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Abstract

The stable structure of clean Si(0 0 1) surface around 100 K is the c¢(4 x 2) arrangement con-
structed by buckled dimers. This structure was widely accepted as the ground state in 1990’s.
The view was challenged at the beginning of 2000’s by the observations of a p(2 X 1) structure
below 20 K with scanning tunneling microscopy (STM). Recent experimental studies confirm
that the dimer is buckled below 30 K. Large tip—surface interaction, and/or tunneling current
induced dynamical effect are now experimentally evident in the STM images at low tempera-
tures. Moreover, a current induced structure transformation is discovered below 40 K even in
the study by low energy electron diffraction. Dynamical electronic and vibrational effects are
theoretically studied for accounting the observation of a p(2 x 1) structure below 20 K.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

After the discovery of p(2 x 1) superstructure of the Si(0 0 1) surface [1], the recon-
struction of the surface has been extensively investigated both experimentally [2-11]
and theoretically [12-21]. A reversible second-order phase transition between the dis-
ordered p(2 x 1) and ordered c(4 x 2) phases occurs at ~200 K in low-energy electron
diffraction (LEED) measurements on the Si(0 0 1) surface [2,3], and the most stable
phase was concluded to have the c(4 x 2) structure. According to scanning tunneling
microscopy (STM) studies between 80 and 140 K [4-8], the c(4 X 2) structure was
confirmed to be the most stable arrangement of the buckled dimers at this temper-
ature range. Chadi [12] has found from energy minimization calculations that
the asymmetric dimer due to buckling lowers the total energy. The buckling is
accompanied with a charge transfer from the lower atom to the upper atom of the
dimer. This was consistent with the core level photoelectron spectra suggesting
that two types of surface atoms exist [10]. All these results seemed to have settled
the controversy about the ground state of Si(0 0 1), and the p(2 x 1) phase observed
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by STM at room temperature was attributed to the quick flip-flop motion of
the buckled dimers [17,22,23]. In the precious calculations, the total energy differ-
ence between c(4 x2) and p(2x2) is 1.2 meV/dimer [18]. From these studies, it
was widely accepted that the buckled dimers construct a c(4 x 2) structure as the
ground state.

In recent studies on the low-temperature phase of Si(0 0 1) by STM and atomic
force microscopy (AFM), however, c(4 x 2), p(2 x 2)/c(4 x 2), and symmetric dimer
images have been observed below 80 K [7,24-28]. These experimental results
have questioned the generally accepted picture of the buckled dimer with a
c(4 x 2) ordering as the ground state of the Si(0 0 1) surface. A similar structural
change was also suggested by LEED measurements below 40 K [29]. It has been
argued from the ecarly stage of the STM observations that strong tip—surface
interaction in STM might change the real structure [30]. Thus, several independ-
ent groups have studied the surface using other experimental techniques at low
temperatures in addition to further STM observations. The ground state and the
tip—surface interaction have been also theoretically investigated again. Now it is evi-
dent that the tip—surface interaction makes the image of the buckled-dimer
symmetric.

In this article, the latest progress of the research on this subject is reviewed. First
we briefly summarize the theoretical studies on this surface, and then discuss the
structures observed by STM below 50 K. In the STM study [27], both the c(4 x 2)
and p(2 x2) structures are observed depending on doping species, temperature
and the sample bias voltage. In Sections 4-6, structural studies by AFM at 5 K
[26], by LEED down to 24 K, and by Si-2p photoelectron spectroscopy down to
30 K [31] are described. All the results indicate the buckled dimer. Moreover, the
c(4 x 2) structure is suggested as the ground state below 40 K by LEED. The
transitions between c(4 x 2) and p(2 x 2) induced by tunneling current in STM is
described for the clean Ge(0 0 1) surface below 80 K [32] in Section 7. A similar inter-
action is expected on the Si(0 0 1) surface. In Section 8, vibrational excitation of the
dimers by STM current is proposed as a possible origin of its symmetric image on the
Si(0 0 1) surface.

2. Theoretical overview

Nearly half century ago, Schlier and Farnsworth [1] observed a p(2 x 1) structure
in a LEED experiment. This is caused by surface atoms moving together in pairs to
form dimers. The formation of dimers eliminates one of the two dangling bonds
(DB) per surface atom, thereby lowering the surface energy. On the basis of various
experimental studies, the c(4 x 2) reconstruction was suggested as the ground state
structure.

