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Topographic noncontact atomic force microscopy �NC-AFM� images of the p�2�1� and c�4�2� recon-
structions of the Si�001� surface are simulated for the cases of weak and strong tip-surface interactions and
various temperatures using ab initio density functional theory. In the simulations the surface is imaged by a
sharp silicon tip with a single dangling bond at its apex. At a very close approach to the surface, the tip flips
a surface dimer when positioned close to its lower atom. The energy barriers for an individual flipped surface
dimer to regain its initial configuration are calculated to be �0.1 eV, implying that the surface should be able
to “heal” itself at all but extremely low temperatures during one oscillation cycle of the cantilever. Thus, at
small enough temperatures, T�70 K, and large frequency shifts, the imaging process is dominated by tip
induced dimer flip events resulting in a permanent deformation of the surface and an apparent p�2�1�
symmetric phase to be observed. No dissipation is expected as the tip oscillations are conservative at these
conditions. At intermediate temperatures, 70 K�T�200 K, the flipped dimers are able to return to the ground
state during each tip oscillation, resulting in continuous healing of the surface and thus large dissipation is
expected. At T�200 K dimers flip back and forth easily resulting in an apparent symmetric p�2�1� phase and
noticeable dissipation. At small frequency shifts the dimers do not flip, still the upper dimer atoms are imaged
as bright so that surface reconstruction can easily be determined. The possibility of manipulating the orienta-
tion of dimers at low temperatures and large frequency shifts by means of preprogrammed scan directions, is
also discussed.
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I. INTRODUCTION

The clean Si�001� surface has been a highly active area of
research for many years with numerous publications address-
ing its physical properties, chemical reactivity, and its ground
state configuration. When silicon is cleaved in the �001� di-
rection the surface atoms are each left with two dangling
bonds. Adjacent surface atoms then link up to form dimers to
saturate one of the two dangling bonds, lowering the surface
energy and creating a distinctive surface structure of parallel
dimer rows separated by trenches. This surface structure was
identified almost half a century ago in LEED experiments.1

More recently, following the advent of scanning probe mi-
croscopy, the structure of the surface was resolved atomisti-
cally, with the parallel dimer row structure successfully con-
firmed both by scanning tunnelling microscopy �STM� �Refs.
2–6� and atomic force microscopy �AFM�.7,8 Most recently,
it has also been confirmed by the high-energy positron dif-
fraction experiments.9

One of the most exciting features of the Si�001� surface is
that the ground state configuration of the surface dimers is
not symmetrical �see, for example, Refs. 10 and 11�. It ap-
pears that a small amount of energy is gained if dimers
buckle, i.e., adopt an asymmetric configuration at equilib-
rium. Depending on the relative orientation of the buckling
that adjacent dimers adopt, various surface reconstructions
become possible: �i� p�2�1� in which all dimers in each row
are buckled in the same way; �ii� p�2�2� in which neigh-
boring dimers in each row are buckled in the opposite direc-
tions, but every row is periodically repeated so that neigh-
boring rows are buckled in-phase; and, finally �iii� c�4�2�
in which dimers buckling alternates both along and perpen-
dicular to the row direction. Until recently, it has still been

unclear, both from the theoretical and experimental points of
view, which of the three mentioned reconstructions corre-
spond to the true ground state of the surface.

STM and AFM �Ref. 12� studies have been conducted at
various temperatures in order to elucidate the actual orienta-
tion of dimers on this surface. STM images taken at room
temperature yield a symmetric dimer structure that is attrib-
uted to a rapid flip-flop motion of the buckled dimers.4,10,13

Indeed, the energy barrier necessary for a dimer to flip has
been estimated from theoretical calculations and found to be
of the order of 0.1–0.3 eV.14–16 At room temperature this
barrier is easily overcome and the dimers can rapidly reverse
their buckling orientation, so that on average the dimers ap-
pear in the symmetric p�2�1� structure.

Indeed, it follows from the LEED data17,18 that the surface
undergoes an order-disorder phase transition at around 200 K
from the low-temperature ordered to a high temperature dis-
ordered structure. The situation is analogous to the Ising lat-
tice of spins, and, indeed, the analogy has been exploited in
a number of theoretical papers19,20 where attempts have been
made to devise a model Ising-type-Hamiltonian that de-
scribes the dimers orientations as “spins” �i.e., buckled in
one or another direction�. Normally, the parameters of the
model Hamiltonians are drawn from ab initio calculated en-
ergies of periodic cells with various dimer orientations.
These studies suggest that at temperatures of around and
above 200 K the dimers can be considered to be oriented
almost at random with equal populations of the two possible
buckled orientations.

At intermediate and small temperatures the buckled c�4
�2� configuration is predominantly seen10,5,21 implying that
this is the most energetically favorable dimer arrangement,
i.e., the ground state of the Si�001� surface. However, this
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conclusion has been recently compromised by some STM
�Refs. 6, 4, 22, and 23� and LEED �Ref. 24� studies that
suggested that there might be a phase transition at very low
temperatures �below 40 K� at which dimers may become
symmetric again. Several possible explanations were given
to this effect. In Refs. 5, 23, and 25 it was argued that the
dimers configuration may have been caused by the surface
charging during the current flow in STM experiments. In
Refs. 26 and 27 the appearance of the symmetric dimers at
low temperatures during STM experiments was attributed to
the p-type character of the substrate and defect density on the
surface that may have stabilized the structure. They have also
found that the major contribution to the STM images of sym-
metric dimer rows comes from the back-bond electronic
states associated with the Si atoms that are directly under-
neath the Si dimers.

