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First-principles calculations of Pb and Sn dimer chains on Si�100� are performed up to 0.5 ML coverage,
including the possibility of mixed PbSi and SnSi dimer chains. Simulated STM images for pure Pb and Sn
dimer chains are found to have a better agreement with experimental observations. In order to understand
whether the STM images are influenced by the dynamics of the dimer chains, we have studied the rocking
barriers of dimer chains on Si�100�. The rocking frequencies of Pb dimer chains are found to be small,
therefore the dynamics of the Pb dimer chain will have little effects on the STM images. However, a dynamical
effect may have to be taken into account for Sn dimer chains due to their higher rocking frequency. We have
also studied the tendency of intermixing of Ge, Pb, and Sn with Si on a Si�100� surface. Our analysis shows
that the formation of mixed dimers depends on the source of Si atoms available for Pb and Sn to carry out the
intermixing. Mixed dimer chains are energetically more favorable than the pure dimer chains only when Si
atoms are codeposited with Pb or Sn, or the dimer chains are formed near step edges of the Si�100� substrate.
A mechanism similar to Ge intermixing with Si on Si�100� is not favored by Pb and Sn, and there is a lack of
a favorable channel for Pb and Sn to intermix with Si to form mixed dimers when Si is not deposited
epitaxially in experiments, which can hinder the formation of PbSi and SnSi dimer chains.
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I. Introduction

Group IV elements on Si�100� have been intensively stud-
ied because of their importance in both technological appli-
cations and a fundamental understanding of the
homoepitaxial/heteroepitaxial interface. For low coverage
deposition of Si on Si�100� at room temperature, Si ad
dimers are found to form on the surface.1,2 Si ad dimers are
located on the top of the substrate dimer row and rotate be-
tween two orthogonal orientations.3,4 At around 400 K, Si
dimer chains perpendicular to the substrate dimer rows with
the individual dimers located in the trough are observed.5

One-dimensional dense dimer chains at epitaxial positions
grow into long chains perpendicular to the underlying Si
dimer rows at around 500 K.6,7 These experimental observa-
tions aroused a lot of theoretical studies on the dynamics and
nucleation of Si ad dimers on Si�100�.8,9 For Ge deposition
on Si�100� at low coverage, isolated dimers are formed on
the top of the substrate dimer row with their dimer bonds
oriented parallel to the substrate dimer row direction. The ad
dimers are buckled, and flipping of the buckling state has
also been seen by STM. First-principles calculations using
density functional theory �DFT� show that although Ge ad
dimers on Si�100� are buckled,10 the “rocking barrier” to flip
between its two degenerate buckling states is small.11 As a
result, the time scale of the rocking motion is much smaller
than the time resolution of STM. This led to the conclusion
that the observed buckling is due to the intermixing of Ge
with Si to form a mixed GeSi dimer, and the observed buck-
ling flips are the results from 180 deg rotational motion of
the mixed GeSi ad dimers.11 Intermixing between Ge and Si
on the surface also leads to interesting diffusion kinetics
which has also been studied experimentally and
theoretically.12,13 Recently, Pb/Si�100� has received consid-
erable attention. It has been shown by STM experiments14–17

that small amount of Pb��0.5 ML� deposited onto Si�100�
surface form isolated dimers and chains of dimers. The dimer
chains also run perpendicularly to the underlying Si dimer
rows, and the dimers in the chain are buckled but located in
the trough between the Si dimer rows. Theoretical
calculations18 based on DFT showed that Pb dimer chains on
Si�100� surface with the buckled configurations are energeti-
cally stable. The Pb dimer chain model is also supported by
the recent core-level photoemission study.19 For Sn on
Si�100�, similar behavior as that of Pb/Si�100� has also been
observed by STM at low coverage.20 It is believed that the
observed dimer chains for both Pb and Sn on Si�100� are
similar to that of Group III metals on Si�100�, in which the
dimer chains are made up of pure metal dimers.21,22 How-
ever, our recent study23 of Pb on Si�100� showed that mixed
PbSi dimer chains up to a coverage of 0.125 ML are ener-
getically more favorable than pure Pb dimer chains by 0.19
eV per Pb atom. In this paper, we will show that the mixed
dimer chain is still energetically favorable, even at a higher
Pb coverage of 0.5 ML. Therefore, the buckling of the
dimers observed in the STM experiments could also be due
to the presence of mixed PbSi dimers. In order to further
clarify this situation, we have performed first-principles cal-
culations to study the rocking barrier of pure Pb dimer chains
on Si�100�, as we did for the Ge/Si�100� system. The stabil-
ity of the dimers against the “rocking” motion will provide
us with useful insights into the composition of the buckled
dimer chains observed in the STM experiments, and can be
used to infer the different structural models for the dimer
chains on a Si�100� surface. We also carried out similar
analysis for Sn on Si�100� in order to have a more compre-
hensive picture of how Group IV metals behave on Si�100�
at low coverage.