Theoretical studies, on the other hand, took off two decades later. In 1978 Chadi
demonstrated that buckled dimers are favored through empirical tight-binding
method [12]. The DB on the upper dimer atom is an sp> orbital with larger s-com-
ponent and accordingly has lower energy, while that on the lower dimer atom is of
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p-character with higher energy. The buckling is caused when energy gain due to
charge transfer from the higher to the lower levels is greater than the energy cost
due to on-site Coulomb energy, compensated by the Madelung energy. More sophis-
ticated first-principles calculation based on the density functional theory (DFT) by
Yin and Cohen [13] confirmed on a 2 x 1 unit cell that an asymmetric dimer is fav-
ored to a symmetric dimer.

Since 1985 when Car and Parrinello developed an efficient first principles algo-
rithm, a number of total energy minimization calculations [14-16,18,21] has been
performed on the 4 X 2 unit cell. These agree that the building blocks are buckled di-
mers, and the direction of buckling alternates along a dimer row. The formation of
p(2 X 2) or ¢(4 x 2) corresponds to adjacent rows in phase or out of phase orienta-
tions. In order to obtain conclusive result for the subtle stability difference between
c(4 x 2) and p(2 x 2), careful modeling of the surface was required. In most calcula-
tions, a repeated slab geometry is adopted. One calculates the total energy by fixing
the bottom layer at the bulk position, terminating DBs on that layer by hydrogen
atoms. In another method, the innermost two layers are frozen and the outermost
layers on each side of the slab are allowed to relax. The layer thickness should be
doubled but the calculation is free from the effect of induced dipoles at the bottom
layer. Inversion symmetry is imposed to accelerate the computation. In either
method, the c(4 x2) surface is about 1 meV/dimer lower in energy than the
p(2 x 2) surface [18], when a thick sample is used with at least five layers allowed
to relax. Some earlier calculations, which resulted in favor of p(2x2) than
c(4 x 2), used thinner slabs [14]. Thus c(4 x 2) was accepted as the lowest energy
structure in the early 1990’s.

This picture was challenged by recent experimental work. The STM studies below
80 K showed that c(4 x 2) becomes unstable and p(2 x 2) domains appear [§8]. It was
reported independently by two groups [24,25] that further cooling below 20 K causes
the dimers to appear again symmetric.

Theoretically, electron correlation should be reconsidered carefully because first
principles calculations based on DFT may not properly describe its role at present.
Healy et al. performed quantum Monte Carlo calculation [33] on large cluster mod-
els of the surface, and concluded that buckling remains energetically favorable,
undermining the ability of DFT to accurately describe the ground state reconstruc-
tion of the Si(0 0 1) surface. Thus the old theoretical conclusion still survives that
c(4 x 2) is the ground state structure and the energy difference with p(2 x2) is as
small as 1 meV/dimer. The result is supported by the recent experimental work
reviewed in the following sections. The coexistence of c(4x2) and p(2x2) is
rather natural considering the small energy difference between the two. These two
phases can be transformed each other by the tip—surface interaction in STM. In cer-
tain conditions the buckled dimer may be observed as symmetric due to this
interaction.

On the whole, the experiments at very low temperatures do not contradict the
DFT calculations at 0 K. However, this fortuitous agreement brings forward a
new serious problem why and how c(4 x 2) is stabilized again at about 100 K in
STM observations. This is left to be explained.
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3. STM observations below 50 K

Fig. 1(a)—(c) show typical STM images obtained for the Si(0 0 1) surface (P-dope,
0.01-0.001 Qcm) at 29, 43 and 50 K, respectively [34]. In this case, c(4 X 2) (red),
p(2 x 2) (blue), and unstable (gray) dimer areas are seen. Fig. 1(d) and (e) show
the magnified topographic and current images of the squared area in Fig. 1(b),
respectively. In the current image, unstable dimers are shown as scratched, which
indicates that the dimers are flip-flopping during the STM measurement. A remark-
able point is that the c¢(4 x 2) and p(2 x 2) structures are dominant at ~80 and ~10
K, respectively, and they gradually change into the other structure via an unstable
disordered structure with temperature as shown in Fig. 1(f). Since a second-order
phase transition, the disordered p(2 x 1) to the ordered c(4 x 2), exists at ~200 K,
some additional mechanism may be necessary to explain the appearance of the sec-
ond structural change below 50 K.

