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In and Si adatoms on Si(111)5 X2-Au: Scanning tunneling microscopy and first-principles
density functional calculations

A. Stepniak, P. Nita, M. Krawiec,* and M. Jatochowski
Institute of Physics, M. Curie-Sktodowska University, Pl. M. Curie-Sktodowskiej 1, 20-031 Lublin, Poland
(Received 24 June 2009; revised manuscript received 31 August 2009; published 30 September 2009)

Structural properties of monatomic indium chains on Si(111)5 X 2-Au surface are investigated by scanning
tunneling microscopy (STM) and first-principles density functional calculations (DFT). The STM topography
data show that submonolayer coverage of indium leads to a well-ordered chain structure with the same
periodicity as the Si adatoms form on Si(111)5 X 2-Au surface. Bias-dependent STM topography and spec-
troscopy reveal two different mechanisms of In-atoms adsorption on the surface: bonding to Si adatoms and
substitution for Si atoms in the adatom positions. Those mechanisms are further corroborated by DFT calcu-
lations. The obtained structural model of In-modified Si(111)5 X 2-Au surface remains in good agreement with

the experimental data.
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I. INTRODUCTION

Among various structural phases of Au-induced Si(111)
surface,!2 the 5 X 2 reconstruction has become fascinating
due to spontaneous formation of arrays of monatomic chains.
The unit cell of this reconstruction is 1.625 nm (5 X apy,37)
wide and 0.768 nm (2 X ap;1¢7) long, and is observed at the
gold coverage 0.44 ML.? Since its discovery, the 5X2 re-
construction has been extensively investigated by number of
experimental techniques, including low-energy electron
diffraction,!>* x-ray diffraction,>® high-resolution electron
microscopy,” scanning tunneling microscopy (STM)31
angle-resolved photoemission (ARPES),!*16-20 and inverse
photoemission.?!

Parallel to experimental effort, theoretical investigations
have been carried out in order to find a structural model of
5X 2 reconstruction.”>2® However, first attempts to the
structural  model utilized STM  and  diffraction
experiments.’>®?7 Two most complete structural models
have been proposed by Marks and Plass based on a high-
resolution transmission electron-diffraction data’ and by Ha-
segawa, Hosaka, and Hosoki, deduced from STM
experiments.'® Both models have been examined by first-
principles density functions calculations (DFT), and they
turned out to fail to reproduce the key features of angle-
resolved photoemission spectroscopy and STM topography
data.?>?* Later, Erwin® proposed another structural model of
5 X 2 reconstruction, deduced from DFT calculations, which
has widely been used while interpreting STM topography
data. This model features the presence of honeycomb
chain,?®?° which is a common feature of many Si surfaces.*
Erwin’s model well reproduces a number of STM observed
features such as V-shaped and U-shaped features and less
accurately bright protrusions (BP),'* which are known to be
Si adatoms.'121420 Other theoretical models?*?® having
lower surface energies with respect to the Erwin’s model
suffer from similar problems as the Erwin’s model does,
namely, they do not reproduce reasonably well the Si ada-
toms in STM topography. Interestingly, the electronic band
structure calculated within those models remain in good
agreement with the ARPES data. Among the 5 X 2 structural
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models, the model proposed by Ren et al.? seems, at

present, to be best candidate for structural model of 5X2
reconstruction, as it well describes the main features of STM
topography together with the Si adatoms. Note that this
model is based on the structure investigated in Ref. 24 and
has the surface energy comparable to the Erwin model.

As it was already mentioned, characteristic feature of
Si(111)5X2-Au surface is the presence of Si adatoms,
which are observed in STM topography images as bright
protrusions. Those adatoms form a 5X4 superlattice but
only half of the superlattice sites are occupied by Si
adatoms.?® This equilibrium coverage for 5X4 superstruc-
ture manifests itself in 5 X4 chains and empty segments in
between. Those Si-adatom chains are responsible for a long-
standing puzzle regarding metallic or insulating character of
the ARPES spectra.'*19-20 It turns out that at the Si-adatom
coverage less than equilibrium one, the system shows metal-
lic character while at higher coverages, it goes into insulating
phase. This was recently confirmed in beautiful experiment
by Choi et al.,'* where the Si-adatom coverage was con-
trolled in systematic way.

