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We present first-principles results identifying the reaction pathways for Si dimer rotations on the carbon-
induced Si�001�-c�4�4� surface. The nudged elastic band calculations show that the recently proposed rotated
dimer model �Phys. Rev. Lett. 94, 076102 �2005�� can be obtained from the refined missing dimer model by
dimer rotation with small energy barriers. It is found that the energy barrier is sensitive to the rotation
directions of Si dimers. The energy barrier along the minimum energy path �MEP� is 0.82 eV. Three stable
configurations are identified along the MEP, one of which with a single rotated dimer is more stable than all
existing models and its energy is lower than that of the rotated dimer model, the previously most stable
structure, by 0.25 eV per c�4�4� cell. The stabilization mechanism of the new stable structure is analyzed. We
propose a possible method to search for new stable structures based on the existing models by mapping out the
reaction paths in the phase configuration.
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I. INTRODUCTION

Carbon incorporation into a Si substrate is of great impor-
tance in developing high-performance Si-based heterostruc-
tures with tailored electronic properties. Unfortunately, due
to the large lattice mismatch between Si and C, the solubility
of C in bulk Si is extremely low ��10−5� under a thermody-
namic equilibrium, which is an obstacle to such applications.
Nonequilibrium methods such as molecular-beam epitaxy
can be used to overcome this obstacle and enhance the solu-
bility up to 20% without giving rise to SiC precipitation.1

The increased solubility results from two factors: the pres-
ence of the surface and a stress field associated with the
atomic reconstruction near the surface.2 The former can par-
tially relieve the stress associated with the atomic size mis-
match between C and Si, while the latter can couple with the
impurity stress resulting in certain sites energetically favor-
able for C atoms.

The incorporated C, on the other hand, can modify the
periodicity of the Si�001� surface significantly. It is demon-
strated that the Si�001�-p�2�1� surface changes to the
2�n reconstruction at low C coverage,3 while the c�4�4�
phase appears at increased C coverage.4 The c�4�4� phase
has been extensively studied for decades since its discovery.5

It has been reported that this reconstruction can be observed
in a variety of experimental conditions.5–13 It is argued in
early work that the c�4�4� phase does not contain any for-
eign atoms but is one of the intrinsic reconstructions.7 How-
ever, the idea that the c�4�4� reconstruction is carbon-
related is generally accepted in recent studies,13–21 despite
the discrepancy on whether the carbons are basic ingredients
of the c�4�4� structure14–20 or just provide global strain to
induce the c�4�4� phase.13,21 Recently, Kim et al.3 have
observed that the Si�001� exposed to C2H2 shows the 2�n
superstructure when the C concentration is below 0.05
monolayer �ML�. The 2�n reconstruction has been assigned
to the so-called DV41 defect, where the incorporated C at-
oms occupy the substitutional fourth layer sites directly be-

low Si dimers �� sites� and Si dimer vacancies directly above
the incorporated C are induced. After the C concentration
increases up to 0.12 ML, the c�4�4� reconstruction
appears.4 The c�4�4� phase has been assigned to the rotated
dimer model �2RD� according to the combined study of
scanning tunneling microscopy �STM� and density func-
tional theory calculations. The 2RD model could be obtained
from a DV41 defect in a c�4�4� cell �also referred to as the
refined missing dimer model12� by rotating the two side Si
dimers by 90°. The 2RD model in a c�4�4� unit cell con-
tains 1

8 ML C at the � site in the fourth layer. Based on the
fact that the DV41 defect is energetically more favorable
than the 2RD model at low C coverage � 1

16 ML�, while the
energy ordering is reversed at high C coverage �1

8 ML�, it is
suggested that the dimer rotation in the c�4�4� phase helps
to relieve the increased tensile stress due to the �4 arranged
C atoms along dimer rows.4 To understand the process of
dimer rotation and consequent surface structure transforma-
tion, a detailed knowledge of the kinetics of dimer rotation is
highly desirable.

