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S
canning probe techniques (SPM), such
as scanning tunneling microscopy
(STM)1 and atomic force microscopy

(AFM)2 are widely used to probe the atomic
and electronic structure of surfaces and
nanometer-sized objects. The most critical
issues in interpretation of surface imaging
are a reliable atomic resolution and the
chemical identification. The latter still re-
mains a challenge especially in complex
nanostructures such asmolecules, nanopar-
ticles, or nanowires. STM and local spectros-
copy of tunneling electrons (STS) show full
complexity of the problem3�5 but can-
not accomplish the chemical resolution in
general.
On the other hand, substantial advances

in the chemical identification have been
achieved by means of noncontact AFM
(nc-AFM) in past few years. The method
demonstrated its capability to resolve di-
rectly single chemical species on surfaces of
semiconductors,6 oxides,7 and within or-
ganic molecules.8,9 Most notably, it was
shown6 that the single-atom chemical iden-
tification can be achieved via site-specific
force spectroscopy measurements10 using
frequency modulation atomic force micro-
scopy (FM-AFM).11

In this case, the chemical identification
was based onmeasuring properties of cova-
lent bonds formed between an apex tip
atom and a surface adatom. It was found
that the magnitude of maximum attractive
short-range (SR) force Fmax is a characteristic
quantity for each of the chemical species.
Note that in this approach the dependence
of the force spectra on a tip structure is
overcome by a normalization procedure
that consists in dividing the SR forces by a

maximum SR attractive force in a given set
of spectra (for detailed discussion see ref 6).
The validity of such an approach was de-
monstrated on a semiconductor surface
alloy composed of three isovalent species
(Si, Sn, and Pb). In this particular case, the
valence electrons of all surface atoms pos-
sess a very similar electronic structure close
to the sp3 hybridization with a characteristic
dangling bond state close to the Fermi level.
Despite the successful application of the
method on the semiconductor surface alloy,
its validity for more complex systems has
not been fully established yet.
In this paperwedemonstrate the strength

of the method on a system of single�
atom�wide chains on the Si(100)-(2 � 1)
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ABSTRACT

Chemical identification of individual atoms in mixed In�Sn chains grown on a Si(100)-(2� 1)

surface was investigated by means of room temperature dynamic noncontact AFM measure-

ments and DFT calculations. We demonstrate that the chemical nature of each atom in the

chain can be identified by means of measurements of the short-range forces acting between

an AFM tip and the atom. On the basis of this method, we revealed incorporation of silicon

atoms from the substrate into the metal chains. Analysis of the measured and calculated short-

range forces indicates that even different chemical states of a single atom can be

distinguished.

KEYWORDS: chemical identification . nc�AFM . Si(100) . chains . indium . tin

A
RTIC

LE



SETVÍN ET AL. VOL. 6 ’ NO. 8 ’ 6969–6976 ’ 2012

www.acsnano.org

6970

surface, which consists of a randommix of group III and
IV atoms. The mixing of two metals in atomically wide
chains was investigated in the past12�18 because of
a possibility to tune the electronic structure of the
chains. However, the fundamental problem in the
research was chemical identification of single atoms
in the observed structures, especially when different
chemical species were arranged randomly in the chain.
Recently, different structures were resolved in mixed
InSn chains with a low Sn:In ratio and characterized
using STM imaging, scanning tunneling spectroscopy,
and DFT calculations.19

The Si(100)-(2� 1) reconstruction20 allows self-assem-
blyofmanydifferent species intoatomic chains (quantum
wires21) due toaprocess called the surfacepolymerization
reaction.22 It is possible to grow chains composed of
group III metals (Al, Ga, In, Tl),23�28 group IV metals (Sn,
Pb),29,30 metals with a magnetic moment,31 and many
other metals32 or even organic molecules.33 The chains
composed of the group III and group IV metals grow in a
direction perpendicular to underlying Si dimer rows and
they are composed ofmetal dimers oriented parallel to Si
substrate dimers. A schematicmodel of In andSnchains is
depicted in Figure 1a. It is possible to mix III and IV group
metals in the chain and retain the dimer structure.
In this paper we combine room-temperature (RT)