Naturally a question arises if other materials, in particular,
metals, will also form some superstructures on Si(111)5
X 2-Au surface. The metallic materials would shed some
light on different aspects of one-dimensional (1D) metals.
We have chosen indium, as In atoms are known to form 1D
structures on flat Si(111)7 X 7 surface,’!3 as well as on vici-
nal Si surfaces.’33 Perhaps the best known example of 1D
structure is 4 X 1 reconstruction (see Ref. 36 and references
therein), where indium atoms deposited on flat Si surface
self-assemble into a double zigzag chain structure. This sys-
tem undergoes a metal-insulator transition (presumably of
the Peierls type) at temperature around 120 K. On the other
hand, In deposited on vicinal Si surfaces forms regular arrays
of 1D chains, located at the step edge.?® Thus it is interesting
to study indium atoms on Si(111)5X2-Au reconstruction,
displaying 1D ordering but on flat surface.

The purpose of the present work is to investigate In-
induced reconstruction on Si(111)5 X 2-Au surface in sub-
monolayer coverage of indium and see if In atoms at very
low coverage will form similar superstructure as the Si ada-
toms do.
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Using scanning tunneling microscopy and spectroscopy
we study structural properties of In chains on Si(111)5
X 2-Au surface. Our STM topography data show that, in-
deed, a submonolayer coverage of In leads to a well-ordered
chain structure with the same periodicity as the Si adatoms
form on 5 X2 reconstruction. Moreover, the bias-dependent
STM topography and spectroscopy reveal two different
mechanisms of In adsorption on the surface. Namely, the
bonding of In atoms to Si adatoms and adsorption in unoc-
cupied Si-adatom positions. The DFT calculations show that
both mechanisms are energetically almost degenerate. We
propose structural model of In-modified Si(111)5X2-Au
surface, derived from total-energy DFT calculations, which
remains in good agreement with experimental data. The rest
of the paper is organized as follows. In Secs. II and III details
of experiment and of calculations are presented. Structural
properties of clean and In-modified Si(111)5 X 2-Au surface
are discussed in Secs. IV and V, respectively, while the elec-
tronic properties are presented in Sec. VI. We end up with
conclusions in Sec. VIIL.

II. EXPERIMENTS

Experiments have been carried out in ultrahigh vacuum
chamber with base pressure less then 5X 107!! mbar. The
chamber was equipped with scanning tunneling microscope
(type OmicronVT) and reflection high-energy electron-
diffraction (RHEED) apparatus. The substrate used in the
experiment was cut from a B-doped mirror-polished Si(111)
wafer with a resistivity of 0.13 €} cm. The Si(111) substrate
was cleaned by flash anneal process up to 1500 K. The
Si(111)5X2-Au surface was obtained by deposition of
0.5 ML of Au [in units of half of Si(111) double layer],
heating the sample at temperature 1100 K for 20 s and gradu-
ally cooling down to the room temperature (RT) for 3 min.
The quality of the surface has been controlled by RHEED
technique. During the deposition of gold the Si sample was
held at the room temperature. Next, submonolayer coverage
(0.025 ML) of In was deposited onto the surface and then the
sample was annealed at approximately 750 K for 1 min. The
STM measurements were performed at temperature 100 K.
Although STM imaging was performed at RT as well, essen-
tially no difference was found between 100 K and the RT
results, besides better resolution and less thermal drift due to
enhanced stability at low temperature.

III. DETAILS OF CALCULATIONS

The calculations have been done using the SIESTA code,
which performs standard pseudopotential density functional
calculations in a basis of numerical atomic orbitals.’”-*! The
local-density approximation*? and Troullier-Martins norm-
conserving pseudopotentials*® have been used in calcula-
tions. The pseudopotentials of Au- and In-contained semi-
core states 5d and 4d, respectively. A double-{ polarized
basis set was used for all the atomic species.?®3° The radii of
the orbitals for different species were following (in a.u.):
Si-7.96(3s), 7.98(3p), and 4.49(3d), Au-7.20(5d), 6.50(6s),
and 5.85(6p), In-3.43(4d), 5.80(5s), 7.83(5p), and 6.57(5d),

PHYSICAL REVIEW B 80, 125430 (2009)

FIG. 1. (Color online) STM topography of the same area (10
X 10 nm?) of Si(111)5X 2-Au surface at T=100 K, recorded at
tunneling current /=0.37 nA and bias voltages: (a) U=+1.2 V and
(b) U=-0.8 V. The Si adatoms are visible as bright protrusions.

and H-7.55(1s) and 2.94(2p). Due to large real-space super-
cell, only four nonequivalent k points for Brillouin-zone
sampling and a real-space grid equivalent to a plane-wave
cutoff 100 Ry were employed.

