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Using first-principles methods we studied structural and electronic properties of asymmetric heterogeneous
X-Si �X=Ge, Sn, and Pb� dimers on the Si�001� surface and their scatterings for the quasi-one-dimensional ��

electrons. The X-Si dimer with impurity atom X at the lower position scatters more strongly the �� electrons
than that with X at the upper position. Calculated scattering potentials can be qualitatively explained by the
difference in p-orbital energy between Si and the lower atom of the X-Si dimer. We predict that the amplitude
of electronic standing waves changes significantly between the two oppositely buckled X-Si dimers in differ-
ential conductance images of scanning tunneling microscopy. This suggests the possibility of fabricating
atomic switches to control the conduction of �� electrons along the dimer row. Our proposed atomic switches
could be achieved by flipping the impurity dimers on the Si�001� surface using the method developed in recent
experiments �K. Sagisaka et al., Phys. Rev. Lett. 91, 146103 �2003��. Finally, we proposed the model for
dimer-flipping mechanism, which can explain previous experiment �K. Sagisaka and D. Fujita, Phys. Rev. B
71, 245319 �2005��.
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I. INTRODUCTION

Recently an atomic seesaw switch was fabricated by
Tomatsu et al.1 by buckled tin�Sn�-germanium�Ge� dimers
on the Ge�001� surface. Different from conventional atomic
switches �e.g., see Ref. 2�, the switching process does not
require large mass transport such as atomic diffusion. The
buckling orientation of Sn-Ge dimers was reversibly and
controllably flipped by a scanning tunneling microscopy
�STM�. The reflection coefficient of Sn-Ge dimers for quasi-
one-dimensional �1D� �� electrons on the surface is largely
changed between the oppositely buckled configurations. The
switching mechanism based on impurity scattering was fur-
ther studied by us using STM and first-principles calcula-
tions recently.3 The �001� surface of silicon, as the most com-
mon semiconductor in industry, adopts a very similar
structure with the Ge�001� surface. Systematical study of the
scattering by impurity dimers on the Si�001� surface is cru-
cial to understand profoundly the scattering mechanism, pre-
dict experimental results, and explore the possibility to fab-
ricate atomic switches.

Similar to the Ge�001� surface, the topmost atoms form
buckled dimers on clean Si�001� surface. Those dimers form
a dimer row in the �110� direction and the buckling direction
alternates within a row. The dimer rows form two possible
periodical arrangements: c�4�2�, where the relative buck-
ling orientation of the adjacent dimer rows is out of phase, or
p�2�2� if in phase. At about 140 K a c�4�2� structure was
observed by STM �Ref. 4–6� and treated as the ground state,
which as well has been supported by theoretical
calculations.7–12 However, recently a p�2�2� structure was
resolved at below 40 K �Ref. 13–16�, and a phase transition
between c�4�2� and p�2�2� could be reversibly manipu-
lated by using STM,17,18 in which the buckling orientation of

the dimer row can be reversed by controlling the STM bias
voltage. Similar experiments on the phase transition have
also been performed on the Ge�001� surface19 in which
Sn-Ge dimers are flipped to realize On and Off of the atomic
switch.1 The surface electronic states open a gap between the
filled ��� and empty ���� dangling bond states. The � state
energetically overlaps with the bulk bands. But the �� state
stays in the bulk gap, having energy dispersion only along
the dimer row, mainly constituted by the pz orbital of the
lower atoms in the dimers. The �� state therefore serves a
quasi-1D system along the dimer row and the �� electrons
are scattered by adatoms or steps on the surface. Accord-
ingly, electronic standing waves are observed around the sur-
face defects in differential conductance �dI /dV� images of
STM.20–22 On the Ge�001� surface, buckled Sn-Ge impurity
dimers are observed by STM after deposition of Sn atoms to
the Ge substrate at room temperature. In the dI /dV image at
80 K, a standing wave of �� electrons was observed1 around
the Sn-Ge dimer with Sn at the lower-atom position, which
corresponds to the off state of the switch. However, the
standing wave was too weak to be observed around the
Sn-Ge dimer with Sn at the upper-atom position, which cor-
responds to the on state of the switch. For convenience, we
define the buckled X-Ge dimer on the Ge�001� surface with
X at its lower�upper�-atom position as an “X-Ge L dimer”
�“X-Ge U dimer”�. In the same manner, we define the X-Si
dimer on the Si�001� surface with X at its lower�upper�-atom
position as an X-Si L dimer �X-Si U dimer�. Our
calculations3 together with the phase-shift analysis of stand-
ing waves in experiments have revealed that the Sn-Ge L
dimer forms a larger potential barrier �repulsive� for �� elec-
trons while the Sn-Ge U dimer forms a smaller barrier. On
the other hand, we also found that Si-Ge L and U dimers3

