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The structure of Si(001): What is and isn’t proven by LEED

Tetsuya Aruga
Department of Chemistry Graduate School of Science, Kyoto University

It has been established [1,2] that the clean, defect-free Si(001) surface undergoes an order-
disorder transition at~200 K between high-temperature p(2x1) and low-temperature c(4 X2).
The low -temperature phase is well understood by the long-range ordering of buckled Si2
dimers, which are thermally activated above the transition temperature to switch their ori-
entation in a flip -flop motion. Recent observations by low -temperature scanning tunneling
microscopy of the structure of Si(001) surface at liquid He temperature are claimed to suggest
that the surface undergoes a strange, reentrant phase transition at an even lower temperature.

My talk, as an appetizer, is devoted to review what is and isn’t understood---an emphasis will
be placed on the latter---at the moment based on the results of diffraction techniques including
low -energy electron diffraction(LEED)and surface X-ray diffraction(SXRD). While the
structure of the high-temperature (2% 1) phase was studied several years agoby LEED [3] and
SXRD [4], to our surprise, no quantitative crystallographic study has been carried out for the
¢ (4% 2) phase. Even worse, no observation of the LEED pattern of this surface below ~50K has
ever been reported (except for an ambiguous verbal report [5]), which obviously prevents the

critical assessment of the allegation of the reentrant phase transition.
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Density functional theory and quantum chemical calculations for the Si(001) surface

Y. Morikawa
Research institute for Computational Sciences (RICS), National institute of Advanced
Industrial Science and Technology (AIST), Tsukuba Central 2, 1-1 -1, Umezono,
Tsukuba, Ibaraki 305 - 8568, Japan.

Density functional theory (DFT) has been quite successfully applied for semiconductor sur-
faces to elucidate atomic geometries, electronic properties, adsorption processes, phase tran-
sitions, and so on. Converged DFT calculations concluded that the ground state of the Si(001)
surface is the buckled dimer with some charge transfer from lower buckled Si to upper buckled
Si and these results agreed quite well with experimental results such as scanning tunneling mi-
croscopy (STM) and surface core level shift However, quantum chemical calculations pointed
out that static correlation due to quasi-degenerate dangling bond states is important to stabi-
lize the symmetric dimer. In this talk, [ will review density functional theoretical and quantum

chemical studies on the ground state properties of the Si(001) surface.



Photoelectron Diffraction and Diffuse Electron diffraction Studies
of the Room Temperature Si(001)2 x1

T. Abukawa and S.Kono
IMRAM, Tohoku Univ.

The surface structure of Si (001) clean surface, including the phase transition from 2 X1 to
c(4x2), was thought to be a solved issue in surface science. However, another phase transition
was recently suggested by extremely low temperature STM studies of Si (001) clean surface.
If only the low temperature causes this phase transition, we must doubt our understanding
about this surface. Itis a great disappointment that no diffraction study has been performed
yet at such extremely low temperature.

In order to confirm our knowledge, we’d like to review our previous diffraction studies of
Si(001) 2 x 1 surface at room temperature. There was a debate on the buckling of the surface
dimer on RT Si(001)2 X 1 surface in the early 90’s. One of the contradictory issues was the sur-
face components of the Si 2p core level photoemission. Although, at least, two surface compo-
nents are expected for the buckled dimer, only one surface component was obvious in the Si 2p
spectrum at room temperature. Landemark et al. [1] proposed an answer from their high
energy-resolved photoemission study at low temperature: one of the buckled dimer compo-
nents overlaps with the bulk component of Si 2p. In order to confirm this idea, we have per-
formed photoelectron diffraction (PED) study of the surface core level shift (SCLS) compo-
nents [2]. SCLS-PED is the most reliable method to determine the structural origin of the
component of the core levels. We’d like to show also the detailed structure parameters deter-
mined by the SCLS-PED [3] and by the correlated thermal diffuse scattering [4].

