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We carried out a reflection high-energy positron diffraction study on a Si�111�-�3��3-Ag surface at
temperatures ranging from 50 to 800 K. We found that the rocking curves obtained both below and above the
critical temperature of the phase transition �Tc� can be explained with the inequivalent triangle �IET� model by
introducing an order parameter between the IET��� and IET��� phases. We determined the length and rotation
angle of the Ag triangle to be 2.76±0.02 Å and 5.3±0.5°, respectively. We also determined the surface parallel
and normal Debye temperatures of the topmost Ag atoms to be 110 and 140 K, respectively. We found that the
temperature dependence of the total reflection intensities below Tc can be completely reproduced by consid-
ering the order-disorder phase transition for a critical exponent of � given by 0.28±0.05.
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I. INTRODUCTION

The Si�111�-�3��3-Ag surface has been extensively
studied as a typical two-dimensional metal-semiconductor
system by using several surface techniques.1 In 1988, after a
long-lasting controversy, the honeycomb-chained-triangle
�HCT� model �see Fig. 1�a�� was proposed as the structure of
this surface at room temperature.2 On the other hand, in
1999, the inequivalent triangle �IET� model �shown in Figs.
1�b� and 1�c�� was predicted as the ground-state structure
from a first-principles-calculation study.3 In the IET model,
the topmost Ag atoms are slightly shifted by approximately
0.29 Å �upward for IET��� in Fig. 1�b� and downward for
IET��� in Fig. 1�c�� as compared to the HCT model. Subse-
quently, the IET model was confirmed by low-temperature
scanning tunneling microscopy �STM� studies.4 These results
indicate that the Si�111�-�3��3-Ag surface undergoes a
displacive phase transition for temperatures below room tem-
perature. Indeed, surface x-ray diffraction �SXRD� and re-
flection high-energy electron diffraction �RHEED� studies
have indicated that the displacive phase transition between
the IET and HCT structures occurs at around 150 K.5,6

However, theoretical studies using Monte Carlo simula-
tions suggest that an order-disorder phase transition
occurs.7–9 Thus, the high-temperature phase does not corre-
spond to the HCT model but to a thermally fluctuating state
between two topologically different IET sites, i.e., IET���
and IET���, as shown in Figs. 1�b� and 1�c�. Recently, an
angle-resolved photoemission spectroscopy study revealed
that the band structure does not change below room tempera-
ture, suggesting the occurrence of an order-disorder phase
transition.10 We confirmed this occurrence by conducting a
structural analysis using reflection high-energy positron dif-
fraction �RHEPD�.11 A similar result was obtained by a pho-
toelectron diffraction study.12 More recently, it was shown
that high-resolution STM images at both room temperature
and low temperatures exhibit the IET structure.13

In this study, we performed a systematic RHEPD study on
the Si�111�-�3��3-Ag surface. One of the most important

advantages of RHEPD is the occurrence of total
reflection.14,15 In this technique, the diffraction intensities are
very sensitive to the topmost surface structure and thermal
vibration state, and hence we are able to study the topmost
surfaces with negligible disturbance from the bulk.16,17 We
measured the rocking curves and temperature dependence of
the RHEPD intensities for a wide range of temperatures. We
report on the optimized structures and Debye temperatures of
the Si�111�-�3��3-Ag surface. Furthermore, we demon-
strate the occurrence of the order-disorder phase transition.

II. EXPERIMENT

The samples were cut from a mirror-polished n-type
Si�111� wafer with a resistivity of 1–10 � cm. After clean-

FIG. 1. �Color online� Schematic drawings of �a� honeycomb-
chained-triangle �HCT� and two topologically different inequivalent
triangle �IET� models, �b� IET��� and �c� IET���, for the
Si�111�-�3��3-Ag surface �top view�. The rotation angles ��� of
the Ag atoms for the IET��� and IET��� models are +6° and −6°
on the basis of the HCT model, respectively. The side view of the
structure model is displayed in �d�. r, �, and d denote the cylindri-
cal coordinates of the Ag atoms.
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ing the samples with ethanol, they were transferred into a
vacuum chamber evacuated with a base pressure of
5�10−8 Pa. Subsequently, they were heated at 673 K for
several hours for degassing and flashed a few times at
1473 K for 10 s in order to obtain clean 7�7 reconstructed
surfaces. Finally, Ag atoms of one monolayer �7.8
�1014 cm−2� were deposited onto the reconstructed surfaces
at 773 K by using an electron-beam evaporator or alumina-
coated tungsten basket. The substrate temperature was cali-
brated with an infrared radiation thermometer and thermo-
couple attached near the sample.