FM-AFMmeasurements with DFT simulations to inves-
tigate the atomic and chemical structure of atomic
chains composed of III and IV group metals grown on
the Si(100) surface (see also ref 15). The chains are
composed of randomly mixed homogeneous dimers
(In�In and Sn�Sn) and heterogeneous dimers (In�Sn
and others, as wewill show inwhat follows). The chains
with a priori unknown chemical structure, the presence
of buckled dimers and atoms with different valences
represent a challengingmodel for studying true atomic
and chemical resolution by means of SPM. Despite
that, we will demonstrate that the single-atom chemi-
cal identification within 1-D chains is still possible.
Furthermore, we reveal an incorporation of individual
silicon atoms into the heterogeneous metal chains,
which has not been reported before and was not taken
into account in interpretation of previous STM/STS

measurements. We will also illustrate elementary pro-
cesses occurring when the tip approaches to the metal
dimers and the consequences for the atomic and
chemical resolution. Finally we will discuss a possibility
to resolve different chemical states of a single atom
from the measured site-specific force spectra F(z).

RESULTS AND DISCUSSION

The Atomic Resolution in FM-AFM. STM has been for
a long time the most important method used for
the investigation of 1-D metal chains on the Si(100)
surface.13�15 However, the lateral resolution achieved
by STM is limited by surface electronic structure, which
allows to resolve only the whole dimers, but not
individual atoms. First we will compare the spatial
resolution obtained by the STM and AFM techniques.
Figure 1b,c shows STM and AFM images of an area of
the Si(100) surface with three parallel mixed InSn
chains running from an atomic step of the substrate.
It is clearly seen that AFM provides much better lateral
resolution;it is capable of imaging every single atom
within the dimers. This observation has an important
implication for both STM and AFM spectroscopic
measurements;the site-specific force spectroscopy
provides information with atomic spatial resolution,
while scanning tunneling spectroscopy (STS) provides
only information related to dimers.

Single-Atom Chemical Resolution. Both AFM and STM
images themselves contain only very limited chemical
information about the 1-D chains. The image contrast
in FM-AFM11 is obtained from a frequency shift Δf
during lateral scanning. The Δf is related to the force
acting between the tip and surface. But the relation
between force F(z) and the frequency shift Δf(z) is
rather complicated34,35 as both short-range and long-
range force components are present. To disentangle
the force components, we perform the site-specific
force spectroscopy above single atoms of the chain
and a complementary measurement on a clean sur-
face. The short-range force above each atom is ob-
tained as a difference between these two F(z) curves.
Sugimoto et al.6 found that the ratio between the
maximum attractive short-range forces measured

Figure 1. (a) Atomic structure of a chain on the Si(100)-(2� 1) surface;top and side view. Red atoms denote indium which forms
symmetricdimers.Bluecolor shows tindimerswithbuckling. (b�e) Comparisonof lateral resolutionobtainedbySTMandnc-AFM. (b)
STMimageof the surfacewith threemixed InSnchains running fromastepedgeof thesubstrate (leftbottom).VS=�2V. (c) Thesame
area imaged by nc-AFM. Oscillation amplitudeA= 280 pm, f0 = 73200Hz, quasiconstant heightmode at ÆΔfæ=�7Hz. (d,e) Details of
the chains overlaid by atomic models. The models are also included in panels b and c to show the position of the magnified area.

A
RTIC

LE



SETVÍN ET AL. VOL. 6 ’ NO. 8 ’ 6969–6976 ’ 2012

www.acsnano.org

6971

above two different chemical specieswas constant and
independent of the tip apex. In particular, the ratios
between maximum forces at the Si(111)-(

√
3 � √

3)
mosaic were 0.77 for Sn:Si and 0.72 for In:Si. Accord-
ingly the ratio between Sn and In can be estimated
close to 1.07.