[1] E. Landemark, C. J. Karlsson, Y. —C. Chao, and R. I. G. Uhrberg, Phys. Rev. Lett. 69
(1992)1588.

[2] E. L. Bullock, R. Gunnella, L. Patthey, C. R. Natoli, T. Abukawa, S. Kono, and L. S. O.
Johansson, Phys. Rev. Lett. 74(1995)2756.

[3] R. Gunnella, et al., E. L. Bullock, L. Patthey, T. Abukawa, S. Kono, C. R. Natoli, and
L. S. O. Johansson, Phys. Rev. B57(1998)14739.

[4] T. Abukawa, C. M. Wei, K. Yoshimura, and S. Kono, Phys. Rev. B62(2000)16069.



Low temperature STM study of Ge(100)

K. Nakatsuji, Y. Naitoh" and F. Komori
Institute for Solid State Physics, University of Tokyo
tCAMP, IFA, University of Aarhus

Ge(001) surface is known to exhibit(2x 1) phase at room temperature. This is commonly at-
tributed to the asymmetric dimer fluctuating its buckling phase by thermal excitation as in the
case of Si(001) surface. The flip-flop motion of the dimer is frozen at low temperature to show
c(4%2) or p(2%2) ordered phase. The transition temperature has been reported to be 220-260K
[1] or 174- 194K [2] in Ge(001) case. Recently, some scanning tunneling microscope (STM)
works on Si(001) surface have reported that (2x1) phase appears again below 100K. In the pre-
sent study, we have performed STM measurements of clean Ge(001) surface at very low tem-
perature to compare with Si(001) surface.

STM images of Ge(001) surface obtained at 65K (left) and 5K (right) are shown below. At
both temperatures, almost all the area exhibits ¢(4 X 2) phase with p(2 X 2) phase in some area.
We have also performed sample bias dependence and tunneling current dependence of the STM
images, but no evidence for “symmetric” dimer was obtained even at 5K, which is in contrast
to the Si(001) case. Our results indicates that c(4x2) or p(2x2) are the most stable phase on

Ge(001) surface at the lowest temperature.

Figure: STM images of Ge(001) surface obtained at 65K (left;Vg=-1.75V ,[;=0.2nA)

and 5K(right; Vs=-1.9V, [t=0.1nA).
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Re-examination of Si(001) STM images at low temperatures
Y. Kondo, Kinki Univ. & Joint Research Center for Atom Technology

The outermost atoms of a Si(001) surface form dimers to reduce its surface energy. It is
known that these dimers can further reduce their energy by buckling alternatively. In fact,
symmetric appearing dimers at room temperature by fast flip-flop motions become buckled
below 200 K. Buckled dimers were clearly observed with STMs at about 120 K.

When decreasing temperature further, symmetric appearing dimers were again observed by
using STM below 100 K. However, there are several controversial STM observations with dif-
ferent conclusions. Ihave re-examined these experiments and realized that are no detailed ex-
planations how to measure temperatures, or about cooling systems in these papers. Since the
temperature dependence of the Si(001) surface structure is concerned, sample temperature
measurements should be very important, but were almost ignored in most experiments. The
ignorance of temperature measurements might cause the controversial conclusions. In my
presentation, I shall emphasize the difficulty of heat flow control and propose an easy and reli-
able method for sample temperature measurements.

Although there are many open questions on the structure of these symmetric appearing
dimers (static or dynamic), or on the origin of these structure changes (intrinsic, or STM in-
duced), it is certain that the buckled dimers, once stable at 120K, become less stable below 100
K. This instability should theoretically be understood and the theory should experimentally be

checked with reliable temperature measurements.

Reference
+ Y. Kondo et al., Surf. Sci. 453(2000) L 318.