This paper is divided into eight sections. The calculation
method is briefly discussed in Sec. II. In Sec. III, we will
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present various configurations of isolated Pb dimers, Pb
dimer chains, and their intermixed PbSi counterparts on
Si�100� along with their relative energetics. Results for iso-
lated Sn dimers, isolated mixed SnSi dimers, Sn dimer
chains, and mixed SnSi dimer chains on Si�100� will be
shown in Sec. IV. A comparison with STM experiments will
be made in Sec. V by simulating STM images for different
models that we have discussed in the previous sections. In
Sec. VI we discuss our calculation of the “rocking” barrier of
a pure Pb and Sn dimer chain on Si�100� to investigate the
dynamical effects in STM images. Finally, in Sec. VII we
will resolve the apparent discrepancy between experimental
results and our theoretical predictions by comparing the in-
termixing energetics between Ge/Sn/Pb and Si.

II. Calculation Method

Our first-principles calculations are based on DFT under
local density approximations �LDA�.24 Pseudopotential and
plane wave bases are being used. The Ceperley-Alder
functional25 parametrized by Perdew and Zunger26 is used
for the exchange-correlation energy functional. The kinetic
energy cutoff is set to be 12 Ryd. The Si�100� surface is
modeled by a periodically repeating 4�4 slab that consists
of 8 layers of Si passivated by H at the bottom and a vacuum
space of at least 12 Å. The top surface of Si�100� is arranged
to have a c�4�2� reconstruction. The bottom layer of Si
atoms is kept fixed to simulate the bulk environment. Four k
points are used to sample the Brillouin zone. Simulated STM
images are calculated according to the theory of Tersoff and
Hamann.27

III. Pb on Si(100)

The energies of Pb on Si�100� at low Pb coverage
��0.25 ML� have been presented in our previous short
paper.23 The main results are summarized below.

We first consider isolated Pb dimers on Si�100�. Four dif-
ferent ways of putting a Pb dimer on the 4�4 unit cell are
called configurations A, B, C, and D, and are illustrated in
Fig. 1. The energies of these four configurations obtained
from our calculations are listed in Table I. The lowest energy
configuration is the Pb dimer B, and it is buckled with a
buckling angle of 11.26 deg. For isolated mixed PbSi dimers
on Si�100�, four different configurations, A, B, C, and D, are
also studied. The lowest energy mixed PbSi dimer is con-
figuration C, which is only slightly lower in energy than
configuration B, as shown in Table I. For all four configura-
tions, the mixed dimers are buckled with the Pb adatoms
higher than the Si adatoms.

To compare the relative stability of the Pb dimer and the
mixed PbSi dimer on Si�100�, we consider their formation
energies as follows. The formation energy is given by

�Edimer = Etotal − Esub − NPb�Pb − NSi�Si, �1�

where Etotal is the total energy of the system under consider-
ation, Esub is the total energy of Si�100� 4�4 substrate with
c�4�2� surface reconstruction, �Pb��Si� is the chemical po-
tential of Pb�Si� atoms that is taken as the energy of bulk

Pb�Si� per atom in a fcc�diamond� crystal structure, and
NPb�NSi� is the number of Pb�Si� adatoms in the unit cell.
This formula is a measure of the energy gain when Pb and Si
atoms form a dimer on the Si�100� surface when Pb and Si
are deposited epitaxially, or Si adatoms come from step
edges of the Si substrate. Equation �1� gives an upper bound
for the formation energy since under equilibrium conditions
the maximum possible values for �Pb and �Si are equal to
their chemical potentials in the bulk phase for the source of
Pb and Si adatoms mentioned above. The formation energies
of the Pb dimer in configuration B and mixed PbSi dimer in
configuration C are found to be −0.33 eV per Pb atom and
−0.06 eV per Pb atom, respectively. Therefore, it is energeti-
cally favorable to form pure Pb dimers instead of mixed PbSi
dimers.

Next, we consider isolated Pb dimer chains on Si�100�.
Four different ways of putting a Pb dimer chain on the
4�4 unit cell, configuration A, B, C, and D, are considered,
as illustrated in Fig. 2. The energies of these four configura-
tions obtained from our calculations are listed in Table I. The
lowest energy configuration is the dimer chain C, which runs
perpendicularly to Si dimer rows with each Pb dimer located
in the trough between the dimer rows. The individual dimers
are buckled with a buckling angle of 14.71 deg. These results
are similar to the previous calculation results,18 which are
also included in Table I for comparison. We then consider
another structural model of the dimer chain where Pb and Si
intermix to form a PbSi dimer chain. Again, four different
configurations are considered, which are similar to those in
Fig. 2, but with each Pb dimer replaced by a mixed PbSi
dimer. These configurations are called PbSi dimer chain A,
B, C, and D, respectively. Their relative energies are shown

FIG. 1. Different arrangements of the Pb dimer on a Si�100�
4�4 unit cell. Only the first two layers of the Si substrate are
shown. The Si atoms in the substrate are white. The Pb adatoms are
colored gray.
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in Table I. The lowest energy configuration is found to be the
chain C again and all the mixed dimers are buckled with the
Pb atoms favor the higher positions. Interchange the Pb and
Si atoms of the PbSi dimer chain C such that all Si are higher
than Pb atoms �we call the resultant configuration C�� will
result in 0.57 eV/dimer higher in energy. Since this energy is
much higher than the thermal energy for room temperature,
we conclude that the PbSi mixed dimer chain should mainly
be observed in the C rather than the C� configuration.