The positron beams were generated using sodium-22
sources, tungsten moderators, and electromagnetic or elec-
trostatic lenses. Details of the apparatus were described
elsewhere.18,19 The energies of the positron beams �E� were
set at 10 or 20 keV. They were irradiated onto the sample
surfaces, and diffracted beams were observed by using a mi-
cro channel plate assembly with a phosphor plane. During
the measurement of the rocking curve, the glancing angle ���
of the incident positron beam was varied by rotating the
sample holder. The sample temperature was changed from
50 to 800 K by using a cryostat and resistive heating.

III. RESULTS AND DISCUSSIONS

A. Surface structure

Figure 2 shows the RHEPD patterns observed for the
Si�111�-�3��3-Ag surface at 103 and 293 K �E=10 keV�.
The fractional-order spots with the indices �1/3 1/3� and
�2/3 2/3� that suggest the formation of �3��3 periodicity
are labeled. Although the pattern itself does not change with
temperature, the intensity of the �1/3 1/3� spot at 103 K is
significantly strong as compared to that at 293 K. In Fig. 3,
the circles show the rocking curves of the specular spots
measured for the one-beam condition �the incident azimuth

is 7.5° with regard to the �112̄� direction� at 110 and 293 K
�E=10 keV�. It is observed that the rocking curves at 110
and 293 K are nearly identical. In Figs. 4 and 5, the circles
show the rocking curves measured for the many-beam con-

dition �the azimuth is 1.5° with respect to the �112̄� direc-
tion� at 110 and 293 K �E=10 keV�. The curves of the �0 0�
and �2/3 2/3� spots exhibit no apparent temperature depen-
dences. The intensity of the �1/3 1/3� spot at around 2.5° at
110 K is approximately twice as large as that at 293 K. The
drastic increase in the intensity of the �1/3 1/3� spot at low
temperatures is consistent with the temperature dependence
of the RHEPD pattern �see Fig. 2�. We carried out the struc-
tural analysis of the Si�111�-�3��3-Ag surface by using the
above rocking curves.

First, we determine the vertical position of the Ag layer
from the underlying Si trimer layer �denoted by d in Fig. 1�
in the one-beam condition. In this condition, the specular
intensity depends on the interlayer distance and density of
the surface layer because the simultaneous reflections in the
plane are sufficiently suppressed.20 By adjusting d, we deter-
mined the theoretical rocking curves based on the dynamical
diffraction theory in order to reproduce the experimental

curves.21 In the calculation, the surface Debye temperatures
of the Ag and Si atoms were assumed to be 140 and 610 K,
respectively, as determined in the subsequent section. The
absorption potentials for the Ag and Si atoms due to elec-
tronic excitations were assumed to be 0 and 1.7 V,
respectively.22,23 In Fig. 3, the solid lines show the curves
that were determined. When d=0 Å, which means that the
Ag layer is situated at the Si trimer layer, a broad peak ex-
tending up to a glancing angle of 4.5° appears. This reflects
the enhancement of the surface potential due to the superpo-
sition of the Ag layer and the underlying Si layer. As d in-
creases, the positions of the total reflection peak and the
�111� and �222� Bragg reflection peaks shift toward a lower
angle. When d�1 Å, additional peaks appear on the shoul-
der of the large peak. Further, small dips appear around 2.0°–
2.5°. Other peaks such as the �333� and �444� Bragg reflec-
tion peaks dramatically change with d. At both 110 and
293 K, the experimental curves are compatible with the cal-
culated ones for d=0.5–1.0 Å. By minimizing the reliability
factor R=����I�

expt− I�
calc�2, where ��I�

expt=��I�
calc=100%,17

we obtained d=0.74 Å at 110 K and d=0.78 Å at 293 K.11

FIG. 2. �Color online� RHEPD patterns measured from the
Si�111�-�3��3-Ag surface at 293 K �upper panel� and at 103 K
�bottom panel�. The glancing angle and azimuth of the incident

