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Emergence of state at Fermi level due to the formation of In-Sn heterodimers on Si(100)-2 x 1
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Structure and electronic properties of one-dimensional bimetallic In-Sn chains formed by codeposition on a
Si(100)-2 x 1 surface are studied experimentally by means of scanning tunneling microscopy (STM) and scanning
tunneling spectroscopy and theoretically using density-functional theory. The codeposition of In with a small
amount of Sn allows separation of various In-Sn structures and their identification in empty-state STM images.
A 16 x 2 supercell is employed to model an indium atomic chain in which one or two Sn atoms are embedded.
This atomic model is used to identify unambiguously various In-Sn structures observed experimentally. At low
Sn:In ratio the codeposition results in strongly preferential formation of isolated heterogeneous In-Sn dimers.
The In-Sn dimer induces tilting of the neighboring homogeneous In-In dimer accompanied with a charge transfer.
Consequently a localized state at Fermi level appears. These results contribute to a discussion on possible transport
of electric charge along one-dimensional atomic chains of metals.
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I. INTRODUCTION

Nowadays surface characterization tools like scanning
tunneling microscopy (STM) and atomic force microscopy
(AFM) allow probing nanostructures locally, with atomic
resolution. Thus it is possible to see an influence of a single
atom on the structure properties and to study how the exchange
of a particular atom by another type of atom influences local
properties of the structure. Thus, an impact of single atom
doping on local electronic properties of nanostructures' can
be studied. Here we explore an influence of Sn atoms on
electronic properties of one-dimensional (1D) semiconducting
chains formed from In atoms on a Si(100)-2x1 surface
using a combination of scanning tunneling microscopy and
scanning tunneling spectroscopy measurements (STM/STS)
and density-functional theory (DFT) calculations. We address
structural and electronic features which have not been yet
sufficiently studied.

The technologically important surface Si(100)-2x 1 attracts
attention as a natural template for self-assembled growth of
truly one-dimensional structures, dimer chains of group-III
and -IV metals which grow perpendicularly to silicon dimer
rows.>™ A chain growth scenario has been already explained
by a surface polymerization reaction.® It has been shown that
these chains are not metallic; their electronic structure exhibits
a surface-state band gap.””'” It has been suggested’ that
chains of heterogeneous In-Sn dimers might exhibit metallic
conductivity. Stability of such chains was tested and reported
in Refs. 11-13. In Ref. 11 the authors studied In-Sn (&1:1)
chains by STM and ab initio calculations and stated that
codeposition of In and Sn results in formation of alternating
In-In Sn-Sn homodimers in a chain. This conclusion was
based on total-energy calculations of 2 x 2 structures (single
dimers only). However, in their most recent paper!? the authors
reinterpreted STM observations and finally concluded that
bright dots observed in filled-state STM images can be also
explained by an antisymmetric configuration In-Sn Sn-In of
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two heterogeneous dimers and that a charge transfer between
the two dimers results in a nonmetallic chain (as predicted by
the theory of 1D systems'#). However, electronic properties of
particular dimers or dimer sequences observed in the bimetallic
In-Sn chains have not been characterized either by atomically
resolved scanning tunneling spectroscopy (STS) or theoreti-
cally by local density of states (LDOS) calculations. Moreover,
a reliable interpretation of STM imaging of heterogeneous
chains has not been reported yet. Recently, a theoretical study
of mixed dimers and trimers composed of another combination
of group-III and -1V metals—Al and Pb—was reported,'> and
metallic character of the dimers was predicted.

In our paper, we give a detailed atomically resolved
interpretation of various structures observed in STM images of
In-Sn bimetallic chains. A low In:Sn ratio results in localized
In-Sn structures separated by chain segments composed of ho-
mogeneous In-In dimers. This allows us to resolve them using
STM imaging and STS measurements. Large model structures
of chains (up to 16 x 2) are used for DFT calculations of
structure and density of states (LDOS) and for interpretation
of experimental STM and STS data. Strong preference of
forming isolated heterogeneous In-Sn dimers was observed at
the low ratio Sn:In codeposition. The In-Sn dimer is stabilized
by a charge transfer to the neighboring tilted In homogeneous
dimer. Consequently a localized state at Fermi level arises. We
demonstrate an existence of partially filled electronic states
within such a semiconducting atomic chain and a chance to
create a sequence of such states.

