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The structure of 0.8 ML In coverage on the Si(111)-
√

3 × √
3-Au surface is investigated by scanning tunneling

microscopy/spectroscopy and low energy electron diffraction. By depositing 1.2 ML In at room temperature
followed by annealing at 500 ◦C, the surface reveals the

√
7 × √

3 structure with 0.8 ML In coverage. The
detailed atomic structure is studied by both the topography and dI/dV images, and the results are further
supported by the density functional theory. The observed structure has higher In coverage than the previous
experiments and has not been proposed in the previous calculations.
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I. INTRODUCTION

As one of the most intensively studied systems, the metallic
overlayer on Si(111) has provided a playground for a wide
variety of surface science studies in the past few decades [1].
It has attracted a great deal of attention due to its unique
electronic properties in one and two dimensions [2–8]. One
famous example of these properties is the two-dimensional
electron gas (2DEG) behavior for the

√
3 × √

3 structure (
√

3
hereafter) of the Au overlayer on Si(111) [9–11]. In this case,
the electronic structure is sensitive to the Au coverage due to
its complicated domain wall structures. It was demonstrated
that a domain walls free structure can be obtained by adsorbing
a small amount (0.15–0.5 ML) of In with a subsequently short
annealing at 600 ◦C [12]. This homogeneous surface sharpens
the free electron surface band of the α-

√
3 Au overlayer, which

then possesses the properties of a perfect isotropic 2DEG
system [13].

Moreover, the In atoms act as electron donors that
would cause the surface conduction bands to shift down by
200–500 meV. One may wonder if the band structures and
chemical potential of this system can be further modulated
by depositing more In on the surface. Experimentally, the
energy shift seems to have no systematic dependence on the
In coverage. Manipulating the surface bands is not likely to
be achieved by increasing the In coverage due to the stable
0.15 ML

√
3 × √

3 In structure on Si(111)-α-
√

3-Au [13]. The
deposition of additional In atoms develops three-dimensional
islands but not the surface structure with higher In coverage
[12]. Theoretically, the possibility of a surface structure with
higher In coverage, which is energetically favorable over
the bare

√
3 × √

3-Au surface, was proposed recently based
on the density functional theory (DFT) [14]. The surface
structure with higher In coverage is of interest as it shows the
Rashba spin-orbit splitting from the calculations. Furthermore,
previous experimental results of the In surface structure
show the higher transition temperature of two dimensional
superconducting states for higher In coverage [15–17]. It is
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thus imperative to find the stable structure of In with higher
coverage on Si(111)-α-

√
3-Au.

In this work, we found the order structure with higher In
coverage can be stabilized on Si(111)-α-

√
3-Au. By using

scanning tunneling microscopy/spectroscopy (STM/STS) and
low energy electron diffraction (LEED), we observed a

√
7 ×√

3 In at 0.8 ML on Si(111)-α-
√

3-Au. The detailed atomic
model of the 0.8 ML In structure was constructed by comparing
the atomically resolved STM, dI/dV images, and the DFT
calculations.

II. EXPERIMENTAL AND CALCULATION DETAILS

The experiments were performed in an ultrahigh vacuum
(3 × 10−10 torr) system equipped with STM/STS and LEED.
Clean Si(111) 7 × 7 surfaces were prepared by outgasing
at 600 ◦C for 6 h followed by flashing at around 1200 ◦C.
The In deposition rate was 0.02 ML/min, calibrated by the
well known

√
3 × √

3 phase of In on Si(111), of which the
coverage is known to be 0.3 ML as compared to the 1 × 1
unit cell of Si(111) [9,18,19]. The Au deposition rate was
calibrated by observing the α-

√
3 Au structure on Si(111)

[20]. The deposition of Au on Si(111) was initially held at
∼ 500 ◦C and then the temperature was slowly cooled down to
room temperature. The annealing temperature was estimated
by the power-temperature relation which was measured by a
thermocouple fixed at a test sample. The estimated error for
the temperature is ±10 ◦C by the fluctuation of the heating
power as the sample dimension varies slightly from sample to
sample. The system was prepared by deposition of In on the
Si(111)-α-

√
3-Au surface at RT and followed by annealing at

500 ◦C for 2 min. Low energy electron diffraction was taken
at RT for the structure confirmation. STM measurements were
done with a tungsten tip at RT and 78 K. STS was acquired
simultaneously with the topography at 78 K only for better
stability. The dI/dV spectra were normalized by dividing the
tunneling probability T to compare with the local density of
states (LDOS) from the theory [21].

