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Electronic structure of the indium-adsorbed Au/Si(111)-+/3 x /3 surface: A first-principles study
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Electronic structures of the indium-adsorbed Au/Si(111)-v/3 x +/3 surface were examined using first-
principles calculations at In coverages of 0, 1/6, 1/3, 2/3, and 1 ML. The band structures of the numerous
models were analyzed in detail. We found that the surface bands around the M point exhibit notable Rashba-type
spin-orbit splittings. In addition, our results show that the calculated bands of the lowest-energy model at 1/3 ML
are in fair agreement with the identified bands in the angle-resolved photoemission study [J. K. Kim ef al., Phys.

Rev. B 80, 075312 (2009)].
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I. INTRODUCTION

Metal overlayers on a semiconductor surface have gener-
ated huge research interest in recent years due to their low-
dimensional electronic properties and potential applications
in the microelectronics industry. One of the prototypical
systems under intensive study is the Au overlayers on the
Si(111) surface.'*" Depending on the Au coverages and the
annealing conditions, the Au/Si(111) system exhibits various
surface reconstructions, such as 5x1, 5x2, V3% «/§, 6x6,
etc. 140

Depending on the orientation of the reconstruction, a
surface exhibits either two-dimensional (2D)?>***3 or one-
dimensional (1D) metallic characteristics.>* Recent studies
have shown that the complex surface band structure of the
Pb/Si(111)-+/7x+/3 phase is governed by a simple 2D free-
electron character,’*** while the Au/Si(111)-5x2 phase
exhibits a 1D feature.'®30

The /3 x v/3 (/3 hereafter) phase of Au/Si(111) has
been studied extensively,'! and the well-known conjugate
honeycomb-chained-trimer (CHCT) model'*-1221:4445 for /3
isregarded as the lowest-energy model at Au coverage of 1 ML.
The previous calculated band structure of this model is in fair
agreement with the angle-resolved photoelectron spectroscopy
(ARPES).® However, there is a small discrepancy between
the experimental data reported by Zhang et al.'” and Altmann
et al.'® Both studies showed that the two bands S, and S; are
degenerate at the I point. While the results of Zhang et al."”
seem to indicate that S, and S3 bands do not merge and leave
a band opening of around 0.4 eV at the M point, Altmann
et al.'® found that these bands do in fact merge at the M point,
at least within an uncertainty of about 0.1 eV imposed by the
lifetime broadening.

Recently, there has been a slew of very interesting reports
concerning domain walls of the +/3-Au surface.***® The
scanning-tunneling-microscopy (STM) study*® found that
submonolayer In adsorbates (0.15-0.4 ML) on the a-+/3-Au
surface eliminate the whole domain wall to yield a very
well ordered and homogeneous V3x+/3 (h-+/3 hereafter)
phase. More recently, Kim et al.*® measured the surface
band dispersions and Fermi surfaces before and after the In
adsorption on the Au/Si(111)-+/3 using ARPES. They found
that In adsorbates do not significantly alter the surface band
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structure but shift the bands by about 200-500 meV. Moreover,
result from core-level photoelectron spectroscopy by Kim
et al.*® suggested that In adsorbates interact directly with the
surface Si atoms rather than Au atoms. Thus, it is highly likely
that the In atoms adsorb in the middle of the Si trimers, as
suggested by the STM study.*¢

Moreover, strong Rashba-type spin-orbit splittings in the
surface alloy on Si(111) and Ge(111) have attracted some
research interest.*’=? In view of these experimental data for
the In-adsorbed Au/Si(lll)-\/g phase, a further theoretical
study is required in order to clarify the adsorption structure
of In atoms and to further check the effect of In adsorbates
on the surface band dispersion, as well as to examine whether
this surface alloy will produce strong Rashba-type spin-orbit
splittings.