NC-AFM experiments are normally conducted using a
small applied bias purely to compensate for the contact po-
tential and so are “cleaner” in this respect than STM. Atomi-
cally resolved NC-AFM images of the Si�001� surface were
obtained in Refs. 7 and 8 using the constant excitation mode
at 5 K. These studies confirmed the existence of buckled
dimers and it was concluded that the upper dimer atoms were
imaged as bright spots. A distinctive zig-zag pattern was
identified which was in antiphase across the majority of ad-
jacent rows; this is characteristic of a c�4�2� reconstruction.
There were also some p�2�2� regions observed in which the
zig-zag pattern is periodically repeated across neighboring
rows.

The question as to which of the surface reconstructions is
the ground state of this surface has also been debated theo-
retically. Ab initio quantum chemistry cluster calculations
performed at various levels of accounting for the correlation
effects28 indicate symmetrical dimers as the ground state of
the system, whereas the density function theory �DFT� cal-
culations within the same cluster models give the surface
energy for buckled dimers to be lower.28 Ab initio DFT cal-
culations performed for a slab model predict a clear energy
gain of �0.3 eV per dimer when the surface dimers go from
a symmetric to a buckled structure,10,29,30,19 i.e., they favor
buckled dimers. More precise quantum Monte Carlo �QMC�
calculations31 performed on relatively large cluster models of
the surface found the c�4�2� configuration to have a lower
energy than the structure with symmetric dimers, whereas
another QMC study32 was inconclusive. Note, however, that
the energy difference between different surface reconstruc-
tions was found in all theoretical studies to be of the same
order as the precision of the calculations themselves.32

Hence, as far as the theory is concerned, the ground state
dimer configuration for this surface is still a matter of debate.

The controversy about the origin of the p�2�1� phase of
the Si�001� surface has been recently addressed in a com-
bined theoretical and experimental study.33 In this work a
noncontact AFM �NC-AFM� experiment conducted at 5 K at
small frequency shifts demonstrated a characteristic zig-zag
pattern of bright spots in the images proving conclusively
that the c�4�2� phase is the ground state of this surface. At
larger frequency shifts corresponding to the tip coming much
closer to the surface during its vertical oscillations, a sym-

metric p�2�1� structure was observed. Using ab initio DFT
calculations it was shown, however, that this effect is caused
by the direct tip-surface interaction which results in frequent
flipping of surface dimers by the tip when it is in the prox-
imity of lower atoms of dimers. Thus, at large frequency
shifts and low temperatures the AFM tip manipulates surface
dimers �see also Ref. 34� leading to a permanent deformation
of the surface. At small frequency shifts and low tempera-
tures the NC-AFM does not change the dimers orientation
and thus can be used to “read out” the surface structure be-
fore and after an intrusive experiment.

Note that NC-AFM images of the Si�001� surface have
not yet been simulated using an ab initio method; in fact,
theoretical studies of the interaction of AFM tips with this
surface are quite scarce. In Ref. 35 an ab initio DFT method
was used to study the response of the surface when a Si
dangling bond terminated tip was moved laterally across the
dimer perpendicular to the dimer row. The induced dimer flip
was also found in tight-binding calculations36 in which a
smaller Si tip was approached vertically above the lower
atom of the dimer. In this case the force on the tip was found
to be different for approach and retraction, with the dimer
flip only observed if the tip comes below some critical dis-
tance to the surface. This type of hysteretic behavior, char-
acteristic for dissipation effects,37–43 was found above the
upper dimer atom as well, although in a lesser extent; a
dimer flip did not happen in this case. Using simulated force-
distance curves on a lateral grid, the authors of Ref. 36 ob-
tained NC-AFM images of the Si�001� surface for the cases
of a weak tip-surface interaction, i.e., when the tip does not
go beyond the critical distance at which the dimers start to
flip. These simulations indicated that the upper dimer atoms
are imaged as bright, and the NC-AFM image of the c�4
�2� surface has a characteristic zig-zag pattern.

In this paper we shall consider the theoretical modelling,
based on an ab initio DFT method, of the NC-AFM images
of the Si�001� surface. Not only a wide range of tempera-
tures will be covered in this study, but also various frequency
shifts corresponding to tip-surface interaction ranging from
weak to very strong. The peculiar feature of flipping dimers,
characteristic for this surface, presents a challenge for the
theory, and we shall show how one can construct topography
NC-AFM images of this surface taking into account both the
thermal motion of surface atoms �i.e., dimer flipping� and the
intrusive character of the tip-surface interaction at close ap-
proach. We also discuss in much more detail than in Ref. 33,
how the orientation of dimers on the surface can be force-
fully changed �manipulated� using specific tip scan direc-
tions.

This paper is organized as follows: The ab initio method
we use here is briefly outlined in Sec. II. The Si tip initiated
dimer flipping33 is summarized in Sec. III. We also consider
in this section if the surface can “heal” itself during the time
of a single tip oscillation. The NC-AFM topography images
at various temperatures are discussed in Sec. IV. The main
results of this study are summarized in Sec. V, where we also
suggest, in the spirit of Refs. 34 and 33, manipulation experi-
ments at very low temperatures that should allow predefined
dimer orientations on the surface to be created and observed.
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II. METHOD

In most of our calculations we used an ab initio DFT
method as implemented in the SIESTA �Ref. 44� code. Cal-
culations with SIESTA were performed using the GGA
Perdew-Burke-Ernzerhof �PBE� �Ref. 45� and LDA Perdew-
Wang �PW92� �Ref. 46� density functionals. The SIESTA
code utilizes periodic boundary conditions, norm-conserving
pseudopotentials, and a localized numerical basis set to de-
scribe the valence electrons. A standard double-zeta polar-
ized basis set is chosen for this study which for Si gives 13
orbitals to describe the valence electrons with a maximum
orbital size of 6.9 Bohr radii. In some cases SIESTA calcu-
lations were backed up by VASP �Refs. 47 and 48� calcula-
tions to check the issue of the localized basis set. All VASP
calculations were performed solely using the GGA paw-PBE
functional, the energy cutoff for the plane wave basis set was
300 eV for Si.