The calculations [22–24] were performed within the gen-
eralized gradient approximation using projector-augmented-
wave potentials [25], as implemented in the Vienna Ab-
Initio Simulation Package (VASP) [26,27]. The bulk Si was
constructed from a periodically repeating slab consisting of
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three Si bilayers, a reconstructed layer, and a vacuum space of
12 Å. Hydrogen atoms were used to passivate the Si dangling
bonds at the bottom of the slab. The position of these hydrogen
atoms and the Si atoms of the bottom bilayer were kept fixed at
the bulk crystalline positions. The proposed models, including
In, Au, and remaining Si atoms, were relaxed till the residual
force was smaller than 0.01 eV/Å. Other relevant parameters
can be found in our previous study [14]. The simulated STM
images were carried out by Tersff-Hamann approximation for
the proposed models [28]. The calculated LDOS were the DOS
of all states attributed only from the topmost In layer.

III. RESULTS AND DISCUSSION

Figure 1 comprises the topological and structural infor-
mation for the Si(111)-α-

√
3-Au as well as the In overlayer

on top of it. Figure 1(a) shows the atomic terraces with clear
domain wall structure for the Si(111)-α-

√
3-Au surface, which

agrees with the previous STM results [20,29,30]. A sharp

FIG. 1. (Color online) (a) 400 × 400 nm2 STM images of the
Si(111)-α-

√
3-Au surface. (b) The LEED pattern of the Si(111)-

α-
√

3-Au surface. (c)–(e) 400 × 400 nm2 STM images of 1.2 ML
In on the Si(111)-α-

√
3-Au surface as grown and followed with

annealing at different temperatures. (c) As grown. (d) 400 ◦C for
3 min. (e) 500 ◦C for 3 min. (f) The LEED pattern of (e). The LEED
patterns were taken at 90 eV.

LEED pattern with the typical
√

3 × √
3-R30◦ superstructure

confirms the homogeneity of this surface [9,10], as shown in
Fig. 1(b). After depositing 1.2 ML In on this surface at RT,
clusters are formed, as shown in Fig. 1(c). The formation of
clusters was observed in the previous study after depositing
more than 0.2 ML In [12]. These clusters become smaller in
a postannealing procedure at 400 ◦C [Fig. 1(d)] and disappear
at higher temperatures, say 500 ◦C [Fig. 1(e)]. Alternatively,
the surface becomes flat with terraces decorated with the two-
dimensional islands. The height of the islands is 3.16 ± 0.05 Å
and changes slightly (∼0.1 Å) with bias. In contrast to the
original

√
3 × √

3 superstructure, a clear
√

7 × √
3 domain

shows up, as depicted in Fig. 1(f), which agrees with the
simulated LEED pattern of the

√
7 × √

3 with three domains
[31]. In addition, a

√
7 × √

3 superstructure, which was never
observed, forms on the topmost surface. Several annealing
temperatures were tested and no other clear LEED patterns
were found for temperatures below 500 ◦C. Note that the
domain wall structure of α-

√
3-Au was not observed on the

terraces nor on the decorated islands, which indicates that a
complete and structure-homogeneous overlayer is formed. The
homogeneity of the surface was also confirmed by the similar
STS features at different positions on the surface. As the height
of the islands (3.16 Å) is close to the Si step height (3.14 Å),
the observed islands are likely due to the different Si layers
underneath. This could happen by the redistribution of the top
Si layer while depositing metallic atoms, such as Au, Ag, and
Sb, on the surface [32–34].

The structure of the
√

7 × √
3 In overlayer was further

confirmed by the atomically resolved STM. Two of the three√
7 × √

3 domains were observed with an angle of 120◦,
as shown in Fig. 2(a). This is compatible with the structure
concluded from the LEED image shown in Fig. 1(f). The
detailed analysis with zoomed in images at different sample
biases (+0.7 V and +1.0 V) reveals the detailed insight on
the surface structures, as depicted in Figs. 2(b) and 2(c).
On both images, a clear

√
7 × √

3 structure was observed.
Nevertheless, not all the atoms observed in Fig. 2(c) are
clearly visible in Fig. 2(b), illustrating that the contrasts which
represent the atoms are bias dependent. Two types of atoms
are distinct: one is for those clearly visible while the sample
is biased at both +1.0 V and +0.7 V, and denoted by the blue
dashed circles; the other is for those visible at +1.0 V but less
contrasted at +0.7 V, and denoted by the white dashed circles.
By measuring the height difference between the two types
of atoms, it was found to be 0.18 Å at +0.7 V and 0.08 Å at
+1.0 V. This indicates a strong LDOS inhomogeneity between
the two types of atoms. The LDOS inhomogeneity is further
observed on the dI/dV images which reflect only the LDOS,
as shown in Figs. 2(d) and 2(e). At both sample biases, the
dI/dV images show a brighter contrast at the type II atoms
than at the type I atoms. On the other hand, a relatively
similar contrast was observed for the same type of atoms.
The LDOS inhomogeneity observed on both the topography
and dI/dV images suggests that the two types of atoms have
different underlying atomic configurations. Further results will
be discussed in the DFT calculations.