The Si(111)5X2-Au and Si(111)5X2-Au/In systems
have been modeled by four silicon double layers and a
vacuum region of 14 A. All the atomic positions were re-
laxed until the maximum force was less than 0.04 eV/ A,
except the Si atoms in the bottom layer, which were fixed at
their bulk ideal positions and saturated with hydrogen. The
lattice constant of Si was fixed at the calculated value,
539 A.

IV. Si(111)5 X 2-Au SUBSTRATE

Figure 1 shows STM topography of an (a) empty- and a
(b) filled-state images of the same area (10X 10 nm?) of the
Si(111)5 X 2-Au surface. Some characteristic features can be
observed. The empty-state STM topography image [panel
(a)] shows so-called V-shaped protrusion (leg) between two
balls (heads) in each unit cell.®!3 Although it is known as
second kind of the unit cell of 5 X 2 reconstruction composed
of U-shaped protrusion under the head,'? it is not observed in
the present experiment. The bright protrusions, which are
known to be Si adatoms, are observed at both voltage polar-
izations. It is known that the Si adatoms have a tendency to

form a superstructure along [110] direction with a periodic-
ity of 4Xar 7o) but only half of the superlattice sites are
occupied by Si adatoms.?>** Our experiment confirms such a
behavior, although the distance 2 Xap 7y between Si ada-
toms has also been observed accidentally.

Usually, while interpreting STM topography images one
uses the structural model proposed by Erwin.?* Although this
model shows rather good agreement with main experimen-
tally observed features, there is a discrepancy regarding Si
adatoms. Namely, the calculated positions of the Si adatoms
do not coincide with those observed in experiment. This is
clearly visible in Fig. 2, where the comparison of the Erwin
model with our (a) empty- and (b) filled-state STM topogra-
phy images is shown.

The positions of the Si adatoms, calculated within this
model are marked with small dark circles. Clearly, the cal-
culations give wrong positions of the adatoms. While in ex-
periment the Si adatoms are localized on the symmetry axis
of the V-shape features, in calculations they are located out-
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FIG. 2. (Color online) STM topography images (5.6
X 2.7 nm?) of the same area of Si(111)5 X 2-Au surface, recorded
at sample biases (a) U=+1.2 V and (b) U=-0.8 V. Light large
(orange) and small white circles represent the Au and Si atoms,
respectively, while small dark (green) circle is for Si adatom, de-
duced from the Erwin model (Ref. 23).

side the V shapes. Similar behavior has been observed by
Yoon et al."?

Recently another structural model of 5 X2 reconstruction
has been proposed by Ren et al.>> This model is based on the
structure investigated in Ref. 24 and has the surface energy
comparable to the Erwin’s model. This model also accounts
for most of the features visible in STM topography data.
What is more important, it also gives correct positions of the
Si adatoms. Therefore we use the Ren’s model to interpret
the experimental data, rather than the Erwin’s one. A com-
parison of our STM data with the structural model proposed
by Ren? is shown in Fig. 3. Clearly, this model shows better
agreement with the experimental data. In particular, the cal-
culated positions of Si adatoms now coincide with the bright
protrusions visible in STM topography.

V. Si(111)5 X 2-Au SURFACE MODIFIED BY In
ADSORPTION

As it was previously mentioned, the Si adatoms form their
own 5 X 4 superstructure with partial occupancy. It would be
interesting to see if indium atoms will form similar super-
structure. Therefore we deposited on Si(111)5X2-Au sur-
face 0.025 ML of In atoms, which gives exactly one In atom
per 5 X 8 unit cell. Figure 4 shows STM topography images
of the 5 X 2 surface covered with 0.025 ML of In. Depending
on the sample bias the different STM topography is ob-
served. While at positive sample bias [panel (a)] several
bright protrusions are observed, at negative bias [panel (b)]
only some of them are visible. Moreover, at positive polar-
ization a characteristic features of 5X2 reconstructions,
namely, the V shapes, are observed. Comparing the images
taken at different sample polarizations we could expect that
the bright protrusions observed at positive polarization only

FIG. 3. (Color online) Comparison of structural model proposed
by Ren et al. (Ref. 25) with the same STM topography data as in
Fig. 2. Light large (orange) and small white circles represent the Au
and Si atoms, respectively, while small dark (green) circle marks
the Si adatom in this model.