In this study, we perform first-principles calculations to
identify the reaction pathways for the Si dimer rotation on
the C-induced Si�001�-c�4�4� surface. We investigate how
dimers rotate in passing from the refined missing dimer
model �rMD� to the 2RD model. Our calculations show that
the activation energies from the rMD model to the 2RD
model are sensitive to the directions of rotation of Si dimers.
It is found that the minimum energy path of the dimer rota-
tion goes through three stable configurations, one of which
with a single rotated dimer is more stable than all existing
models and its energy is lower than that of the 2RD model,
the previously most stable structure, by 0.25 eV per
c�4�4� cell. The stabilization mechanism of the new stable
structure is analyzed and the ordering of the new structure in
a larger c�8�8� supercell is also investigated. Finally, a pos-
sible method of searching for new stable structures by
nudged elastic band calculations is discussed.
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II. METHODOLOGY

All calculations were performed using Vienna ab initio
Simulation Package �VASP� �Refs. 22 and 23� based on den-
sity functional theory. The ultrasoft pseudopotentials24 were
used for electron-ion interactions and the generalized gradi-
ent approximation of Perdew and Wang25 was used to de-
scribe the exchange-correlation functional. The electron
wave function was expanded using plane waves with a cutoff
energy of 300 eV. The Si�001�-c�4�4� surface was modeled
by a slab geometry with ten Si atomic layers and an 11 Å
vacuum. The dangling bonds of Si atoms at the bottom of the
slab were terminated with hydrogen atoms. The theoretical
Si lattice constant a0=5.46 Å was used for the Si slab. The
Si atoms in the bottom two Si layers and the H atoms were
frozen during the relaxation to mimic the bulk. We used
2�2�1 k-point mesh to sample the Brillouin zone based on
the Monkhorst-Pack scheme.26 All atoms except for the fixed
ones are fully relaxed until the Hellmann-Feynman forces are
smaller than 0.02 eV/Å. The climbing image nudged elastic
band method �NEB� �Refs. 27 and 28� was utilized to iden-
tify possible reaction pathways for Si dimer rotations.

III. RESULTS AND DISCUSSION

A. Structural models

We first performed total energy calculations for different
Si�001�-c�4�4� structural models with 1

8 ML carbon per
unit cell. The C atom was incorporated into the substitutional
fourth subsurface layer site below a Si dimer, the � site,
which is under compressive stress and therefore suitable for
the smaller carbon atom.2 The Si dimer directly above the C
atom was removed to construct the rMD model �see Fig. 1�.
Note that in the optimized rMD model �see the side view of
rMD in the inset of Fig. 1�, all three dimers tilt along the
same direction rather than buckle alternately, with an energy
gain of 0.59 eV in our calculation. If the middle Si dimer in
the rMD model was removed, we obtained the rMD� model.
The 2RD �see Fig. 1� and 2RD� models can be obtained by
rotating the two side Si dimers by 90° in rMD and rMD�,
respectively. All structural models were fully relaxed, and the
difference between surface energies of two models was cal-
culated according to

�E = �Etot
A − Etot

B � − �nSi
A − nSi

B ��Si, �1�

where Etot
A is the total energy of model A containing nSi sili-

con atoms and �Si is the chemical potential of Si, which is
taken to be the energy of bulk Si. Our calculations show that
the 2RD model is the most stable among the four models
mentioned above. The rMD and rMD� models are less stable
than the 2RD model by 0.13 and 0.79 eV per c�4�4� cell,
respectively. The surface energy of the 2RD� model is
slightly higher �0.06 eV� than that of the 2RD model. These
results are in good agreement with the earlier DFT
calculations,4 which are listed in Table I for comparison.

B. Kinetics of dimer rotation

The transformation from the rMD model to the 2RD
model involves dimer rotation, which is believed to occur in

order to relieve the tensile stress due to the �4 arranged C
atoms along dimer rows.4 To understand the process of the
dimer rotation and how the surface structure transformation
occurs, we proceed to investigate the kinetics of the dimer
rotation on the C-induced Si�001�-c�4�4� surface. As
shown in Fig. 1, the initial state rMD can change to the final
state 2RD by rotating the two side Si dimers via three differ-
ent paths: �i� two side Si dimers rotate toward the middle
dimer by 90° �Path I�; �ii� both side Si dimers rotate away
from the middle dimer by 90° �Path II�; and �iii� one side Si
dimer rotates toward but the other away from the middle
dimer by 90° �Path III�. Note that the rotation direction indi-
cated here is always taken to the relative position between
the lower Si atom of the side dimer and the middle dimer

TABLE I. Calculated relative surface energies per c�4�4� unit
cell �in eV� for different C-induced Si�001�-c�4�4� structural mod-
els �with 1