II. EXPERIMENTAL

STM measurements were performed at room temperature
(RT) in a noncommercial ultra-high-vacuum STM system. The
pressure in the system did not exceed 1 x 10~® Pa during
experiments. Si(100) substrates (Sb doped, n-type, resistivity
<0.014 2 cm) were used. To obtain the (2 x 1) reconstructed
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surface, the sample was several times flashed by dc current for
~20sto 1200 °C. In and Sn were deposited from tungsten wire
evaporators, and evaporation rate was controlled by a quartz-
crystal thickness monitor. The sample was resistively heated
during the deposition by passing dc current, and the sample
temperature was determined from calibrated heating power.
STM tips were prepared by electrochemical etching from a
polycrystalline tungsten wire and treated in situ on a Pt single
crystal to ensure a metallic character of the tip and reproducible
STS results. The dI/dV curves were measured using a lock-in
technique (=10 s per spectrum), and the presented data were
averaged over several equivalent spectra normalized by 1/V.
Noise near the Fermi level was suppressed by a procedure
from Ref. 16. A precise position of the STS measurement
was marked in the corresponding STM image. To improve
a dynamic range during the spectra measurement, we use a
technique of a continuously varying tip-sample separation'’
s = so + a|Vs|, where V is sample bias varying during the
measurement and a = 0.1 = 0.2 nm/V. A thermal drift was
electronically compensated in all three axes.

To assure credibility of measured characteristics, we alter-
nated the measurement on metal chains and on the clean silicon
surface.

III. THEORETICAL METHODS

The theoretical results presented in the paper are based
on DFT calculations within the local-density approximation
(LDA)'8 using the FIREBALL code,'*** a molecular-dynamics
DFT code based on local-atomic-orbital basis formalism. To
simulate the Si(100) surface, we used a slab of eight layers
passivated by hydrogen atoms at the bottom. Both hydrogen
and the last Si layers were kept fixed during the structural
relaxation until the Hellman-Feynman forces were smaller
then 0.05 eV/A and the difference in total energy dropped
below 10~* eV. To determine the most stable configuration
among various structures of In-Sn heterodimers, 4 x 2 and
4 x 4 supercells were employed. Two (in a 4 x 2 unit cell)
and four (in a4 x 4 unit cell) heterodimers were used to model
different configurations. A 16 x 2 supercell was employed to
simulate an eight-dimers-long atomic chain. Sixteen k points
were used for the integration in the Brillouin zone. We have
used a well-tested basis set?! containing s, p, and d orbitals
for Si, In, and Sn atoms and s orbitals for H atoms. The
following cutoff radii were employed: Si-Rc(Si,s) = 4.8 a.u.,
Re(Si,p) = 5.4 a.u., Re(Si,d) = 5.2 a.u.; H-Re(H,s) = 3.8 a.u;
In-Rc(In,s) = 5.2 a.u., Re(In,p) = 6.0 a.u, Re(In,d) = 5.8 a.u.;
Sn-Rc(Sn,s) = 5.2 a.u., Re(Sn,p) = 5.7 a.u., Re(Sn,d) =
5.6 a.u. Simulations of STM images were based on the
Keldysh Green’s-function formalism.??> Calculations of the
tunneling current were performed using a tungsten tip, made
up of five atoms forming a pyramid connected to a (001)
oriented tungsten slab. The electronic structure of the tip and
tip-substrate hopping interactions were calculated within the
FIREBALL formalism.?>?>* All calculations were done for a
constant-height mode with an initial tip-sample separation of
5 A to avoid any strong tip-sample interaction. In order to
calculate tunnel spectra, we employed a so-called flat tip: a
W tip with (artificially imposed) constant density of states. Its
use is necessary to minimize the influence of the real density
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of states of the W cluster used as a tip. Alternatively, we used
also a W tip with a Si atom at the apex. In this case we simulate
a possible tip contamination by a Si atom. All calculations of
I-V curves were done by placing a tip 5 A above an atom. To
characterize a dimer, the calculated currents over both dimer
atoms were averaged. The dI/dV curves were then normalized
by I/V.

