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At ~ 6K, dimers on Si(100) surface are buckled, and structural change occurs between c(4x2) and p(2x2) arrange-
ments due to dimer flip-flop motion at phase boundaries on dimer rows. The phase defect appearing at boundaries has
a structure similar to that of the type-C defect, two adjacent dimers are buckled in the same orientation. In consider-
ation of the dimer arrangement around the phase boundary, there exist structures with two different conformations for
the phase defect, however, according to the Ising spin model, both of which have the same energy higher compared to

other buckled dimers with 2x anticorrelation along a dimer row. Therefore, dimer flip-flop motion at a phase boundary
results in the migration of a solitary phase defect with higher energy, as a phason.

KEYWORDS: STM, Si(100), dimer, c(4x2), p(2x2), defect, phason.

1. Introduction

It has widely been accepted that pairs of top-layer
atoms form buckled dimers on the Si(100) surface". Re-
cently, an atomically resolved structural change between
c(4x2) and p(2x2) arrangements of the Si(100) surface was
observed at ~ 6K by scanning tunneling microscopy
(STM)*. The observed change was due to the migration
of phase defects of a new type on dimer rows, type-P de-
fect, which have a structure similar to that of the type-C
defect. Since a type-P defect consists of two adjacent
dimers which are buckled in the same orientation, it works
as a phase shifter. Therefore, dimer flip-flop motion at a
phase boundary results in the migration of a solitary phase
defect, like a phason. In this paper, we discuss the struc-
ture of the phase defect using the Ising spin model.*

2. Experimental

Experiments were performed using a low-tempera-
ture STM that allowed observation with atomic resolu-
tion at ~ 6K in ultrahigh vacuum (5x10-9Pa). A phos-
phorus-doped (0.005 2 - c¢cm) Si(100) sample surface was
used.

3. Results and discussion

Figure 1 shows an STM image acquired continu-
ously at ~ 6K. The surface was scanned in the constant
current mode. The sample voltage Vs and tunneling cur-
rent It were set at +1.5V and 1.5nA, respectively. Each
area in the images shows the change during scans of about
four minutes. Areas with c(4x2) or p(2x2) arrangements
coexist. At the phase boundaries on dimer rows, there exist
some type-P defects as indicated by arrows in Fig. 1. In
comparison of the two images, it is clear that the phase
defects have moved during the scans,

First, lets us see what kind of structural changes
on the surface can be caused by the movement of a phase
defect. Figure 2 shows three types of structural changes,
(1) left side; c(4x2)— p(2x2), (2) central; at the dimer
row on a domain boundary between ¢(4x2) and p(2x2)

67

Fig. 1. STM images of Si(100) surface obtained continu-
ously at ~ 6K (Vs=1.5V, Is=1.5nA). Each area in the
images shows the change durig scans of about four min-
utes. Two phases of c(4x2) and p(2x2) arrangements co-
exist. A and B indicate phase defects with two different
conformations.
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Fig. 2. (a) schematics of the boundary between ¢(4x2) and
p(2x2) arrangements. (b) structural change caused by the
introduction of a phase defect in each area in (a).

arrangement, and (3) right side; p(2x2)— c(4x2). Only
the upper Si atoms of the buckled dimers are illustrated
using circles. Lines between the circles are drawn in or-
der to compare the phase shift. Phase defects are indicated
by solid circles, and p(2x2) arrangement arears are dot-
ted. Considering the conformations around the phase de-
fects, they are classified into two categories; (A) phase
defect in c(4x2) or p(2x2) arrangement ({1) and (3)), and
(B) phase defect on a boundary ((2)). In the former, move-
ment of a phase defect results in a structural change be-
tween c(4x2) and p(2x2) arrangements. On the other hand,
in the latter case, the ratio between the amounts of the two
arrangement areas does not change even if the phase de-
fect migrates along the dimer row. These phase defects
with the two different conformations were observed on
the surface as indicated by A and B in Fig. 1. Figure 3
shows the magnified STM images of the two structures.
In order to consider the structures in Fig. 3, sur-
face dimer structures are drawn by the schematics of the
Ising spin model in Fig. 4: (a) c(4x2), (b) p(2x2), (¢) a
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Fig.3. Magnified STM images of the two phase defects,
structures of which correspond to those indicated by A
and B in Fig. 1.
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Fig. 4 Schematics of dimer structures: (a) c(4x2), (b)
p(2x2), (¢) a single type-P defect in c(4x2)/p(2x2), (d) a
single type-P defect on a dimer row at the boundary be-
tween areas with c(4x2) and p(2x2) arrangements, (e) cou-
pling constants for the Ising model. Areas with the p(2x2)
arrangement are colored gray. Type-P defects and similar
units in the c(4x2)/p(2x2) structures are indicated by rect-
angles for comparison.