High resolution Si 2p photoelectron spectroscopy of Si(100) at low temperatures

Y. Yamashita, S. Machida, M. Nagao, S. Yamamoto, Y. Kakefuda, K. Mukai and J. Yoshinobu
ISSP, University of Tokyo

Surface atoms on Si(100) are reconstructed to form a (2x1) dimer row structure [1]. Many
experimental [2-5] and theoretical [6 -8] studies have supported the buckled (asymmetric)
dimer with c(4%2) phase as a ground state, although some quantum chemical studies includ-
ing electron correlation have supported a symmetric dimer as the most stable state [9-11]. Re-
cently, several low temperature STM studies have reported symmetric dimer images [12-15].
With decreasing the temperature from 80 K to 20 K, the area of apparent symmetric dimer in-
creases [15]. The origin of symmetricimages is a controversial issue (dynamic [12-14] or stat-

ic[15]). Inthis study, using high resolution Si 2p photoelectron spectroscopy [16], we have in-



vestigated the electronic states of Si(100) at 140 K, 100 K and 55 K (Fig.1). By careful analysis
of surface core level shift in the spectra [16,17], the number of asymmetric dimer atoms does
not change in this temperature range. Thus, we conclude that the dimer on Si(100) is asym-
metric down to 55 K, and the origin of symmetric images in STM may be due to dynamic or ex-

trinsic or extrinsic effects.

_ 140K 100 K 55 K
Figure 1. %
Si 2p PES spectra _; &
(hv=129eV ,normal & Sd Sd s (|},Sd
e Z S u
emission) 3 o / 4
o X A R , X
: N N Y N2 VAN
1 0 -1 1 0 -1 1 0 -1
Relative Binding Energy (eV) Relative Binding Energy (eV) Relative Binding Energy (eV)
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Extrinsic structure changes by STM at 65K on Si(001)

T. Mitsui, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
K. Takayanagi, Tokyo Institute of Technology, Yokohama 277, Japan

Scanning tunneling microscopy (STM) has played an important role in obtaining detailed
information about the Si(001) surface on an atomic scale [1]. Si(001) surface shows the sur-
face reconstruction by formation of dimers, their row arrangement, and buckling because of
Peierls distortion [2]. STM images of dimers at room temperature appear usually as sym-
metric patterns because of rapid thermal flip-flop motion of the buckled dimers. Asymmetric
dimers forming the C(4 X2) phase were imaged by lowering the surface temperature to 120 K
[3,4]. This result agreed with previous LEED measurements [5].

However, recent STM images of Si(001) surfaces below 120 K have presented novel results in-
cluding symmetric dimer appearances [6-8]. Thus, naturally the question arises which phase
on Si1(001) would be most stable below 120 K. However, to fully understand this issue it might
be necessary to include the possibility of extrinsic effects, i. e. tip-surface interactions on the
Si(001) surface by the STM observations themselves.

In this work, we present the observation of tip-to-surface interactions in STM images of
Si(001) surfaces at 65 K and the flip-flop motion of asymmetric Si dimers induced by the STM
tip as shown in Fig. 1. Finally, the origin of the phase changes and the flip-flop motion will be

discussed.

Sample negative bias

10000 ¢
N 1000 i
= 100 |
Figure 1. The rate of the dimer motions as 2 F 8 Flop:dowm
. . = 10k X Flip up
a function of currents for sample negative 1 sl i
bias. The filp-up rates saturate near 1 nA. 0.01 0.1 1 10

tunneling current (nA)
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Surface phonon spectra of Si(001) at room temperature*

N. Takagi
The Graduate University for Advanced Studies

We have investigated the surface phonons of the Si(001)(2x1) surface by the use of
high-resolution electron energy loss spectroscopy (HREELS) with an energy resolution of 1.3-3
meV. Losses are observed at 12, 20, 30, 33, 49, 59, 64 meV . for the I" point in the surface Bril-
louin zone as shown in Fig. 1. These are related with the surface asymmetric dimer motions.
In particular, the 20 meV loss is attributed to the dimer -rocking mode associated with the
dimer buckling. The 64 meV loss is ascribed to the stretching mode of the dimer bond. The
Rayleigh phonons are observed at 8 and 13 meV for the J and J'points, respectively, which are
nearly resonant to the projected density of states of bulk phonons. The experimental results are

in reasonable agreement with the lattice dynamical calculations[1,2].