A 6-layer slab model with 16 silicon atoms per layer �8
dimers arranged in two rows with 4 dimers each� is used to
describe the surface. Hydrogen atoms are used to terminate
the dangling bonds on the lower side of the slab and thus to
simulate the missing bulk. A single k=0 �� point� is used in
all calculations due to the large size of the simulation cell.
During preliminary calculations the hydrogen atoms at the
bottom of the slab were allowed to relax while all Si atoms
were fixed in their bulk positions. In all subsequent calcula-
tions �e.g., when calculating a dimer flip and the force-
distance curves above various lateral positions within the
cell� the hydrogen atoms together with the two bottom layers
of silicon atoms were fixed, while all other atoms of the
surface were allowed to relax.

A Si tip was used in the NC-AFM experiments7,33 on the
Si�001� surface. Any contamination on the tip apex was re-
moved by Ar-ion sputtering, so it is plausible that there was
a dangling bond at the tip apex. This is modelled in our
simulations by a ten Si atom tip saturated at its base by 15
hydrogen atoms. This tip model, as shown in Fig. 1, has been
used extensively in other simulations49,50 and has a diffuse
dangling bond protruding from its apex. The positions of the

hydrogen atoms at the upper layer of the tip and of the four
Si atoms at its bottom were found in a separate calculation
on an isolated tip in which the upper layer of Si atoms were
fixed in their bulk positions. Then the positions of the hydro-
gen atoms and silicon atoms in the uppermost layer were
fixed throughout all simulations. The vertical distance be-
tween the tip and surface is measured between the lowermost
tip �apex� atom and the upper surface dimer atom prior to
atomic relaxation as indicated in Fig. 1. In all SIESTA cal-
culations the vacuum gap was kept large ��14 Å� to prevent
unphysical interactions between adjacent slabs.

Note that the multiple calculations necessary to simulate
NC-AFM images for this system were carried out with SI-
ESTA, as it would have been prohibitively expensive to use
VASP for this purpose. To satisfy ourselves as to the preci-
sion of the SIESTA calculations for this system, we first
studied the three main reconstructions of the Si�001� surface,
namely c�4�2�, p�2�2�, and p�2�1� asymmetric, with
both codes. The energy differences per dimer between the
different configurations and geometrical characteristics of the
dimers are summarized in our previous paper.51 The results
obtained for both the energy and the geometry with SIESTA
and VASP are in good agreement with the previous theoret-
ical study of this system.52 In particular, we confirm that
the two surfaces with the “antiferromagnetic” ordering,
p�2�2� and c�4�2�, are lower in energy than the p�2�1�
configuration, with a very small preference towards the
c�4�2� structure.

The results obtained for the Si�001� surface with the lo-
calized basis set are very similar to those obtained from the
plane wave VASP calculations, indicating that the basis set
we use in the SIESTA calculations is appropriate for our
purposes.

III. TIP-SURFACE INTERACTION AND A DIMER FLIP

In this section the interaction between the Si tip and an
individual surface dimer considered previously for the
c�4�2� surface in Ref. 33, is summarized. In addition, we
describe similar simulations performed for the p�2�1� sur-
face. At certain conditions the tip-surface interaction results
in the dimer flipping and the issue of whether or not the
dimer will return to its ground state after the flip, which is
relevant for the interpretation of NC-AFM topography im-
ages, is also discussed.

A. Approach-retraction force-distance curves above a Si dimer

In order to study the tip-surface interaction the tip is ini-
tially positioned with its apex atom �7 Å directly above the
lower and upper atoms of a surface dimer. The geometry of
the composite system is then optimized before the tip is
moved vertically downwards towards the surface in steps of
0.15 Å. At every step the system is allowed to relax using the
SIESTA method until the forces on the non-fixed surface and
tip atoms are no larger than 0.02 eV/Å. After the lower turn-
ing point was reached, the tip was then moved upwards in
the same way. The tip force was calculated at each quasi-
static step in the simulation by summing the individual

FIG. 1. The Si cluster modelling the tip above a surface dimer.
The distance between the tip and surface, DTS, and the sphere po-
sition used to model the van der Waals force �Ref. 60�, are explicitly
indicated.
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forces on all the fixed tip atoms. This method has been
shown to give reliable values for the chemical force when
used in other systems.53,54 Through this procedure both the
approach and retraction tip-surface force curves have been
obtained.

The results of our calculations for both the p�2�1� and
c�4�2� surfaces can be summarized as follows. When the
tip is positioned above the upper dimer atom, an attractive tip
force is developed and at a distance of DTS�3.8 Å a chemi-
cal bond starts to form between the upper dimer and the tip
apex atom. Further approach of the tip induces the dimer into
a symmetric configuration. Upon retraction, the sequence of
events repeats itself in the reverse order, the bond between
the two atoms eventually being broken as the tip moves far
away from the surface. The atomic relaxation mirrors itself
for the approach and retraction and this results in identical
force distance curves for approach and retraction above this
site, with no hysteresis observed. This is contrary to the re-
sults of the previous tight-binding calculations36 that ob-
served a small force hysteresis above this site.

A strikingly different result is obtained when the tip is
positioned above the lower dimer atom. Once again upon
approach an attractive force is felt. At a distance around
DTS�3.6 Å �which is sensitive to the actual lateral position
of tip with respect to the lower dimer atom� the tip apex
atom forms a chemical bond with the lower dimer atom
causing the dimer to flip, the actual distance between the two
atoms drops sharply by about 1.0 Å. This effect has already
been reported in a previous tight-binding study of this
surface.36 The tip and surface remain bonded as DTS is fur-
ther reduced inducing the dimer into a symmetric configura-
tion. Upon retraction, the situation becomes almost identical
to that above the upper atom: the tip remains chemically
bonded to the dimer atom until a critical separation is
reached, whereupon the bond is broken. The important effect
is that the dimer can be flipped by the tip approaching the
lower dimer atom and remains in a flipped state after the tip
is retracted. This can however only happen if the tip comes
closer than a certain critical distance so that to enable the
formation of the chemical bond between the tip apex and the
lower dimer atoms.