Beyond the structure characterization, the In coverage of
the structure can be identified by the atomically resolved
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STM images. According to the image shown in Fig. 2(c),
the In coverage corresponds to the 0.8 ML on the surface
compared to the Si(111) atomic density. This is less than the
1.2 ML In coverage originally deposited at RT. The missing
0.4 ML of In was attributed to the desorption of In from the
surface during the postannealing procedure at 500 ◦C, which
is close to the desorption temperature 600 ◦C of In on the
α-

√
3-Au surface [12,13]. This is a structure of In (0.8 ML

with
√

7 × √
3 superstructure) which has neither been found

in the previous experiments nor been proposed in the DFT
calculations [12,14].

It is noted that the surface we observed is not the Si(111)-√
7 × √

3-In surface in spite of its many similarities according
to the LEED patterns and STM images [35,36]. Typically, the
structure of In/Si(111) varies significantly with the measuring
temperature [37]. The surface exhibits the

√
7 × √

3 super-
structure at RT, and undergoes a phase transition to

√
7 × √

7
at temperatures below 200 K [37]. This is not the case in
our observations. We found only one

√
7 × √

3 phase at RT
and at 78 K in the LEED pattern and in the STM images.
Therefore, the observed

√
7 × √

3 phase does not correspond
to the In/Si(111) structure, which can rule out the possibility
of In in contact with Si(111).

FIG. 2. (Color online) Atomically resolved surface taken by
STM. (a) Two of the three

√
7 × √

3 domains for In on Si(111)-
α-

√
3-Au deviate with an included angle at 120◦. The STM image

was taken at sample bias +1.0 V. (b) and (c) are the multibias images
taken at the area marked by the blue square in (a). The sample biases
for the multibias images are +0.7 V and +1.0 V for the left and right
images, respectively. The black dashed square is the unit cell of the√

7 × √
3 structure. The blue dashed circles mark the type I atoms

and the white dashed circles mark the type II atoms. (d) and (e) are
the dI/dV images for (b) and (c), respectively.

Another question one might ask is whether this
√

7 × √
3

phase we observed is composed of a Au-In surface alloy. From
the previous DFT results, the intermixing between In and Au
on Si(111) is energetically unfavorable [14]. To intermix the In
with Au to form the Au-In alloy, one has to prepare In directly
on the Si(111) surface, then follow with the Au deposition
[38]. The In adsorbed Si(111)-α-

√
3-Au structure was also

confirmed by the angle-resolved photoemission spectroscopy.
The spectra reveal that depositing In on Si(111)-α-

√
3-Au

followed by annealing (at 600 ◦C) preserves the original CHCT
structure [13]. All of these results indicate that the Au atoms
do not prefer to form an alloy with In atoms. Therefore, the
obtained

√
7 × √

3 structure is believed to be an In surface
structure and not a Au-In alloy.

As mentioned, the In coverage on the surface is 0.8 ML
from the atomically resolved STM images. The STM images,
however, give no clear relative atomic arrangement of the In
atoms with the underlying Si(111)-α-

√
3-Au. To clarify the

underlying structure, the DFT calculations were performed.
In the calculation, we constructed a

√
7 × √

3 unit cell based
on the observation by LEED and atomic resolved STM. This
unit cell has one basis vector the same as

√
3 × √

3, and the
other deviated by rotating 10.9◦ and further extending to

√
7

in length, as shown in Fig. 4(a). There are five Au atoms in this√
7 × √

3 unit cell in which the Au atoms are redistributed to
the new positions. These positions are all close to the hollow
sites of the Si surface but deviated from the center. The area
density of Au in the