IV. RESULTS AND DISCUSSION

Morphology of bimetallic In-Sn chains grown at a coverage
of approximately 0.1 ML (1 ML = 6.87 x 10'* atoms/cm?) at
RT and 200 °C is shown in Fig. 1. The defects most frequently
presented on the Si(100)-2x1 surface are also visible—
missing dimers and C-type defects. They limit chain length,
but their presence at given concentration is not important for
our study. No significant segregation of the two components
(i.e., growth of separated In and Sn chains) is observed. At RT,
single isolated chains are formed. At 200 °C, a tendency to
create clusters of chains is evident. The same tendency toward
the two-dimensional clustering has been observed in the case
of monometallic In chains. In filled-state images typical bright
dots (see Ref. 11) within chains are clearly visible. Above
250 °C, In reacts with Si atoms and forms “magic” In-Si
islands.”> Our goal was to prepare relaxed structures and
reduce the role of kinetics as much as possible. Therefore
we have focused on a deposition temperature of 200 °C and a
deposition rate of 0.005 ML/s.

In order to show different STM imaging of homogeneous
In and Sn dimers, the In-Sn chains were prepared by separate
deposition of Sn followed by In (see Fig. 2). No incorporation
of In atoms into Sn chains was detected; only attachment of
In at the chain ends was observed. In empty-state images, Sn

Filled-state image

Empty-state image

FIG. 1. (Color online) In-Sn chains prepared by codeposition at
RT (a) and at 200 °C (b). Sn:In ratio, 1:3 (a) and 1:4 (b); area, 25 x
25 nm; tunneling conditions, Vg = £2 V, Iy = 300 pA.
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Filled-state image Empty-state image

FIG. 2. (Color online) Subsequent deposition of Sn and In. Sn
chains were prepared first by deposition at 200 °C. Then STM
imaging started and In was deposited at RT during scanning. Area
size, 5 x 10 nm; tunneling conditions, Vs = £2 'V, I = 300 pA.

chain segments appear slightly darker, but the contrast between
the In and Sn parts is not so pronounced. In filled-state images,
Sn parts of chains appear very bright in comparison to the
In parts. Thus, In parts of chains can be identified easily in
filled-state images, and consequently any bright dot in an In
part of the chain reflects the presence of one or more Sn atoms
(see Fig. 1). However, a precise composition of the observed
objects cannot be determined from STM imaging only.

A. Classification of various In-Sn structures

We suppose that three types of metal dimers are basic
building blocks of the studied dimer chains: homogeneous
metal dimers composed of atoms of the same type—In-In or
Sn-Sn—and heterogeneous In-Sn dimers with two possible
orientations.

STM filled-state images of the chains with a relatively
low amount of Sn (with a Sn:In ratio from 1:5 to 1:10)
grown at temperatures <200 °C show the bright dots well
separated between relatively long segments of indium chains
[see Figs. 3(a) and 3(c)]. Such structures are suitable for
interpretation of the observed bright dot objects because we
can easily assign a particular bright dot to the corresponding
structure observed in the empty-state image.

Figure 3 shows details of chains with alow Sn:Inratio (1:7).
We can see that each bright dot object observed in filled-state
images corresponds to a particular number of darker dimers
visible in empty-state STM images [Fig. 3(e)]. Monometallic
Sn or In chains appear uniform in empty and filled states.
Since Sn chains appear relatively darker in empty states, we
can assume that the darker dimers contain Sn atoms. According
to the number of darker dimers related to a particular bright
dot and also according to their height profiles shown in Figs. 4
and 5 we sort the observed objects to one-dimer (D; and D),
two-dimer (TD), and three-dimer (THD) structures. We did
not observe any single bright dot corresponding to a four-
dimer structure or larger. Relative abundances of the observed
structures within In chains are D, 48%; D,, 3%; TD, 43%;
and THD, 6% (cumulative chain length was about 1500 dimers,
and chain ends were excluded).

In what follows, we will focus mainly on one- and two-
dimer structures to identify In-Sn heterogeneous dimers.