At the transition temperature, the c(4 X 2) or p(2 X 2) structure emerges into the
p(2 x 2) or c(4 x 2) area, respectively, with the introduction of P-defects, which are
movable topological defects [6,7,35,36]. The P-defect consists of two adjacent dimers
which buckle with the same orientation. It can migrate along a dimer row as one of
its two dimers changes the buckling orientation. In addition, there appears to be a
high percentage of flip-flopping dimer areas as shown in Fig. 1(f). The appearance
of the flip-flopping dimers during the transition directly indicates the instability of
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Fig. 1. (a)~(c) STM images for the Si(0 0 1) surface at 29, 43 and 50 K. (d), (e) Magnified topographic (d)

and current (e) images of the squared area in (b). (f) Change in the structure components between 29 and
50 K [34].
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the buckled dimer structures at these temperatures. The existence of the disorder
structure due to the mixture and fluctuation between the c(4 x 2) and p(2 x 2) phases
indicates that the mutual structural change is easy at the transition temperature, ~45
K. If the structure is thermally disordered at 45 K, the barrier height between c(4 x 2)
and p(2 x 2) should be smaller than that at 80 K.

It is well known that the dimer structures are stabilized with a delicate balance
between the electronic and elastic interactions of dimers [37]. Therefore, a possible
explanation is to relate the phenomena to the change in the strain and the carrier
density depending on the temperature. These are supposed to play an important role
in the change in the interaction.

Recently, the influence of the measurement conditions has been reconsidered in
detail [27,30,38,39]. An interesting characteristic is the dopant dependence, namely,
a p(2 x 2) single phase at 10 K more easily appears for a sample with the follow-
ing attributes: (1) n-type, (2) high doping, and (3) very low defect density [27]. An-
other important point is the tip-induced effect. At low temperatures, the STM tip
comes closer to the sample surface due to the low conductivity of the sample and
thus activates the structural change such as the flip-flop motion of buckled dimers
[30,38]. In fact the applied bias voltage and tunneling current strongly influence
the observed structures [27,39]. The transformation of the c(4 x2) structure to
p(2 x 2) is observed at 5 K with increasing the bias voltage from 1.3 to 1.4 V [39].
These effects must be taken into consideration to understand the structural change
shown in Fig. 1.

4. Noncontact AFM observations

In all STM experiments of the ground state structures, it is possible that the elec-
tric field and/or the tunneling current affect the ground state structure. That is, the
motion of the atoms occurs due to an excitation by the electric field of the biased
tip and/or due to an energy injection by the tunneling current. To investigate the
ground state structure, it is necessary to remove tip-induced excitation effect. Non-
contact AFM is an alternative tool for high-resolution imaging, which is expected
not to cause such excitation effects and therefore to be suitable for observing the
ground state structures. This is because the operation of the noncontact AFM is
based on very weak interactions due to attractive atomic forces, rather than the elec-
tric field utilized in the STM.

Uozumi et al. [26] have experimentally investigated the ground state structure of
the Si(0 0 1) surface at 5 K by using noncontact AFM. As force sensors, a conductive
Si cantilever was used with a sharpened tip. Its mechanical resonant frequency was
170 kHz. The Si tips were cleaned by Ar-ion sputtering for 30 min, and the native
oxide layer and any contamination on the tip apex were removed. Thus, there are
dangling bonds out of the Si tip. The frequency modulation detection method was
used to measure the force between the Si tip and the Si(0 0 1) surface.

Fig. 2 shows a noncontact AFM image of the Si(0 0 1) surface measured at 5 K.
The frequency shift of the cantilever was set at —6 Hz, its vibration amplitude was 17
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Fig. 2. Noncontact AFM image of the Si(100) surface at 5 K [26]. The scan size is 18.8 nm x 18.8 nm.

nm, and the scan area was 18.8 nm x 18.8 nm. In this image, a bright spot expresses a
Si atom at the surface. More than 70% of surface shows the buckled dimers where
bright spots form a zigzag pattern. The c(4 x 2) structure with antiparallel zigzag pat-
tern occupied 61% of all surface, and p(2 x 2) structure with parallel zigzag pattern
occupied only 12% of all surface. This surface has a defect density of 8%. The

Fig. 3. Noncontact AFM image of the Si(100) surface at 5 K [26]. The scan size is 9.4 nm x 9.4 nm.
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observed fuzzy area is as large as 19% because the surface structure shows varieties
and becomes vague near defects.