In this paper, we examined the atomic and electronic
structures of the indium-adsorbed Au/Si( 111)-\/5 surface
using first-principles calculations. For some adsorption sites
and structural motifs, the surface band structures do not change
dramatically. Instead, the whole band structures were shifted
by —329 to 850 meV. We found that the surface bands
around the M point exhibit notable Rashba-type spin-orbit
splittings. The calculated bands for the lowest-energy model
at In coverage of 1/3 ML are in fair agreement with the
identified bands in the angle-resolved photoemission study.*®
The surface band dispersion of the lowest-energy structures at
indium coverage of 2/3 ML is quite interesting and may have
further implications.

The rest of this paper is arranged as follows: In Sec. I, the
computational methods are discussed. Results and discussion
of atomic and calculated band structures are presented in
Sec. III. Finally, our major findings in this work are sum-
marized with a brief conclusion in Sec. IV.

II. COMPUTATIONAL METHODS AND
STRUCTURAL MODELS

The calculations were carried out within the generalized
gradient approximation’® to density functional theory>* using
projector-augmented-wave potentials,® as implemented in
Vienna Ab-Initio Simulation Package.® The kinetic energy
cutoff was set to 500 eV (36.75 Ry), and the gamma-centered
10x10x1 Monkhorst-Pack grid was used to sample the
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TABLE 1. The relative surface energies A E; (meV per V3 cell) with respect to the CHCT model of proposed models. Egf is the energy
shift (meV) of ARPES data to match our calculated band structures. § E, (meV) is the band opening at the M point with SOC. The values in

the parentheses are without SOC.

A Es E shift SE o
Label Figure 01, O s Os; (meV per V3) (meV) (meV)
CHCT 1(a) 0 1 1 0 +250 258(311)
HCT 1(b) 0 1 1 83
CHCT-T4 1/6 1 1 — 149
CHCT-AT 1/6 1 1 —12
CHCT-AS 1/6 1 1 22
Substitute® 1/6 5/6 1 434
Distorted substitute® 1/6 1 5/6 754
CHCT-T4 1(c) 1/3 1 1 — 183 —100 261 (354)
CHCT-AT 1(d) 1/3 1 1 231 -329 170 (212)
CHCT-AS 1/3 1 1 243
Distorted substitute® 2(a) 1/3 1 2/3 352
Substitute® 2(b) 1/3 1 2/3 433 + 850 133(79)
Distorted substitute® 2(c) 1/3 2/3 1 599
CHCT-2T4 3(a) 2/3 1 1 7
CHCT-1T4-1AT 3(b) 2/3 1 1 215
CHCT-2AS 3(c) 2/3 1 1 444
CHCT-1AT-1AS 3(d) 2/3 1 1 579 —300 118 (159)
Distorted substitute® 2/3 2/3 1 555
Distorted substitute® 2/3 1 2/3 215
CHCT-2T4-1AT 1 1 1 172
CHCT-3AS 1 1 1 303

4The CHCT motif is retained after In substitution.
5The CHCT motif is not retained after In substitution.

surface Brillouin zones (SBZ) for the V3 phases. Moreover,
for all our surface calculations, the theoretical Si bulk lattice
constant of 5.468 A was adopted. We employed a periodically
repeating slab consisting of three Si bilayers, a reconstructed
layer, and a vacuum space of ~12 A. Hydrogen atoms were
used to passivate the Si dangling bonds at the bottom of the
slab, and the positions of H atoms were kept fixed. Similarly,
the silicon atoms of the bottom bilayer were kept fixed at
the bulk crystalline positions. The remaining In, Si, and Au
atoms were relaxed until the residual force was smaller than
0.01eV/A.