√
7 × √

3 unit cell is the same as the
CHCT model, which means the same Au coverages in both
models (1 ML). The Si atoms underneath Au are around the
T1 sites, while three of them form a trimer. Similarly, five
possible positions of indium can be filled on this model. The
proposed 0.8 ML was relaxed by introducing four In atoms
with the experimental STM images as their initial geometries.
The In structure was also determined by examining the relative
surface energies at different In coverage: from 0.6 ML to 1.2
ML for the single-layered models. The lowest-energy model
was further tested by shifting the In atoms in 54 different
positions along the substrate. See Supplemental Material [39].
To confirm our results of the single-layered model, we also
calculated the possible double-layered model from 1.6 ML
to 2.4 ML. Based on the previous LEED and atomic STM
images, two possible In structures, hexagonal and rectangular,
were calculated [35,36,40]. For the single-layered models, the
structure with 0.8 ML coverage is not only the lowest energy
surface but also the only coverage which is energetically
favorable over the CHCT Au structure. On the other hand,
all of the double-layered models are of higher surface energies
than the CHCT Au structure. The best fit model within all
the examined double-layered models, in which the simulated
STM image is comparable to the experimental one, is the
1.8 ML model. Figure 3 illustrates the comparison between
the STM/STS measurements and the DFT calculations. The
simulated STM images of both the 1.8 ML and the 0.8 ML
models are similar to each other, as shown in the inset of
Fig. 3. Nevertheless, their calculated LDOS as a function of
energy look significantly different. The blue curve representing
the LDOS for 0.8 ML shows a peak at around −0.85 eV, a
right shoulder at −0.6 eV, three peaks at the energy between
−0.2 eV and +0.5 eV, and a peak at around +1.0 eV. These
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FIG. 3. (Color online) Normalized dI/dV spectrum (black line)
and calculated LDOS of 0.8 ML (blue line) and 1.8 ML (red dashed
line) In models. The simulated STM images of the models are shown
in the inset. The normalized dI/dV spectrum is averaged from spectra
at five different positions on the surface. The calculated LDOS were
shifted upward +0.6 V in order to compare them with the measured
dI/dV spectrum.

characteristics are very close to what we observed from the
STS measurements (the black curve in Fig. 3). By contrast,
the LDOS for 1.8 ML is significantly different from the
experimental results. It is clear that the LDOS of the 0.8 ML
model gives a better match with the experimental spectra.
Moreover, the calculated 0.8 ML model fits better for the
experimental structure on their atomic height. The corrugation
of the In atoms in the calculated model is 0.09 Å, which is
similar to our STM results (0.08–0.18 Å). On the other hand,
the atomic structure of the double layered In gives a higher
corrugation (0.3 Å) than the 0.8 ML model and that of the
experiment. The In interlayer distance of the double-layered
model is around 2.2 Å which is also not comparable to the
3.16 Å from the experiment. Therefore, by comparing the
DFT calculations with the experiments, the observed surface
is again confirmed to be 0.8 ML In coverage.

Finally, Fig. 4(a) shows the atomic configuration of the
proposed 0.8 ML model. The In-Au interlayer distance in
the model is 1.5–2.0 Å which is comparable to 1.8 Å in the
previous results with lower In coverage [12]. Two different
types of In atoms observed in STM are marked in the proposed
model, as shown in Fig. 4(b). Even when all of the In
atoms are surrounded by three Au atoms, it is still clear
that they are in different atomic configurations. The type I
atoms, marked as atoms 1 and 2, have symmetric Au trimmers
underneath and a mirror symmetry along the [112] direction
between the Au trimmers. On the other hand, the type II

FIG. 4. (Color online) (a) Top view and side view of the proposed
0.8 ML In model from the DFT calculation. The red dashed line marks
the

√
3 × √

3 unit cell and the green line marks the
√

7 × √
3 unit

cell. Four different atoms with different atomic configurations are
marked by 1 to 4. (b) Zoomed images of type I and type II atoms.

atoms, marked as atoms 3 and 4, have relatively asymmetric
Au trimmers. Moreover, the closest In-Au distance of the
type I atoms is shorter (∼2.5%) than that of the type II
atoms. It results in stronger In-Au bonding (∼5%) for type
I atoms and more charge transfer from the type I atoms
to the underlying Au. The different charge transfer further
changes the LDOS between the atoms [41,42]. This explains
the observed LDOS inhomogeneity between the two types of
atoms in the topography and dI/dV images.

IV. SUMMARY

In summary, we have found a surface structure with higher
In coverage on Si(111)-α-

√
3-Au by depositing 1.2 ML In on

top followed by annealing at 500 ◦C. A
√

7 × √
3 structure

with 0.8 ML In coverage was observed by STM and LEED,
which has neither been observed in the previous experiments
nor in the calculations. By the atomically resolved STM image
and dI/dV image, the atomic structure of the

√
7 × √

3 phase
was studied and further compared with the DFT calculations.
Both the simulated STM image and calculated LDOS of the
0.8 ML model agree well with the experimental results. From
the STM images, two types of In atoms were observed which
have LDOS inhomogeneity between them. The detailed atomic
structure shows that the two types of In atoms have different
atomic configurations underneath and different In-Au bond
lengths. This results in the different charge transfers between
the atoms and explains the observed LDOS inhomogeneity. As
the In atoms were proposed to be electron doping [13,43], the
extra In atoms of the 0.8 ML In structure could be of interest
to study the change of electronic structure compared to the
previous stable 0.15 ML In structure.
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