‘{I TT VT T T T
| Si(001)(2x1)
% E =6.24eV

Fig.1.
EELS spetra in the specular mode(the I' point) of the
Si(001)(2% 1) surface at room temperature. Ep=6.24eV.

normalized intensity (arb.units)

energy (meV)

*N. Takagi, S. Shimonaka, T. Aruga and M. Nishijima, Phys. Rev. B60, 10919(1999).
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STM investigation of the Si(001) surface at 5 K

Takashi Yokoyama National Institute for Materials Science

Kunio Takayanagi Tokyo Institute of Technology

The atomic nature of the Si(001) surface is one of the most intensively discussed issues in
semiconductor surface physics. From enormous theoretical and experimental studies, it is
generally accepted that the basic reconstruction mechanism for the Si(001) surface consists in
the formation of bucked dimers, and the 2x1 structure observed at room temperature results
from thermally activated flip-flop motion of the buckled dimers between their two possible ori-
entations. At low temperature below about 200 K, the dynamical flipping motion of the buckled
dimers has been observed to be mostly frozen, and thus the 2x1 structure is transformed to a
c(4%2) structure, which is associated with an antiphase ordering of the buckled dimers.

Recent advances in STM have made it possible to study real-space evolution during the phase
transition of the Si(001) surface with atomic resolution[1]. On the surfaces with low-defect
density(<0.5%), we have observed the local influence of the A-type defect and the SA step on the
buckling using low-temperature STM and theoretical calculations. These results in a tempera-
ture range from 63 K to 300 K were in good agreement with other results [2]. However, we ob-
served that the ordered c(4x2) structure was disappeared by cooling-down to 5K. Most of
dimers appear to be symmetric, and the buckling of dimers restricted at the upper edge of the
SA steps and near kinks [3]. Similar symmetric appearance of dimers was observed by Kondo
et al. at 20 K[4], although Shigekawa et al. observed coexistence of the c¢(4x2) and p(2x2)
structures and their continuous fluctuations at 6K[5]. Based on the temperature independence
of the tunneling spectra, we concluded that the symmetric dimer image at 5K was associated
with the dynamical flip-flop motion of the buckled dimers, whereas a structural change from

buckled to symmetric dimers was proposed by Kondo et al.
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What governs the Si(100) low temperature phase ?

S. Yoshida, O. Takeuchi, K. Hata and H. Shigekawa*
Institute of applied physics, CREST, University of Tsukuba,
Tsukuba, [baraki 305 - 8573, Japan

Through the recent intensive study on the low temperature phase of Si(100) by Scanning
Tunneling Microscopy (STM) and Non-Contact Atomic Force Microscopy, symmetric dimer,
c(4% 2)/p(2x2) mixing, and c(4x2) phases have been confirmed to exist below 30K, giving rise
to the controversy on the ground state of Si(100).

In addition to the structures above, we recently succeeded in observing a single p(2 X 2) phase
by STM at 10K for the first time(Fig.1), and have studied the conditions for the appearance of
these all phases. For example, although c¢(4%2) phase easily appears in the case of p-type
si(100), particular sample conditions are necessary for the observation of the p(2x2) single
phase, ; (1) n-type, (2) high doped, and (3) very low defect density.

For the n-type Si(100) surface, we directly observed the existence of the phase transition be-
tween p(2x2) phase(lower temperature side) and c(4x2) phase(higher temperature side)
around 40 to 50K (Fig.2).

These obtained results suggest the great importance of the dopant and defect influences
on the Si(100) surface phase transitions. Tip induced effect will also be discussed.

(*http://dora.ims.tsukuba.ac.jp/,hidemi@ims.tsukuba.ac.jp)
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STM -induced dimer rocking on Si(001) surfaces.