Using Eq. �1�, the formation energy of mixed PbSi dimer
chain C is calculated to be −0.70 eV per Pb atom, while that
of pure Pb dimer chain C is −0.51 eV per Pb atom. There-
fore, the formation energy of the mixed PbSi dimer chain is
0.19 eV per Pb atom lower than that of the pure Pb dimer
chain. An analysis to understand why isolated mixed PbSi
dimers are not stable while the mixed PbSi dimer chain is
favorable can be found in our previous study.23 The conclu-
sion there is that the stability of mixed PbSi dimer chain C is
provided mainly by the coupling between PbSi dimers along
the chain, although the individual mixed PbSi dimer is not as
favorable as the Pb dimers. It should be noted that PbSi
dimer chain C corresponds to a Pb coverage of 0.125 ML,
the same coverage as a Pb ad dimer in a 4�4 unit cell. It is

necessary to show that the mixed dimer chain is also ener-
getically more favorable than the formation of just a Pb
dimer per 4�4 unit cell. As discussed above, the formation
energy of a Pb ad dimer in configuration B is −0.33 eV per
Pb atom, which is also smaller than the formation energy of
PbSi dimer chain C.

In this paper, we have also studied the structures of Pb on
Si�100� at a higher Pb coverage of 0.5 ML. Experimentally,
it is observed that close packed Pb dimer chains are formed
at 0.5 ML of Pb coverage.16,18,28,29 The close packed dimer
chains run perpendicularly to the underlying Si dimer rows,
and the separation between the dimer chains is 3.84 Å, which
is the Si�100� surface lattice constant. The surface will have
a �2�2� symmetry if the buckling of adjacent Pb dimer
chains is in phase, while �4�2� symmetry is obtained if
buckling is antiphase. It was observed experimentally that
�2�2� and �4�2� can coexist.28 We have performed calcu-
lations for both �2�2� and �4�2� structures consisting of
Pb dimer chain C separated by one Si�100� surface lattice
constant, as shown in Fig. 3. The Pb dimer bond length for
the �2�2� structure is 3.04 Å with a buckling angle of 14.02
deg, while for the �4�2� structure, the Pb dimer bond length
is 3.03 Å with a buckling angle of 14.17 deg. For both cases,

TABLE I. The energies per dimer E �relative to that of the lowest energy configuration�, the buckling
angle �, and the bond length d of the ad dimers and dimer chains on the Si�100� surface in four different
configurations: A, B, C, and D �see figures�. The data in parentheses are taken from Ref. 18. There are two
buckling angles and bond lengths for the PbSi dimer chain in configuration D because this configuration has
a broken bond in the substrate which makes the two ad dimers asymmetrical.

A B C D

Pb ad dimer E �eV� 0.32 0 0.24 0.70

� 8.75 deg 11.26 deg 13.03 deg 13.71 deg

d �Å� 2.94 3.16 3.03 2.96

PbSi ad dimer E �eV� 0.11 0.01 0 0.84

� 20.34 deg 17.47 deg 17.56 deg 21.63 deg

d �Å� 2.87 2.73 2.81 2.68

Pb dimer chain E �eV� 0.69�0.57� 0.31�0.15� 0�0� 0.94�0.84�
� 10.28 deg 11.97 deg 14.71 deg �12.45 deg� 11.88 deg �11.42 deg�
d �Å� 2.97 3.21 3.01�3.13� 2.93�2.97�

PbSi dimer chain E �eV� 0.73 0.60 0 1.01

� 17.68 deg 20.62 deg 20.63 deg 8.96/21.61 deg

d �Å� 2.73 2.89 2.81 2.67/2.69

Sn ad dimer E �eV� 0.24 0 0.16 0.64

� 8.93 deg 7.46 deg 13.46 deg 14.28 deg

d �Å� 2.89 2.99 2.94 2.89

SnSi ad dimer E �eV� 0.08 0.03 0 0.78

� 17.15 deg 18.70 deg 16.67 deg 20.05 deg

d �Å� 2.69 2.79 2.75 2.62

Sn dimer chain E �eV� 0.71 0.43 0 0.98

� 9.30 deg 8.53 deg 15.64 deg 12.53 deg

d �Å� 2.89 3.04 2.94 2.86

SnSi dimer chain E �eV� 0.69 0.62 0 1.15

� 17.27 deg 19.59 deg 21.22 deg 15.88 deg

d �Å� 2.69 2.83 2.77 2.64
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the Pb dimer bond length and the buckling angle are very
similar to that of the Pb dimer chain C at a coverage of 0.25
ML. We found that the total energy of the �4�2� structure is
only 0.86 meV/dimer lower than that of �2�2�. Therefore,
the two structures can be considered degenerate in energy
under LDA.

