at 10 and 300 K resemble each other closely, we
conclude that the local atomic structure of the Ag/Si�111�-��3��3� surface is the same at the two tempera-
tures, and thus that the origin of the transition reported in the literature is an order-disorder transition.
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Semiconductor surfaces modified by adsorption of metal
atoms have attracted much attention due to the possibility of
observing various exotic low-dimensional physical
phenomena.1,2 Of the great number of monovalent atom-
induced reconstructed semiconductor surfaces, the Si�111�
-��3��3� surface formed by the adsorption of one mono-
layer �ML� of Ag is one of the most well known. Extensive
experimental and theoretical studies have been performed on
the Ag/Si�111�-��3��3� surface, and two types of transi-
tion have been reported to exist on this surface so far. One is
a metal-semiconductor transition that is induced by the pres-
ence of additional monovalent atoms on the surface,3–6 and
the other one is a transition in the atomic structure of the
surface. However, although the existence of the second tran-
sition is obvious from the fact that the scanning tunneling
microscopy �STM� image observed at 62 K is different from
the image observed at 300 K, the mechanism of this transi-
tion is not as well understood as that of the first transition.

The honeycomb-chain-trimer �HCT� model7–10 agrees
with the scanning tunneling microscopy �STM� image ob-
served at 300 K, and thus the atomic structure of the
Ag/Si�111�-��3��3� surface has been widely accepted to
be described by this model until the late 1990s. As shown in
Fig. 1, the HCT model, which is characterized by Ag trimers
that are arranged in a honeycomb lattice, belongs to the
p31m space group with a mirror symmetry plane along the

�112̄� axis �the two Ag trimers in the unit cell are equivalent�.
However, STM images that cannot be explained in accor-
dance with this HCT model have been observed at 62 K in
1999,11,12 and a new structural model has been proposed to
explain these low-temperature STM images.11 In this new
model, which is called the inequivalent triangle �IET� model
�p3 space group�, the Ag triangles �thin dashed line triangles�
and the outermost Si trimers �first-layer Si atoms indicated
by thin solid line triangles� are rotated 6� around the corner
of the unit cell. As a consequence, the two Ag trimers in the
unit cell become inequivalent and the mirror symmetry plane

¯
along the �112� axis disappears. Since there are two rota-
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tional directions, the IET structure is classified into two do-
mains, the IET��� domain ��Ag=66� ,�Si=54�� and the IET�-�
domain ��Ag=54� ,�Si=66��.

Based on first-principles calculation,11 the IET model was
reported to be energetically more stable than the HCT model.
This proposition has been confirmed experimentally by using
different techniques,11–17 i.e., all the experimental studies
performed after 1999 report that the atomic structure follows
the IET model at low-temperature. However, in contrast to
this common opinion for the low-temperature phase, the
atomic structure of the room-temperature phase is still con-
troversial. Even using the same experimental method, con-
tradicting results have been reported. The determination of
the atomic structure of the room-temperature phase is essen-
tial in order to understand the origin of the transition, i.e.,
whether a change in the surface structure from IET to HCT
or a thermal fluctuation between the IET��� and IET�-�

FIG. 1. �Color online� Schematic illustrations of the HCT,
IET���, and IET�-� models proposed for the Ag/Si�111�-
��3��3� surface. The thick dashed lines indicate the unit cell of
each model and the shaded areas represent the Ag trimers. The
difference between the three models is the angles �Ag and �Si, and

the size of the areas of the Ag trimers.
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structures that leads to a observation of the time-averaged
structure in STM at room temperature. Since the former in-
consistent reports mainly result from the fact that the method
used in these studies is either a slow process or shows the
average structure of a certain area, a method whose process
is faster than the thermal fluctuation and gives information
about the local structure is required. Photoelectron diffrac-
tion �PED� is a method that satisfies these two requirements.

In this paper, we present a PED study of the Ag-induced
Si�111�-��3��3� surface performed at 10 and 300 K. Two
surface components were observed in the Si 2p core-level
spectra at both temperatures. The experimental PED patterns
of both the two surface components show good agreements
with the simulated PED patterns obtained by considering the
IET model. Further, the experimental PED patterns obtained
at 10 and 300 K resemble each other closely. These
results indicate that the local atomic structure of the
Ag/Si�111�-��3��3� surface follows the IET model at the
two temperatures, and therefore that the transition reported in
the literature originates from a thermally induced fluctuation
of the IET structure at room temperature.

