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Abstract

We have investigated a quasi-one-dimensional structure of Si(1 1 1)-8 x 2-In surface using reflection high-energy positron diffraction
(RHEPD) and scanning tunneling microscopy (STM). From the RHEPD rocking curve analyses, we confirmed the formation of the In hexagon
structure proposed by Gonzdlez et al. [C. Gonzalez, F. Flores, J. Ortega, Phys. Rev. Lett. 96 (2006) 136101]. Furthermore, we found that the empty-
state STM image at 44 K is consistent with that calculated with the optimum hexagon structure by the RHEPD analyses.
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1. Introduction

After depositing one monolayer of indium atoms on a
Si(1 1 1)-7 x 7 surface, a Si(1 1 1)-4 x 1-In super-structure is
formed. Many studies revealed that this super-structure is
composed of quasi-one-dimensional metallic In chains. Each
chain is further composed of two zigzag chains [1-3]. Below
130 K the phase transition from the 4 x 1 to the 8 x 2 phase
occurs [4-6] and the metallic conduction vanishes [7-9]. This
transition is considered to be derived by the Peierls instability
with the formation of charge-density waves from angle-
resolved photoelectron spectroscopy [7]. However, the atomic
configuration of the 8 x 2 phase is still in debates.

From the SXRD [10] and the first-principles calculations
[11,12] studies, it is proposed that each In chain of the 8 x 2
phase is composed of In trimers [12] (see Fig. 1a). It is not
confirmed whether the band gap appears in this structure.
Recently, Gonzalez et al. proposed a hexagon structure from the
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first-principles calculations [13] (see Fig. 1b). In the band
structure calculated with the hexagon structure, a band gap
appears [13,14]. Moreover, the hexagon structure well explains
the change in the electronic conductivity [5,14]. Thus, although
the hexagon structure model is preferred to explain the
insulating behavior of the 8 x 2 phase, no experimental
evidence about the formation of this structure have been
obtained.

In this study, we investigated the structure of the Si(1 1 1)-
8 x 2-In surface using the reflection high-energy positron
diffraction (RHEPD). The advantage of this method is the
occurrence of the total reflection at low glancing angles
[15,16]. In the total reflection region, the RHEPD intensity
depends only on the topmost surface structure due to less
penetration of positrons into the bulk. In light of the surface
structure determined by the RHEPD experiment, we further
examined the low-temperature scanning tunneling microscopy
(STM) observations.

2. Experiment

The substrates were cut from a mirror-polished n-type
Si(1 1 1) wafer (1-10 Qcm). These were cleaned by direct
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Fig. 1. Top view of the structure models for Si(1 1 1)-8 x 2-In surface; (a)
trimer structure, which was determined experimentally and theoretically and (b)
hexagon structure, which was proposed theoretically. The large and small
arrows indicate the two different displacements of the In atoms when the
surface structure is changed from the zigzag chain structure to the hexagon
structure. Parallelograms indicate the unit cell of the 8 x 2 structure.

resistive heating at 1470 K for a few seconds, and then slowly
cooled down to room temperature in an ultra-high vacuum
(UHV) chamber evacuated to a base pressure of 5 x 1078 Pa.
The formation of clean Si(1 1 1)-7 x 7 surface was checked
through the reflection high-energy electron diffraction
(RHEED) and STM observations. To obtain a Si(11 1)-
4 x 1-In surface, one monolayer of In atoms was deposited
onto the Si(1 1 1)-7 x 7 surface at room temperature using
alumina-coated tungsten basket and electron beam evaporator,
followed by the annealing at around 670 K. The RHEPD
experiments were performed with a positron beam generated by
a **Na positron source and electromagnetic lenses. The details
of the apparatus were described elsewhere [17]. The positron
energy was set at 10 keV. The rocking curves were obtained by
rotating the sample from 0.3° to 6.0° with an interval of 0.1°.
The sample was cooled down to 60 K using a cryostat. The
samples were also transferred to the low-temperature OMI-
CRON VT-STM stage and the STM experiments were carried
under the base pressure of less than 1 x 10 ®Pa in the
temperature range of 44-104 K. All the STM images were
obtained in the constant-current mode.

3. Calculation

Numerical calculation of STM image was conducted using
the Advance/PHASE code [18] based on the density functional
theory with a local density approximation provided by the
AdvanceSoft Co. Ltd. A slab type super-cell (26.6 A
x 7.68 A x 31.4 A) composed of the 16 surface In atoms,
104 substrate Si atoms (three bilayers) and the 16 bottom
hydrogen atoms that terminate the Si dangling bonds is
constructed. The height of the vacuum layer is 21.2 A. For the
trimer structure, the theoretical In configuration was used [12].
For the hexagon structure, the In configuration determined by
the above RHEPD experiment was used. For Si and In atoms,
the norm conserving pseudopotential and the ultrasoft
potential, respectively, are used. The cutoff energies of the
plane-wave basis set are 25 Ry for the calculation of wave
functions and 225 Ry for the calculation of the charge densities.
The four k-points were sampled. The STM images were
reconstructed by the charge densities.
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Fig. 2. RHEPD rocking curves from the Si(1 1 1)-8 x 2-In surface at the [1 10]
direction at 60 K. The open circle and the solid line show the measured and
calculated rocking curves, respectively. Gray and black lines indicate the
rocking curve calculated using the theoretical trimer structure and the optimized
hexagon structure, respectively. TR stands for the total reflection region.