(BP1) are the indium atoms while those observed at both
polarizations (BP2) are the Si adatoms. Such a picture could
be supported by following argument. The positions of BP2
on In-covered Si(111)5 X 2-Au surface coincide with the po-
sitions of Si adatoms on bare Si(111)5 X 2-Au surface. How-
ever, scanning tunneling spectroscopy (STS) spectra as well
as DFT calculations show that the situation is more compli-
cated. Namely, the bright protrusions observed in empty-
state STM topography (BP1) are the In atoms bonded to Si
adatoms while the bright protrusions observed at both polar-
izations are the Si adatoms (BP) and the In atoms located in
positions expected for Si adatoms (BP2). Similar mecha-
nisms of In adsorption have been observed in STM study of
Si(111)7 X 7 surface.*** Those include (i) In-atoms adsorp-
tion on top of the Si adatoms—BP visible at both polariza-
tions, (ii) substitution of In for Si atoms in 7 X7 adatom
position—BP observed in empty-state images, and (iii)
charge redistribution from Si rest atoms to nearby Si adatoms
caused by In adsorption on the Si rest atoms—BP visible in

FIG. 4. (Color online) STM topography of the same area (6
X 6 nm?) of Si(111)5 X 2-Au surface covered with 0.025 ML of In.
Bias voltage is (a) U=+1.4 V and (b) U=-1.4 V, and the tunnel-
ing current is 0.2 nA. BPI stands for one of bright protrusions
composed of In atoms bonded to Si adatoms while BP2 marks one
of the bright protrusions associated with In atoms located in Si-
adatom positions.
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the filled-state images. Those mechanisms have been de-
duced from bias-dependent STM topography images. In the
case of Si(111)5 X 2-Au surface, our STM/STS and DFT in-
vestigations show that those mechanisms lead to different
behavior of bright protrusions in bias-dependent STM topog-
raphy, then it was proposed for 7 X 7 reconstruction. Namely,
the protrusions observed at both polarizations are the In at-
oms located in 5 X2 adatom position [mechanism (ii)]. The
BP visible only in empty-state STM images are the In atoms
bonded to Si adatoms, and both, (i) and (iii) processes are
involved in this case. To be more precise, In atoms form
covalent bonds with Si adatoms and rest atoms which lead to
charge redistribution. However, unlike on Si(111)7 X7 sur-
face, the charge transfer takes place mainly from In atoms to
Si adatoms and to underneath Si atoms, and very weak
charge transfer from Si rest atoms. Such different behavior of
BP on Si(111)5X2-Au and Si(111)7 X 7 surfaces may have
its origin in different surface morphology, as the 5 X 2 recon-
struction contains Au atoms.

Figure 5 shows two structural models of In-induced
Si(111)5 X 2-Au reconstruction derived from DFT calcula-
tions. Panel (a) shows a side view and top view of a model
with In atoms bonded to Si adatoms (model “bonded”), and
panel (b) shows a model with In atoms substituted for Si
atoms in adatom positions (model “substituted”). In model

bonded, shown in panel (a), the In atoms are shifted in [110]
direction with respect to Si adatoms. However, they can also

be shifted in opposite, i.e., in [110] direction (not shown),
which is also observed in STM. Both positions are energeti-
cally degenerate. The bonding of In atoms to Si adatoms
results in shifting of the positions of Si adatoms. The lateral
positions of Si adatoms change by 0.1 A while vertical ones
by 0.2 A. The Si adatoms are pushed toward the surface
while In atoms stick out by 1.5 A. In model substituted the
lateral positions of the In atoms remain more or less the same
as the positions of original Si adatoms. The only change is in
vertical position by 0.9 A out of the surface.