To summarize, a scan above the lower dimer atom in
which the tip approaches close enough to flip the dimer will
result in a permanent deformation of the surface at very low
temperatures, with the dimer unable to flip back upon the
retraction of the tip. As a result of this behavior, the tip
force-distance curves are different above the lower dimer
atom for approach and retraction. A characteristic hysteresis
behavior is observed with the tip force on retraction lying
below that on approach. It is important to emphasize here
that the hysteretic behavior of the force will only occur if the
tip comes closer than the critical distance mentioned above;
otherwise, the retraction curve will follow exactly the same
route as it did on approach.

Thus, we find in general a qualitative agreement with ear-
lier ab initio calculations34,35 in which the tip formed a bond
with the nearest Si dimer atom and, if this atom happens to
be the lower dimer atom, a dimer flip was induced. A similar
observation was made in Ref. 36 in which vertical force-
distance curves were calculated using a simpler electronic

structure method. Contrary to their tight-binding work, we
find no hysteresis when the tip is oscillated above the upper
dimer atom. The hysteretic behavior is observed only when
the tip is positioned laterally in close proximity to the lower
dimer atom.

B. Dimer flip

It follows from the results of the previous section that
imaging above a lower dimer atom could result in a perma-
nent damage to the surface. To understand why a continuous
imaging of this surface is possible, it is necessary to estimate
a barrier for the dimer, that has been flipped by the tip, to flip
back to its original orientation. If, at a given temperature, the
probability is high for the dimer to return spontaneously to
its initial position within the time taken for the cantilever to
perform a single oscillation, then this same process will be
continually repeated for subsequent oscillations. In other
words, by the time the tip approaches the surface again, the
latter can manage to “heal” itself via thermal motion. If this
is not possible, then the dimer will remain in the flipped
position for every subsequent tip oscillation, i.e., the initially
lower dimer atom will be imaged in practice as an upper one.
This point shall be revisited in Secs. IV and V.

The forward and backward energy barriers needed to flip
an individual surface dimer have been estimated using SI-
ESTA. This was done using a constrained energy minimiza-
tion method in which the upper atom of a flipped dimer was
displaced vertically downward in quasistatic steps of 0.1 Å;
this induces the dimer to flip back and the surface to recover
its equilibrium state. The upper atom vertical position was
fixed at each step, although it was allowed to relax within the
surface plane �i.e., laterally�. At every step the positions of
all other surface atoms were optimized until the forces were
reduced to less than 0.01 eV/Å. A surface cell containing 8
dimers was used in these calculations.

The transition energy paths for the dimer to flip for both
the c�4�2� and p�2�1� configurations calculated as de-
scribed above are shown in Fig. 2. The energies and vertical
displacements are shown relative to those corresponding to
the ground states for the two reconstructions.

FIG. 2. Calculated potential energy surfaces of a single dimer to
flip and flip back on the p�2�1� and c�4�2� surfaces. Zero value
of the coordinate �the horizontal axis� corresponds to the dimer
ground state.
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Note that the total energy of the system is lowered when a
p�2�1� surface dimer is flipped. This is because, according
to our DFT calculations, this particular reconstruction is not
the ground state of the Si�001� surface, where dimers prefer
alternating orientations corresponding to the “antiferromag-
netic” ordering. Thus, when a dimer is flipped, energy is
actually gained. The ground state c�4�2� surface with a
single flipped dimer is about 0.12 eV higher in energy than
the ground state, which is in agreement with other DFT slab
calculations.15,55 The energy barrier that is necessary to over-
come a flipped dimer to flip back �i.e., in order for the sur-
face to rediscover its ground state configuration� is 0.08 eV
for the c�4�2� reconstruction and 0.26 eV for the p�2�1�
reconstruction. To initially flip a dimer from its ground state
configuration an energy barrier of 0.2 eV for c�4�2� and
0.12 eV for p�2�1� needs to be overcome. It should be
noted that a constrained energy minimization approach tends
to overestimate energy barriers, hence these should be taken
as upper limits. In other studies55 a symmetric dimer was
taken to be the saddle point, while in Ref. 15 the barrier was
estimated by varying the buckling angle between the upper
and lower dimer atoms. However, energy barriers of the
same order of magnitude were obtained.

Thus, a barrier of �0.2 eV is needed to flip a single dimer
on the c�4�2� surface, however, a much smaller barrier of
0.08 eV is only needed for the dimer to restore its original
orientation. The implication of these results is that one can
recognize three temperatures in this system: low, intermedi-
ate, and high �the detailed breakdown will be given at the
end of this section�. At low temperatures T dimers are ther-
mally frozen, i.e., they cannot flip between the two configu-
rations. At intermediate T the dimers still cannot flip ther-
mally from the ground state. However, if flipped by an
external force �e.g., by the tip�, they can thermally flip back
restoring the ground state configuration. At high T all dimers
can freely thermally flip back and forth.

There are two relevant questions one has to address in
order to be able to simulate NC-AFM images of the Si�001�
surface taking into account the dimers flipping ability: �i�
what is the characteristic time for a dimer to flip back after it
was flipped by the tip at a given T, and �ii� what is the
distribution of flipped dimers in the surface at the same tem-
perature. In principle, both these questions can be answered
using a statistical mechanics treatment, for example, by ap-
plying a model Ising Hamiltonian that describes the interplay
between various dimers configurations across the surface.19

Then, to simulate the dimer flip-back time, one may use a
kinetic Monte Carlo �MC�,56 to calculate the distribution of
the dimers in the surface at equilibrium—an equilibrium MC
simulation.57,56 Since such calculations go beyond the scope
of this study, we shall instead employ a much simpler model
calculation.