8 ML C�. The surface energy of the 2RD model is used as
a reference.

Model �E �Present work� �E �Ref. 4�

rMD 0.13 0.11

rMD� 0.79 0.77

2RD 0.00 0.00

2RD� 0.06 0.04

1RD −0.25

1RD� −0.09

2RD� 0.02

FIG. 1. �Color online� Possible pathways for the Si dimer rota-
tions on the C-induced Si�001�-c�4�4� surface for transferring the
rMD model to the 2RD model. The higher atom of a Si dimer is
indicated by a plus sign if the height difference between the higher
atom and the lower one is larger than 0.2 Å. The two side Si dimers
can rotate toward the middle dimer by 90° �Path I�; away from the
middle dimer by 90° �Path II�; and one toward but the other away
from the middle dimer by 90° �Path III�. The rotation directions are
indicated by the arrows. The left and right insets are the side views
of the optimized rMD and 2RD models, respectively. The Si dimer
atoms, the remaining Si atoms, and the C atoms are denoted by red
�dark�, yellow �light�, and gray spheres, respectively. The three Si
dimers are categorized as left dimer �L�, middle dimer �M�, and
right dimer �R� for distinction in the reaction processes.
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�toward or away from, respectively�. To obtain the reaction
pathways and estimate the diffusion barrier heights between
the rMD and 2RD configurations, we performed NEB
calculations.27,28 Adequate intermediate structures �images�
between the rMD and 2RD configurations were interpolated
based on the different dimer rotation paths, which were used
as starting guesses for NEB calculations.

For the dimer rotation along Path I, we found that the
reaction process involved four steps. First, the right Si dimer
of the rMD model rotated counterclockwise by 90°, while
the left Si dimer was almost frozen during this step. The
snapshots and energy profile of the reaction at this step are
shown in Fig. 2. As clearly seen in image �3� of Fig. 2, the
right Si dimer rotated about 45° counterclockwise to reach
the saddle point. The energy barrier of this step is 0.53 eV,
as shown in the energy profile of Fig. 2. It is interesting to
note that at this step the rMD changed to a new stable struc-

ture �image �5� in Fig. 2� with a single rotated dimer. This
new structure is more stable than the 2RD model by 0.25 eV
per c�4�4� cell. In this structure, the lower atom of the
rotated dimer �atom D labeled in image �5� of Fig. 2� is low
enough �1.47 Å lower than the upper one� to form a bond
with a fourth layer Si atom �referred to as atom F, see Fig.
5�a�� directly below it and its dangling bond is saturated. The
fourth layer Si atom F pushed away one of its neighboring Si
atoms in the third layer �atom T labeled in image �5� of Fig.
2� toward the middle Si dimer. Due to the approach of Si
atom T, the middle Si dimer was almost flattened. We will
refer to this new structure as the 1RD model thereafter and
discuss it in more detail in next subsection.

At the second step, the lower atom of the rotated dimer,
atom D, raised while the higher atom of the rotated dimer
lowered. The tilt direction of the nonrotated left dimer was
also reversed at this step. The bond between atom D and the
fourth layer Si atom F was broken. As a result, the third layer
Si atom T returned to its original place in the rMD model
�see image �10� in Fig. 3�. We named the structure �10� as the
1RD� model. This model is characterized with one-half unit
cell resembling the 2RD model and the other half remaining
the configuration in the rMD model. The 1RD� structure is
energetically unfavorable than 1RD, but still 0.09 eV more
stable than 2RD, as listed in Table I.

At the third step, the left dimer rotated clockwise by 90°
and the lower Si atom of the left rotated dimer lowered to
bond with the fourth layer Si atom directly below it. The
dimer rotation process is very similar to that of the right
dimer in the first step. The fully relaxed structure of the final
state of this step is shown in image �15� of Fig. 3 �referred to
as the 2RD� model hereafter�. Note that one-half of the 2RD�
model is similar to the 1RD model, while the other half
resembles the 2RD model. The 2RD� model is slightly
�0.02 eV� less stable than 2RD. The relative surface energies
of all models are listed in Table I for reference. At the fourth
step, the lower atom of the left rotated dimer of the 2RD�
model raised and brought the surface to the 2RD model.

The snapshots of the reaction processes and energy profile
from steps 2 to 4 are shown in Fig. 3. Summarized in Table
II are the energy barriers for the aforementioned four steps.
The whole reaction processes along Path I is rMD→1RD
→1RD�→2RD�→2RD. As seen in Table II and Fig. 3, the
rate-limiting reaction process along Path I is the dimer rota-
tion at the third step, namely, 1RD�→2RD�. The overall
energy barrier from rMD to 2RD along Path I is 0.82 eV.