Separate Homogeneous In and Sn Chain Segments.

Now we apply this approach6 on separate homoge-
neous In and Sn chains. We prepared a structure
that contained separate In and Sn chain sectionswhere
the atoms could not intermix (for details see the
Experimental Details section). This can be achieved
by a consecutive deposition of Sn and In atoms on the
surface. In this case we can easily distinguish between
the In and Sn segments by looking at filled-state STM
images. Chains composed of group IVmetals appear as
bright lines in filled states while chains of group III
metals are significantly less bright (see Figure 2a. The
contrast in AFM images (Figure 2b) is opposite;
indium sections are brighter than tin sections. The
inset in Figure 2b shows that atomic resolution above
the Sn section can be also obtained, but closer
tip�sample distance is necessary. The different atomic
contrast of In and Sn can be explained by different
heights of the inspected In and Sn atoms above Si
surface and by variation of the tip�sample interaction
during the tip approach.36

Having sufficient lateral atomic resolution of atoms
in 1�D chains, we performed the site-specific force

spectroscopy above individual atoms of the 1�D
chains. A typical set of measured F(z) spectra is shown
in Figure 2c. To eliminate the impact of the tip structure
on the F(z) dependence, we normalized the spectra by
the overall maximum of the attractive force found in
the set of measurements. We can clearly distinguish
two different types of curves, unambiguously attrib-
uted either to In or Sn atoms. The ratio between the
maximum attractive forces above In and Sn atoms
is ∼1.06. This value is almost identical to the ratio
obtained in the previous experiment on the Si(111)
surface.6 The two sets of the F(z) spectra measured
above In and Sn atoms show a perfect agreement with
DFT calculations for homogeneous In and Sn chains
(model structures in Figure 1a).

We note that the dimers in Sn chains consist of two
nonequivalent Sn atoms � 00up00 and 00down00. Our ex-
periments were conducted at RT, where thermal motion
induces continual switching of up and down Sn atoms.
What ismore, it hasbeenalready shown that in FM-AFMa
strong tip�sample interaction arises and affects the
buckling direction of asymmetric dimers of the Si(100)-
c(4 � 2) phase.37 In our case, joint action of thermal
motionand theproximity of the tipflips theSn�Sndimer
buckling into the preferred down configuration under
the tip. Consequently, we found excellent agreement
between the F(z) spectra measured above Sn atoms and
dependences calculated for Sn atomsbuckleddown. This
flipping mechanism is accompanied by the presence of
pronounced dissipation signal,38 which we actually ob-
served in the experiment.

We conclude that In and Sn atoms forming homo-
geneous 1-D chains can be identified by means of the
F(z) spectroscopy despite the very similar values of the
maximum attractive forces. The normalized F(z) spec-
tra show excellent agreement with DFT calculations.

Mixed InSn-Based Chains. Let us turn our attention
to heterogeneous 1-D chains grown by simultaneous
codeposition of Sn and In atoms now. Figure 3 shows a
characteristic set of F(z) force curves measured above
a selected 1-D chain. Positions where individual F(z)
curves were acquired are marked in the inset. The
measured force spectra can be divided to four groups
with specific features: (i) Blue curves have a long-range
“tail” reaching far from the surface. They correspond to
brighter atoms in the AFM image in Figure 3. (ii) Red
curves have a very similar maximum attractive force to
the blue ones, but the force goes to zero more rapidly
with increasing tip�sample distance. The dependence
has a characteristic V-shape of the force maximum.
(iii) Black curves have a significantly higher maximum
attractive force than all other curves. (iv) The green
curve has a similar shape to the red curves but the
maximum attractive force is smaller. To get better
insight into the origin of the F(z) spectra variation we
performedDFT calculations simulating the probe inter-
action with different model structures of the chain.