B. Total-energy calculations of expected model structures

It has been already shown'® that in the case of chains
containing the same amounts of Sn and In a formation of
heterodimers with antisymmetric In-Sn Sn-In ordering is
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Filled-state image

Empty-state image

FIG. 3. (Color online) Details of single dimers and bright dots
in In-Sn chains, with the initial part of the surface imaged in filled
(a) and empty (b) states, size 15 x 15nm?. An area surrounded by the
yellow rectangle in panel (a) is shown below as a filled-state image
(c), an empty-state image (d), and a contrast-enhanced empty-state
image (e). One-(Dy,D,), two-(TD), and three-dimer (THD) structures
are marked by arrows. Insertion in panel (b) shows empty- and filled-
state images of the two different types of one-dimer structures in the
chain segment marked by the rectangle. Sn:In ratio, 1:7; tunneling
parameters, sample voltage £2 V, tunneling current 50 pA.

strongly preferred (we adopt ordering notation introduced by
Magaud et al. in Ref. 13, where also symmetric In-Sn In-Sn
ordering was introduced). We obtained the same results for
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FIG. 4. (Color online) Profiles of various one-dimer structures,
measured along In-Sn chains. A profile across Si dimer rows,
parallel with chains, is shown for comparison. Tunneling conditions,
Vs =£2V, Iy = 50 pA.
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FIG. 5. (Color online) Profiles of two-dimer (TD) and three-
dimer (THD) structures, taken along In-Sn chains. The profile taken
across Si dimer rows (red) is shown for comparison. Dotted lines
indicate positions of Si dimer rows. Tunneling conditions, Vs = £2V,
Ir = 50 pA.

both 4 x 2 and 4 x 4 supercells (not shown here). However,
to model single bright dots experimentally observed at a low
Sn:In ratio we employed a 16 x 2 supercell representing an
atomic chain eight dimers long. In order to evaluate the relative
stability of expected one- and two-dimer structures embedded
into In chains, we compared total energies calculated for
these structures. Because such a direct comparison of total
energies can be meaningfully made only if the numbers of
In and Sn atoms are the same for all the different structures,
pairs of 16 x 2 supercells were constructed in such a way
that each pair contains 30 In and 2 Sn atoms. In the case of
chains with two Sn atoms, the second chain in the pair was
a monometallic In chain. In the case of a single Sn atom
in a chain the pair consisted of two identical chains. The
total energy of the whole system is simply taken to be the
sum of the total energies calculated for both these 16 x 2
supercells. The results are shown in Table I. Having two Sn
atoms in the two In chains, formation of two independent In-Sn
heterodimers is preferred. The second most stable structure is
an antisymmetric configuration of the two heterodimers. Also,

TABLE 1. Total-energy calculations of various basic structures
embedded in an indium chain. AE is related to the energy of a
structure which consists of two 16 x 2 structures, one of which
represents a monometallic In chain and one of which represents a
Sn dimer in an indium chain [the structure in Fig. 6(a)].

2 x (16 x 2) configuration AE (eV)
Single (Sn-Sn) dimer in In chain 0
Symmetric (In-Sn In-Sn) dimers in In chain —0.09
Antisymmetric (In-Sn Sn-In) dimers in In chain —0.31
Two independent (In-Sn) dimers in In chain —0.38
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a symmetric configuration of the heterogeneous dimers seems
to be more stable than a Sn homogeneous dimer. The model
structures are shown in Figs. 6 and 7 and will be discussed
in the next sections. On the other hand, we should stress that
also kinetics processes may strongly influence abundance of
different In-Sn structures within nanowires.