positrons are 3.0° and the �112̄� direction, respectively. The incident
positron energy is 10 keV. The patterns are displayed by the super-
position of the left and right parts.
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Next, we determine the lateral positions of the Ag atoms
by using the rocking curves for the many-beam condition.
Basically, by changing the length r of the Ag triangle and the
rotation angle �, as shown in Fig. 1, we determine the rock-
ing curve in order to reproduce the experimental curves.
However, not only these parameters but also another fitting
parameter—order parameter p—is required, as described be-
low. When ��0°, the two domains composed of IET���
and IET��� phases coexist because of the absence of an
energy difference. In each domain, their antiphases are also
mixed. Assuming n+ and n− to be the fraction of the IET���
and IET��� phases in one of the domains �n++n−=1�, we
can define p by the expression �n+−n−� / �n++n−�. The dif-
fraction intensity of this domain is given as a function of p,
i.e., Ihk�p�. The diffraction intensity for its antiphase domain
is explicitly given by Ihk�−p�. Consequently, the total diffrac-
tion intensity is given by

Ihk
total�p� = Ihk�p� + Ihk�− p� . �1�

The dependence of Ihk on p is calculated from the dynamical
diffraction theory. Figure 6�a� shows Ihk

total�p� calculated from
the dynamical theories under the same condition as that in

experiments �incident azimuth, 1.5° from the �112̄� direction;
glancing angle, 2.0°�. The intensities of the �0 0� and

�2/3 2/3� spots have only a weak dependence on p. The
intensity of the �1/3 1/3� spot dramatically changes with p.
The above-mentioned behavior is well approximated by the
parabolic function of p. Here, to understand the physical
meaning of Ihk�p�, we briefly introduce the kinematical ex-
pression. The structure factor can be expressed by

F�p� =
1 + p

2
F+ +

1 − p

2
F−, �2�

where F+ and F− are the structure factors for the IET��� and
IET��� phases, respectively. Generally, the structure factor is
given by F=�i f i exp�−ibxi�, where f i is an atomic scattering
factor for the ith atom, and b and xi are the scattering vector
and atomic position, respectively. The total intensity is given
by

Ihk
total�p� = �F�p��2 + �F�− p��2 =

1 + p2

2
��F+�2 + �F−�2	

+
1 − p2

2
�F+F−

* + F−F+
*	 = 2 Re�F+�2 + 2p2 Im �F+�2.

�3�

Here, we have used the relationship F+=F−
* �F−=F+

*� because
of the symmetry of the atomic positions for the Ag atoms in
the IET��� and IET��� structures. Figure 6�b� shows Ihk

total�p�
calculated by the kinematical theory. The intensities of the �0
0� and �2/3 2/3� spots are nearly independent of p. The
intensity of the �1/3 1/3� spot drastically changes with p.
These features are in good agreement with those calculated
by the dynamical theory. The reason for the weak depen-
dence of the intensities of the �0 0� and �2/3 2/3� spots on p
is due to the condition �Re�F+��� �Im�F+��. The strong de-
pendence of the �1/3 1/3� spot intensity on p is due to the
condition �Re�F+��
�Im�F+��. That is, the intensity due to the
interference between the IET��� and IET��� phases is small
as compared to the intensities of the �0 0� and �2/3 2/3�
spots. On the other hand, the effect of the interference on the
intensity becomes large for the �1/3 1/3� spot because the
intensity from the single IET ��� or IET��� domain is rela-
tively small.

In Figs. 4�a�–4�c�, the solid lines show the rocking curves
determined for various values of p while retaining the values
�=6° and r=2.82 Å. The rocking curves for the �0 0� spot
do not show a drastic change with a variation in p although
the intensity of the spot decreases with an increase in p �Fig.
4�a��. The rocking curves of the �2/3 2/3� spot have a simi-
lar tendency �Fig. 4�c��. On the other hand, the intensity of
the rocking curve of the �1/3 1/3� spot increases with an
increase in p �Fig. 4�b��. By minimizing the reliability factor,
we eventually obtained the values �=5.7°, r=2.78 Å, and
p=0.4 as the optimized values at 110 K. In the same way as
mentioned above, we analyzed the rocking curves at 293 K.
In Figs. 5�a�–5�c�, the solid lines show the rocking curves
calculated at various values of � while retaining the values
r=2.82 Å and p=0. The large total reflection peak for the
�0 0� spot shifts to a higher angle with an increase in the
rotation angle �Fig. 5�a��. Moreover, the width of the peak