To estimate the time that would be required for the dimer
to flip back, we consider a simple first order kinetics of the
dimer backward flip. Let p2�t� be the probability of finding
the dimer in the flipped state. The rate of change ṗ2�t�
=−p2 /�, where the transition rate �−1=�2e−�2/kBT with �2 be-
ing the energy barrier to flip back and �2 is the corresponding
prefactor. Since p2�0�=1 �the dimer is initially in the flipped

state�, we get p2�t�=e−t/�. Estimates for the characteristic
time � required for the dimer to flip can be done by assuming
that the barrier �2�0.1 eV, as in our calculations, and �2
�1013 s−1. From this it follows that at temperatures T
�70 K the time � is smaller than the tip oscillation period
Tosc�10−5 s.

This means that at rather low temperatures �smaller than
�70 K�, any dimer once flipped will most probably remain
flipped by the time the tip approaches the dimer again at the
next oscillation. In other words, the lower dimer atom will be
imaged as the upper one since it appears as the upper atom
after the dimer is flipped during the first tip oscillation above
this site. Then, during the subsequent tip oscillations the
dimer will remain in the flipped state, i.e., the used to be
lower dimer atom will be on average imaged as an upper
one. No dissipation is to be expected in this case as all, but
one of the tip oscillations are not hysteretic.

At higher temperatures, the dimer will be able to flip back
fast enough, so that at each oscillation the tip will be able to
image it as a lower atom. In this case each oscillation will be
hysteretic, and the dissipation energy �per cycle� as estimated
from the hysteresis loop in our calculations is found to be
about 0.3 eV.

The above treatment should only be valid at not very high
temperatures, i.e., well below the phase transition tempera-
ture of 200 K, since around and above this temperature many
dimers start to behave collectively55 and our estimate of the
energy barrier becomes invalid. Still, even in this case, one
can consider an average, “effective” dimer sitting in a
double-well potential with the barriers �1 and �2 ��1��2�
and the prefactors �1 and �2, where state 1 corresponds to the
ground and 2 to the flipped state. If n1 and n2 are the equi-
librium populations of the two states in the surface, n1+n2
=1, then from the detailed balance equation, n1�1e−�1/kBT

=n2�2e−�2/kBT, we can estimate the two populations as

n1 = �1 +
�1

�2
e−�/kBT�−1

, �1�

n2 = �1 +
�2

�1
e�/kBT�−1

, �2�

where �=�1−�2 is the energy difference between the
flipped and the ground states. Note that the populations cor-
respond to probabilities to find a single dimer in either of the
states at given T.

This simple result has the correct qualitative behavior,
namely that at small temperatures n2�0, while at large T the
populations n1 and n2, assuming �2 /�1�1, both approach 1

2 .
However, one cannot use in this formula the value of �
�0.1 eV as calculated above for the c�4�2� structure, as
this value is based on the calculation in which only a single
dimer was flipped. The value of � can be estimated in such a
way as to give a sharp increase in n2 around the temperature
of the phase transition, Tc=200 K, when the collective ef-
fects start to dominate. Assuming �2 /�1�1, and using Eqs.
�1� and �2�, one then finds that the desired behavior of the
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populations can be obtained if ��0.01 eV. This rather small
value reflects a collective behavior of the dimers in this sur-
face at large temperatures.

Concluding this section, three temperature intervals are to
be introduced in the cases when it is essential to take account
of the dimers flipping �e.g., large frequency shifts�: �i� low
�T�70 K�, �ii� intermediate �70 K�T�200 K�, and �iii�
large �T�200 K�.

IV. SIMULATING NC-AFM IMAGES OF THE Si„001…
SURFACE

A. Calculating the frequency shift

The interaction between the AFM tip and surface can be
split12 into two components: �i� the microscopic chemical
force between atoms in the tip and the surface, that in this
work was calculated using the ab initio SIESTA method as
explained below, and �ii� the macroscopic force. The latter
force for this system is the attractive van der Waals �vdW�
force �in some cases electrostatic forces should also be
considered.58,59�.

The macroscopic force does not depend on the lateral po-
sition of the tip. It is well-known12 that it is only the short
range chemical forces that are responsible for the atomic
scale contrast in the NC-AFM images. The macroscopic
forces are nevertheless important in order to reproduce ex-
perimentally obtained frequency shifts for a particular sys-
tem and can be treated as an attractive background force.

In this work we assumed a conical tip with the angle 	
=30° and a sphere of the radius R=100 Å and used an ex-
pression derived by Argento et al.60 for the vdW force, see
also Fig. 1. The Si-Si Hamaker constant of H=1.865
�10−19 J determined experimentally in Ref. 61 has been
used in our calculations.

To model the chemical interaction between the tip and
sample for a given lateral position of the tip, DFT calcula-
tions have been performed for a set of vertical tip-surface
distances as explained in Sec. III. The macroscopic vdW
force is then added to the microscopic chemical force to give
the complete force Fts�z� as a function of tip-surface distance
z. The resonance frequency of the oscillating cantilever is
then calculated according to the well-known expression62,12

� 



0
�2

= 1 −
1

A�k
�

0

2�

Fts�z0 + A cos ��cos �d� , �3�

where Fts�z� is the total tip-surface force consisting of the
micro and macroscopic contributions, 
0=2�f0 is the reso-
nant frequency of the cantilever at infinite separation, k is the
cantilever spring constant, and A is the oscillation amplitude.
z0 is the average height about the surface of the oscillating
cantilever. For our simulations all necessary parameters have
been taken from an experimental study of this surface by
Uozumi et al.7 and are as follows: k=40 N/m, f0=160 kHz,
and A=100 Å.

This method allows for the dependence 
�z0�=2�f�z0� of
the resonance frequency on the average tip position z0 to be
calculated at the given lateral tip position. Then, for the
given frequency shift �f = f − f0, the value of z0 is deter-
mined.