form a small potential well �attractive potential� and a small
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potential barrier, respectively. The scattering-potential for-
mation of Si �or Sn�-Ge L dimers was attributed to the dif-
ference of p atomic-orbital energy between Si �or Sn� and Ge
atoms. According to this p-orbital model, the potential height
of the X-Si �X stands for group-IV elements Sn and Pb� L
dimer on Si�001� surfaces is expected to be larger than that
of the X-Ge L dimer on corresponding Ge�001� surfaces.
This is due to the larger energy difference in the p orbital
between the host �substrate� and foreign �impurity� atoms on
Si�001� surfaces than on Ge�001� surfaces. How the X-Si L
dimer forms the scattering potential is therefore very intrigu-
ing. The larger scattering potential of the L dimer is also
highly desirable for the realization of a better atomic switch.
For Si�001� surfaces, Ge-Si mixed dimers at the Si-Si dimer
position were formed by depositing Ge onto the Si substrate
at room temperature.23,24 A number of further experimental
and theoretical efforts have been devoted to explore their
structural and electronic24–28 properties. However, the scat-
tering of �� electrons by mixed impurity-Si dimers on
Si�001� surfaces has never been studied so far.

In this paper, based on the density-functional calculations,
we study the structural and electronic properties of X-Si �X
=Ge, Sn, and Pb� mixed dimers on Si�001� surfaces, focus-
ing on the scattering effect of those impurity dimers on ��

electrons. Structural configurations of impurity dimers as
well as their topographic STM images for future STM mea-
surements are calculated. Using a nearly-free-electron model,
the scattering potential at impurity dimers is derived from the
Kohn-Sham band structures. The potential formation is
qualitatively explained by the difference in p-orbital energy
between Si and the impurity atom. Based on our calculations,
we suggest that it is possible to fabricate atomic switches
using Ge-Si, Sn-Si, or Pb-Si asymmetric dimers to switch the
conductance of quasi-1D �� state on the Si�001� surface. The
switching process is also discussed.

II. CALCULATIONAL METHOD

Density-functional calculations within the Perdew-Wang
generalized gradient approximations �GGA� �Ref. 29� were
performed using the Vienna ab initio simulation package.30

Core electrons were described by ultrasoft pseudopotentials31

and the wave functions were expanded using plane waves
with a cutoff of 350 eV. The surface was simulated using a
repeated slab model with �4�1�p�2�2� unit cells, having
eight atomic layers with the bottom Si layer passivated by H
atoms. The vacuum layer between slabs was 9 Å. The bot-
tom two Si layers were fixed and all other atoms were fully
relaxed until the forces were less than 0.01 eV /Å. We used
2�4 Monkhorst-Pack k points during structure relaxation
and 5�7 Monkhorst-Pack k points for electronic-structure
calculations after relaxation. Within the Tersoff-Hamann
scheme,32 the topographic STM images were simulated for
those relaxed surfaces by integrating the charge density be-
tween Fermi energy �Ef� and STM bias voltage �V�. All cal-
culations were performed using the calculated Si equilibrium
lattice constant 5.46 Å. Nudged elastic band33 optimizations
were used to calculate the dimer-flipping barrier.

III. RESULTS AND DISCUSSIONS

Our calculations show that the p�2�2� phase is 1.2 meV
per dimer energetically less favorable than the c�4�2�
phase, well consistent with previous theoretical work.7,8 The
relaxed structure of the clean p�2�2� surface with dimer
length A=2.35 Å and tilt angle �=18.6° are consistent with
previous calculations.27,28 When an impurity atom X �Ge, Sn,
or Pb� substitutes the lower or upper atom of a Si-Si dimer in
the dimer row, the dimer length and the buckling angle
change compared to a Si-Si dimer. The side view of a Si-Si
dimer is shown in Fig. 1, which indicates the structural pa-
rameters listed in Table I. For both X-Si L and U dimers, the
dimer length d12 is elongated and increases with atomic co-
valent radius of the X atom. Whereas d12 of the X-Si L dimer
is a little shorter than that of corresponding U dimer. For
X-Si L�U� dimers, the back bond d24�d13� connecting the X
atom is elongated more with larger X covalent radius. The tilt
angle � decreases �increases� in the order of Ge, Sn, and
Pb-Si L �U� dimers. The bond lengths between the second
and third layers, d36, d46, d35, and d47, changes around
�0.01 Å as compared to clean Si�001� surface. The dimer
length of neighboring Si-Si dimers to a X-Si dimer is found
close to that of the clean surface. Those results indicate that