José A. Torres,
Joint Research Center for Atom Technology-ATP, AIST T sukuba Central 4, National
Institute of Advanced Industrial Science and Technology, 1-1 -1 Higashi, Tsukuba,
Ibaraki 305 - 0046, Japan

The Si(100) surface is probably one of the most studied because of its technological impor-
tance as well as its fundamental interest as a surface of a typical covalent material. On the sci-
entific side, it has been a source of controversy up to the date, in particular, the ground state of
the reconstructed surface is still object of debate. It is well known that the freshly-cut surface
reconstructs into dimer-rows consequence of first-neighbors dangling-bond pairing. From di-
verse theoretical analysis, the dimers could symmetric or buckled within the rows, up to the
date there is no clear agreement on what is the structure of the ground state and how it changes
with temperature (T). In 1992, Scanning Tunneling Microscopy (STM) measurements by
Wolkow [1] seemed to clarify the situation: on cooling to 120K the number of buckled dimers
increases, whereas at room T dimers rapidly switch orientation leading to an averaged sym-
metric appearance in the STM images. This suggests a physical picture in where the ground
state is formed by buckled dimers, from there, thermal excitation induces rapid-switch be-
tween the two stable angles, the so called vibrational rocking mode, explaining this way the ap-
parently symmetric dimers at higher T as a time -averaged image of an oscillating object. This
interpretation has been further supported by other observations, at relatively high T =100K.
However, recent STM experiments at very low T have presented surprising results: an upsurge
of the symmetric phase seems to take place for the very low T regime. Hata et. al. reported on
STM measurements where, at 80K and for positive bias, dimers appear different in the images
taken at low and high biases; the effect is explained in terms of the contribution from surface
resonances and bulk states which overwhelm the current from the localized 7 states [2].
Yokoyama and Takayanagi have reported on dynamical flipping of buckled dimers at 5 K, in
their images, although most of the dimers are well buckled at 63 K, they appear to be sym-
metric at 5K which is attributed to the rapid flip-flop motion of the buckled dimers [3]. Appar-
ently contradictory results were obtained by Kondo et. al.; at 20 K symmetric dimers are ob-
served apparently static whereas at 110 K some dynamics can be inferred fom their STM im-
ages, it is argued that the dimer should be symmetric in nature [4]. Finally, very recent ex-
perimental results obtained by E. Foley et. al., show a bias dependent transition form sym-
metric to asymetric in th lowest T regime, 8K. The bias dependent imaging reveals markedly
different surface structures where individual dimers are better resolved at higher current. The
phase of asymmetric structure is observed to change with tunneling current and even from
scan to scan without changing parameters, associated to these dynamical changes typical STM
flickering noise can be observed [5]. The latter results might reconciliate previous controversy

to some extent since observe both symmetric and asymmetric phases at very low T. As well,
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they suggest an alternative physical scenario as we will discuss in the following.

We start with the observation that the asymmetric images in Ref. [5], change phase sponta-
neously from scan to scan, these changes of phase are normally associated to some flickering
noise attributed to dynamical processes at the atomic level on the surface. Therefore flip-flop
events take place even when the image being observed is asymmetric, surely the same flip-flop
events are taking place also when the image being observed is symmetric surely the same flip -
flop events are taking place also when the image being observed is symmetric. In fact, we know
from the high T regime that the observation of symmetric dimers can be precisely consequence
of time-averaged flip-flop motion. It is almost unavoidable to conclude a cause-effect relation
between the flip-flop motion and the symmetric observations as well at this low T regime: the
observed symmetric phase is also a time-average at low T. From here, it is direct to reach the
following conclusion: increasing the positive bias induces rapid flip -flop motion inthe dimers
which is seen time -averaged as symmetric, however, the stand-alone ground state is asym-
metric which can be observed for the lower bias. Thus, the arising physical picture is the fol-
lowing: In the STM imaging of the dimers at low T conditions, a dynamical equilibrium sit-
uation takes place: a constant flux of energy is inputed to the dimer under the STM tip, this en-
ergy is released to the rest of the system mainly by phonon excitation. If the locally inputed
power is comparable to the dissipated one a local accumulation of energy might be expected
which eventually might excite the dimer vibration by local heating. The theoretical studies we
present in this work have as main goal to estimate the energy release from a dimer to the rest
of the system, and its dependence on T.