To construct an AFM image, the tip is positioned over
many points on the surface, a lateral two-dimensional mesh
of points is built up, where at each site force and frequency
curves are calculated and the value of z0 is obtained. For both
the c�4�2� and p�2�1� surfaces, rectangularly shaped irre-
ducible parts of the surface unit cells were identified in
which evenly spaced lateral grids of points were chosen with
a separation in the directions along and perpendicular to the
dimer rows of 0.75 Å and 0.65 Å, respectively. Force curves
were produced above each individual site and it was found
that for the majority of cases these were for all purposes
identical upon the approach and retraction of the tip, with the
exception being only sites around and above the lower dimer
atom.

As it follows from the consideration in Sec. III, one has to
be rather careful when analyzing the response of the Si�001�
surface to the tip oscillations during the NC-AFM experi-
ments. It is necessary to define two regimes for the tip-
surface interaction: �i� a weak one corresponding to rather
small frequency shifts when dimers are not flipped by the tip
and �ii� a strong one corresponding to large frequency shifts
when they are. In principle, an intermediate regime is also
possible,33 however, we shall not consider it here. The effects
of large and small frequency shifts within several tempera-
ture regions are discussed in the forthcoming sections.

B. Weak tip-surface interaction

If the frequency shift is small, the tip never comes close
enough to the surface in order to flip the dimers. Only the
phase transition temperature is of essence here as the refer-
ence point when dimers can flip by themselves. Thus, one
may consider the following three temperature intervals:

�1� Low and intermediate temperatures �T�200 K�.
In this case the dimers cannot flip thermally from the ground
state. Hence, upper atoms should be imaged as bright, while
lower atoms �if visible� as dim. The image is weakly depen-
dent on T, as the number of dimers in ground state, n1�T�,
given by Eq. �1�, is approximately equal to unity in this
temperature range.

�2� Near phase transition temperatures �T�200 K�.
At these conditions the dimers start to experience a flip-flop
motion. Therefore, there will be a statistical distribution of
flipped dimers according to Eqs. �1� and �2�. The upper and
lower atoms of the surface dimers will appear as bright and
dim spots; however, the image will now depend strongly on
T, with the difference in contrast between the two spots be-
coming reduced with increasing T.

�3� Large temperatures �T�200 K�. The dimers
readily undergo a flip-flop motion, hence on average there
will be equal amounts of dimers in either state. The upper
and lower atoms will appear in the image as equally bright
spots. The dependence of the image on T in this temperature
range is not expected to be significant.

In all three cases no dissipation is to be expected as
dimers are not flipped by the tip and hence its motion is
purely conservative.

To simulate the NC-AFM image at a given temperature T,
we consider a careful selection of lateral grid points within
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the unit cells of the two reconstructions, c�4�2� and p�2
�1�, as explained above. Let Fts

grnd�x ,y ,z� and Fts
flip�x ,y ,z� be

the tip-surface force fields with the dimer in its ground and
flipped states for the given reconstruction. Then, the NC-
AFM image of the dimer can be obtained from Eq. �3� by
using the weighted force field

Fts�x,y,z� = n1�T�Fts
grnd�x,y,z� + n2�T�Fts

flip�x,y,z� �4�

with the dimer state population functions given by Eqs. �1�
and �2�. The populations show the fraction of oscillation
cycles during the tip residence time the dimers are in either
of the states.

In order to calculate the force field Fts
flip�x ,y ,z�, one has to

flip a single dimer and then calculate the force field by plac-
ing the tip at different lateral and vertical positions with re-

spect to it �as for a surface defect�. This calculation would be
extremely time consuming. Instead, the force field
Fts

flip�x ,y ,z� was obtained approximately by “reflecting” the
calculated ground state force field Fts

grnd�x ,y ,z� across the
dimer center. Note that it was assumed here that the tip force
is mostly sensitive to the dimer underneath the tip; the influ-
ence of the neighboring dimers is less important. This as-
sumption seems to be reasonable as our calculations show
that the tip forces above lower �upper� atoms of dimers taken
from either c�4�2� or p�2�1� surface reconstructions are
quite similar.

Low temperature topography images of the c�4�2� and
p�2�1� surface reconstructions obtained for frequency shifts
of �f =−20 Hz and �f =−32 Hz are shown in Fig. 3. At the
lower frequency shift one can see the upper dimer atom is
clearly imaged, while the lower atom is not seen at all. The

FIG. 3. Simulated low temperature NC-AFM images of the p�2�1� �left� and c�4�2� �right� reconstructions of the Si�001� surface
�T=0 K in actual calculations�. Top panels correspond to the frequency shift �f =−20 Hz, bottom panels to �f =−32 Hz.
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p�2�1� configuration is imaged with the bright spots ar-
ranged along a straight line, while the c�4�2� reconstruction
demonstrates a clear zig-zag pattern characteristic for this
particular configuration’s arrangement of dimers.7,8 To image
the lower atom as well, one has to approach the surface
closer, i.e., increase the frequency shift �f . It is possible to
achieve this without coming so close that a bond is formed
with the tip Si apex atom and the dimer is induced to flip.
The calculated low temperature images at �f =−32 Hz that
are shown in Fig. 3 clearly demonstrate this point. As before,
the upper dimer atom is clearly imaged; however, this time
the lower atom is partially visible as a separate maximum of
lower intensity.

As was mentioned above, as the T increases the two at-
oms should be imaged as bright spots of similar intensity.
This is demonstrated for the c�4�2� reconstruction in Fig. 4
where the topographic images were calculated at T=100 K
and 350 K. If in the former case the lower dimer atom is still
easily distinguishable from the upper one on the image, at
T=350 K the two atoms are imaged almost equally.

