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Structural analysis of Ge(111)–3 · 3-Sn surface at low-temperature
by reflection high-energy positron diffraction
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Abstract

We have investigated the structure of Ge(111)–3 · 3-Sn surface using reflection high-energy positron diffraction. From the intensity
analysis based on the dynamical diffraction theory, we determined the equilibrium positions of Sn atoms at 110 K. We found that one Sn
atom and the other two atoms in the unit cell are displaced upward and downward, respectively. The height difference between the two
inequivalent Sn atoms was evaluated to be 0.26 Å, which is in good agreement with those obtained in the previous theoretical and exper-
imental studies. We also found that the first-layer Ge atoms are considerably relaxed downward (�0.35 Å) as compared with the ideal Ge
bulk positions. The large shift is induced by the adsorption of Sn atoms.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, low-dimensional physics attracts much atten-
tion because the structural and electronic properties drasti-
cally change depending on the dimensionality. As regards
two dimensional system, Sn/Ge(1 11) surfaces have been
extensively studied as a prototype of two dimensional me-
tal/semiconductor system. For this surface, Sn atoms of 1/3
monolayer (ML) occupy the T4 sites on the bulk truncated
Ge(1 11) surface (see Fig. 1). In scanning tunneling micros-
copy (STM) and low-energy electron diffraction (LEED)
observations at room temperature, a

p
3 ·
p

3 periodicity
appears, while below �220 K, a 3 · 3 periodicity appears
[1,2]. Two different components for the Sn 4d core level
were also identified by photoemission spectroscopy [3].
That is, Sn atoms are not placed at a single height but have
two different heights. In actual, the structural analyses by
glancing-incidence X-ray diffraction [4] and the LEED
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combined with surface X-ray diffraction [5] demonstrated
a rippled configuration in the 3 · 3 phase. However, it is
still not clear that which of the one-up/two-down or two-
up/one-down models corresponds to the 3 · 3 phase [6].
Moreover, the mechanism of the

p
3 ·
p

3–3 · 3 phase
transition is also not fully revealed [6]. Thus, to determine
the structures of the Sn/Ge(11 1) surface, more surface-sen-
sitive structural tools are strongly desired [6].

In reflection high-energy positron diffraction (RHEPD),
incident positrons are totally reflected at the surface layer
when the kinetic energy is smaller than the energy barrier
of the crystal [7,8]. Therefore, the reflected positrons in-
clude the information related only to the topmost surface
under the total reflection condition. One can determine
the coordinates and the thermal vibration amplitudes asso-
ciated with the first surface layer without any influences
from the bulk [9,10]. Above the critical angle of the total
reflection, the reflected positrons include the information
about the topmost and underlying layers because the inci-
dent positron beam can penetrate the topmost layer. In this
paper, we measured the RHEPD rocking curve from a
Ge(111)–3 · 3-Sn surface at low-temperature. By means
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Fig. 2. RHEPD rocking curve from the Ge(111)–3 · 3-Sn surface under
the one-beam condition at 110 K. Open circles indicate the measured
points. Black solid line shows the calculated curve using the optimized
heights of Sn atoms for the one-up/two-down model. Gray line shows the
calculated curve using the one-down/two-up model. The total reflection
region is denoted as TR.
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Fig. 1. Schematic drawings of the structure model for the Sn/Ge(111)
surface. The upper panel is top view and the lower one is side view. Dotted
and dashed lines show an unit cell of the 3 · 3 and

p
3 ·
p

3 phases,
respectively. In the Ge(111)–3 · 3-Sn surface, the Sn atoms denoted as
large circles have two different heights. Small circles denote the Ge atoms.
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of the structural analysis based on the dynamical diffrac-
tion theory, we determined the vertical positions of Sn
adatoms.

2. Experimental procedure

Sample (15 · 5 · 0.5 mm3) was cut from a n-type mirror-
polished Ge(11 1) wafer with a resistivity of �35 X cm.
This was cleaned by repeated cycles of Ar+ sputtering be-
low a pressure of 10�3 Pa and annealing at approximately
1000 K until sharp c2 · 8 spots appeared in a reflection
high-energy electron diffraction (RHEED) pattern. Subse-
quently, 1/3 ML Sn atoms were deposited keeping the sam-
ple temperature at 500 K. The formation of the 3 · 3
periodicity upon cooling was confirmed in the RHEED
pattern. Positron beam was generated using a 22Na source
and magnetic lenses, which was described elsewhere [11].
The beam energy was 10 keV. The glancing angles (h) were
changed up to 6� at a step of 0.1� by rotating the sample
holder and the rocking curve was measured at 110 K.
The sample temperature was measured using a thermocou-
ple attached at the sample holder. The incident azimuth
was set at 7.5� away from the [11�2] direction, which corre-
sponds to the so-called one-beam condition [12]. Under the
one-beam condition the diffraction intensities depend on
the atomic positions normal to the surface because the
simultaneous reflections are sufficiently suppressed.