Fig. 3 shows a magnified image of the square area in Fig. 2. The scan area was 9.4
nm X 9.4 nm. Buckled dimers with the c(4 x 2) structure are confirmed more clearly
in this figure. Thus the noncontact AFM study at 5 K indicates that the ground state
structure of the Si(0 0 1) surface is the c¢(4 x 2) structure.

5. Electron beam irradiation effect in LEED measurements of Si(0 0 1) below 40 K

The STM measurements sometimes cause perturbation on the surfaces, and such
effects were confirmed in several experiments [28,30,32,39]. Therefore, it is unclear
whether these results reflect intrinsic properties or artifacts. The structure at lower
temperatures should be studied by other techniques that would not have a significant
influence on the surface structures. LEED was expected to be one of such tools.
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Fig. 4. (a) Spot intensities as a function of sample temperatures (Ex = 50 eV). (b) Spot intensities as a
function of time after a shutter was opened (Ex = 50 eV). (c) A c(4 x 2) pattern just after the electron beam
irradiation (0.7 pA, Ex = 50 eV) at 24 K. (d) A streaky pattern observed 50 s after the irradiation (0.7 pA,
Ex=50¢V) at 24 K [40].
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Matsumoto et al. measured LEED spot intensities as a function of temperature [29].
They obtained the intensity diminution of the quarter-order spots below 40 K. Their
results suggested the occurrence of a new order-disorder phase transition at around
40 K. The same change of LEED spot intensities was observed by Mizuno et al. as in
Fig. 4. Tt was concluded [40] that the disappearance of the c¢(4 x 2) pattern is caused
by the electron beam as described below.

All measurements [40] after the flashing of the surface have been done at pressure
less than 3 x 10~!" Torr. The following samples were used: (1) an Sb doped n-type
wafer(0.014 Qcm), and (2) a B doped p-type wafer (0.017 Qcm). Sharp c(4 x 2) pat-
terns were observed at 80 K. The intensity of the streaks along half-order spots was
very weak as observed in the previous LEED study [3]. The ¢(4 x 2) structure was
determined using LEED /-1 analysis at 80 K. The obtained structural parameters
were in excellent agreement with the previous theory [21]. There is no difference in
structural parameters between samples (1) and (2).

The effect of electron beam irradiation was demonstrated by the following two
procedures: (i) The sample position was changed quickly at 24 K during LEED
observation; (i) a shutter between LEED optics and the sample was closed during
cooling down to 24 K, and was opened quickly. With both procedures, clear
c(4 x 2) patterns were observed immediately after LEED observation as shown in
Fig. 4(c). However, the patterns changed into streaky ones after 50 s at 50 eV and
0.7 nA as shown in Fig. 4(d). The same LEED pattern changes were observed for
both the p-type and n-type samples.

The procedure (ii) was examined with several electron beam conditions. The
intensities of the (3/4 1/2) and (1/2 1/2) spots were plotted in a semi-logarithmic scale
with respect to the irradiation time as shown in Fig. 4(b) for sample (2) at 50 eV. The
intensities were normalized by the beam current. Initial intensity changes were very
rapid and almost completed within ~20 s at 1 pA. Higher beam current resulted in
faster changes of the intensities as shown in Fig. 4(b). Very slow changes after 100 s
are due to the contamination by residual gases. The slopes of the slow changes did
not depend on the beam current but depended on the pressure. The same slow
changes were observed at 80 K.

The intensities of some spots were plotted on a semi-logarithmic scale with respect
to the sample temperature at incident electron energy of 50 eV in Fig. 4(a). These
curves were obtained for sample (2) with increasing temperature by direct heating.
At the start of this measurement, the surface was irradiated by electrons for more
than 1 min at a sample temperature of 24 K. Therefore, the intensities of the quar-
ter-order spots were already decreased. When the sample temperature rose above 40
K, the intensity of the quarter-order spots recovered and the streaks disappeared.
Similar curves were also obtained on cooling. The intensity change of the (3/4 1/2)
spot is consistent with the previous ones obtained by Matsumoto et al. [29]. Similar
intensity changes were also confirmed for sample (1) and at different electron
energies.