FIG. 1. �Color online� Structure model for a Si-Si dimer on the
Si�001� surface viewed from the dimer-row direction. The larger
and smaller spheres stand for atoms at higher and lower positions,
respectively. We specified atoms using arabic numerals 1–7. Bond
lengths, such as d12, and bond angle � are labeled here.

TABLE I. Bond lengths d12, d13, and d24�Å�, and the dimer tilt
angle � �in degrees� for Si-Si dimer on clean Si�001� surface, as
defined in Fig. 1. The change in bond lengths and tilt angle, �d12,
�d13, �d24, and �� for X-Si L and U dimers are shown at the
bottom.

Dimer d12 d13 d24 �

Si-Si 2.35 2.40 2.34 18.6

Dimer �d12 �d13 �d24 ��

Ge-Si L +0.09 0.00 +0.07 −2.2

Sn-Si L +0.31 +0.01 +0.26 −6.5

Pb-Si L +0.42 +0.01 +0.35 −9.5

Ge-Si U +0.13 +0.10 −0.01 +2.4

Sn-Si U +0.36 +0.31 −0.01 +5.1

Pb-Si U +0.47 +0.41 −0.02 +6.1
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the substitution of impurity atoms induces large deformation
only for dimer atoms while it does not for deeper layers and
neighboring dimers. Energetically, Ge, Sn, and Pb-Si U
dimers are 0.15, 0.25, and 0.50 eV more stable than corre-
sponding L dimers, respectively. Considering their large
atomic radius, X atoms do not prefer the lower position �X-Si
L dimer� with compressed stress.3 This is consistent with
previous calculations �e.g., see Refs. 26 and 27� for Ge-Si
dimers. Furthermore, our calculations revealed that a p�2
�2� unit cell with two X-Si U dimers is energetically more
stable than that with both an X-X dimer and a Si-Si dimer, by
0.09, 0.10, and 0.24 eV for Ge, Sn, and Pb impurities, re-
spectively. It is also consistent with Miwa’s calculations26 for
the Ge-Si dimer. On the other hand, Ge, Sn, and Pb atoms
are found to be energetically more stable at the U-dimer
position than at the second atomic layer by 0.37, 0.73, and
1.21 eV, respectively. Recent calcualtions34 also found that
there is a large energy barrier for Ge adatoms entering the
deeper layer on Si�001� surface. Those results about Ge are
consistent with the experimental results that Ge-Si mixed
dimers23,24 are formed on the Si�001� surface.

Impurity-Si L and U dimers are found to have different
bias-voltage �V� dependence of STM images, by which X-Si
L and U dimers can be distinguished in experiments. For
Sn-Ge L and U dimers on the Ge�001� surface,3 we have
simulated their topographic STM images at bias voltages of
−0.35, +0.35, and +0.60 V, and found good agreement with
experimental images at bias voltages of −0.50, +0.50, and
+0.80 V, respectively. Accordingly we simulated STM im-
ages for X-Si dimers on Si�001� at similar bias voltages,
−0.30 and +0.50 V, as shown in Fig. 2. For Ge-Si dimers
�see Figs. 2�a� and 2�b��, the L dimer is imaged as high as
Si-Si dimers while the U dimer is imaged lower than Si-Si
dimers in filled state image at V=−0.30 V. Both Ge-Si L and
U dimers are imaged high in empty state images at V=
+0.50 V and the U dimer looks higher than the L dimer. For
Sn-Si dimers �see Figs. 2�c� and 2�d��, both L and U dimers
are imaged lower than Si-Si dimers at V=−0.30 V and the U