The PED measurements were performed at the beamline
BL-1C at the Photon Factory of the High Energy Accelerator
Research Organization, Tsukuba, Japan. Photoemission spec-
tra were obtained using an angle-resolved photoelectron
spectrometer with an acceptance angle of ±1�. The total
experimental energy resolution was �120 meV at
h�=140 eV. An n-type �Sb-doped� Si�111� sample was
cleaned by direct resistive heating up to 1500 K. After the
annealing, a sharp �7�7� low-energy electron diffraction
�LEED� pattern was observed, and neither the valence-band
spectra nor the Si 2p core-level spectra showed any indica-
tion of contamination. The Ag/Si�111�-��3��3� surface
was prepared by depositing 1.2 ML of Ag onto a clean
Si�111�-�7�7� surface at a substrate temperature of
�800 K, followed by further annealing at 870 K like the
procedure described in Ref. 3. The quality of the
Ag/Si�111�-��3��3� surface was checked by the observa-
tion of a sharp ��3��3� LEED pattern �Fig. 2�, the obser-
vation of sharp surface states in the valence-band spectra,
and the shape of the Si 2p core-level spectra. The base pres-
sure was below 1�10−10 Torr during the measurements, and
below 3�10−10 Torr during the Ag evaporation.

Figure 3 shows the Si 2p core-level spectrum obtained in
the normal emission with a photon energy �h�� of 140 eV
after cooling the sample shown in Fig. 2 to 10 K. The inci-
dent angle of the p-polarized light was 54�. The open circles
are the experimental data, and the solid line overlapping the
open circles is the fitting curve obtained by a standard least-
squares-fitting method using spin-orbit-split Voigt functions.
We used 608 meV for the spin-orbit splitting, an 80 meV full
width at half-maximum �FWHM� for the Lorentzian contri-
bution, and a singularity index of 0.08 for all components in
the fitting procedure. The Gaussian width was allowed to
vary for the different components �the Gaussian widths of
the B component is 180 meV �FWHM�, and those of the S1
and S2 components are 195 and 210 meV �FWHM��. A poly-
nomial background was subtracted before the decomposition

of the spectrum, and each component is indicated by differ-

193303
ent hatching. The residual between the experimental data and
fitting result is shown by a solid line at the bottom of the
spectrum.

As displayed in Fig. 3, the fitting shows three major com-
ponents of which one corresponds to the bulk Si atoms �B�
and the other two �S1 and S2� to Si atoms of the recon-
structed surface layers. The kinetic energies of the S1 and S2
components are shifted by −0.32 and −0.13 eV with respect

FIG. 2. LEED pattern of the Ag/Si�111�-��3��3� surface ob-
tained at 300 K with a primary electron energy of 160 eV.

FIG. 3. �Color online� Si 2p core-level spectrum obtained after
cooling the sample shown in Fig. 2 to 10 K. The photon energy and
incident angle of the p-polarized light were 140 eV and 54�. The
open circles are the experimental data, and the solid line overlap-
ping the open circles is the fitting curve. Each component is indi-
cated by different hatching. The residual between the experimental
data and fitting result is shown by a solid line at the bottom of the
spectrum. The inset shows the Si 2p core-level spectra obtained

with different photon energies.
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to the bulk component. These energies agree well with the
energy shifts reported in the previous Si 2p core-level
studies,3,6 and the intensity ratio of the three major compo-
nents agrees well with the ratio obtained when using
the same photon energy.6 The good agreements in both the
energy and the intensity support the validity of our fitting
method. Further, since one more major component, whose
kinetic energy is shifted by −0.45 eV with respect to the bulk
component, is needed in the case of a Ag/Si�111�-
��3��3� surface with low quality,6 the result shown in Fig.
3 suggests that the quality of the sample used in the present
study is as high as the samples used in the literature. Regard-
ing the two small components observed at the higher kinetic
side of the bulk component, their origins might be intrinsic
defectlike domain boundaries as suggested in Ref. 3.

The inset of Fig. 3 displays the Si 2p core-level spectra
obtained with different photon energies. All the spectra are
normalized by using the photon flux. As shown in this inset,
the intensity ratio of the two peaks indicated by thin solid
lines varies depending on the photon energy. Since this pho-
ton energy-dependent intensity variation results from a dif-
fraction effect that originates from the difference in kinetic
energy of photoelectrons, we have performed a photoelectron
diffraction measurement in the so-called “energy scan mode”
by measuring the interference patterns �or spectra� as a func-
tion of the kinetic energy of the emitted photoelectrons in the
normal direction. The Si 2p core-level spectra of the
Ag/Si�111�-��3��3� surface, which were measured every
5 eV from h�=135 to 265 eV, have been fitted using spin-
orbit split Voigt functions as well as the fitting shown in Fig.
3. In the fitting procedure, the Gaussian width was allowed
to change since the total experimental energy resolution var-
ies depending on the photon energy, but the Lorentzian
width, the spin-orbit splitting, and the relative kinetic ener-
gies of the components were fixed. The filled circles in Fig. 4
are the photoelectron kinetic energy-dependent PED patterns
of the S1 and S2 components obtained experimentally at
10 K, and the open circles are the PED patterns obtained
experimentally at 300 K. As shown in Fig. 4, the PED pat-
terns of each component are quite similar at the two tempera-
tures. That is, the intensity of the S1 component first de-
creases as the kinetic energy increases, shows a dip at a
kinetic energy of approximately 40 eV, increases until a ki-
netic energy of approximately 70 eV and shows a peak, and
then decreases while showing three small structures at ki-
netic energies of approximately 85, 105, and 125 eV at both
10 and 300 K. Regarding the S2 component, it shows three
structures at kinetic energies of approximately 65, 85, and
115 eV at the two temperatures.