Figure 2. Force measurements above separate sections of
In and Sn chains. (a) STM image, VS = �2 V. Sections
consisting of purely either of In or Sn atoms are marked.
(b) AFM imageof the same area at a tip�sample distance z=
0.39 nm. An inset shows the junction between In and Sn
parts at a closer tip�sample distance z = 0.35 nm. (c) Force
curvesmeasured above In and Sn atoms. Experimental data
are compared to DFT calculations. Sign convention: attrac-
tive forces are negative.
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A comparison between measured and calculated F(z)
spectra allows us to relate the four prototypical curves
to particular chemical species.

In�Sn In�In Model Structure. The first model struc-
ture is a mixed In�Sn dimer inside an In chain, which is
represented by a periodic In�Sn In�In structure in the
calculation. It is known that mixed In�Sn dimers
minimize their energy by buckling;the Sn atom is
always buckled up and In down. According to the
detailed analysis done by Magaud,15 the Sn atom with
four valence electrons prefers an sp3 hybridizationwith
one dangling bond perpendicular to a surface plane
while the In atom with three valence electrons rehy-
bridizes in a configuration close to sp2 where all three
bonds lie in one plane. Figure 4a shows calculated
force curves above the Sn_up and In_dn atoms in the
mixed dimer. The calculation is compared to force
curves measured above In and Sn atoms in two dimers
marked in the inset. The experimental data were
averaged from eight measurements (four measure-
ments for each marked atom).

The data calculated for Sn_up fits the blue curve.
The Sn atom is initially buckled up and its vertical
position does not change significantly during ap-
proaching the tip (see Figure 4b,d; the whole movie
of the tip approaching is available as Supporting
Information). The long-range “tail” of the Sn_up atom
force seems to originate partially from the buckled up
position and partially from additional electrostatic
forces induced by charge transfers within the chain.15

The red curve matches very well with data calculated
for the In_dn atom located in the In�Sn dimer. The
In atom is initially buckled down and the buckling
is switched at a certain distance. It results in a sharp

increase of the force and creates the characteristic
“V”-shape of the force maximum. Even though the
maximum attractive forces are very similar for In_dn
and Sn_up, the chemical nature of the atoms can be
recognized from characteristic features of the F(z)
dependence related to dimer buckling. The features
were illustrated on the model structure, but they are
general for any mixed configuration of In and Sn.

In�Sn Sn�In and In�Si Sn�In. An attractive force
with a larger maximum (see black curves in Figure 3)
was reproducibly measured above a configuration of
heterogeneous dimers characterized as In�Sn Sn�In
from STM images.19 Such a structure was also pre-
dicted to be the most stable configuration in mixed
InSn chains and is frequently encountered in grown
mixed InSn chains. An example of a set of force spectra
measured above individual atoms of this structure is in
Figure 5. Further measurements with different tips are
included in the Supporting Information.

We carried out a series of calculations of the F(z)
spectra above each atom in the In�Sn Sn�In model
chain (see Figure 5b) in order to explain the measured
curves. The blue, red, and green curves show excellent
agreement with the DFT calculation for the In�Sn
Sn�In sequence. According to the previous discussion,
the atoms corresponding to the blue and red curves
can be identified as Sn_up and In_dn atoms, respec-
tively. The green curve is similar to an In_dn atom,
though the maximum force is smaller. This feature and
its origin will be discussed later. However, the black
curve exhibiting the largest force is not reproduced.
We tried possible configurations of In and Sn atoms in
the chain, but the calculations clearly show that the
large force cannot be reproduced in this way.

Figure 4. (a) Comparison between measured and calcu-
lated forces above an In�Sn heterodimer. (b) Calculated
configuration where the tip is far from the dimer. (c) The tip
above the In_dn atom at the maximum of attractive force.
(d) The tip above the Sn_up atom at the maximum of
attractive force.