The calculated images demonstrate clearly that at weak
tip-surface interaction �i.e., relatively small frequency shifts�
and small temperatures, it should be possible to recognize
the surface reconstruction without altering the arrangements
of surface dimers. Although we have not considered the
p�2�2� structure here, it is obvious from the results above
that the characteristic in-phase zig-zag pattern of this particu-
lar reconstruction should be clearly distinguishable from the
out-of-phase zig-zag pattern of the c�4�2� and straight
stripes of the p�2�1� reconstruction. Therefore, the NC-
AFM, at least with Si-terminated tips, should be able to im-
age different various surface reconstructions without modi-
fying the surface, a clear advantage over the STM based
methods where the tip-induced surface reconstruction �by
surface charging� cannot be ruled out.10

C. Strong tip-surface interaction

For larger frequency shifts �i.e., stronger tip-surface inter-
actions�, when the tip at its lowest turning point comes closer

FIG. 4. Simulated NC-AFM images for the c�4�2� reconstruction of the Si�001� surface at a frequency shift of −18 Hz at finite
temperatures 100 K �left� and 350 K �right�.

FIG. 5. Simulated NC-AFM images for the c�4�2� reconstruction of the Si�001� at a frequency shift of −40 Hz in the strong interaction
regime. The temperature from left to right: 0 K, 100 K, and 350 K.
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than the critical distance necessary for the dimers to be
flipped �Sec. III B�, another set of three temperature regions
should be distinguished as discussed at the end of Sec. III B:

• Low temperatures �T�70 K�. If the tip flips a dimer
when oscillating near its lower atom, the dimer will remain
in the flipped state upon retraction and subsequently for all
other oscillations above this point. Hence, both lower and
upper atoms should be imaged as upper �bright� and no dis-
sipation should be observed. In practice, depending on the
scan speed �and thus the average number of tip oscillations
above a given lateral position, i.e., the residence time�, some
weak damping signal may be seen and the brightness of the
two dimer atoms in the topography image may not be com-
pletely identical �one may appear slightly dimmer�. Note
also, that the image will depend on the way in which the scan
is performed as discussed in more detail in Sec. IV. In sum-
mary, at these conditions, the NC-AFM tip will modify the
surface and the particular sequence of dimer flips will de-
pend on the way the lateral displacement of the tip is per-
formed. Since both dimer atoms are to be imaged as bright,
the surface topography image should correspond to the sym-
metric p�2�1� phase in complete agreement with the
experiment.33.

• Intermediate temperatures �70 K�T�200 K�. In this
case the ground state dimers are still frozen; however, if a
dimer is flipped by the tip, it will thermally be able to return
to its ground state by the time the tip returns again at the next
oscillation. Therefore, lower atoms will be imaged dimmer
than the upper ones, since on approach �during half of the tip
oscillation� they are further away from the tip. In the damp-
ing image, however, lower atoms should appear as bright
�the image reversed� with the estimated dissipation energy
per cycle of 0.3 eV �see Sec. III�. No surface modification is
to be expected at these imaging conditions.

• Large temperatures �T�200 K�. Since dimers can eas-
ily flip-flop, each dimer atom will be imaged equally bright.
At the same time, the probability of finding a dimer atom as
a lower one when the tip is approaching is also approxi-
mately equal to 1

2 for the two dimer atoms so that both atoms
should equally experience flipping caused by the tip. There-
fore, a damping image should be observed with equal bright-
ness for the two dimer atoms. Note, however, that on average

only half of the tip oscillations during its residence time
would result in dimer flips, so that corrugation in the damp-
ing image is expected to be halved as compared with the
previous case with Ediss�0.15 eV per cycle. Some tempera-
ture dependence is also expected near the transition tempera-
ture of 200 K.

The NC-AFM images for large frequency shifts and low
temperatures can be simulated essentially by adopting the
following approximate approach. Since in this case each
dimer atom behaves as an upper one, the dimer image can be
constructed out of the half associated with the upper atom
that is now “mirrored” to the lower atom part. In essence, it
means that each dimer has an additional symmetry mirror
plane cutting it in two identical halves. An image of the
c�4�2� surface simulated in this way is shown on the left
panel in Fig. 5. It can be seen that at very low temperatures
it is impossible to distinguish the lower and upper atoms, i.e.,
the surface appears as the p�2�1� phase in agreement with
the recent NC-AFM images.33

The simulation of the topography images at intermediate
and large T can be done using the same method. Each dimer
has probabilities n1�T� and n2�T� of being in its ground and
flipped states, respectively. Therefore, the force field can be
calculated using the same method as in Sec. IV B; in particu-
lar, Eq. �4� should be used. The only difference with the
method of the previous section is that the average force on
approach and retraction should be used in the present case.63

This is, however, important only for those lateral tip posi-
tions that are above and around the lower dimer atom, when
a hysteresis is observed. The image will depend on T, espe-
cially around the phase transition temperature. As an ex-
ample, we show in Fig. 5 images of the c�4�2� surface
calculated in this way at T=100 K �middle� and 350 K �right
panel�. One can see that at high temperatures both atoms
look very similar. However, some difference in contrast is
observed at an intermediate temperature.

V. DISCUSSION AND CONCLUSIONS

The calculations demonstrate that for relatively small fre-
quency shifts �i.e., at weak interactions where the surface is
not deformed� it is possible at low temperatures to clearly

FIG. 6. �Color online� Schematic of dimers flipping after a single scan above a row of alternating dimers of an original c�4�2� structure
shown in �a�. Low temperatures and large frequency shifts are assumed. The red dashed line indicates the scan direction. In �b�, dimers that
changed their direction once are shown in green, while those that changed their directions twice in red. At the end of the scan, red dimers
remain in their original state, whereas green dimers flipped. Lower and upper dimer atoms are shown with the small black and large open
circles, respectively.