C. One-dimer structures

Two different one-dimer structures were identified from
STM images. They are marked as D; and D, in Fig. 3. The
object D, appears relatively darker in empty-state images
[Fig. 3(b), inset] compared to the D, object. Tunnel spectra
measured above D; correspond well to those obtained on
monometallic Sn chains [see Fig. 6(a)], so the D; object
can be interpreted as a single Sn-Sn homodimer. Results
of DFT calculations of the 16 x 2 model structure which
consists of seven In dimers and one Sn homodimer confirm
this assumption. The calculated relaxed structure containing
the Sn homodimer is shown in the upper part of Fig. 6(a);
the Sn-Sn dimer is tilted (the height difference of atoms in
the dimer is A4 = 0.85 A). The In-In dimer nearby the upper
Sn atom is slightly tilted as well (the height difference of
the two In atoms is Ak = 0.13 A). The theoretical LDOS
projected to adatoms, the calculated tunnel spectrum, and the
STM image of the Sn dimer in an indium chain are shown
in Fig. 6(a). The LDOS projected to individual Sn atoms
in a dimer shows that the dimer buckling is accompanied
by a charge transfer from the bottom Sn atom to the
upper one.'?

The second object D, is brighter than D; in empty-state
images and appears slightly asymmetric [Fig. 3(b), inset]. The
profile measured along the chain (see Fig. 4) shows that the
bright dot in the filled-state image is not placed symmetrically
between Si dimer rows. Considering an appearance of In-In
and Sn-Sn homogeneous dimers, it is reasonable to interpret
the object D, as an In-Sn heterodimer. Surprisingly, two
different types of tunnel spectra were measured for the same
imaged D, structures [Fig. 6(b)]. The A-type STS exhibits a
surface-state band gap and significant increase just above the
Fermi level. The B-type structure STS curve clearly exhibits
nonzero value at the Fermi level and a minimum slightly above
Fermi level, which indicates the presence of half-filled states
at the Fermi level.

To shed light on this, the experimental data for the D, object
were compared with DFT calculations performed for the model
16 x 2 structure containing a single In-Sn dimer and seven
In-In dimers. The calculated relaxed structure shows tilting of
the heterogeneous In-Sn dimer (Ah = 0.85 A), with the upper
Sn atom, and also significant tilting of the In dimer neighboring
with the Sn atom of the mixed dimer (Ah = 0.58 A). The In-In
dimer on the opposite side of the mixed dimer is slightly tilted
aswell (Ah = 0.04 A). The rest of the homogeneous In dimers
in the structure are not tilted at all. The calculated LDOS [see
Fig. 6(b)] exhibits states at the Fermi level. Magaud et al.'?
predicted the presence of a half-filled state at Fermi level
localized at the heterogeneous dimer. However, our results
show that the state appearing at the Fermi level is shifted to the
neighboring homogeneous In dimer. Spatial distribution of this
state is shown in Fig. 8(a). The main contribution to the state

205406-4



EMERGENCE OF STATE AT FERMI LEVEL DUE TO THE . ..

Tilted In dimer

CAAEES

PHYSICAL REVIEW B 88, 205406 (2013)

@on

®Sn QSi

— D, structure - STS

- - Sn Dimer in a monometallic Sn Chain
——— Sn Dimer - Theoretical STS

(dI/dV)/(I/V) [arb.units]
(dl/dV)/(I/V) [arb.units]

- - D2 A-type STS
—— D2 B-type STS
In-Sn Dimer - Theoretical STS

In-Sn

— upper Sn atom: ‘
= = lower Sn atom — In-In§tiIted‘
: : —e—In-Si

(@) D,: Sn-Sn (b)

D,: In-Sn

"B’ |— TD structure - STS :
‘C |—— In-Sh Sn-In - Theoretical STS
=} : : : :
o
S
S,
S
=
=
>
e
=
3 — upper Sn :
‘ — leftIn . ‘
s ol lower Sn n o
= = right | . '
1 Q an
D .
-
1 4
T T T
-2 -1 0
E-Ef [eV]

(c) TD: In-Sn Sn-In

FIG. 6. (Color online) Model structures, calculated projected LDOS, theoretical STS curves, and STM images for Sn-Sn dimer (a), In-Sn
dimer (b), and In-Sn Sn-In structure (c¢) in an indium chain, compared with STM images and tunnel spectra of D, (a), D, (b), and TD (c)

structures.

comes from p, orbitals forming a bond between In atoms. A
comparison of the experimental STS curves measured above
bright dots in filled-state images with the theoretical LDOS
and calculated tunnel spectra shows that only the D, object
characterized by the B-type STS curve is in agreement with
the theoretical predictions for a single In-Sn heterodimer. The
tunnel spectrum of the A-type structure exhibits a different