3. Results and discussion

Fig. 2 shows the RHEPD rocking curve for the specular
spot from the Ge(1 11)–3 · 3-Sn surface at 110 K. The crit-
ical angle of the total reflection region is evaluated to be
h < 2.17� using the mean inner potential (14.3 V) of the
Ge bulk [13] and Snell’s law [8]. The intense (111) Bragg
peak overlapped by the total reflection and the weak
(444) Bragg peak can be seen in the curve. Also, it can
be clearly seen that there is a distinct dip in the total reflec-
tion region. This dip structure reflects the height of the ada-
toms [8]. Assuming that the absorption becomes sufficient
when the positron beam interferes between the adatom
and underneath layers, we can estimate the height of the
adatoms from the substrate using the Bragg equation
(2d sinh = k, where d is the height of the adatoms and k
is the wave length of the incident positron beam). Since
the glancing angle of the dip is 1.9�, the height, d, from
the first Ge layer corresponds to 1.84 Å. This value is com-
patible to the averaged value of the height of Sn atoms ob-
tained in the theoretical and experimental studies [4,5,14].
This is a rough estimation to expect the averaged vertical
spacing of the adsorbed atoms.

For more accurate determination of the height of Sn
atoms, we analyzed the rocking curve based on the dynam-
ical diffraction theory [15,10]. The thermal vibration
amplitude of Sn atoms was assumed to be 0.048 Å from
the intensity slope between 110 K and 293 K. For the



Table 1
Vertical positions of the Ge(111)–3 · 3-Sn surface

z1 (Å) z2 (Å) Dz (Å) zGe1 (Å) zGe2 (Å) R (%)

2.02 ± 0.24
[+0.84]

1.76 ± 0.10
[+0.58]

0.26 2.91 ± 0.05
[�0.35]

2.24 ± 0.06
[�0.21]

3.07

The notations of these parameters are defined in Fig. 1. z1 and z2 indicate
the heights of the one Sn atom and the other two Sn atoms from the first
Ge layer, respectively. zGe1 and zGe2 denote the heights of the first and
second Ge layers from the third Ge layer, respectively. The values in
brackets show the relative shifts from the ideal positions for the Ge bulk.
The shift toward the surface-normal direction is defined as +.
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underlying Ge layers, the amplitudes of 0.045 Å was used
[16]. The absorption potential resulting from the electronic
excitation in the Ge layer was assumed to be 1.1 V [17].
That of Sn atoms was assumed to be 0 V because the effect
of the electronic excitations at the topmost surface layer
is weak [9,10]. Four independent heights (denoted as z1

(1/9 ML) and z2 (2/9 ML)) of two inequivalent Sn atoms,
the first-, and the second-layer Ge atoms (denoted as zGe1

and zGe2) shown in Fig. 1 were varied so as to minimize
the difference between the experimental and calculated
curves. The goodness of fit was judged by the reliability
factor defined in [10].

The black line in Fig. 2 shows the best-fit calculated
curve. The calculated curve is in good agreement with the
measured one (R = 3.07%). As listed in Table 1, we ob-
tained z1 = 2.02 Å and z2 = 1.76 Å at 110 K. This structure
is consistent with the one-up/two-down model. The spacing
between the up and down atoms (Dz = 0.26 Å) obtained
here is also in good agreement with that (0.26 Å) obtained
in the density functional theory (DFT) calculations [14].
We also calculated the rocking curve for the one-down/
two-up model, as shown by the gray line in Fig. 2. The dif-
ference between the measured and calculated curves arises
at the positions of the dip and the peak in the total reflec-
tion region. Also, there is a large difference in the shape of
the shoulder at around 3.5�. The measured curve can not
be reproduced by the one-down/two-up model. Thus, the
present RHEPD rocking curve analysis suggests that the
one-up/two-down model is responsible for the structure
of Ge(1 11)–3 · 3-Sn surface at low-temperature. It should
be noted that the first-layer Ge atoms are averagely shifted
to the inner bulk (downward) by �0.35 Å as compared
with the ideal Ge bulk positions. This value is much greater
than those obtained in the previous experimental studies
[4,5]. However, the displacements of the Ge layers have a
tendency to shift to the inner bulk when the number of
the Ge layers used in the DFT calculations increases, as
pointed out in [14]. Therefore, it is probable that the relax-
ation of the Ge layer is large. The large relaxation of Ge
atoms is considered to be related to the adsorption of
Sn atoms and lead to the small shift of the second-layer
Ge atoms.

As stated in introduction, the
p

3 ·
p

3–3 · 3 phase tran-
sition is known to occur on the Sn/Ge(11 1) surface at
around 200 K. Several models, e.g., surface charge density
wave (SCDW) [1,2] and dynamical fluctuation of the rip-
pled structure (order–disorder) [18], are proposed for the
phase transition but it is still in debates. To clarify the
phase transition mechanism, reliable structure analysis is
also needed above 200 K.

4. Summary

In summary, we analyzed the RHEPD rocking curve for
the specular spot from the Ge(1 11)–3 · 3-Sn surface at
110 K under the one-beam condition. We found the rippled
(one-up/two-down) model can reproduce the experimental
result. We also found that at the interface of the metal/
semiconductor for Sn/Ge(1 11) the large relaxation of Ge
atoms occurs, suggesting the reexamination of the surface
structure experimentally and theoretically.
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