Both models are almost energetically degenerate, with
model substituted having lower surface energy by
~0.3 meV/A2 only. Thus, on the basis of calculations, we
cannot indicate which mechanism of adsorption is favorable.
However, our STM data, show that mechanism (i), i.e., bond-
ing to Si adatoms, is more preferred. On bare Si(111)5
X 2-Au surface, the number of BP (Si adatoms) is equal to
one Si adatom per 5 X 8 unit cell. Although Si adatoms are
known to form chains with X4 periodicity, half of the ada-
tom sites is occupied, thus equilibrium coverage is one Si
adatom per 5 X8 unit cell. In fact, number of BP strongly
depends on sample preparation conditions,'*?® and in our
experiment, the Si-adatom occupancy is around 53%. All the
BP are visible at both polarizations. When 0.012 ML of In (1
In atom per 5 X 16 unit cell) is deposited, the occupancy of
Si-adatom 5 X4 sites increases to 58%. At this In coverage
all three kinds of bright protrusions, namely, BP1, BP2, and
BP, are observed. BP1 amount to 40% of total number of
protrusions while BP2 to 3% only. The remained 57% are Si
adatoms (BP). When In coverage is further increased to
0.025 ML of In (1 In atom per 5 X 8 unit cell), the occupancy
of Si-adatom 5 X4 sites increases to 75%. Number of bright
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FIG. 5. (Color online) Structural models of In-covered
Si(111)5 X 2-Au surface reflecting two different kinds of In adsorp-
tion. Panel (a) shows side view and top view of a model with In
atoms bonded to Si adatoms (model “bonded”) and panel (b) shows
a model with In atoms substituted for Si atoms in adatom positions
(model “substituted”). Different colors reflect different species of
the structure: Si atoms—small light green circles, Au—Ilarge orange
circles, In—large red circles, and Si adatoms—small green circles.
Crystallographic directions are also indicated in panel (a).

protrusions visible at positive bias, i.e., BP1 is equal 59% of
all protrusions present and 8% of total number of protrusions
are In atoms located in Si-adatom sites while remained 33%
are the Si adatoms alone. The above data are summarized in
Table I and clearly indicate that mechanism (i) is more fa-
vorable.

As a result, one observes 1D chain structure composed of
three kinds of protrusions, i.e., In atoms adsorbed on Si-
adatom sites, In atoms bonded to Si adatoms and Si adatoms.
The distance between the bright protrusions of any kind
within the chain is equal to 1.54 nm, i.e., 4 Xar7¢]. This
distance is characteristic for Si(111)5X2-Au surface.'*
Similar as on Si(111)5X2-Au surface, characteristic fea-
tures, i.e., the V shapes located between BP are also observ-
able (see Fig. 4).
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TABLE 1. Occupancy of allowed Si(111)5X2-Au sites by
bright protrusions (BP,,) and contribution of different kinds of
bright protrusions (BP, BP1, and BP2) to BP,, vs In coverage.

In coverage [ML] 0.000 0.012 0.025
BP,, [%] 53 58 75
BP/BP,, [%] 100 57 33
BP1/BP,, [%] 0 40 59
BP2/BP,, [%] 0 3 8

A comparison of the STM topography of In-covered
Si(111)5 X 2-Au surface together with both our models (Fig.
5) is shown in Fig. 6. Clearly, one observes very good agree-
ment between STM data and the proposed structural models.
In particular, the model bonded, gives asymmetrical posi-
tions of In atoms with respect to other characteristic features
of 5 X2 reconstruction.

The asymmetry in arrangement of BP1 within the 5 X4
unit cell is presented in Fig. 7, where the line profiles across
[panel (b)] and along [panel (c)] the chain shown in panel (a)
are presented. This asymmetry is visible in the shift of BP1

with respect to neighboring atoms in [110] direction [com-
pare profiles C and D in panel (b)]. The value of the shift is
estimated to be 0.1 nm. As one can read off from panel (a),
the protrusion BP2 is not shifted. This asymmetry in posi-
tions of BP1 modifies also local charge distribution on neigh-
boring atoms, indicated by black arrows in panel (a). At
higher In coverage the asymmetry is even more pronounced,
in particular, at negative bias, where the shifts of In atoms
are observed in both directions along the chain. Furthermore,

the BP1 are shifted in [112] direction with respect to original

FIG. 6. (Color online) STM images (4.2X2.7 nm?) of (a)
empty state (+1.4 V) and (b) filled state (—=1.4 V) of the same area.
Light large (orange), small white, large dark (red), and small dark
(green) circles represent the Au, Si, In atoms, and Si adatoms,
respectively.
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FIG. 7. (Color online) Panel (a) shows STM image (2
X5 nm?) of In-covered Si(111)5 X 2-Au surface; (b) profile lines
across one of the chains (in [112] direction), indicated in panel (a)
as A and B. Panel (c) shows profile lines C and D along the chain

(in [110] direction).