®n

®sSn OSi

FIG. 7. (Color online) Theoretical structure and calculated STM
image of In-Sn In-Sn dimers in an indium chain.

feature—the small gap of 0.5 eV below the Fermi level. It has
been shown recently® that there is a relatively large probability
to find a Si atom instead of a Sn atom in chains deposited at
200 °C. Such an exchange may explain the different spectrum
of the A-type structure, and the structure could be the In-Si
heterogeneous dimer. It is also supported by theoretical LDOS
for a In-Si dimer [shown in Fig. 6(b)] which clearly exhibits a
small surface-state band gap of 0.5 eV below the Fermi level.
However, the significant state visible in LDOS at Fermi level is

e

>

FIG. 8. (Color online) Spatial distribution of the state at Fermi
level for a single In-Sn heterodimer (D,) (a) and for the In-Sn Sn-In
structure (TD) (b). Energy range, £0.15 eV.
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in the STS curve probably shifted slightly above Fermi level,
where the sudden increase in STS is visible. The fact that
agreement between presented STS data and theory is not
perfect can be explained mainly by the unknown structure
and composition of the real STM tip apex and the fact that
STS measurements were performed at RT. Also, band bending
and influence of the tip on the position of the probed atom?°
can cause a shift of the observed maxima.

D. Two-dimer structures

With respect to the interpretation of one-dimer structures
(D; and D) and imaging of homogeneous indium and tin
chains we can interpret the observed two-dimer structures
either as an antisymmetric or symmetric configuration of
two In-Sn heterodimers. The most stable and thus the most
probable 2 x 4 structure is the antisymmetric In-Sn Sn-In
structure. Also, the symmetry of the TD structure, well visible
in line profiles in Fig. 5, corresponds to this structure. A
comparison with the theoretical STM images of the two
configurations confirms the expectation that the TD object
represents the antisymmetric In-Sn Sn-In configuration of
two heterogeneous dimers. Figure 6(c) shows the calculated
relaxed structure of the In-Sn Sn-In dimers surrounded by
six In dimers. The two heterodimers are tilted, both with Sn
atoms up. The height difference in the left heterodimer with the
higher Sn atom is Ak = 0.79 A the other one is less tilted with
Ah =0.25 A. The In-In homogeneous dimers are untilted.
According to the shown theoretical LDOS [Fig. 6(c)], the
two neighboring heterogeneous In-Sn dimers exhibit different
electronic properties compared to a single heterodimer. In
agreement with Ref. 13 the In-Sn Sn-In structure is stabilized
by a different tilting of the neighboring dimers accompanied
with charge transfer from the lower to the upper Sn atom,
resulting in semiconducting character of the structure. The
contribution of particular Sn atoms to LDOS is shown in
Fig. 6(c) too. While the peak at &~—0.5 eV in the filled states
is related to the upper Sn atom, the empty-state peak ~0.1 eV
above Fermi level corresponds to the lower one. A gap of
0.6 eV appears. The states just above the Fermi level associated
with the lower Sn atom are suppressed in experimental and
partially in theoretical tunnel spectra. A contribution of the
higher Sn atom to the tunnel signal dominates. A spatial
distribution of the states close to the Fermi level is shown
in Fig. 8(b). These states are strongly localized at Sn atoms,
and thus an overlap with similar states in neighboring dimers is
small. Consequently the chain composed of alternating In-Sn
Sn-In structures probably will not be conducting, even if we
somehow excite or inject electrons to the states just above
Fermi level. The alternative symmetric configuration In-Sn
In-Sn—shown in Fig. 7—was not recognized in our STM
images.