Figure 3. An example of short-range chemical forces mea-
sured above particular atoms of a mixed In�Sn chain.
Different types of measured curves are distinguished by
various colors. Positions corresponding to the measure-
ments are marked by color circles in an AFM image detail.
The chemical identification indicated in the plot is justified
in the text.
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Having a close look, one can notice that the experi-
mental ratio between Fmax of the black curve and the
corresponding value for Sn is close to the Si:Sn ratio
measured by Sugimoto et al.6 It points to the possible
presence of Si atoms in the chains, which has not been
detected by STM/STS so far. It can be indeed expected
that atoms from the substrate might be incorporated
into growing chains because the presented mixed
chains were prepared at 100�150 �C. (Note that the
Si(100) surface covered by In undergoes a complex
reconstruction at temperatures as low as 300 �C.24)

To confirm this hypothesis, we substituted one Sn
atom in our model by Si, creating an In�Sn Si�In
sequence. The force curve calculated for the Si atom
shows excellent agreementwith the experimental data
(see Figure 5c), so the black curves in Figure 3 can be
attributed to Si atoms. The average ratio between the
maximum forces above Si and Sn atoms is 1.49 in our
measurements. In the previous study6 on the Si(111)
surface the ratio was 1.30. The average maximum
forces from our measurements and calculations are
summarized in Table 1 and values previouslymeasured
on the Si(111) surface6 are included for comparison.
We note that the normalized maximum force for Sn
in Figure 5 is smaller than 1 because the normalization

uses the average Fmax(Sn) from all DFT calculations
performed. Dispersion of the calculated forces is
shown in Figure 6c.

Dispersion of the Maximum Forces, Atomic and Electronic
Configuration. We showed that the randomly mixed In,
Sn, and Si atoms in the chains can be identified from
the site-specific force spectra taken above individual
atoms supported by DFT calculations. It brings a ques-
tion why AFM provides a straightforward way for
chemical identification while the same task is very
complicated for STM. The weakness of STM originates
from dimer buckling� each configuration of In, Sn and
Si atoms relaxes to a unique buckled structure with a
specific surface electronic structure.

TABLE 1. Measured and Calculated Ratios between

Maximum Forces above In, Sn, and Si Atoms in Hetero-

geneous Chains on Si(100) and a Mosaic Structure on

Si(111) Surface

Sn:In Si:Sn

chains separate, experiment 1.06
chains separate, DFT 1.05
chains mixed, experiment 1.10 1.49
chains mixed, DFT 1.06 1.34
Si(111) mosaic, experiment6 1.07 1.30
Si(111) mosaic, DFT6 1.22

Figure 6. Histograms of maximum attractive forces mea-
sured above In, Sn atoms in homogeneous InSn chains (a);
above In, Sn, and Si atoms in mixed chains (b); and calcu-
lated for different configurations of atoms in mixed
chains (c).

Figure 5. (a) A frequently encountered sequence of force
curves measured above four neighboring atoms. (b) DFT
calculation of force curves above atoms of the In�Sn Sn�In
structure. (c) DFT calculation above the In�Sn Si�In
structure.
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The advantage of AFM is surprisingly in the strong
tip�sample interaction.When the tip approaches close
enough, a covalent bond between the tip and the
investigated atom is formed, breaking the original
atomic and electronic configuration. A precise analysis
of our calculations shows that the maximum attractive
force is attained for a very specific configuration of
backbonds (each atom of the chain forms three bonds,
called backbonds, with surrounding atoms;two
pointing toward substrate Si atoms and one toward
the other atom in the dimer). In most cases, according
to our DFT calculations, the maximum force is reached
when the investigated atom is buckled up and all three
backbond angles are close to 90�. One angle is typically
in a range from 75 to 90� and the two symmetric angles
are from 90 to 100�.