Si adatoms on Si(111)5 X 2-Au surface by 0.2 nm [see Fig.
7(b)].

In case of bare Si(111)5 X 2-Au surface, the presence of
Si adatoms influences the STM topography of V-shape fea-
tures. Namely, near the Si adatoms or between adatoms, the
V shapes are stretched by 0.09+0.02 nm [marked as B in
Fig. 8(a)] with respect to V shapes in adatom-free regions
(marked as A), where their width is equal to
(0.33+0.02) nm. Due to symmetrical arrangement of Si
adatoms in 5X4 unit cell, the influence on neighboring
structures is the same. Similar behavior show the BP1 on

a) 0.33 nm _0.:2 nm
e * ¢

o
z[A]

O O oy =d
mwoabw

b) 0.33 nm 0.42 nm
=—h = =i —

FIG. 8. (Color online) STM topography (4.7 X 1.7 nm?) of (a)
clean and (b) In-covered Si(111)5X2-Au surface. Panels (a) and
(b) show closeup STM images presented in Figs. 1(a) and 3(a),
together with corresponding cross sections along the lines shown. In
both panels labels A and B stand for V shapes in BP-free region and
stretched V shapes near the BP, respectively.
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FIG. 9. (Color online) Cross section [panel (b)] of two different
protrusions (BP2 and BP) on In-covered Si(111)5 X 2-Au surface
along line shown in (a). Area of the surface shown in panel (a) is
2.4%3 nm?2. The Si adatoms (BP) appear to be 0.2 A higher than
In atoms (BP2).

Si(111)5X2-Au/In surface. The V-shape features [marked
as B in panel (b) of Fig. 8] are also stretched by 0.09 nm but
only inside the chains composed of bright protrusions. At the
end of chains the change in V shapes depends on direction of
BP1 shifts. This is another argument, which helps to identify
the BP1 and BP2 protrusions on Si(111)5 X 2-Au/In surface.

Finally, the question arises how to distinguish In atoms
located in Si-adatom sites (BP2) from Si adatoms (BP), as
both kinds of protrusions show similar behavior in STM to-
pography. It turns out that one can identify BP2 and BP
features on the basis of spectroscopy, as it will be shown in
Sec. VI. Moreover, the differences also exist in topography
images. The Si adatoms (BP) appear to be 0.2 A higher than
In atoms (BP2) in STM topography, as shown in Fig. 9. The
above criteria can help to distinguish Si adatoms from In
atoms on In-covered Si(111)5X2-Au surface in unambigu-
ous way.

VI. ELECTRONIC PROPERTIES

In order to shed some light on electronic properties of the
surface structures, we have performed STS measurements.
An useful quantity is normalized differential conductance
(dI/dU)/(1/ U), which in first approximation gives local den-
sity of states (LDOS) of the surface.*® In the following we
use dI/dU which was obtained by numerical differentiating
I(U) characteristics.

Figure 10 shows tunneling current /(U) and correspond-
ing normalized dI/dU characteristics of different areas of
Si(111)5 X 2-Au surface. Panel (a) shows I(U) and dI/dU
data taken over areas containing chains of Si adatoms [solid
(blue) line] and adatom-free areas [dashed (red) line].

It is generally accepted that metallic and semiconducting
character of 5X2-Au surface depends on concentration of
silicon adatoms; BP-free segments are metallic while those
containing Si  adatoms  separated by 4a, are
semiconducting.®!3?* In our experiment metallic and semi-
conducting character of those segments is not clear, in both
cases STS spectra seem to show (0.25*=0.1) eV energy gap.
Only the asymmetry in LDOS of the area with BP for occu-
pied and unoccupied states is observed, and one can indicate
some electronic states reported before.!?