4. Results and discussion

Fig. 2 shows the rocking curves form the Si(1 1 1)-8 x 2-In
surface at 60 K and at the [1 10] incidence. The gray line
exhibits the calculated rocking curve with the trimer structure
[12] based on the dynamical diffraction theory. Using the
trimer structure, the three small peaks are observed in the
shoulder of the (0 0) rocking curve at glancing angles ranging
from 2.5°t04.5°. In the experimental curve, however, the small
peaks observed in the shoulder at 2.5-4.5° disappear. The
experimental feature at 2.5-4.5° is hardly reproduced by the
trimer structure. The reliability factor defined in [19] is 2.7%
[20]. Subsequently, we considered the possibility of the
hexagon structure [13]. Starting from the zigzag chain
structure to the hexagon structure, two particular displacement
models (Ax and AB) are required for individual In atoms, as
indicated by the large and small arrows shown in Fig. 1b. We
calculated the rocking curve by changing these two parameters
so as to mimic the experimental curve. The solid line in Fig. 2 is
the calculated rocking curve with the optimized hexagon
structure [20]. In this case, the small peaks observed in the
rocking curve calculated by assuming the trimer structure
disappear. Moreover, the intensity of the (—2/4 —2/4) spot
increases at around 2°. The experimental curve is reproduced
in the whole angle range. We obtained A« =0.59 A and
AB=0.09 A that agree with those predicted from the theory
(Aw=0.62 A, AB=0.21A) [20]. The reliability factor is
improved to be 2.1% [20], which is smaller than the
experimental error (2.5%). We found that the above calculated
curve is very close to the curve calculated with the theoretical
hexagon structure [20]. Thus, we confirm that the hexagon
structure is preferred to explain the experiment.
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Fig. 3. Filled- (a—c) and empty-state (d—f) STM images of the Si(1 1 1)-8 x 2-
In surface. The sample biases in the filled and empty states are —1.0 and +1.0 V,
respectively. Experimental STM images in (a) and (d) were taken at 54 and
44 K, respectively. In (b) and (e), the STM images were calculated using the
trimer structure. In (c) and (f), the images were calculated using the hexagon
structure determined by the RHEPD.

Now, we confirm the validity of the structure of Si(1 1 1)-
8 x 2-In determined by the RHEPD study through the STM
observations and numerical calculation. Fig. 3a shows the
filled-state STM images. Cocoon-like structures are observed
[7,21-24]. Similar STM images at different sample biases are
reported [21,22]. Thus, the experimental filled-state images are
considered to be independent of sample bias. Indeed, this
feature is consistent with the present numerical calculation as
shown in the figure. The calculated STM image of the trimer
structure (Fig. 3b) consists of bright stripes and protrusions
arising from In chains and dark stripes arising from Si chains.
The STM image of the trimer structure is similar to the
Si(1 1 1)-4 x 1-In surface. These characteristics are in good
agreement with those of the other calculations [11,12]. The
calculated STM images for the hexagon structure (Fig. 3c) are
very similar to those for the trimer structure. Therefore, in the
filled-state case, no significant differences appear between the
trimer and hexagon structures. Furthermore, the experimental
STM images were different from the simulated STM images.
The inconsistency may originate from the low spatial
resolution for the filled-state images of the Si(1 1 1)-8 x 2-
In surface [21].

Fig. 3d shows the empty-state STM images. Two different
bright protrusions (indicated by circles) are clearly visible.
This feature is in good agreement with the other experiments
[21,22,25]. It should be noted that Park et al. and Kurata
et al. took the images at much lower sample biases of +0.3
and +0.4 V, respectively. Fig. 3e shows the calculated empty-
state image for the trimer structure. The dark stripes
correspond to the Si chains between the In arrays. The
STM image of the trimer structure is similar to the Si(1 1 1)-

4 x 1-In surface and in good agreement with another
simulation [11]. The calculated STM image for the trimer
structure is not consistent with the experimental image.
Fig. 3f shows the calculated STM image for the hexagon
structure. Pair of protrusions appears on the In arrays and the
trenches in the In arrays are observable. These features are in
agreement with the experimental STM images. Conse-
quently, the empty-state STM images can be explained by
considering the hexagon structure.

In conclusion, the filled-state experimental STM images
were different from the simulated STM images. The empty-
state STM image at 44 K is consistent with that calculated with
the optimum hexagon structure by the RHEPD analyses.

5. Summary

In summary, we have investigated a quasi-one-dimensional
structure of Si(1 1 1)-8 x 2-In surface using the RHEPD, low-
temperature STM and numerical calculation. We found that
the structure of the In chain determined by the RHEPD is
close to the hexagon structure obtained in the previous
theoretical study [13]. The empty-state STM images are
similar to the simulated images using the optimized hexagon
structure. We confirmed that a quasi-one-dimensional
structure of Si(1 1 1)-8 x 2-In surface is composed of the
hexagon structure.
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