FIG. 3. �Color online� RHEPD rocking curves for the specular
spot on the Si�111�-�3��3-Ag surface under the one-beam condi-
tion. The incident positron energy is 10 keV. The blue and red
circles denote the experimental curves at 110 and 293 K, respec-
tively. The solid lines show the rocking curves that were calculated
based on the dynamical diffraction theory by using various values
of heights �d� for the Ag triangle from the underlying Si trimer.
“TR” stands for the total reflection region.
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becomes larger with an increase in the rotation angle. Fur-
thermore, small peaks at angles greater than �=3° shift to
higher angles with an increase in the rotation angle. As
shown in Fig. 5�b�, the rocking curve of the �1/3 1/3� spot
does not change drastically because the intensity remains
small for changing values of �. In the curve for the
�2/3 2/3� spot �Fig. 5�c��, the peaks shift to a higher angle
with a decrease in the intensity when � increases. By mini-

mizing the reliability factor, we eventually obtained �=4.8°,
r=2.74 Å, and p=0 as the optimum values. The structure
parameters are summarized in Table I.

Thus, the structure of the Si�111�-�3��3-Ag surface is
explained by the IET model at both temperatures of 110 and
293 K. The phase transition of this surface is known to take
place at 120–150 K.5,6 The above results show that none of
the structure parameters �d, �, and r� changes during the

FIG. 4. �Color online� RHEPD rocking curves for the �a� �0 0� spot, �b� �1/3 1/3� spot, and �c� �2/3 2/3� spot on the
Si�111�-�3��3-Ag surface at 110 K. The incident positron energy is 10 keV. The circles indicate the measured intensities. The solid lines
show the rocking curves determined using various values of p for the Ag atoms at the IET��� and IET��� sites. p indicates the order
parameter between the IET��� and IET��� phases.

FIG. 5. �Color online� RHEPD rocking curves for the �a� �0 0� spot, �b� �1/3 1/3� spot, and �c� �2/3 2/3� spot on the
Si�111�-�3��3-Ag surface at 293 K. The incident positron energy is 10 keV. The circles denote the measured intensities. The solid lines
show the rocking curves determined by using various rotation angles ��� for the Ag triangle with regard to the HCT structure.
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phase transition. Therefore, it is concluded that a displacive
phase transition does not occur. Only p changes with the
temperature. We show the possibility of an order-disorder
phase transition in the last subsection.

B. Surface Debye temperature

We determined the Debye temperature of the Ag layer
from the analyses of the temperature dependent spot intensi-

ties �E=20 keV�, as shown in Fig. 7. From the intensity
slope of the �0 0� spot at �=1.6° under the one-beam condi-
tion, we determined the normal component of the Debye
temperature �	�

Ag�. Since a side spot such as the �2/3 2/3�
spot has a large scattering vector parallel to the surface, we
determined the parallel component of the Debye temperature
�	�

Ag� from its intensity slope. Finally, we determined the
Debye temperature �	Si� of the Si layer from the intensity
slope at the high glancing angles. The details are described
elsewhere.17 In Fig. 7, the solid lines represent the best tem-
perature dependences of the spot intensities calculated by
using the dynamical diffraction theory along with the opti-
mized structure described in the preceding subsection. We
obtained 	�

Ag=140 K, 	�
Ag=110 K, and 	Si=610 K. Conse-

quently, the parallel component is larger than the normal one,
and hence the thermal vibration of Ag atoms is slightly an-
isotropic. The bulk Debye temperature for the Si�111�-7
�7 surface is consistent with that of the bulk atoms.17 The
anisotropy has also been obtained from a RHEED intensity
analysis.24 The root-mean-square amplitudes ���u2
� of the
Ag atoms are estimated to be 0.14 Å for the normal compo-
nent and 0.18 Å for the parallel component at room tempera-

TABLE I. Structure parameters for the Si�111�-�3��3-Ag surface.