Another possibility of closed packed dimer chain is the
close packed mixed PbSi dimer chain. We also consider both
�2�2� and �4�2� structures that are similar to Fig. 3 but
with each Pb dimer replaced by a mixed PbSi dimer. For
both cases, the ground state structures consist of mixed

dimers with Pb adatoms higher than Si adatoms. For the
�2�2� structure, the Pb-Si ad-dimer bond length is 2.84 Å
and the buckling angle is 19.53 deg. In the �4�2� case, the
Pb-Si ad-dimer bond length is also 2.84 Å but the buckling
angle is 19.95 deg. The total energy of the �2�2� structure is
1.9 meV/dimer lower in energy than that of �4�2�, and they
can be considered as degenerate under LDA. The other buck-
ling state that corresponds to Si adatoms higher than Pb ada-
toms has an energy of 0.57 eV/dimer higher than the ground
state structure for both �2�2� and �4�2� structures. There-
fore, the Pb atoms should stay in the higher positions if
mixed dimer chains are formed. The energies of close packed
Pb and mixed PbSi dimer chains can be compared by using
Eq. �1�. The formation energy is −0.53 eV/Pb atom and
−0.72 eV/Pb atom for a closed packed pure Pb dimer chain
and mixed PbSi dimer chain, respectively. Therefore, up to
0.25 ML, mixed PbSi dimer chains are still energetically
more favorable than pure Pb dimer chains.

IV. Sn on Si(100)

In the similar way as the Pb dimer on Si�100�, we studied
four different ways of putting a Sn dimer on the 4�4 unit
cell, which we called configuration A, B, C, and D as in Fig.
1, but with the Pb dimers replaced by Sn dimers. As shown
in Table I, the lowest energy structure is configuration B,
with a Sn dimer bond length of 2.99 Å, and a buckling angle
of 7.46 deg. Its formation energy by using Eq. �1� is
−0.26 eV per Sn atom. For a mixed SnSi dimer, the lowest
energy configuration is C with a Sn dimer bond length of
2.75 Å. The mixed dimer structure is buckled with a Sn atom
higher and a buckling angle of 16.67 deg. The formation
energy of an isolated mixed SnSi dimer is +0.03 eV per Sn
atom. Therefore, it is energetically not favorable to form iso-
lated SnSi dimers.

Similarly, we studied a Sn dimer chain on the 4�4 unit
cell in four configurations, A, B, C, and D as in Fig. 2, but
with the Pb dimers replaced by Sn dimers. As shown in Table
I, the lowest energy structure is configuration C, with a Sn
dimer bond length of 2.94 Å, and a buckling angle of 15.64
deg. Calculations are also done for a mixed SnSi dimer chain
in four different configurations similar to Fig. 2, but the Pb
dimers are replaced by SnSi dimers. Again, configuration C
has the lowest energy as shown in Table I. The Sn-Si dimer
bond length is 2.77 Å. The ground state structure has Sn
adatoms higher than Si adatoms with a buckling angle of
21.22 deg. The other buckling state, in which the Si adatoms
are higher than Sn adatoms, is 0.42 eV/dimer higher in en-
ergy than the ground state structure. In fact, the structures of
the other three mixed dimer chain configurations �i.e., A, B,
and D� are all buckled with the Sn adatoms higher than the
Si adatoms. We compared the relative stabilities of Sn dimer
chain and mixed SnSi dimer chains using their formation
energies �see Eq. �1��. We found that the formation energies
of the Sn dimer chain and mixed SnSi dimer chain are
−0.50 eV/Sn atom and −0.59 eV/Sn atom, respectively. The
mixed dimer chain is again energetically more favorable, but
the difference between the formation energies is not as large

FIG. 2. Different arrangements of Pb dimer chains on a Si�100�
4�4 unit cell. The Pb adatoms are in gray.

FIG. 3. Close packed Pb dimer chains on a Si�100� 4�4 unit
cell with �a� �2�2� and �b� �4�2� symmetry. Each Pb dimer chain
is in the configuration C, as shown in Fig. 2, but the chains are
packed such that they are separated by one Si�100� surface lattice
constant.
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as the difference between the Pb dimer chain and the mixed
PbSi dimer chain.

V. Comparison with STM experiments

We have shown that for Pb and Sn dimer chains on
Si�100�, the most energetically favorable structure is con-
figuration C, in which the chain runs perpendicular to the
underlying Si dimer rows, and the dimers in the chain are
located in the trough between the Si dimer rows. On the
other hand, both mixed PbSi and SnSi dimer chains also
have their lowest energy structure in configuration C. There-
fore, in terms of geometry, both pure metal and mixed dimer
chains are possible structures for Pb and Sn on Si�100� at
low coverage. In this section, we will present our simulated
STM images to see how the different models compare with
experiments. For our simulation, the STM tip is assumed to
position at a height of 2 Å above the highest atom in the
structure, and the images are calculated with a surface bias
voltage of −1.0 V for the occupied states and 1.0 V for the
empty states, respectively.