dimer looks relatively higher. For empty state images at V
=+0.50 V the Sn-Si L dimer is imaged higher than Si-Si
dimers but a little lower than the U dimer. For Pb-Si dimers
�see Figs. 2�e� and 2�f��, the L dimer is also imaged higher
than Si-Si dimers but a little lower than the U dimer for
empty state images at V=+0.50 V. In addition, Si-Si dimers
close to the X-Si dimer are a little lower than another Si-Si
dimers in empty images. Those X-Si L and U dimers are
imaged as high as Si-Si dimers for filled state images at bias
voltage of higher absolute value, e.g., V=−0.50 V �not
shown here�, but much higher than Si-Si dimers for empty
state images at bias voltage of higher absolute value, e.g.,
V=+0.80 V �not shown here�. It should be pointed out that
the calculated bias-voltage value Vb does not quantitatively
correspond to the experimental one, especially for empty
state images. This is because of the band-gap underestima-
tion in calculation and tip-induced band bending35 in STM
experiments.

On the Si�001� surface, the impurity dimer forms a scat-
tering potential V�x� along the dimer row for the quasi-1D ��

electrons. The potential V�x� can be estimated from calcu-
lated band structures based on the nearly-free-electron
model.36 In the supercell model, the Si dimer row is periodi-
cally embedded with impurity dimers that scatter the �� elec-
tron. Therefore the �� band will split into higher-energy �E+�
and lower-energy �E−� states at the edge of the first Brillouin
zone �FBZ� in the dimer-row direction. Using a nearly-free-
electron model, the splitting gap �E=E+−E− is given by

�E = 2�V�G�� = 2�1

l
� V�x�eiGxdx� , �1�

where G=2� / l is the reciprocal lattice vector and l is the
distance between two neighboring impurity dimers along the
dimer row. For a rectangular potential, �V�G�� is given by

�V�G�� =
1

�
�U�sin��W/l� , �2�

where �U� is the height or depth of the potential �U�0 and
U�0 for the potential barrier and well, respectively� and W
is the potential width. On the other hand, as summarized in
Ref. 3, the potential type can be obtained by analyzing the
charge-density distribution of E+/− state along the dimer row.
The charge density of E−�E+� state has a maximum �mini-
mum� in between the X-Si dimers and a minimum �maxi-
mum� at the X-Si dimer when the X-Si dimer forms a poten-
tial barrier. In contrast, the charge density of E−�E+� state has
a maximum �minimum� at the X-Si dimers and a minimum
�maximum� in between them when the X-Si dimer forms a
potential well. The Kohn-Sham band structures for Si�001�
surfaces with X-Si dimers are shown in Fig. 3. Larger ��

band-splitting gap �E is observed at the FBZ edge for the
X-Si L dimer than that for corresponding U dimer, irrespec-
tively of the impurity species. In addition, the 1D character-
istic of the �� state along the dimer row is further confirmed
for surfaces with impurity dimers. As an example we show

the band structures along J̄-�̄-J�̄ for the Ge-Si L dimer. The
�� band has a very weak dispersion perpendicular to the

dimer row �J̄-�̄� and a strong dispersion along the dimer row

FIG. 2. �Color online� Simulated STM images of a dimer row
including Ge-Si �a� L and �b� U dimers, Sn-Si �c� L and �d� U
dimers, and Pb-Si �e� L and �f� U dimers for different bias voltage:
−0.30 and +0.50 eV. The contour plot of integrated charge density
is taken on the surface of 2 Å over the surface top atoms. The color
bars for images at �g� +0.50 and �h� −0.30 eV are shown on the
right, where 1 a.u.=2.15�10−4 e /Å3. Corresponding ball-and-
stick structure models viewed from the top are shown at the bottom
where yellow balls represent Si atoms and green, gray, and black
balls represent Ge, Sn, and Pb atoms, respectively.
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��̄-J�̄�. We adopt the square potential approximation and take
the potential width �W� as a dimer length �3.86 Å� for all
X-Si dimers. The calculated potential height �depth� �V�x��
= �U� using Eqs. �1� and �2� are shown in Table II as well as
the corresponding potential type. Furthermore, the scattering
potentials of Pb-Ge L and U dimers on Ge�001� surface were
also calculated here and shown in Table II together with
previous results for Si and Sn-Ge dimers3 for a systematical
study.