We conclude that the most stable structure at 24 K is ¢(4 x 2). The intensity
changes at 40 K observed in previous LEED study [29] is not a new phase transition
but caused by the electron beam irradiation. With increasing irradiation time, the
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surface got covered by small c(4 x 2) and p(2 X 2) domains at 24 K. This surface
quickly rearranged to the well-ordered c(4 x 2) above 40 K.

6. Evidence of asymmetric dimers of the Si(0 0 1) surface at low temperature by high
resolution Si 2p photoelectron spectroscopy

Measurements by STM have larger tip-surface interaction than AFM imaging,
and the observed image might differ from the real structure. Therefore, information
on core level photoelectron spectroscopy (PES) is useful because it provides chemical
states and relative abundance. In addition, core level PES probes information about
chemical environment of each atom with an instantaneous excitation.

Yamashita et al. have successfully demonstrated that the up and down dimer
atoms, and the subsurface atoms of the clean Si(0 0 1)-c(4 x 2) surface whose chem-
ical environments are different from that of the bulk produce separate peaks in high
resolution Si 2p PES at low temperatures (from 140 to 30 K) [31,41,42]. On the basis
of comparison of the Si 2p spectra with the results of STM, it can be clarified
whether the symmetric or p(2 x 2) image in STM is induced by the tip—surface inter-
action or not.

Fig. 5(a) shows a Si 2p spectrum for the Si(0 0 1) surface at 140 K [41]. In the spec-
trum, we can decompose the spectrum into five components and assign them: the
components B is due to the bulk Si atoms; the components Su and Sd correspond
to the up and down Si atoms of the asymmetric dimers, respectively; the component
SS is assigned to second-layer Si. The component X is still unidentified. The relative
binding energies for Su, X, Sd, and SS to the bulk Si energy position are —485, —200,
62, and 215 meV at 140 K, respectively. The split of 547 meV between the up and
down dimer components originates from a substantial charge transfer within the di-
mer atoms and a final state effect [43]. The peak positions and the angle dependence
of intensity ratios agree well with the previous results by Uhrberg group [10].

Fig. 5(a—d) show the Si 2p PES spectra for the Si(0 0 1) surface as a function of
temperature (4v = 129 eV and normal emission) [31,41,42]. As can be seen, the spec-
tral shapes become sharper with decreasing the temperature owing to reduced ther-
mal phonon broadening and/or reduced inhomogeneous broadening. However, the
spectral shapes are basically similar, and an additional component is not required
for each Si 2p PES spectrum.

Yokoyama and Takayanagi [25] proposed that a dynamical flipping could occur
due to the reduced force constant at a low temperature. Shigekawa’s group has re-
ported that c(4 x 2) and p(2 x 2) coexist on Si(0 0 1) by low temperature STM [27].
If they were intrinsic phenomena, the inhomogeneous broadening of Si 2p peak
would be observed. However, this is not the case in the present high resolution Si
2p PES results. Thus, the dimer flipping and/or the formation of p(2 x 2) ordering
is most probably due to induced effects by STM observation. The present Si 2p
PES investigation strongly suggests that the buckled dimer with the ¢(4 x 2) ordering
is stable below 40 K, and the ground state on Si(0 0 1). This is consistent with the
results of careful LEED and noncontact AFM studies.
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Fig. 5. Si 2p PES spectra for the Si(0 0 1) surface (a) at 140 K, (b) 100 K, (c) 55 K, (d) 30 K [31,41,42]. The
emission angle is 0° (normal emission) and the photon energy is 129 eV. B: bulk, Su: up dimer, Sd: down
dimer, SS: subsurface, X: unidentified species.

7. Reversible and local transformation between c(4 x 2) and p(2 X 2) on a Ge(001)
surface

Reversible control of surface local structures is expected on the c(4 x 2) recon-
structed surface of clean Ge(0 0 1) as well as Si(0 0 1) because the energy difference
between the ground state and the p(2 x 2) structure is estimated to be a few meV/
dimer [18,46]. On the both surfaces, the neighboring two atoms form a buckled
dimer, and their reconstruction is characterized by the ordering of the buckled
dimers. Takagi et al. have reported that the structure can be transformed by chang-
ing the sample bias voltage of STM below 80 K on Ge(0 0 1) surface [32,44,45].