Values of maximum attractive forces measured
above particular atom types have interesting statistical
properties. Figure 6 shows distributions of the normal-
ized values measured above Sn, In, and Si atoms for
three cases: (a) the homogeneous chain sections as
shown in Figure 2; (b) data measured in the mixed
chains; (c) values obtained by DFT calculations for
various configurations of atoms. In the first case, the
dispersions of histograms are small for In and Sn, which
we attribute to the well-ordered structure of chains. In
heterogeneous chains (Figure 6b), Sn atoms showeven
smaller dispersion than in the previous case. It origi-
nates from the fact that Sn always prefers the buckled
up configuration in heterogeneous dimers. We can
illustrate this on the example of our DFT calculations
in Figure 5b. Both F(z) curves taken above different Sn
atoms in the In�Sn Sn�In structure become identical
under attractive interaction with a probe. In other
words, the attractive interaction between the tip and
the sample exchanges buckling configuration of the
two neighboring In�Sn dimers, that is, lower to upper
and vice versa. Consequently, both Sn atoms reach
the same configuration at a point of the maximum
attractive force Fmax, regardless of its original buckling
orientation.

On the other hand, the dispersion for In atoms is
significantly larger than in case of the homogeneous
chains. We have already observed two different types
of F(z) curves (red and green in Figure 3), which we
attributed, using the DFT simulations, to two slightly
different buckling configurations of In atoms located
in the adjacent heterogeneous dimers. Origin of the
dispersion can be revealed from the DFT calculations

(see Figure 6c). The calculated maximum forces of In
split into two distinct groups, one with a maximum
force similar to the Sn, and the other group with the
maximum force about 30% smaller. DFT calculations
show that the smaller force is obtained for configura-
tions where the tip does not switch the In atom up.
An example of such case is the In�Sn Si�In structure in
Figure 5. The In_DN atom in the In�Sn dimer is not
switched by the approaching tip, while the other In
atom (In�Si dimer) is switched. The configuration
of the system at the maximum attractive force is in
Figure 7. The whole movie of the tip approaching to
the surface is in the Supporting Information.

The behavior of In atoms suggests that the force
curves allownot only to identify single chemical species,
but also to obtain information about the backbond
configuration. In other words, we can distinguish dif-
ferent chemical states of a single atom.

CONCLUSION

Mixed In�Sn chains were investigated by means
of nc-AFM and DFT calculations. We showed that the
nc-AFM technique is capable of resolving individual
atoms in dimers, providing much better lateral resolu-
tion than traditional STM. In addition, we demonstrated
chemical resolution of single atoms by means of the
force site spectra measurements above the particular
atoms in the chains combined with advanced DFT
calculations. On the basis of this approach, we were
able to reveal the incorporation of Si atoms from the
substrate into the chains during metal deposition at
elevated temperature, which was not detected by
previous STM studies. Finally, we discussed the possi-
bility to distinguish different chemical states of a single
atom from the force curves and DFT simulations.

EXPERIMENTAL DETAILS
All experiments were performed at room temperature on

Omicron VT XA Q-plus AFM/STM machine in ultrahigh vacuum
at pressures below 3 � 10�9 Pa. The measurements were done
with a tuning fork based sensor with a separate connection for

the tunneling current channel.39 Typical characteristics of the
sensor were as follows: resonant frequency f0 = 73200 Hz,
oscillation amplitude A = 0.3 nm, quality factor Q = 2000, spring
constant k = 4300 N/m. A tungsten tip was attached to
the tuning fork. The tip was cleaned by annealing at high

Figure 7. Configurations of the In�Sn Si�In structure at the
maximum of chemical force. (a) Tip above the In atom in
In�Si dimer, (b) tip above the In atom in In�Sn dimer. Side
and top views of the system are shown and angles between
backbonds are marked.
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temperature and then it was treated on the Si(100) surface by
application of voltage pulses. This procedure leads to picking
clusters of silicon atoms from the substrate. All AFM measure-
ments were done close to zero sample bias to minimize
phantom forces induced by tunneling current.40 Sb-doped
Si(100) samples with a resistivity of 0.014 Ωcm were used.
A procedure suggested in ref 41 was used to prepare a surface
with low defect concentration.
The layer in Figure 2was prepared by deposition of 0.04ML of