Impurity-Si L dimers are found to form a repulsive poten-
tial barrier for �� electrons on Si�001� surface. The barrier
height increases in order of Ge, Sn, and Pb. The potential
formation can be explained by the relative p-orbital energy
��Ep� between X and Si atoms in a 1D tight-binding model.
The �� state is majority dominated by the pz orbital of the
lower atom in a dimer.37 The �� electron will have different
on-site energy, approximated to be the p-orbital energy �Ep�
�Ref. 38� of the lower atom at the X-Si dimer. Impurities X
�Ge, Sn, and Pb� have higher Ep than that of Si so that they
form a potential barrier. Larger difference in Ep ��Ep� be-
tween X and Si causes larger barrier height. As Table II
shows, the potential height of the X-Si L dimer is propor-
tional to corresponding �Ep. This mechanism is consistent

with the case of the Ge�001� surface.3 On the Ge�001� sur-
face, the Si-Ge L dimer forms a potential well since the
foreign atom Si has lower Ep than the host atom Ge. On the
other hand, Sn-Ge and Pb-Ge L dimers form potential barri-
ers since Sn and Pb have higher Ep than Ge. On the other
hand, the Ge-Si U dimer is found to form a quite small
potential well while Sn and Pb-Si U dimers form several
times smaller potential barriers compared to corresponding
Sn and Pb-Si L dimers, respectively. This result can qualita-
tively be explained by the fact that those U dimers have Ge
atoms at the lower-atom position and the on-site energy is
nearly homogeneous along the dimer row.

The amplitude of the standing waves around the Sn-Ge
dimer on the Ge�001� surface is largely changed in the dI /dV
images when the dimer is flipped.1 Based on the results of
scattering potentials in Table II, we predict that similar
change in wave amplitude by dimer flipping will occur for
X-Si dimers on Si�001� surfaces and Pb-Si dimers on
Ge�001� surfaces. The atomic switch on the Ge�001� surface1

used Sn-Ge L and U dimers as off and on states, which were
found to form potential barriers of 0.16 and 0.08 eV, respec-
tively. The potential barrier at the X-Si L dimer on Si�001�
surface is over three times higher than that at corresponding
X-Si U dimer. So it is possible to fabricate atomic switches
with considerable on and off ratio using those X-Si L and U
dimers. In addition the Pb-Ge L dimer induces a high poten-
tial barrier due to the large �Ep between Pb and Ge. The
Pb-Ge dimer is also a good candidate of the atomic switch.

Recently Sagisaka et al.17,18 realized the manipulation of
Si�001� surfaces between c�4�2� and p�2�2� phases. By
controlling the STM bias voltage, they found that the buck-
ling orientation of Si-Si dimer can be reversed. In their ex-
periments the flip-flop motion of dimers will not start until
the STM bias voltage is above +0.7 eV. However, the
dimer-flipping mechanism is not completely understood. In
another work Takagi et al.39 proposed a model of the local
transformation process from c�4�2� to p�2�2� on Ge�001�.
We applied this model to investigate the dimer-flipping pro-
cess on Si�001�. First, as Fig. 4 illustrates, the buckling ori-
entation of a dimer on Si�001� �structure 1� changes to form
structure 2. Structure 2 has three adjacent dimers with the
same buckling orientation and is found to be 0.11 eV higher
in energy than perfect surface �structure 1�. The dimer-

FIG. 3. Calculated Kohn-Sham band structures from �̄ to J�̄
�dimer-row direction� of Si�001� surfaces with Ge-Si, Sn-Si, and
Pb-Si L and U dimers. The Fermi energy is shifted to zero and only
the conduction bands are shown with �� bands at the bottom. Cor-

responding �� band splitting �E �eV� at J�̄ are listed.

TABLE II. Band splitting �E �eV�, calculated scattering-potential height �U� �eV� and type �repulsive barrier or attractive well for ��

electrons�, and Ep difference �Ep �eV� between the host and foreign atoms for X-Si dimers on Si�001� surfaces and X-Ge dimers on Ge�001�
surfaces.