single type-P defect in ¢(4x2) or p(2x2) arrangement, (d)
a single type-P defect on a dimer row at the boundary
between areas with c¢(4x2) and p(2x2) arrangements, (e)
coupling constants for the Ising model. Areas with the
p(2x2) arrangement are dotted. Type-P defects and simi-
lar units in the ¢(4x2)/p(2x2) structures are indicated by
rectangles for comparison. In the Ising spin model, it is
assumed that the two degrees of freedom of an Ising spin
correspond (o the two possible orientations of an asym-
metric Si-Si dimer. Absolute values of the coupling con-
stants between Ising spins determined by Nakayama et al.
shown in (e) are V=51.9 meV, H=6.6 meV, D=3.6 meV
and G=40meV™,

Interaction energies of the two dimer units in the
c(4x2) and p(2x2) area (Figs. 4(a) and (b)) are -3V+4H-
8D and -3V-4H+8D, respectively. Although the confor-
mations of the phase defect units in Figs. 4(c) and 4(d)
look different from each other, they have the same inter-
action energy of -2V+G. When the values indicated above
are substituted, the energy in the solitary area becomes 90
~ 95meV higher compared to the other buckled dimers
with 2x anticorrelation along the dimer rows. The observed
migration of type-P defects corresponds to the fluctuation
of isolated higher-energy phase defect regions. Since the
phase defects seem to move around easily even at —~6K”,
energy barrier height for the dimer flip-flop motion must
not be so high as previously predicted®.

At room temperature, symmetric dimers are con-
sidered to consist of buckled dimers which flip-flop
quickly. Taking into account the results of photoemission
spectroscopy and LEED measurements, they mostly keep
the anticorrelation along dimer rows even at room tem-
perature™. In any case, c(4x2) and p(2x2) arrangements
coexist at higher temperature region. On the other hand,
as Wolkow et al. showed, c(4x2) arrangement is mostly
formed on the surface around 100K™?. However, p(2x2)
arrangement area appears again at — 6K . Therefore,
when the temperature is decreased, the observed phase
transition is (1) c(4x2) + p(2x2) — (2) c(4x2) — (3) c(4x2)
+ p(2x2). This surface structural change on the surface
suggests a possibility that the coupling constants between
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dimers are temperature dependent. Since the interaction
energies of a dimer in c(4x2) and p(2x2) arrangements
are -2V+2H-4D, and -2V-2H+4D, respectively, change
in the ratio of H/D is most effective. If the interaction be-
tween the dimers depends on temperature, dynamics of
the phase defect may change, however, essential idea about
the structure of the phase defect formed on a dimer row is
expected to remain. In any case, the energy difference be-
tween c(4x2) and p(2x2) arrangements is very small'®,
theoretical calculation including temperature dependence
is necessary to understand the surface structures. In a dras-
tic case, energy balance between c(4x2) and p(2x2) ar-
rangements may change.

Detailed analysis about the dynamics of the phase
defect and related structural changes on the surface is in
progress, which will be published elsewhere.

4. Conclusion

At ~ 6K, dimer flip-flop motion at phase bound-
aries on dimer rows was observed directly. The phase de-
fect formed at boundaries has a structure similar to that of
the type-C defect. Two type structures with two different
conformations for the phase defect exist. However, ac-
cording to the Ising spin model, both of them have the
same energy higher compared to other buckled dimers with
2x anticorrelation along a dimer row. Therefore, dimer
flip-flop motion at a phase boundary results in the migra-
tion of a solitary phase defect with higher energy like a
phason.
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