The simulated STM images for isolated Pb dimer chain C
and the close packed Pb dimer chains on Si�100� are shown
in Figs. 4 and 5, respectively. For both cases, bright spots
corresponding to the higher Pb adatom positions are ob-
served in a filled states image. While both atoms of the Pb
dimer give brights spots in the empty states, the spots corre-
sponding to the lower Pb adatom positions are larger. The
appearance of each individual Pb dimer chain in STM at 0.5
ML is very similar to an isolated Pb dimer chain. We have
also calculated the simulated STM images for the isolated
mixed PbSi dimer chain C and close packed mixed dimer
chain, as shown in Figs. 6 and 7, respectively. The occupied
states images show bright spots corresponding to the Pb at-
oms of the mixed PbSi dimers. The empty states images
exhibit bright spots corresponding to the Pb atoms and also
weak spots corresponding to the Si atoms of the mixed
dimers. In STM experiments, the authors of Ref. 16 observed
that the bright spots coming from the buckled-up Pb adatom
in the filled states image shifted to the buckled-down Pb
adatom positions in the empty states image. Our calculated
STM images for pure Pb dimer chains in Fig. 4 corresponds

well with the experimental observations. On the other hand,
our calculation of Fig. 6 shows that the buckled-up Pb ada-
toms in the mixed dimer chains give bright spots for both
filled states and empty states images, while the buckled-
down Si adatoms only contribute weak spots in the empty
states image. Therefore, the mixed dimer chain model cannot
explain the shift of the bright spots upon reversing the bias,
as observed in the experiments.

For isolated Sn dimer chains and mixed SnSi dimer
chains on Si�100�, our STM simulation is shown in Fig. 8.
For a Sn dimer chain in configuration C �Figs. 8�a� and 8�b��,
there are bright spots at the higher Sn adatom positions in
both empty states and filled states images. While the lower
Sn adatoms give slightly weaker spots in empty states image,
they are almost not visible in the filled states images. While

FIG. 4. Simulated STM images of Pb dimer chain C with a
surface bias voltage of �a� 1.0 V and �b� −1.0 V. H denotes the
higher Pb adatom position and L denotes the lower Pb adatom
position.

FIG. 5. Simulated STM images of a �2�2� close packed Pb
dimer chain with a surface bias voltage of �a� 1.0 V and �b� −1.0 V,
and a �4�2� close packed Pb dimer chain with a surface bias volt-
age of �c� 1.0 V and �d� −1.0 V. H denotes the higher Pb adatom
position and L denotes the lower Pb adatom position.

FIG. 6. Simulated STM images of mixed PbSi dimer chain C
with a surface bias voltage of �a� 1.0 V and �b� −1.0 V. H denotes
the Pb adatom position and L denotes the Si adatom position.
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for the mixed SnSi dimer chain C �Fig. 8�c� and 8�d��, both
filled states and empty states images show bright spots cor-
responding to the Sn adatom positions, the Si adatoms only
give very weak spots in the empty states image. Reference
20 observed that for Sn on Si�100� the circular spots in the
filled states image became elongated in the empty states im-
age, and high-resolution image of the elongated spots re-
vealed buckled dimers. Therefore, the simulated STM im-
ages for a pure Sn dimer chain have a better agreement with
experimental STM observations.

VI. “Rocking” barrier of dimer chain

Our calculations above do not involve the dynamics of the
dimer chains. However, information about the dynamics of
the dimer chains would be very useful for understanding the
experimental STM images. If the time scale of atomic mo-
tion is much shorter than STM scanning frequency, the ob-
served STM images will correspond to time-averaged struc-
tures rather than the static structures. In this section, we will
study the “rocking” motion of dimer chains on Si�100�.
There are two degenerate buckling states in the pure Pb�or
Sn� dimer chain structure because the dimers are made up of
the same type of atom. We call the motion to flip its buckling
state as “rocking,” and the associated energy barrier as the
“rocking barrier.” If the rocking barrier is small, the dimers
will rock so fast that the rocking cannot be resolved by STM,
and the dimers will look as if they are not buckled. There-
fore, our study of the rocking barrier will provide useful
information for interpreting results from STM experiments.

Note that our study of the rocking motion is for pure Pb and
Sn dimer chains. Since the two buckling states of the mixed
dimer chains are not degenerate in energy, the mixed dimer
chains will mostly stay in the lower-energy buckling state.

There are different ways for a dimer chain to flip its buck-
ling. The rocking barrier between the two degenerate buck-
ling states for the Pb dimer chain in configuration C are
calculated as follows.

We first consider the type of rocking in which all the
dimers in the chain are correlated such that they flip their
buckling state at the same time. The saddle point for this type
of correlated rocking motion should be a nonbuckled dimer
chain with all the adatoms at the same height. The saddle
point can be found by calculating the energy of the system as
a function of the height of the chain with respect to the Si
substrate. The rocking barrier calculated in such a manner is
found to be 0.31 eV/dimer. In order to study the effect of the
interchain separation on the rocking barrier, the above calcu-
lation for the Pb dimer chain is repeated using 2�4 and
8�4 unit cells, in which the separation between the chains
are halved and doubled, respectively. The rocking barrier is
found to be 0.27 eV/dimer with the 2�4 unit cell and 0.29
eV/dimer for the 8�4 unit cell. Therefore, the rocking bar-
rier is not sensitive to interchain separation. The calculation
with a 4�4 unit cell is repeated using GGA-PW9130 with
the VASP31 code and ultrasoft pseudopotential. The rocking
barrier is found to be 0.27 eV/dimer under the GGA-PW91.
Since the Si�100� substrate between the Pb dimer chain C is
exposed, the substrate Si dimers in this open region should
allow to adopt different buckling. We have studied the effect

FIG. 7. Simulated STM images of a �2�2� close packed PbSi
dimer chain with a surface bias voltage of �a� 1.0 V and �b� −1.0 V,
and a �4�2� close packed PbSi dimer chain with a surface bias
voltage of �c� 1.0 V and �d� −1.0 V. H denotes the Pb adatom
position and L denotes the Si adatom position.