We plotted the variation of height difference between two
Si atoms, dh, of the three Si dimers during the whole reaction
along Path I in Fig. 4. At step one �rMD→1RD�, the dh of
the right dimer �which rotated at this step� increased, while
the dh of the left dimer showed little variation. At the second
step �1RD→1RD��, the dh of both the left and right dimers
decreased. The tilt direction of the left dimer was reversed
after reaction coordinate 8, as shown by the negative dh of
the left dimer in Fig. 4. At step three �1RD�→2RD��, the dh

of the left dimer �which rotated at this step� increased and the
original tilt direction was restored. The right dimer was al-
most kept frozen, as shown by the little variation of its dh. At
the last step �2RD�→2RD�, the dh of the left dimer de-

FIG. 2. �Color online� The snapshots �top views� of the reaction
process at step 1 along Path I �upper panel�. The rMD model was
transformed to the 1RD model via dimer rotation at this step. The
energy profile of this reaction is shown in the lower panel. The zero
energy is defined by that of the rMD model. The data points are
fitted with a cubic spline. The migration energy barrier is 0.53 eV.
In the saddle point �image �3��, the right Si dimer rotated by about
45° counterclockwise.
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creased while that of the right dimer increased slightly. It is
interesting to note that during dimer rotations, the dh of the
middle dimer showed a large variation, although the middle
dimer did not rotate at all in the reaction. As clearly shown in
Fig. 4, the dh of the middle dimer in rMD �0.46 Å� was
much smaller than that of the clean Si�001�-p�2�2� surface
�0.75 Å in our calculation�. It almost vanished in the 1RD
and 2RD� models, and peaked in the 1RD� and 2RD models.

The reaction process along Path II can be divided into two
steps. First, the right Si dimer rotated clockwise by 90° and
transformed the rMD model to the 1RD� model directly,
without passing through the 1RD state. The energy barrier of
this step is 1.10 eV. Next, the left dimer of the 1RD� rotated
counterclockwise by 90° and changed the surface structure to
2RD directly with an energy barrier of 1.26 eV. The overall
energy barrier from the rMD to 2RD along Path II is

1.26 eV, 0.44 eV higher than that of the reaction process
along Path I.

The dimer rotation along Path III consists of three steps.
First of all, the left dimer rotated clockwise by 90° and the
lower Si atom of the left rotated dimer lowered to bring the
rMD to the 1RD structure. This step is similar to step 1 in
Path I, where the right dimer rotated instead. Next, the lower
atom of the left rotated dimer raised and the 1RD model was
transformed to the 1RD� model. This process is also sym-
metric to that at step two in Path I. Finally, the right dimer of
the 1RD� model rotated clockwise by 90° and changed the
surface to the 2RD model. This step is identical to the second
step in Path II. The overall energy barrier along Path III is
also 1.26 eV.

From the reaction processes along different pathways, we
can conclude that the energy barrier for the structural trans-
formation from the rMD model to the 2RD model is sensi-
tive to the directions of the rotation of Si dimers. The mini-

TABLE II. Energy barriers �Ea� for different pathways of Si
dimer rotations on the C-induced Si�001�-c�4�4� surface, see Fig.
1. L or R indicates which dimer �Left or Right� is moving. Two
dimer rotation directions are possible, clockwise �CW� or counter-
clockwise �CCW�. UP indicates the raise of the dimer.

Paths Steps Movement Ea �eV�

I rMD→1RD R-CCW 0.53

1RD→1RD� R-UP 0.37

1RD�→2RD� L-CW 0.82

2RD�→2RD L-UP 0.31

II rMD→1RD� R-CW 1.10

1RD�→2RD L-CCW 1.26

III rMD→1RD L-CW 0.53

1RD→1RD� L-UP 0.37

1RD�→2RD R-CW 1.26

FIG. 3. �Color online� The snapshots �top views of six selected
images� of the reaction processes from steps 2 to 4 along Path I.
The 1RD structure was transformed to 2RD via dimer rotation or
raise �upper panel�, by passing through two intermediate structures,
1RD� and 2RD�. The energy profile of these reaction processes is
shown in the lower panel. The zero energy is defined by that of the
1RD model. The data points are fitted with a cubic spline. The
dimer rotation in 1RD�→2RD� is the rate-limiting process. The
overall energy barrier is 0.82 eV.