After calculating the total energies of the models, the
relative surface energy A E with respect to the lowest-energy
model, CHCT, of the V3 phase at Au coverage of 1.0 ML is
calculated next according to the relation

AE; = Enodel — Ecaer — A, — Absius;
_AQAUMAU' (1)

In the above, Ecpycr and Epogel are the total energies of the
CHCT-+/3 and the proposed models, respectively. itim, tau,
and pg; denote the chemical potentials of the bulk phases, and
A6y, ABay, and Af; represent the differences in coverages
in the surface layer for the proposed models with respect to
the CHCT model. The relative surface energies AE; of the
models listed in Table I are calculated by setting the bulk
energies of Au, Si, and In to the values of their respective
chemical potentials. Both calculated band structures with and

without the spin-orbit coupling (SOC) for the representative
models are shown in the figures.

Finally, we have manually created the atomic structures for
various In coverages. In addition, we also randomly placed In,
Au, and Si atoms on the substrate and then relaxed them to
their local minima. In total, we examined roughly 30 structures
for the In coverages of 1/3 and 2/3 ML. Of these, selected
low-energy models are shown in Table I and Figs. 1-3.

III. RESULTS AND DISCUSSION

The well-known conjugate honeycomb-chained-trimer
model'%121921.4445 for the /3 phase is illustrated in Fig. 1(a),
where Au atoms form the trimer. The corresponding band
structure of the CHCT model is shown in Fig. 1(e). Our
calculated band structure along I'-M-I" is similar to that
reported by Lee and Kang.* The red dotted lines represent the
ARPES data reproduced from Ref. 48. The experimental result
is shifted by + 250 meV in order to match the band merging
feature at the M point. However, the experimental bands S, and
S3 merging at the M point is not replicated in the theoretical
calculation. Rather, the band opening of 0.311 eV, §E,, at
the M point is observed. We further reexamined the band
structures of the 1 x 1 model shown in Fig. 1(a) of Ref. 48 and
find that the degeneracy of S, and S3 at the M point is broken
by the trimerization of the Au atoms and result in a band gap of
0.311 eV at the M point. However, further spin-orbit coupling
calculations result in splitting and broadening of S, and S5 such
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FIG. 1. (Color online) (a) and (b) show the optimized atomic
structures for the +/3 phase, and (e) and (f) are their corresponding
band structure along the I'-M-I". (¢) and (d) show models for a single
In atom adsorbed on +/3 corresponding to In coverage of 1/3 ML,
while (g) and (h) are their corresponding band structures along the
[-M-T. The /3 supercell is outlined with the red dashed lines. The
values above the models are the relative surface energies (meV per
/3 cell) with respect to CHCT model. Large red (medium gray) and
blue (dark gray) and small golden (light gray) filled circles indicate
In, Au, and Si atoms of the surface layer, respectively, and white
spheres represent Si atoms below the surface layers. For the band
structures, the solid lines indicate the results without SOC. The red
circles and blue crosses in the band structures indicate opposite spin
orientations, and the their sizes are proportional to contributions of
the Au, In, and Si atoms at the surface layer. The dashed lines are the
band structures including SOC. The red dotted lines are the ARPES
data reproduced from Ref. 48.
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that these S, and S5 bands seem to be closer around the M point
(a gap of 0.258 eV). The calculated highest surface band, S,
differs from the experimental value by around 0.4 eV at the
I' point. Next, the honeycomb-chained-trimer (HCT) model
shown in Fig. 1(b) is found to be higher in energy by 83 meV
per +/3 where its band structure is shown in Fig. 1(f). Based
on Fig. 1(f), it would seem that the band structure of the HCT
model does not match the experimental result. Apparently, the
band structure is sensitive to surface atomic reconstruction.