In the MD classical simulations a finite ammount of energy is inputed to a given dimer at
time zero, then we observe for how long it remains localized. The interaction potentials taken
have been those by Tersoff in Ref.[6]. The starting point is a relaxed-cluster consisting of 640
atoms as depicted in Fig. 1. With these starting positions, two sets of simulations have been
done: with and without local energy input: In the first set of simulations the system is left to
evolve at constant energy with no further modifications: the oscillations observed in the con-
stant energy evolution are tiny. In the second, a given amount of energy is introduced locally to
one of the central dimers in the surface. In order to monitor how this energy is spread we have
measured the kinetic energy as a function of time for every atom in the cluster, The kinetic en-
ergy of given atoms as a function of time is what can be seen in the various panels in Fig. 2. In

the upper panel the plot corresponds to one of the atoms of the affected dimer;
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Figure 1: Si-H cluster after relaxation with semiempirical potentials. The two bottom atomic layers were
kept fixed. This is the starting point for subsequent simulations where some energy is inputed on the sur-
face dimer marked with double line here. Coordinate axis are taken as follows: Z is perpendicular to the
surface, and Y is parallel to the dimmer rows.

R 1Uf‘\wvww/\ﬂﬁ¢\¢w\ﬁ\;\ﬁa«
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0 200 400 600 800 1000
time (fs)

Figure 2: Kinetic energy versus time for different atoms after a localized energy impulse is given to a sur-
face -dimer. Upper panel corresponds to a dimer atom, subsequent panels correspond to the next neigh-
bours further away from the dimer in the Z direction (perpendicular to surface direction). The thin line

is for a simulation with no initial impulse.

Subsequent lower panels correspond to the first, second, third ... etc, neighbors along Z. The
excess temperature is strongly localized at the surface dimer -atoms and their next first neigh-
bours. This is maintained at least for 900 fs. This involves an estimated power dissipation rate
of ca.0.58 10~ 7"eV/fs. This value is of the same order than the power inputed locally by the STM
tip for typical scanning parameters.

The ab-tnitio MD simulations were done by solving the standard Khon -Sham equations for
the non- polarized electronic density within DF'T-GGA, single-{ local basis was used for the de-
scription of the valence charge, being the core electrons replaced by norm- conserving pseu-
dopotentials. Our analysis for different model- clusters containing from 1 to 4 dimers yields a
barrier of about 0.2 eV for buckling, and an associated T, of ca. 160K. Several simulations

were done on these clusters in which different values
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Figure 3: Z vs. time for the atoms in the four dimers that belong to the cluster. Wi, was 0.3 meV/fs and
it took about 2.5 ps to get the first induced buckling in the left most atom which is the one receiving the en-

ergy.

of local a local input power W;, is inputed to a given dimer. This eventually induces a buckling
as can be seen in Fig. 3, for the case of four dimers cluster. From the obtained times the es-
timation for the real values of W;,, yields threshold times lower than one microsecond at T=0,
for the starting of the rocking vibration. However, by increasing the temperature the effect is
suppressed due to the enhancement of local energy dissipation associated to increase of phonon
population as can be seen in the classical MD simulation(not shown).

Since the estimated threshold time is several orders of magnitude lower than typical STM
scanning times, it can be concluded that the local heating done by the STM tip can directly in-
duce the rocking vibration when T is sufficiently low, this is due to the lack of mechanisms for
the fast dissipation of the energy accumulated. Therefore, the theoretical analysis done strong-

ly supports the scenario derived from the very recent experimental results on Si(100) [5].
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