FIG. 8. Simulated STM images of a Sn dimer chain with a
surface bias voltage of �a� 1.0 V and �b� −1.0 V, and a mixed SnSi
dimer chain with a surface bias voltage of �c� 1.0 V and �d� −1.0 V.
H denotes the higher Sn adatom position. L denotes the lower Sn
adatom position in �a� and �b�, and the Si adatom position in �c� and
�d�.
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of different buckling states of these Si dimers on the rocking
barrier of Pb dimer chain. We found that the rocking barrier
is changed by only 5 meV/dimer. Therefore, the effect of
substrate buckling on the rocking barrier is not significant.

It should be noted that the energy required to flip the
buckling state of the entire infinite chain in this correlated
way is actually infinity. Therefore, the rocking motion that
flips an infinite chain of dimers at the same time is impos-
sible. Nevertheless, the correlated rocking of a finite chain is
possible. In fact, the dimer chains observed in STM experi-
ments all have finite length. Unfortunately, calculations for
various finite lengths are not feasible with the first-principles
method. Instead, we calculated the rocking barrier EB1 of the
Pb dimer chain C having a length of just one Pb dimer,
which is the other extreme case. This structure is simply an
isolated Pb ad dimer in a 4�4 unit cell. The barrier is found
to be 0.08 eV/dimer, which is significantly lower than that of
an infinite chain. This is because for the isolated Pb
ad-dimer, the underlying Si dimers are allowed to buckle and
are consequently able to lower the energy of the saddle point,
while the underlying Si dimers for an infinite Pb dimer chain
are unbuckled.

The rocking dynamics of a Sn dimer chain on Si�100� is
also studied. The rocking barrier of an infinite Sn dimer
chain C in the above correlated manner is calculated to be
0.28 eV/dimer, and the rocking barrier EB1 of an isolated Sn
ad dimer is found to be 0.06 eV/dimer, which are similar to
that of Pb for both cases.

While the above calculations can provide rough estimates
to the rocking barriers of dimer chains on Si�100�, we resort
to the following model calculation in order to obtain the
variation of rocking frequency of a dimer chain with a finite
length. Our model calculation is based on a cascade of dimer
flipping in the dimer chain. The individual dimer in the
dimer chains is assumed to rock independently and there are
no correlations between each other. The ground state of a
dimer chain of length L, which we refer to as S0, has all its
dimers with the same buckling. The rocking of the dimer
chain starts off with the state S1 in which a dimer at one of
the ends of the dimer chain is being flipped. The energy
difference between S1 and S0 is approximated by E1 /2,
where E1 is the energy of one flipped dimer in an infinitely
long dimer chain. E1 is found to be 0.22 eV and 0.16 eV for
Pb and Sn, respectively, from our first-principles calcula-
tions. The energy barrier from S0 to S1 is approximated by
EB1+ �E�B1−EB1� /2, where E�B1 is the rocking barrier of flip-
ping only one dimer in an infinitely long dimer chain. This
equation adds the contribution of the adjacent dimer to the
energy barrier of an isolated dimer. The calculation of E�B1 is
done by using a 4�8 unit cell, in which the dimers to be
flipped are separated by three other dimers along the dimer
chain in configuration C. Therefore, the dimers to be flipped
are well separated and can be considered uncorrelated. Using
this setup, E�B1 is found to be 0.41 eV32 and 0.33 eV for Pb
and Sn, respectively, with LDA. After the first dimer is
flipped, the adjacent dimer next to it will follow to flip, re-
sulting in the state S2 and its energy approximated by E1 /2
with respect to S0. The energy barrier from S1 to S2 is as-
sumed to be E�B1. This cascade of dimer flipping will con-
tinue until the other end of the dimer chain, with the energy

of Si equal to E1 /2 higher than that of S0 and the energy
barrier from Si−1 to Si equal to E�B1 for 2� i�L−1. SL is the
other ground state of the dimer chain and the energy barrier
from SL−1 to SL is the same with the one from S0 to S1.