After reexamining the /3 phase, we began to simulate
the experimental studies**™® where the indium atoms were
adsorbed on the +/3 surface. We started with a single indium
atom per /3 cell, which corresponds to a coverage of 1/3
ML. Numerous structures were examined, and first two lowest-
energy are shown in Figs. 1(c) and 1(d). The model in Fig. 1(c)
shows that the indium atom resides at a position higher than
the Au atoms and is found among the Au trimers. Moreover,
it bonds with the Au atoms of the three neighboring trimers.
The position of this In atom is right on top of the T4 site with
respect to the underlying Si(111) substrate. Thus, we label it
as the CHCT-T4 model. The In position in the model shown in
Fig. 1(c) is, in fact, the same as the site proposed by previous
studies.*** Furthermore, the model in Fig. 1(c) has a lower
relative energy than the CHCT model. Nonetheless, the band
structure in Fig. 1(g) is in fair agreement with the experimental
observations. S3 is not fully replicated in the calculations.
The second model shown in Fig. 1(d) shows the indium atom
residing on top of the Au trimer. It was therefore appropriately
labeled as the CHCT-AT model. The band structure of this
CHCT-AT model at In coverage of 1/3 ML agrees well with
the experimental band when shifted by —329 meV, as shown
in Fig. 1(h). The band dispersions of S;, S», and S3 match
the experimental bands. In addition, our calculations with and
without the SOC exhibit band openings of 212 and 170 meV at
the M point, respectively. It appears that the In atoms behave
as the electron donors when they reside on top of Au trimers.
Finally, the possible adsorption site with the next higher energy
is found to be on top of the Si atom and then is labeled
CHCT-AS. The relative energy of this model is included in
Table I. However, since its band structure does not match the
experiment, we will not present it in this study.

We further explored other possibilities. In one possible
scenario, the CHCT model is no longer retained after In
adsorptions. Numerous models were then examined, and we
illustrate two models wherein one Si atom is replaced by one
In atom at In coverage of 1/3 ML, as shown in Figs. 2(a)
and 2(b). For the first In substitution model, the CHCT is
broken; thus the band structure in Fig. 2(d) does not match
the experimental result. For the second In substitution model,
the CHCT is retained after the Au atom was substituted
by an In atom. The band structure of the second model
shown in Fig. 2(e) reproduces the experimental S, and S3
bands well, provided the experimental result is shifted by
+850 meV. The S, and S3 bands differ by 0.079 and 0.133
eV around the M point, which is close to the experimental
resolution limit of 0.1 eV.!® Furthermore, we also explored the
coverage where the Au atom is substituted by an In atom.
One such model is shown in Fig. 2(c), where it appears
that its band structures does not match the experimental
observation.
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FIG. 2. (Color online) (a) and (b) show models at In coverage
of 1/3 ML where one In atom substitutes the Si atom for each J3
cell, and (d) and (e) are their corresponding band structures along
the I'-M-T". (c) depicts the model at In coverage of 1/3 ML where
one In atom substitutes one Au atom at the surface layer, and its
corresponding band structure is shown in (f).

In the experiment at around In coverage of 0.15 ML,
a sharp +/3x+/3 low-energy electron diffraction (LEED)
pattern without any other diffraction features developed.**®
Therefore, after determining the possible adsorption sites at
1/3 ML, we intuitively augmented our supercell to a 2+/3x+/3
unit such that one In atom in the supercell corresponds to 1/6
(0.167) ML, approximately close to the experimental coverage
of 0.15 ML. Moreover, the other possible models are that
ones in which an In atom substitute either one Au atom or
a Si atom on the surface. We have examined three sites and
numerous substitution models, and those with low energies are
listed in Table I. Our result is in agreement with the previous
calculation by Gruznev et al.*® in which the CHCT-T4 model is
the lowest-energy adsorption site. Since additional discussions
of the CHCT-T4 models at 1/6 and 1/3 ML can be found in
the aforementioned study,46 we will not elaborate further here.

PHYSICAL REVIEW B 85, 155401 (2012)

Furthermore, we also noted that the In atom substitution of
a Si atom and a Au atom in the +/3 cell are energetically
unfavorable, which also mirrors the experimental finding*®
that the Si coverage and the Au coverage were found to be 1
ML. The energies of the models at In coverage of 1/6 ML are
higher than that of the lowest-energy model shown in Fig. 1(a)
at In coverage of 1/3 ML.