E. Three-dimer structures

We also attempted to interpret the observed three-dimer
(THD) structures. After comparison of the experimental and
simulated STM images we concluded that the THD structure
represents a configuration of two antisymmetric In-Sn and
Sn-In heterodimers separated by the In-In dimer in the indium
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FIG. 9. (Color online) Structure of In-Sn In-In Sn-In dimers (a)
and calculated and measured STM images (b).

chain. Its model structure and comparison of theoretical and
experimental STM images is shown in Fig. 9. An alternative
symmetric In-Sn In-In In-Sn In-In structure will inevitably
produce two bright dots in filled-state images, because the
In-Sn heterodimer strongly influences only the neighboring
dimer on its Sn side. The latter structure should thus appear
as two clearly separated In-Sn dimers. We also tested other
configurations, like In-Sn Sn-Sn Sn-In and In-Sn Sn-In In-Sn,
but corresponding theoretical STM images did not fit to the
experimental data. Although the THD structure consists of
separated heterodimers, it does not exhibit states at the Fermi
level as observed in the case of the single heterodimer In-Sn.
The theoretical LDOS shows some states close to the Fermi
level, which are again localized at the tilted In-In homodimer
(not shown here). Thus, states at the Fermi level formerly
localized at the tilted In-In homodimer in the case of a single
heterodimer were shifted from the Fermi level due to the
interaction with the second heterodimer.

F. Discussion

The presented low coverage low Sn:In ratio data suggest
that codeposition of In and Sn atoms results in formation
of In-Sn heterodimers. It has been directly observed in our
STM experiment that the In-Sn heterodimers have a stabilizing
effect and prevent a decay of In chains.”’” Homogeneous Sn-Sn
dimers represent only 2% of the observed structures containing
Sn atoms.

Incorporation of Si atoms has to be discussed as well. We
have suggested already that the A-type D, structure is related
to the presence of a single In-Si heterodimer. In Ref. 26 we
showed from a noncontact AFM experiment that also two-
dimer structures containing one Si atom instead of a Sn atom
can be observed (In-Si Sn-In). Theoretical calculations gave
practically the same LDOS for TD structures containing either
Sn or Si atoms. Therefore it is difficult to resolve them from
a STM/STS experiment, contrary to single In-Si and In-Sn
heterodimers. We expect the same problem also for three-
dimer structures.

‘We have shown that the presence of a single In-Sn dimer in
an indium chain induces distortion—tilting of the In dimer
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adjacent to the Sn atom. The distortion is accompanied
by a charge transfer from the In homodimer to the In-Sn
heterodimer and by filling of the dangling bond of the Sn atom.
The missing charge causes emergence of a half-filled state
localized at the bond between In atoms. Addition of another In-
Sndimer creates a more stable structure with the antisymmetric
ordering of the adjacent heterogeneous dimers. In a similar way
as in the previous case, tilting of the dimers is accompanied
with a charge transfer from the one In-Sn dimer to the
neighboring one. In this case one dangling bond is completely
filled and the other one is empty, and the structure becomes
semiconducting as predicted by Magaud et al.'*> Combination
of two In-Sn heterodimers with a single In-In dimer in the
three-dimer structure In-Sn In-In Sn-In results in tilting and
charge transfer, where the second Sn-In dimer supplies an
electron to fill the half-filled state at the tilted In-In dimer. The
states at the Fermi level are shifted away, and the structure
becomes semiconducting. In general, the isolated In-Sn In-In
structure in an indium chain is metallic. From the fact that the
next neighboring In dimer is not influenced significantly we
estimate that single In-Sn dimers must be separated at least by
two In homodimers to prevent an additional charge transfer.
Otherwise, an interaction of formerly metallic In-Sn In-In
structures, accompanied by dimer tilting and charge transfer
to reduce the number of half-filled dangling bonds, will result
in a metal-semiconductor transition analogous to the Peierls
transition in a chain composed of single metal atoms with one
electron per atom.”®
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V. CONCLUSIONS

We have studied formation of various bimetallic structures
embedded into In chains on Si(100)-2x 1 using STM/STS and
DFT. The basic elementary structures, formed by codeposition
at low Sn:In ratio, were distinguished and associated with
the model structures. It has been shown that the bright dots
in filled-state images, already reported in Refs. 11-13, are
associated not only with one-dimer structures (which differ
from homogeneous In-In dimers in an In chain) but also
with structures composed of two or even three dimers. We
have shown that formation of single heterodimers and double
heterodimers with antisymmetric ordering is preferred. It
has been demonstrated theoretically and experimentally that
formation of the In-Sn heterogeneous dimer in an indium chain
induces emergence of localized electronic states at, or slightly
above, Fermi level.
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