Si�001� surface Ge�001� surfacea

Dimer �E �U� �Ep Type Dimer �E �U� �Ep Type

Ge-Si L 0.02 0.08 0.09 Barrier Si-Ge L 0.012 0.05 −0.09 Well

Sn-Si L 0.07 0.29 0.24 Barrier Sn-Ge L 0.04 0.16 0.15 Barrier

Pb-Si L 0.09 0.37 0.31 Barrier Pb-Ge L 0.06 0.25 0.22 Barrier

Ge-Si U 0.002 0.01 Well Si-Ge U 0.012 0.05 Barrier

Sn-Si U 0.02 0.08 Barrier Sn-Ge U 0.02 0.08 Barrier

Pb-Si U 0.03 0.12 Barrier Pb-Ge U 0.02 0.08 Barrier

aResults of Si-Ge and Sn-Ge dimers are taken from Ref. 3.
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flipping barrier from structures 1 to 2 is 0.19 eV. Second, an
edge dimer among those three adjacent dimers flips and two
separated “kinks” are created �structure 3�. Here we called
the topological defect having two adjacent dimers of the
same buckling orientation as a kink. Structure 3 is found to
be 0.10 eV higher in energy than structure 1, which is con-
sistent with previous total-energy calculations.40 The flipping
barrier in this case is 0.12 eV from structures 2 to 3. Finally,
a dimer of the kink flips and the kink moves along the dimer
row �structure 4�. The dimer-flipping barrier in this case is
0.15 eV. When these two kinks move apart to the end of the
dimer row, the buckling orientation of all dimers in this
dimer row is reversed. In this process from structures 1 to 4,
the dimer flips one after one and the highest flipping barrier
is 0.19 eV. Hwang40 even proposed a model in which two
neighboring dimers flip at a time. However, in his paper the
flipping barrier obtained within local-density approximation
GGA is much higher, 0.41 �0.55� eV �the total-energy varia-
tion shown in Ref. 40 should be multiplied by the dimer
number 4 to directly compare with our result�. Our recent
work41 shows that on Ge�001� the dimer flipping is caused
by a resonant scattering of the �� electrons with localized
electronic states at the kink. The kink starts to move when
the ��-electron energy is higher than a threshold energy,
which is determined by the localized-state energy. Recent
Monte Carlo simulations42 suggested that on Si�001� the kink
defect markedly affects the phase transition, which involves
the dimer flipping. So we expect that Si�001� has a similar
mechanism for dimer flipping in a kink. To further verify
that, we have calculated the electronic structure of a Si�001�
surface with a kink using a supercell including 11 dimers
along the dimer row. We also found a localized state at the
kink position among empty states. It overlaps energetically
with the �� state and is 0.80 eV above the Fermi energy.43

Then the bias-voltage threshold in the experiment of Sag-
isaka et al. can be directly correlated with the energy of the

localized state at the kink. Further experiments are required
to verify our proposed model for dimer flipping on the
Si�001� surface.

IV. CONCLUSION

In conclusion, we studied the structural and electronic
properties of impurity X �Ge, Sn, and Pb�-Si dimers on
Si�001� surfaces. These asymmetric dimers have been found
to be energetically stable. We simulated their topographic
images for future STM observation. Compared to corre-
sponding X-Si U dimer, the X-Si L dimer induces stronger
scattering for �� electrons along the dimer row. This can be
attributed to the energy difference in the p orbital between
the lower atom of the impurity dimer and the Si atom. The
scattering-potential height and potential type were estimated
from the calculated electronic structure with the aid of a
nearly-free-electron model. Impurity-Si dimers can work as
atomic switches by reversing their buckling orientation,
which might be realized using the recently developed
method to manipulate the Si-Si dimer buckling direction
reversibly.17,18 We propose that it is possible to realize
atomic switches with better on/off scattering ratio using X-Si
dimers on the Si�001� surface or Pb-Ge dimers on the
Ge�001� surface. The switching mechanism related to dimer
flipping is also discussed. The energy barriers of a possible
dimer-flipping model involving kink creation and motion are
calculated. The energy of the localized state at the kink po-
sition could explain previous STM experiment of Sagisaka et
al.18 by the resonant scattering of the �� electrons.
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FIG. 4. �Color online� �a� Surface geometries during dimer-flipping process. Structure 1 is a perfect Si�001� dimer row. The arrow
indicates the dimer to be flipped. Structure 2 have three adjacent dimers with the same buckling orientation, indicated by the dashed square
box. Structure 3 includes two separated kinks and in structure 4 these two kinks move apart. �b� Total-energy change during the dimer-
flipping-process structures 1↔2↔3↔4. The calculated energies are shown by solid circles with the curves as guides for the eyes. The total
energy of structure 1 is chosen as zero. Moreover, the relative energies in unit of eV for structures 2, 3, and 4 are shown in corresponding
brackets. The barrier height is marked in unit of eV.
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