The In coverage was increased to 2/3 ML so that two
indium atoms are in a \/§ unit. Since we know the possible
adsorption sites for the In atoms from the models with In
coverage of 1/3 ML, these possible sites are enumerated
to generate new structural models. In addition, an In atom
also substitutes position of Au or Si atoms. Furthermore, we
performed random arrangement of atoms on the surface. Up to
30 structures were examined, and four low-energy structural
models are illustrated in Fig. 3. The model with the lowest
energy in Fig. 3(a) has two indium atoms residing among the
Au trimers in a way similar to the CHCT-T4 model in Fig. 1(a).
This model is found to be identical to that illustrated by Kim
et al.** We note that the models at 1/6 and 1/3 ML have lower
energies than the model at In coverage of 2/3 ML. The band
structure shown in Fig. 3(e) of the lowest-energy model at In
coverage of 2/3 ML does not match the experimental result.
However, the surface band dispersion of the lowest-energy
structures at indium coverage of 2/3 ML is quite interesting
and may have further implications. The second-lowest-energy
model shown in Fig. 3(b) has one indium atom on top of an
Au trimer with other indium atom among the Au trimers. In
Fig. 3(f), the band crossing of S, and S;3 at the M point is
reproduced, but the band S, dispersing upward at the I" point
does not as shown in our calculation. The third model shown in
Fig. 3(c) contains two indium atoms are on top of the Si atoms,
where we note that its corresponding band structure in Fig. 3(g)
does not match the experimental result either. Furthermore, the
fourth model in Fig. 3(d) has one indium atom residing on top
of the Au trimer while the other indium atoms sit on top of
an Si atom. Its band structure, plotted in Fig. 3(h), also shows
the band crossing of S, and S3 at the M point. However, an
additional band dispersing at the I" point which emerges from
our calculation is not seen in the experimental result.

The In coverage was further increased to 1 ML. Nu-
merous models were examined, and two low-energy models
are listed in the Table I. The first model CHCT-2T4-1AT
has one additional In atom that is adsorbed on top of an
Au trimer. The second model CHCT-3AS has all three In
atoms sit on top of the Si atoms. We found that the band
structures of these two models are not in agreement with
experiments.*

The inclusions of SOC in the band calculations showed
that the SOC mainly causes the splitting of surface bands that
the Au atoms contribute to. We further notice that for the
models to match the experimental dispersions of bands i,
S,, and S3 where their Eqf are provided in Table I, the band
gaps of S, and S5 at the M point have to be less than 0.354 eV.
Considerations of spin-orbit coupling in these systems showed
that the splittings of the S, and S; bands leave gaps near
the M point that are smaller and close to the experimental
resolution limit of 0.1 eV. Finally, the splittings of the S; and
S5 bands around the M point are found to be Rashba spin-orbit
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FIG. 3. (Color online) (a), (b), (c), and (d) show models for two
In atoms adsorbed on +/3 at In coverage of 2/3 ML, and (e), (f), (g),
and (h) are are their corresponding band structures along I'-M-T".

splitting®’ since the In-Au-Si surface layer formed a potential
gradient at the surface.

After investigating the models at different In coverages,
we further discuss the stability as a function of In coverage.
The relative surface energies of the models versus In coverage
are plotted in Fig. 4(a). The plot shows that the system at In
coverage of 1/3 ML is most stable, while the experimental
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FIG. 4. (Color online) (a) The relative surface energies of models
vs In coverage. (b) The relative surface energies (meV per /3 cell)
of lowest-energy models at different In coverages vs the chemical
potential of In.

observations suggested rather that the In coverage is 1/6
ML.#6*3 The lines connecting the lowest-energy models form
a convex hull, implying the surface is less stable at In coverage
of 2/3 ML. Moreover, a consistent trend was found. The
lowest-energy models at coverages ranging from 1/6 to 1 ML
are those of In atoms sitting on the T4 sites.