After knowing all the intermediate states and their asso-
ciated energy barriers, we can calculate the rocking fre-
quency fL of a dimer chain with length L recursively by
fL= fL−1,L�fL−1 / �fL−1+ fL−1,L��, where fL−1,L is the rocking fre-
quency between SL−1 and SL. The meaning of this recursive
relation is that if we know the rocking frequency between S0
and SL−1, then the rocking frequency between S0 and SL can
be obtained by multiplying the rocking frequency between
SL−1 and SL by a prefactor factor, which takes into account
the fact that a dimer chain can both flip a dimer in its dimer
chain or have one of its flipped dimers reverting back to the
original buckling. The rocking frequency fL−1,L is given by
the Arrhenius relation33 fL−1,L= p�L−1�f0 exp�−�E /kBT�,
where p�L−1� is the relative population of SL−1 specified by
the Boltzmann factor and �E is the energy barrier between
SL−1 and SL. In order to use the Arrhenius relation, the typical
phonon frequency f0 for Si�100� has to be found. For a bare
Si�100� substrate, it is known that an extensive c�4�2� re-
construction can be observed at 144 K,34 except near defects
where symmetric Si dimers can be seen. We have calculated
the energy barrier to flip a single Si dimer in the Si�100�
substrate with c�4�2� reconstruction. This barrier is found
to be 0.25 eV. If the typical time resolution of STM is taken
to be 1000 s−1,35 we can infer from the Arrhenius relation
that f0 is 5.6�1011 s−1 for Si�100�. Knowing f0, the result of
our simulation under this framework at room temperature is
illustrated in Fig. 9 for L=4 to 10, which are typical lengths
of dimer chains observed in experiments. We found that the
rocking frequency of a dimer chain decreases with its length
as expected. For Pb dimer chains, the rocking frequencies are
two orders of magnitude smaller than that of the Sn dimer
chains. If we adopt 1000 s−1 as the cutoff below which rock-
ing can be resolved by experiments, then Pb dimer chains
should be observed to be buckled in STM experiments inde-
pendent of their length. This result is not sensitive to whether
LDA or GGA is being used as the exchange-correlation func-
tional. On the other hand, the rocking frequencies of a Sn
dimer chain are considerably higher, we expect some influ-
ence of dynamical effects due to rocking motion in STM
observations. For example, in the experiment of Ref. 20,
height profiles of Sn dimer chains reveal certain symmetric
dimers in the chain. However, there is probably pinning due
to defects and the ends of the dimer chains may help to
stabilize the buckled dimer against rocking.

VII. Tendency of intermixing

Despite the fact that our calculations in Secs. III and IV
show that it is energetically favorable to form mixed PbSi
and SnSi dimer chains on Si�100�, it is unlikely that the
experimental STM images are corresponding to the geom-
etries of mixed dimer chains, as discussed in Secs. V and VI.
In order to investigate this discrepancy between our theoret-
ical calculations and experimental observations, we further
consider the intermixing energetics of pure ad dimers with Si
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to form mixed dimers, since the individual dimer is the
building block for the whole dimer chain. We summarized in
Table II the formation energies of isolated dimers and dimer
chains on Si�100� using Eq. �1�, including the pure Ge dimer
and mixed GeSi dimer. It is experimentally verified that Ge
will intermix with Si to form mixed dimers after Ge deposi-
tion on Si�100�. A comparison between Ge, Sn, and Pb can
give us a hint on how intermixing occurs. From Table II, we
can find that it is not energetically favorable to form mixed
dimers when compared with pure dimers using Eq. �1� for all
cases, including Ge, which contradicts with experimental ob-
servation. One should note that the formation energy calcu-
lated using Eq. �1� is a measure of the energy released in
forming an ad dimer on Si�100� when compared to a clean
Si�100� substrate with an infinite source of atoms for the ad
dimer, in which the only cost in extracting an atom from the
source is measured by the chemical potential. We are ap-
proximating the chemical potentials by bulk energies to ob-
tain an upper bound for the formation energy. However, in
experiment Si is not deposited epitaxially onto the Si�100�
surface, and it is very unlikely that bulk-like Si islands are
formed in experiments. In addition, the observed dimer

chains may be formed far away from step edges of the Si
substrate. Therefore, our estimates of the formation energies
of the mixed dimers on Si�100� may not reflect the true ex-
perimental conditions.

One possible source of Si atoms is Si ad dimers
on Si�100�. A Si ad dimer can react with an ad dimer
formed by the deposited atoms to produce mixed dimer. The
associated energy release can be calculated by �Emix
=Emixed−Epure /2−ESi-Si /2, where Emixed and Epure are the to-
tal energy of the mixed ad dimer and pure Ge�or Sn, Pb� ad
dimer on Si�100�, respectively, with ESi-Si being the total
energy of a pure Si ad dimer on the Si�100� surface in con-
figuration A. �Emix is calculated to be −0.06, +0.014, and
+0.002 eV per mixed dimer for Ge, Sn, and Pb, respectively.
Hence, if we consider the mixed dimers being formed by two
different ad dimers, then the formation of GeSi mixed dimers
are favorable, but SnSi and PbSi are not. While this mecha-
nism produces a conclusion that agrees with the experimen-
tal observation, we note that the amount of Si ad dimers on
Si�100� is very limited, and cannot act as a source of Si for
large domains of dimer chains observed in the experiment.

Another source of Si atoms is from the Si�100� substrate.
It has been observed experimentally that Ge ad dimers on
Si�100� can exchange one of its Ge atoms with the Si�100�
substrate to form mixed GeSi ad dimers. A detailed kinetic
pathway of how this intermixing mechanism can occur has
already been described in detail in our previous
publication.12 The formation energy of such reaction can be
calculated as follows:

�E� = Emixed + Esub� − Esub − Epure, �2�

where Esub is the total energy of a Si�100� 4�4 substrate
with c�4�2� surface reconstruction, and Esub� is the same as
Esub, but the surface has one of its buckled-up surface atoms
replaced by Ge, Sn, or Pb. �E� measures the energy released
when one of the atoms in the pure ad dimer substitutes a
surface atom in the Si�100� substrate and the substituted Si
atom comes out to form a mixed ad dimer. �E� are calcu-
lated to be −0.07, +0.23, and +0.28 eV per mixed dimer for
the case of Ge, Sn, and Pb, respectively. Therefore, our cal-

FIG. 9. Simulated rocking frequency of the
Pb dimer chain �solid line� and Sn dimer chain
�dashed line� versus the length of the dimer
chain.