Sn at 100 �C followed by deposition of 0.04 ML of In at room
temperature (RT). Finally 0.01 ML of Sn was deposited at RT
to stabilize the In sections. All other presented layers of mixed
In�Sn chains were prepared by codeposition of In and Sn.
Sample temperature was kept at 100�150 �C during the
deposition. The In:Sn ratio was strongly in favor of In (5:1
to 10:1) because such uneven concentrations allow partial
characterization of the surface structures by means of STM19

(cf. Figure 1b).
Presented AFM images were measured in a quasiconstant

height mode. The tip�sample separation was kept constant by
a weak feedback loop. The contrast in the image is obtained
from the frequency shift Δf; all images were measured in the
region of attractive short-range forces. This mode provided
better lateral resolution than the constantΔfmode, and a risk of
tip crashing was significantly lower.
Short range chemical forces were measured in the follow-

ing way: Δf(z) dependence was measured above an atom of
the chain. Long range forces were determined by measuring
the Δf(z) dependence next to the chain. The two dependences
were subtracted and the Sader formula35 was used to convert
the frequency shift to the force.
The absolute z-scale (i.e., the nominal tip�sample distance) in

the plots of experimental curves presented here was adjusted
to fit the DFT results. Specifically, the measurement on the Sn
atoms buckled-up was used as a reference to align the experi-
mental and theoretical z-scales. All plotted forces are divided by
an average force of an Sn atombuckled-up. The normalization is
necessary because the absolute values of the force are not
reproducible when measured by different tips, while the ratios
between forces measured above different chemical species
are tip-independent.6 The measured force above an Sn atom
ranged from 0.8 to 1.5 nN, depending on the tip apex. The
calculated value was typically 2 nN.

Computational Details. We have performed DFT calculations
within the local density approximation (LDA) as implemented
in the Fireball code42,43 in which a local atomic-orbital basis
set and the MD-DFT (Molecular Dynamics based on the DFT)
approach have been applied to determine the minimum total
energy configuration. The optimized numerical local atomic
orbitals were confined to regions limited by the corresponding
cutoff radii. The Si cutoff radii were Rc(Si,s) = 4.8 au, Rc(Si,p) =
5.4 au, and Rc(Si,d) = 5.2 au. The In cutoff radii are Rc(In,s) =
5.2 au, Rc(In,p) = 6.0 au, and Rc(In,d) = 5.8 au. The Sn cutoff radii
are Rc(Sn,s) = 5.2 au, Rc(Sn,p) = 5.7 au, and Rc(Sn,d) = 5.6 au. To
simulate the Si(100) surface, we used a 4 � 6 unit cell made of
10 Si layers, the last one passivated by a bihydride layer. Both
the bottom Si and the hydrogen atoms were kept fixed during
the relaxation. The relaxation cycle was performed until the
forces acting on free atoms and the difference in the total
energy between two consecutive steps were below 0.05 eV/Å
and 0.0001 eV, respectively. The InSnmixed dimers were placed
in the troughs between the Si dimer rows. As for the AFM
simulations, a Si(111) tip made of 10 atoms saturated by 15 H
atoms at its base was used for force�distance calculations.44

We initially placed the apex of the tip 6 Å above the surface. This
distancewas defined as the distance between the tip apex atom
and the topmost surface atom. Then, we approached vertically
the tip to the surface by a displacement step of 0.25 Å. During
each step, the composite system was allowed to relax until the
forces and the energy difference reached the criterion men-
tioned above. The short-range chemical force on the tip was
determined during each step by summing the forces on all the
fixed atoms.
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