Next, we discuss the stability as a function of the chemical
potential. The relative surface energies of the lowest-energy
models versus the chemical potential of In are plotted in Fig. 4.
A quick inspection of Fig. 4 reveals that for (up, — M}’r‘:lk)
> 0.177 eV the the most stable structure is the model at In
coverage of 1 ML. Gradually, when —0.066 eV < (ug, — ubU)
< 0.177 eV the model at In coverage of 1/3 ML exhibits the
most stability. The bulk energy of In is within this range.
However, when —0.299 eV < (i1, — i) < —0.066 eV, the
most stable structure is the model at In coverage of 1/6 ML.
We note that when the chemical potential differs from the bulk
value by only —0.066 eV the model at In coverage of 1/6 ML
has a lower energy than the model at In coverage of 1/3ML.
When (i — ™) < —0.299 eV, the surface exhibits the
most stability without any In adsorption. The lowest-energy
model at 2/3 ML seems to be less stable with respect to the
chemical potential.
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FIG. 5. (Color online) The empty-state (top) and filled-state
(bottom) images of the (a) CHCT-T4 [Fig. 1(c)] and (b) CHCT-AT
[Fig. 1(d)] models at 1/3 ML. (c) and (d) are those of CHCT-2T4
[Fig. 3(a)] and CHCT-T4-AS [Fig. 3(b)]. The sample biases are + 1.0
V and —1.0 V for empty (top) and filled (bottom) states, respectively.

Finally, we calculated STM images of our models and
compared them with the experimental observations.*® In
Figs. 5(a) and 5(b), our simulated STM images of 1/3-ML
models show one bright spot per +/3 cell and thus do not
exhibit the hexagonal pattern. Furthermore, the simulated STM
images of the lowest-energy model of 2/3 ML as shown in
Fig. 5(c) exhibit the hexagonal pattern, which matches the
experiment STM observations. However, the STM experiment
was performed at a low coverage of 0.15 ML (around 1/6 ML)

PHYSICAL REVIEW B 85, 155401 (2012)

and at room temperature (300 K). A plausible explanation for
this discrepancy was proposed by Gruznev et al.*® in which
the In atoms migrate actively and hop among neighboring
T4 sites at 300 K and the STM observations in fact were
taken as the time-averaging images. Their further measurement
at a lower temperature (125 K) verified one protrusion per
/3 cell, meaning that one In atom sits on one /3 cell. In
addition, the ARPES study by Kim et al.*® was performed at a
temperature ranging from 300 K down to 40 K, and the surface
band dispersions have no significant change. Moreover, our
calculations showed a huge change in the band dispersions
at indium coverage of 2/3 ML. Based on these facts, we can
conclude that at 1/6 ML, even though In atoms are active at
the surface at 300 K, only one indium is within one \/§ cell
at any time; thus the band dispersion measurement*® should
be a mixture of dispersions from the CHCT and CHCT-T4
models, while at a lower temperature, the indium atoms will be
frozen,* and thus the same mixture of dispersions is expected.
Further experimental study at a higher coverage is needed due
to the interesting surface band dispersions at 2/3 ML. Using
the +/3 as a templet, exotic band dispersions may be tailored
by adsorbing different metals.

IV. CONCLUSIONS

In conclusion, atomic and electronic structures of the
In-adsorbed Au/Si(111)-v/3x+/3 surface reconstruction were
examined using first-principles calculations at In coverages
ranging from 1/6 to 1 ML. The analysis of stability due to
the chemical potential indicates that the model at In coverage
of 2/3 ML is less stable. The T4 site was found to be the
preferred adsorption site for indium atoms. The band structures
of the numerous models were analyzed in detail. Our results
show that the calculated bands for lowest-energy model at In
coverage of 1/3 ML are in fair agreement with the identified
bands in the angle-resolved photoemission study. Finally, the
surface bands around the M point exhibit Rashba spin-orbit
splitting since the In-Au-Si layer formed a potential gradient
at the surface.
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