FIG. 7. �Color online� A schematic showing
how the c�4�2� structure �a� can be transformed
into the p�2�1� one �b� by applying a special
scan protocol shown by a dashed red line. Lower
and upper dimer atoms are shown with the small
black and large open circles, respectively.
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resolve both the upper and lower dimer atoms as two local
maxima with different intensities. This allows the surface
reconstruction to be unambiguously identified. For the par-
ticular case of p�2�1� a set of bright spots arranged in
straight lines along the dimer rows will be observed, while
for c�4�2� a zig-zag formation of bright spots along the
dimer rows will be seen, with the lines on adjacent rows
running in antiphase to each other. Although we have not
specifically considered the p�2�2� surface in this study due
to the cost of the ab initio calculations to be involved, it is
evident from our results that the p�2�2� surface should be
represented by bright spots along zig-zag lines running in-
phase with each other. Thus, the imaging regime in question
can be used to identify the particular surface reconstruction
without modifying its structure by a strong tip-surface inter-
action. This is in sharp contrast to the STM based techniques
that are believed to be intrusive when applied to this surface
even at low temperatures �due to the charging effects�.10

Our calculated NC-AFM images at small frequency shifts
and low T for the c�4�2� reconstruction, see right panels in
Fig. 3, agree remarkably well with the experimental one ac-
quired at 5 K and �f =−10 Hz.33 In both images the charac-
teristic zig-zag pattern of bright spots corresponding to the
c�4�2� reconstruction is evident. This means that the c�4
�2� structure is indeed the ground state of the Si�001� sur-
face.

Images calculated at large temperatures with the same
small frequency shifts show that both dimer atoms become
almost indistinguishable, making it impossible within the
weak interaction regime to determine the surface reconstruc-
tion. Hence, only NC-AFM experiments conducted at low
temperatures �T�70 K� and in the weak interaction regime
can be used to probe the surface as the dimer arrangement
should be apparent in the topography image.

The situation at larger frequency shifts when the tip
comes sufficiently close to the surface to induce a dimer flip
�above lower dimer atoms� is more complex. If experiments
are conducted at low temperatures, dimers are permanently

flipped by the tip during the imaging process; every time the
tip passes a dimer, it leaves the last imaged atom frozen as
the upper one, see a schematic illustration in Fig. 6. There-
fore, this particular regime can be used to manipulate the
surface reconstruction. A possible manipulation experiment
�the idea of manipulating surface dimers with a tip was first
suggested in Ref. 34� can be conducted as follows. Initially,
using a low temperature and a small frequency shift, one can
scan the surface to identify its structure. Then, a larger fre-
quency shift set point is set, and the oscillating tip is moved
along a particular direction across the surface or is made to
perform back and forth swipes according to a certain algo-
rithm, “writing” a particular arrangement of surface dimers.
By retracting the tip to the initial set point of the frequency
shift and scanning the surface again, the new arrangement of
dimers after the manipulation can be verified �“read out”�.

Possible scan protocols that can turn the c�4�2� structure
into the p�2�1� or p�2�2� reconstructions are shown in
Figs. 7 and 8, respectively. A more complex restructuring can
be achieved by employing more complicated scanning pro-
tocols as illustrated in Fig. 9.

In conclusion, we have simulated, entirely from the theo-
retical viewpoint, the NC-AFM images of the Si�001� sur-
face in the constant frequency shift mode for various tem-
peratures. We show using an ab initio calculated force field
and a Si tip with a single dangling bond, that at rather low
frequency shifts and very low temperatures, it must be pos-
sible to image the surface without imposing any permanent
modification, so that this particular regime can be used to
determine the current dimers arrangement; an AFM tip
serves as a soft probe. By setting a larger frequency shift set
point, the tip may come very close to surface dimers and flip
them according to the way it is moved laterally across the
surface. This regime, implemented to some level of sophis-
tication, could be used to manipulate surface reconstruction
at will. By retracting the tip from the surface �e.g., to the
original frequency set point�, one can then scan the modified
surface to check its status after the manipulation.

FIG. 8. �Color online� A schematic showing
how the c�4�2� structure �a� can be transformed
into the p�2�2� one �b�. Notations are the same
as in Fig. 7.

FIG. 9. �Color online� A transformation of
dimers of the c�4�2� structure shown in �a� into
a more complicated structure �b� obtained by per-
forming a finite number of scan lines �dashed red
lines� at an angle to the dimer rows. Dimers af-
fected by the procedure are shown in �b� in blue.
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There should be no dissipation observed if scanning either
at low frequency shifts or large frequency shifts and low
temperatures.

We also discussed how the topography image should de-
pend on temperature, and suggested how it can be calculated.
It is shown that at high temperatures �larger than the phase
transition Tc=200 K�, both dimer atoms should be imaged as
almost equally bright due to free thermal flip-flop dimer mo-
tion. At larger frequency shifts and the same T, dissipation
effects should also take place with the damping image being
similar to the topography one, dissipated energy per cycle
Ediss�0.15 eV. We also note that one may think that freely
flipping dimers at T�Tc may produce some contribution to
the stochastic friction force64–66 and hence to the dissipation
energy. Indeed, every flipping dimer may be modelled as a
single oscillating “pseudoatom.” However, from our experi-

ence, we anticipate that this contribution should be much
smaller than the above mentioned energy of adhesion caused
by the tip induced dimer flipping.

Much larger dissipation, Ediss�0.30 eV per cycle, and
thus increased corrugation in the damping image should be
observable within some intermediate range of T. The damp-
ing image for these conditions is predicted to be inverted
with respect to the topography; while the upper atoms in the
topography images being the brightest, the lower atoms
should be brightest in the damping images.

Unfortunately, only a limited amount of experimental NC-
AFM data is available at present.7,8,33 Further experimental
studies are necessary to be carried out at a range of tempera-
tures and frequency shifts in order to test fully the predic-
tions from our theory.
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