In order to discuss the PED patterns in more detail, we
compare the PED patterns obtained experimentally with the
patterns obtained using multiple-scattering simulations. The
simulations were performed using the multiple-scattering
calculation of diffraction �MSCD� package developed by
Chen and Van Hove.18 The angle between the electric field
vector of light and the sample, and the emission angle of
photoelectrons used in the simulations, were the same as
those used in the experiments. An IET model cluster and a
HCT model cluster with radii of approximately 17 Å were

used for simulations. Each cluster, which includes over 100
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atoms, was large enough to obtain a converged pattern, and
the use of a larger cluster radius hardly affected the simu-
lated PED pattern. The parameters described in Ref. 15 have
been used to determine the positions of Si and Ag atoms of
the clusters. The thick solid lines shown in Fig. 4 are the
results of the multiple-scattering simulations for the IET
model at 10 K, the thin solid lines are the simulated PED
patterns for the IET model at 300 K, and the dashed lines are
the results for the HCT model at 300 K. The simulated PED
patterns described as “tri” are obtained by adding the PED
patterns that result by considering the Si trimer atoms as
emitters, i.e., the sum of the PED patterns that originate from
the Si atoms numbered 4–9 in Fig. 1 for the IET model and
those numbered 1–3 for the HCT model. The simulated pat-
terns described as “2nd” are obtained by adding the patterns
that originate from the second-layer Si atoms �the three Si
atoms situated below the Si trimer atoms�.

As shown in Fig. 4, the simulated “tri” patterns for the
IET model are similar at 10 and 300 K, while the simulated
“tri” pattern for the HCT model is different. The peak at
approximately 70 eV and the three small structures at higher
kinetic energies observed in the experimental PED pattern of
the S1 component are well reproduced by the multiple-
scattering simulations for the IET model. The simulations for
the IET model also reproduce well the three structures of the
S2 component. In contrast to the simulations for the IET
model, the simulated PED patterns for the HCT model do not
agree well with the PED patterns obtained experimentally.
That is, although the simulated “2nd” pattern for the HCT
model shows an agreement with the experimental result, the
simulated “tri” pattern, which shows a huge peak at a kinetic
energy of approximately 95 eV, is completely different. �We

FIG. 4. �Color online� Photoelectron kinetic energy-dependent
PED patterns of the two Si 2p surface components of the
Ag/Si�111�-��3��3� surface. Filled circles and open circles are
the experimental data obtained at 10 and 300 K, respectively. Thick
and thin solid lines are the results of the multiple-scattering simu-
lations for the IET model at 10 and 300 K, respectively, and the
dashed lines are the result for the HCT model at 300 K.
have also performed the fitting using the parameters reported
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in Ref. 11, but these parameters did not give a better repro-
duction.� Taking the quite similar PED patterns obtained ex-
perimentally at 10 and 300 K and the simulated PED pat-
terns into account, we conclude that the atomic structure of
the Ag/Si�111�-��3��3� surface follows the IET model at
both temperatures, and therefore that the origin of the tran-
sition reported in the literature is an order-disorder transition.
That is, the ground-state IET structure that is frozen at low
temperature fluctuates at room temperature. Further, the good
agreements between the experimental PED patterns and the
simulated patterns support the assignments of the Si 2p sur-
face components reported in the literature, i.e., the origin of
the S1 component is the Si trimer atoms and the origin of the
S2 component is the Si atoms of the second layer.

In conclusion, we have investigated the local atomic
structure of the Ag-induced Si�111�-��3��3� surface at 10
and 300 K using PED. In the Si 2p core-level spectra, two
major surface components were observed at both tempera-
tures. The intensities of the two surface components varied
by changing the photon energy as a consequence of diffrac-
tion effects that originates from the difference in kinetic en-
ergy of photoelectron. The experimental PED patterns of the
two surface components, which were obtained in the so-
S. Watanabe, M. Aono, and M. Tsukada, Phys. Rev. B 44, 8330
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called “energy scan mode” by analyzing the Si 2p core-level
spectra measured every 5 eV from h�=135 to 265 eV, re-
semble each other closely at the two temperatures. Further,
both of the two surface components show good agreements
with the simulated PED patterns obtained by considering the
IET model. Taking these results into account, we conclude
that the local atomic structure of the Ag/Si�111�-��3��3�
surface is the same IET structure at the two temperatures,
and thus that the origin of the transition reported in the lit-
erature is an order-disorder transition. That is, the ground-
state structure of this surface is IET, and the STM images
observed at room temperature in the former studies result
from the thermal fluctuation between the two IET structures
that leads to an observation of the time-averaged structure.
Moreover, the good agreements between the experimental
and simulated PED patterns support the assignments of the
Si 2p surface components reported in the literature.
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