Deposition of 0.025 ML of Indium on Si(111)5X2-Au
surface results in modifications of dI/dU characteristics,
mainly in areas containing bright protrusions. This is shown
in Fig. 11. As one can read off from the top panel of the
figure, dI/dU point characteristics taken over BP1 and BP2
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FIG. 10. (Color online) Tunneling current / (left panels) and
normalized conductance (dI/dU)/(I/U) (right panels) vs sample
bias of different areas of Si(111)5 X 2-Au surface. Panel (a) shows
I(u) and (dI/dU) characteristics taken over an area containing a few
Si adatoms [solid (blue) line] and adatom-free area [dashed (red)
line], presented in the inset. Panel (b) shows point characteristics of
Si adatoms. Imaging conditions during spectroscopy were U=
—0.7 V and /=3 nA.

show very similar behavior. In particular, they show an elec-
tron state around 0.6—0.7 eV above the Fermi energy, asso-
ciated with In atoms. On the other hand, dI/dU point char-
acteristics taken over BP on 5X?2 surface feature a state
around +0.3 eV. This is additional argument that both, BP1
and BP2 features on In-induced 5 X 2 reconstruction, must be
associated with In atoms, as the dI/dU spectra are similar to
each other, and significantly differ from dI/dU spectra of BP
on In-free 5 X2 surface. Similar conclusions can be drawn
from calculated density of states, shown in Fig. 12. To be
more precise, Fig. 12 shows a comparison of projected den-
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FIG. 11. (Color online) Top panel: Point characteristics /(«) and
normalized dI/dU of BP1 [dotted (red) lines] and BP2 [dashed
(blue) lines] on Si(111)5 X 2-Au/In surface. For comparison, the
point STS characteristics of BP [solid (black) lines] on bare
Si(111)5 X 2-Au surface are also shown. Bottom panel: STS char-
acteristics of the areas free of BP on bare [solid (black) lines] and
on In-covered Si(111)5 X 2-Au surface [dashed (red) lines]. Insets
represent areas of the surface where the spectroscopy was mea-
sured. Imaging conditions during spectroscopy were U=-0.7 V, I
=3 nA [bare Si(111)5 X 2-Au surface] and U=-0.7 V, [=2.5 nA
(with In deposited).
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FIG. 12. (Color online) The PDOS of In and neighboring to In
atoms (atoms bonded to In) on In-covered Si(111)5 X 2-Au surface
(BP1—dotted red line and BP2—dashed blue line) together with
PDOS of Si adatoms on bare Si(111)5 X 2-Au surface (solid black
line).

sity of states (PDOS) of In and neighboring to In atoms
(atoms bonded to In) with PDOS of Si adatoms on bare
Si(111)5X2-Au surface. Although, the results of calcula-
tions in empty-state regime should be taken with caution,
due to known limitations of the DFT theory, qualitative be-
havior of the density of states is the same, as in measured
dl/dU characteristics. Again, the PDOS spectra of BP1 and
BP2 show electron state at the energy (+0.65-0.75 eV)
while PDOS of BP on bare 5 X 2 surface features an electron
state at energy +0.45 eV. This further supports our picture
on dual mechanism of In adsorption on Si(111)5 X 2-Au sur-
face.

The behavior of different kinds of bright protrusions
in STM topography and spectroscopy is summarized in
Table II.

VII. CONCLUSIONS

In conclusion, using scanning tunneling microscopy and
spectroscopy together with first-principles DFT calculations

PHYSICAL REVIEW B 80, 125430 (2009)

TABLE II. Main features of different types of bright protrusions
(BP, BP1, and BP2) observed in STM topography and spectroscopy.

Type Origin Topography Spectroscopy

Wide resonance
at E=+0.3 eV

BP Si adatom Visible at both

polarizations

Narrow resonance
at E=+0.6 eV

BP1 In atom bonded
to Si adatom

Visible only at
positive bias

Visible at both

polarizations Narrow resonance
In atom in place (0.2 A lower at E=+0.7 eV
BP2 of Si adatom than BP) (similar as BP1)

we have studied structural and electronic properties of in-
dium chains on Si(111)5 X 2-Au surface. (i) The STM topog-
raphy data show that submonolayer coverage of indium leads
to a well-ordered chain structure with the same periodicity as
the Si adatoms form on Si(111)5X2-Au surface. (ii) We
have found three kinds of bright protrusions on In-covered
Si(111)5X2-Au surface, one observed in empty-state im-
ages (BP1) and the other ones (BP2 and BP) observed at
both bias polarizations. With help of DFT and STS data they
were interpreted as In atoms bonded to Si adatoms (BP1), In
atoms located in Si-adatom sites (BP2), and Si adatoms (BP).
(iii) The proposed structural model of In-induced Si(111)5
X 2-Au surface very well describes all the STM/STS data.
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