The c(4 x 2) structure is observed with the sample bias V', < — 0.7 V while p(2 X 2)
with 7, = 0.8 V at 80 K. Moreover, both structures can be maintained under scan-
ning the surface with | V| < 0.6 V at 80 K after fixing the local structure by scanning
there with a higher |V,|. The bias dependence of the surface reconstruction at 80 K is
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Fig. 6. A schematic showing the observed structures depending on the bias voltage and the direction of the
voltage change [32,44].

summarized in Fig. 6. The transformation rate from c(4 x 2) to p(2 x2) at V', =0.8 V
is estimated to be 3 x 107! dimer/electron.

Fig. 7 demonstrates a nanoscale memory effect. These images were observed with
Vy = —0.2 V. After taking the image shown in Fig. 7(a), the area A in the figure was
scanned with 7}, = 0.8 V to change from c(4 x 2) to p(2 x 2). The result is shown in
Fig. 7(b). The change along the dimer row continued to the outside of the scanning
area. Then the area B in Fig. 7(b) was scanned to form another p(2 x 2) area as
shown in Fig. 7(c). The reverse change from p(2 x 2) to ¢(4 x 2) was done by scan-
ning the area C in Fig. 7(c) with V', =—0.7 V. In this case, all of the desired
p(2 x 2) area was scanned because the change to c(4 x 2) was limited nearby the area
of the scanning even along the dimer row. The annihilation of p(2 x 2) is shown in
Fig. 7(d).

It has been argued that the ground state energy of Ge(0 0 1) surface is determined
by the two competing energies between the electrostatic energy among the electric
dipole moments at the dimers and the subsurface strain energy. When the surface
is positively biased under the STM tip, the negatively charged upper-atoms of the
dimers are electro-statically pushed toward the subsurface by the tip, and the
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Fig. 7. Successive STM images of the same area (22.5 x 10 nm?) of a Ge(0 0 1) surface at 80 K [32]. The
square areas “A” in (a) and “B” in (b) were scanned with 7}, = 0.8 V to change the local structure from
c(4 x 2) to p(2 x 2) after taking each image. The surface after scanning “A” is shown in (b), and that after
scanning “B” is in (c). The rectangular area “C” in (c) was scanned with ¥}, = —0.7 V to change it from
p(2 x2) to c(4 x 2). The surface after scanning the area “C” is shown in (d).
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lower-atoms of the dimers are pulled toward the vacuum side. Consequently, the di-
mer buckling becomes smaller. This makes the difference of the subsurface strain en-
ergy between c(4 x 2) and p(2 x 2) structures smaller than that of the dipole energy
among buckled dimers. Thus for the positively biased surface, the p(2 x 2) structure
is favored by the gain of the dipole energy, and can be the ground state. On the other
hand, under the negative V3, the buckling of the dimers is increased by the electric
field, and the c(4 x 2) structure is more favored.

The local and reversible restructuring of the Ge(0 0 1) surface is demonstrated be-
tween c(4 x 2) and p(2 x 2) by controlling the sample bias voltage of STM below 80
K. The ground state can be altered by electric field from the STM tip, and the tun-
neling current induces the transformation of the structure. There should be the sim-
ilar STM tip-effect on the Si(0 0 1) surface. The structure change on the Si(00 1)
surface, however, is observed only when the tunneling current is small [39]. The
atomic force between the tip and the surface may influence the structure in the case
of the short tip—surface distance.

8. Vibration of the dimer on the Si(0 0 1) surface excited by STM current

The ground state of the Si(0 0 1) surface with the c(4 x 2) ordered structure of the
dimer arrangement turns into a disordered state at room temperature [18,20,21]. In
the disordered state, the symmetric images of the p(2 x 1) structure are observed by
STM, and have been attributed to the rapid repeat of the flip-flop motion. Even in
the ordered state, the symmetric STM images of the p(2 x 1) structure [24,25,27] are
also observed at some conditions of the tip bias voltages V', and the STM currents
Istv in STM observations at very low temperatures, for example, V, =1 V and
Istm = 50 pA on a boron doped (B-doped) substrate at 5 K [25]. These observations
of the symmetric images in the ordered state are puzzling and have not been
explained so far.

Kawai and Narikiyo [47] have investigated theoretically the vibration of the dimer
excited by the STM current on the Si(0 0 1) surface of the p-type substrate, and have
solved the puzzle of the symmetric—-asymmetric crossover in the dimer images. They
treated the case that V7, is positive and so large that the Fermi level in the conduction
band of the STM tip is below the bottom of the n-band. The Hamiltonian used by
Kawai and Narikiyo consists of the term of the electronic system describing the tun-
neling current of electrons from the n-band on the Si(0 0 1) surface to the conduction
band of the STM tip, and the electron—vibration coupling term. The latter is the key
ingredient. The electron—vibration coupling constant is obtained by the energy of the
vibrational state and the model potential for the dimer system on the Si(0 0 1) sur-
face [47,48].