FIG. 4. �Color online� The height difference between two Si
atoms, dh, of the left dimer �L�, middle dimer �M�, and right dimer
�R� versus the reaction coordinate for the reaction along Path I. The
data points are fitted with a cubic spline.
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mum energy path is Path I, namely, the two side dimers
rotate toward the middle dimer by 90°, with a rotational bar-
rier of 0.82 eV. The energy barriers of Paths II and III are
relatively higher, 1.26 eV. The values of all relative
energy barriers can be found in Table II. The low energy
barrier suggests that the dimer rotation on the C-induced
Si�001�-c�4�4� surface is fast, and comparable to the Si
ad-dimer rotation on the Si�001� surface �with 0.70 eV rota-
tional barrier�.29,30

C. A new stable 1RD model

A new structure, 1RD, was found to be more stable than
the previously most stable 2RD model by 0.25 eV per
c�4�4� cell. It plays an important role in the dimer rotation
on the C-induced Si�001�-c�4�4� surface. In this structure,
the lower atom of the rotated dimer, atom D, is bonded with
a fourth layer Si atom �labeled F in Fig. 5�a�� directly below
it and the dangling bond of atom D is saturated �see Fig.
5�a��. As a result, the higher Si atom of the rotated dimer
�atom A labeled in Fig. 5�a�� is left behaving like an adatom.
The bond between atom T and atom F is broken. And atom T
approaches to the middle dimer. As a result, the middle
dimer is leveled. The distances between the two Si atoms of
the middle dimer and atom T are both 2.51 Å. However, the
analysis of the nature of bonding by employing the electron
localization function �ELF� �Ref. 31�, reveals that atom T
does not form bonds with either Si atom of the middle dimer
�see Fig. 5�b��. Si atom T is threefold coordinated and shows
sp2-like hybridization characteristics. The stabilization
mechanism of the 1RD model could be ascribed to the anni-
hilation of one surface dangling bond and the formation of
an sp2-like bonding in the subsurface.

By an analog of the three possible phases of the Si�001�
surface, i.e., p�2�1�, p�2�2�, and c�4�2�, we investigate
the ordering of the 1RD model in a larger supercell. For this
purpose, we prepared a c�8�8� supercell, where four 1RD
units were embedded. There are three possible ways to in-
clude four 1RD units into the c�8�8� supercell: �i� all 1RD
units being in phase, �ii� each two 1RD units in the same
dimer rows being 180° out of phase, and �iii� each 1RD unit
being 180° out of phase with its neighboring units. Each
configuration has been fully relaxed using � sampling only.
Our calculations show that configuration �iii� is energetically

more favorable than configuration �i� by 0.04 eV per
c�4�4� cell, while configuration �ii� is less stable by
0.15 eV per c�4�4� cell. The optimized structure of con-
figuration �iii� is shown in Fig. 6. The small energy differ-
ence in configurations �i� and �iii� suggests that these two
configurations could coexist and both may be observed in
experiments.

D. A possible method to search for new stable structures

Finally, we would like to propose a possible method to
search for new stable structures based on the existing mod-
els. Assume that the existing models are very close in geom-
etry and contain identical elements. If these models could be
transformed to one another by reactions, say, diffusion, one
could map out the reaction paths in the phase configuration
by NEB calculations. If the energy profile drops to valleys
along the reaction paths, then the intermediate structures
could be more stable than the initial and/or final states. If one
can pick out the constrainedly relaxed intermediate structures
and fully relax them, then chances there are to find new
stable or metastable structures. The identification of 1RD,
1RD�, and 2RD� models above is an example. We expect
that this method could be found useful in future work.

IV. CONCLUSIONS

In conclusion, we presented results of first-principles cal-
culations on possible reaction pathways for Si dimer rotation
on the C-induced Si�001�-c�4�4� surface. We showed that
the 2RD model could be obtained from the rMD model by
dimer rotation. The energy barrier was found to be sensitive
to the rotation directions of Si dimers. The minimum energy
path from rMD to 2RD was the rotations of two side dimers
toward the middle dimer, with a 0.82 eV energy barrier. This
reaction pathway passed through three stable configurations,
the 1RD, 1RD�, and 2RD� models. The 1RD model was
found to be more stable than all existing models and its

FIG. 5. �Color online� �a� A bird’s eye view of the 1RD model.
�b� The isosurface of ELF for the 1RD model at the value 0.82.

FIG. 6. �Color online� Schematic diagram of the 1RD model in
a larger c�8�8� supercell, with each 1RD unit being 180° out of
phase with its neighboring units. The embedded c�4�4� 1RD unit
is indicated by the dashed line.
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energy was lower than that of the 2RD model, the previously
most stable structure, by 0.25 eV per c�4�4� unit cell. The
stabilization of the 1RD model could be understood by the
effect of the annihilation of one surface dangling bond and
the formation of an sp2-like bonding in the subsurface. We

expected that this model could be observed in experiment,
such as by using low temperature STM. Finally, a possible
method to search for new stable structures based on the ex-
isting models by mapping out the reaction paths in the phase
configuration was proposed.
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