TABLE II. The formation energies of dimers and dimer chains
on Si�100� calculated using Eq. �1�. The letter in brackets refer to
the atomic configuration illustrated in Fig. 1 and Fig. 2.

Si ad dimer�A� +0.27 eV/Si

Ge ad dimer�A� +0.005 eV/Ge

Sn ad dimer�B� −0.26 eV/Sn

Pb ad dimer�B� −0.33 eV/Pb

Ge-Si ad dimer�A� +0.21 eV/Ge

Sn-Si ad dimer�C� +0.03 eV/Sn

Pb-Si ad dimer�C� −0.06 eV/Pb

Sn ad dimer chain�C� −0.50 eV/Sn

Pb ad dimer chain�C� −0.51 eV/Pb

Sn-Si ad dimer chain�C� −0.59 eV/Sn

Pb-Si ad dimer chain�C� −0.70 eV/Pb
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culations show that it is energetically favorable for Ge ad
dimers to intermix with Si to form GeSi ad dimers by sub-
stituting surface Si atoms in Si�100� substrate, while this
mechanism is not favored by Sn and Pb.

In order to gain more insight on the difference in behavior
of Group IV elements on Si�100� surface, we can decompose
Eq. �2� into �E�=�Emix+�Esubstitute, where �Emix is the same
as above and �Esubstitute=Esub� +ESiSi /2−Epure /2−Esub. �Emix
is a measure of the energy involved in intermixing Ge, Sn, or
Pb with Si to form mixed ad dimers, and �Esubstitute is a
measure of the energy involved in substituting a surface Si
atom in Si�100� substrate by Ge, Sn, or Pb. Note that al-
though we are using the Si ad dimer as a reference to calcu-
late �Emix and �Esubstitute, if we are comparing �Emix or
�Esubstitute between two different elements, the term involv-
ing the Si ad dimer will be canceled out. Therefore, �Emix
and �Esubstitute can be used to gauge the relative energetics
involved in intermixing and substitution as we go down the
Group IV elements. �Esubstitute is −0.01, +0.21, and
+0.28 eV per Ge, Sn, and Pb atom, respectively. Hence, Sn
and Pb is much less favorable than Ge to substitute a surface
Si atom in the Si�100� substrate. And from �Emix, Ge is
slightly more favorable than Sn and Pb to intermix with Si to
form mixed dimers. This is probably due to the large size of
Pb and Sn compared with Si, and also due to the fact that Ge
has a similar electronic structure with Si. The above analysis
shows that it is not favorable for pure Sn and Pb dimers to
form isolated mixed dimers by extracting Si atoms from the
Si�100� substrate.

We have considered two possible channels in which
mixed dimers can be formed on Si�100� when Si atoms are
not epitaxially deposited nor from step edges. The limited
availability of Si ad dimers on Si�100�, and the high energies
involved in substituting a surface Si atom in Si�100� sub-
strate by Sn or Pb will hinder the formation of individual
mixed dimers, which are the precursors of mixed dimer
chains. This explains why mixed PbSi and SnSi dimer chains
are not observed in experiments. Nevertheless, if there is an
external source of Si atoms by epitaxially depositing Si on
Si�100� for example, or if the dimer chains are formed close

to step edges or defects on the Si�100� surface, or by anneal-
ing the sample, mixed PbSi and SnSi dimer chains may be
able to form on Si�100�.

VIII. Conclusion

As a conclusion, we have carried out first-principles cal-
culations to study Pb and Sn dimer chains on Si�100� up to
0.5 ML coverage, including the possibility of mixed PbSi
and SnSi dimer chains. Our simulated STM images of pure
Pb and Sn dimer chains agree with experimental observa-
tions, while that of the mixed dimer chains are not. Our
calculated rocking barriers of dimer chains suggest that the
rocking frequencies of Pb dimer chains are low, the buckling
of the Pb dimer chain can be observed in STM experiments.
While for Sn dimer chains, it might be necessary to take a
dynamical effect into account when interpreting STM results.
However, there are possible pinning due to defects and the
ends of the dimer chains that cannot be included in our cal-
culation. Our analysis on the relative energetics between
pure dimers and mixed dimers shows that the formation of
mixed dimers depend on the source of Si atoms available for
Pb and Sn dimers to carry out intermixing. In particular,
substituting Si atoms in the Si�100� substrate by Sn and Pb
atoms is much less energetically favorable than intermixing
with Si if Si atoms are available from an external epitaxial
source, while the reverse holds for the case of Ge. A lack of
favorable channel for Pb and Sn to intermix with Si to form
mixed dimers can hinder the formation of PbSi and SnSi
dimer chains in experiments.
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