The transition rates og,s and ag‘;l for the inter-band transition of electrons from
the n-band to the conduction band of the tip are obtained for the elastic transition
without coupling to the vibration and for the inelastic transition with the excitation
in the vibrational state from the vibrational number » = 0 to n = 1, respectively. Gejas
and oi, depend critically on Ity and not on the temperature T of the substrate.
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The ratio of the rates of the inter-band transition W = o})‘il /Gelas, hOWever, is shown
not to depend on Isty and is given dominantly from the intrinsic property of the
Si(0 0 1) surface [47]. The key quantity W is obtained to be about 0.6 from the esti-
mation of the electron—vibration coupling constant and the results of scanning tun-
neling spectroscopy [25].

At finite temperatures, the deexcitation of the vibrational number through the in-
ner-band excitation of the electron—hole pair creation in the n-band can occur. The
rate of the deexcitation '™ of vibration through the inner-band excitation is inde-
pendent of Isty and depends on T [47].

The total transition rates of the excitation R_,; of the vibrational number n = 0 to
1 and the deexcitation R;_,o of that » = 1 to 0 are obtained selfconsistently with c¢j.s,
ont |, o™, and Istm [47]. The total transition rates Ry _.; and R; . o for B-doped
substrate are monotonically increasing as a function of T and Istys in highly nonlin-
ear manner [47]. The distribution of the vibration is well characterized by the effec-
tive temperature T of the dimer vibration; T = —Fiw/ (kg log(Ro_1/Ri_0)). Ter for
B-doped substrate is shown in Fig. 8 [47]. Below 20 K, T, scarcely depends on 7"and
increases steeply with Istyv. Ter becomes about 250 K at Isty = 50 pA and reaches
about 400 K at Istym = 130 pA. These high T.r appearing below 20 K, essentially
explain why the symmetric STM images are observed at low temperatures. When
T increases around 20 K, T starts to decrease steeply, because of steep increase
of Ry _ . Ty increases gradually with T, scarcely depends on Igry, and takes the
nearly same values as 7. These low T, explain why the asymmetric STM images re-
cover in the temperature range higher than 50 K.

At temperatures much lower than 20 K, the fraction at the down-position of the
atom beneath the STM tip is much larger than that at the up-position, because the
tip current and the effective temperature are expected to be much larger and higher at
the up-position than at the down-position. The tip height is tuned so that IgTy will

300
250
200

150

Substrate Temperature [K]
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Fig. 8. The effective temperature of the dimer vibration (7%) on the B-doped substrate [47]. T,r reaches
about 400 K for the STM current Isty = 130 pA at low substrate temperatures 7' < 20 K, and decreases
steeply around 7 = 2040 K as T increases.
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take the intended value at the down-position. As a result of the large fraction at the
down-position, the symmetric dimer images of p(2 x 1) structure is observed even in
the ordered state of c(4 x 2) at very low temperatures. The crossover behavior on the
STM images is semi-quantitatively understood by the nonlinear dependence of T
on T and Ity [47].

9. Concluding remarks

It is now experimentally clear that the dimers on the Si(0 0 1) surface are buckled
at the ground state. The apparent symmetric dimers in STM images are attributed to
electronic or vibrational dynamical effects by the tip. A theoretical model including
vibrational excitation/deexcitation could explain such phenomena. On the other
hand, the ground state ordering of the buckled dimers is experimentally still contro-
versial. The result of the PES study suggests the c(4 x 2) structure is stable between
80 and 30 K while the change from c(4 x 2) to p(2 x 2) is observed in the STM study
below 50 K with decreasing temperature. Below 10 K, both the ¢(4 X 2) to p(2 X 2)
structures have been reported in the STM observations depending on the doping spe-
cies and level. Moreover, the structure changes from one to the other by controlling
the bias voltage. This indicates that the tip—surface interaction through the current,
the electric field and/or the atomic force plays an important role. Further studies are
necessary for the understanding of the ground state, the tip—surface interaction and
the mechanism of the newly found current effect in the LEED observation below
40 K.
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