T
Tc T�Tc

	�
Ag

�K�
	�

Ag

�K� �r �Å� � d r �Å� � d

This study 2.78±0.09 5.7° ±1.4° 0.74 Å �110 K� 2.74±0.08 4.8° ±1.3° 0.78 Å �293 K� 110 140 0.28±0.05

SXRD �Ref. 5� 2.85±0.01 5.1° �50 K� 2.85±0.01 0.0 �293 K� 90 0.27±0.03

Theory �Refs. 3 and 8� 2.82 6.0° 90

FIG. 6. �Color online� Calculated RHEPD intensities for the �0
0�, �1/3 1/3�, and �2/3 2/3� spots on the Si�111�-�3��3-Ag sur-
face as a function of p for the Ag atoms at the IET��� and IET���
sites. The intensities are calculated based on �a� dynamical and �b�
kinematical diffraction theories. The incident condition is the same
as that in Fig. 4.

FIG. 7. �Color online� Temperature dependences of the RHEPD
intensities for the �0 0� spot at �=1.6° and �=3.5° under the one-
beam condition and for the �2/3 2/3� spot at �=1.0° along 1.5°

with regard to the �112̄� direction. The solid lines show the inten-
sities calculated by using the Debye temperatures of 110 K �surface
parallel� and 140 K �surface normal� for the topmost Ag atoms and
the bulk Debye temperature of 610 K for the bulk Si atoms. The
incident positron energy is 20 keV.
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ture by using the above Debye temperatures. The value for
the latter is comparable to those determined by Tajiri et al.5

using the SXRD and by Kakitani et al.8 by means of the
Monte Carlo simulations.

C. Phase transition

As shown in Sec. III A, the difference in the rocking
curves below and above the phase-transition temperature can
be explained by the change in the order parameter p between
the IET��� and IET��� phases. Thus, p is recognized as the
order parameter of the order-disorder phase transition. In or-
der to confirm that the phase transition can be described in
this way, we measured the temperature dependences of the

RHEPD intensities. Figure 8 shows the intensities of the in-
dividual spots �E=10 keV� as a function of the temperature
under the total reflection condition �the azimuthal angle was
set as 1.5° with regard to the �112̄� direction�. From the
abrupt change in the intensities, we can specify the critical
temperature of the phase transition �Tc� as 123 K. The inten-
sities of the �0 0� and �2/3 2/3� spots gradually decrease
below Tc. On the other hand, the intensity of the �1/3 1/3�
spot steeply increases below Tc. The order parameter is re-
lated to the critical exponent ��� and Tc as follows:

p � �1 −
T

Tc
��

. �4�

By varying �, we calculated the diffraction intensities based
on the dynamical theory in order to reproduce the experi-
mental temperature dependence below Tc. In Fig. 8, the solid
lines show the optimum temperature dependences. There-
fore, it is observed that the inferred temperature dependences
are reasonably explained. The integrated intensity of a rock-
ing curve in RHEED is abruptly changed at around 150 K,6

which is not in contradiction to our result. The temperature
dependence in RHEED should be explained by introducing
the order parameter between the IET��� and IET��� phases.
Finally, we obtained �=0.28±0.05. This is in good agree-
ment with that obtained by SXRD.5

It is known that �=0.5 for the mean-field approximation
and �=0.125 for the two-dimensional Ising model. For in-
stance, in the case of Si�001�, the critical exponent � corre-
sponds to that of the two-dimensional Ising model.25 The
value of � in this case lies between the above-mentioned
values and close to that expected for the three-dimensional
Ising model ���0.325�. This implies that the interaction be-
tween the Ag and the Si atoms may have to be considered in
the phase transition.

IV. CONCLUSION

In this study, we studied the Si�111�-�3��3-Ag surface
using RHEPD. From the analyses of the rocking curves, we
confirmed that the IET model is suitable for this surface both
below and above Tc. We found that at a temperature T�Tc,
the temperature dependences of the diffraction spot intensi-
ties are simply described by considering the surface Debye
temperature, whereas at T
Tc, they are well explained by
the order-disorder phase transition of the IET structure by
introducing the order parameter between the IET��� and
IET��� phases as the order parameter. From the critical ex-
ponent, it was inferred that the phase transition is described
as being intermediate between the two-dimensional Ising
model and the mean-field approximation.
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