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Dynamics of Phasons; Phase Defects Formed on Dimer Rows, and Related Structural
Changes of the Si(100) Surface at 80 K Studied by Scanning Tunneling Microscopy
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Type-P defects, which are mobile phase defects on dimer rows with a structure similar to that of the type-C
defect, were observed on Si(100) surface at 80K, however, the observed surface structure was mainly c(4 x 2),
contrary to the previous results obtained at 6 K. Complete p(2 X 2) arrangement was unstable, and type-P defects
tended to form pairs with other type-P defects on neighboring dimer rows, resulting in a reduction of the area
with complete p(2 x 2) arrangement. This is the first observation of the interacting phasons; type-P defects formed
on Si(100) surface. The observed results were analyzed with the Ising model, and domain boundaries between
¢(4 x 2) and p(2 x 2) arrangements were found to play an important role in the dynamics of type-P defects at

80 K.
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On many semiconductor (100) surfaces, pairs of top-
layer atoms form dimers. Since these dimers comprise
the basic reconstruction features of the (100) surfaces,
and induce various interesting phenomena, the character-
istics of dimer dynamics have been studied intensively. In
the case of Si(100) surfaces, as Hamers et al. showed us-
ing scanning tunneling microscopy (STM),” dimers give
rise to the observed (2 X 1) structure, and the asym-
metric ¢(4 X 2) arrangement of buckled dimers has been
accepted as the most stable phase.>® However, details
of the dynamics of dimer flip-flop motion and the interac-
tion between buckled dimers have not yet been clarified
and have attracted attention recently.”®

Recently, changes in the buckled dimers and related
structural changes on Si(100) surfaces were directly ob-
served by STM at 6K.'Y At 6K, apparently symmet-
ric dimers on a Si(100) surface, previously observed at
120-140 K, were almost frozen, and atomically resolved
structural changes between the ¢(4 x 2) and p(2 x 2) ar-
rangements of the Si(100) surface were observed. The
observed changes were due to the fluctuation of a new
type of phase defect, the type-P defect, on dimer rows.
Since the type-P defect has a structure similar to that of
the type-C defect, and acts as a phase shifter, migration
of a type-P defect as a phason caused by the dimer flip-
flop motion at the phase boundaries on dimer rows in-
duces the apparent phase transition between the c(4 x 2)
and p(2 X 2) arrangements. Also, at 6K, a type-P defect
on a dimer row seems to move almost independently of
the arrangement of the dimer row with respect to the
two adjacent dimer rows, which results in the formation
of the observed p(2 x 2) arrangement in a large area.

In order to clarify the characteristics of the dimer flip-
flop motion and the stability of the ¢(4 X 2) structure
on a Si(100) surface, it is necessary to analyze the dimer
features on an atomic scale at temperatures between 6 K
and 120K. In this work, we present the results of STM
observation of the dynamics of dimer flip-flop motion on
a Si(100) surface at 80 K.

A boron-doped (~0.01€2 - cm) Si(100) surface was
heated to ~1200°C after prebaking for one day, and
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cooled to ~80K. The base pressure was 1.0 X 107° Pa,
and the pressure during heat treatment was kept below
5x 10~% Pa.

Figure 1 shows STM images taken during continuous
scans at ~80K. The surface was scanned in the con-
stant current mode from left to right and top to bottom.
Corresponding areas in the two images show the change
taking place during a scan of about one minute. The
sample voltage V, and tunneling current It were set at
V.= -2V and I, = 0.2nA. As shown in the figure, most
of the observed surface was in the c(4 x 2) arrangement,
and apparently symmetric dimers are formed at some
boundaries between two mismatched phases. These phe-
nomena are similar to those observed in previous STM
experiments carried out at 120-140 K.* % ® However, the
surface was found to be more dynamic; changes in the
buckling direction at phase boundaries on dimer rows
induced fluctuation of the phase boundaries, i.e., type-P
defects. Interaction between type-P defects on adjacent
dimer rows was observed for the first time.

As indicated by the circles in Fig. 1(a), some phase
defects were observed, which consisted of two defects
similar to type-C defects, on adjacent dimer rows. They
moved during one scan from P, and P, in Fig. 1(a) to P
and P, in Fig. 1(b). Therefore, the defects resembling
a pair of type-C defects observed here are ‘also phase
boundaries formed by two type-P defects. The observed
results indicate that there is some interaction between
type-P defects.

Figure 2 shows magnifications of the images in Fig. 1.
A single and a pair of type-P defects which moved during
the scan are represented by red dots, while, those which
remained in the same positions are represented by yellow
dots. Some of the latter may be type-C defects. As seen
in Fig. 2, type-P defects interact with each other; pairing
and decoupling, and creation and annihilation of type-P
defects were observed.

For example, the two type-P defects P, and P, in
Fig. 2(a) formed the pair P, during the scan. Magni-
fications of the areas shown in Figs. 2(a) and 2(b) are
shown in Figs. 2(c) and 2(d), respectively; dimer arrange-
ments around the type-P defects are indicated by dots.
The buckling angle of dimers changes when a type-P de-
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Fig. 1. STM images of Si(100) surface obtained during continu-
ous scanning at ~80K (Vz; = —2V, I; = 1.5nA).

fect moves. Therefore, by comparing the dimer arrange-
ments in Figs. 2(c) and 2(d), it is clear that P, moved
towards the left by two dimer units and coupled with
P, to form the pair P,: two dimers changed their buck-
ling angles. The pair of type-P defects was stable and
fluctuated along dimer rows as a single unit, as shown
in Fig. 1. However, when type-P defect pairs encounter
other type-P defects, they may recombine. One example
is indicated by the blue arrows in Fig. 2; the two pairs
of type-P defects in Fig. 2(a) interact with each other,
resulting in the formation of two single and one pair of
type-P defects, as shown in Fig. 2(b).

In spite of the dynamic changes in the dimers on an
atomic scale, the surface appears to be stable due to the
fact that the c(4 x 2) arrangement remained on the sur-
face, and complete p(2 x 2) domains were not formed
at 80 K. Apparently symmetric dimer domains, similar
to those observed by Wolkow et -al. at higher tempera-
tures,>®) were observed as shown in Fig. 1. However,
these fluctuated back to form the c(4 X 2) arrangement
at 80K. An example is shown in Fig. 1, as indicated by
S (Fig. 1(a)) to S’ (Fig. 1(b)). No large p(2 x 2) domain
was formed, even in such fluctuation, which confirms the
fact that the p(2 x 2) arrangement is unstable at 80 K.

We consider the dynamics of the type-P defects and
the stability of the c(4 x 2) structure using the Ising
model.'® Figure 3 shows schematic diagrams of the ar-

rangement of asymmetric dimers represented by Ising.

spins. In general, the tilt angle of the buckled dimers
is assumed to take only two values, 6, and —6;. There-
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Fig. 2. (a), (b): Magnified images of the areas shown in Figs. 1(a)
and 1(b). One single and a pair of type-P defects, which change
position, are represented by red dots. Those which remained
in the same positions are represented by yellow dots. (c) (d)
Magnifications of (a) and (b) around Pi, P and P,. The white
bars indicate apparently symmetric dimers.

(a — — —— (d) )
-— - e .
—— - — ‘e 4 e
== < =
- = = )
g iiouem i -— e e
(b) — - > - (e) e
-—— i -—— — s —- -
> —— —— ——
—>- -
1;—- - -
=,
—— ——
T
-
. -— T
—_— — —
|
G: H

-— - -——
v D

—_— =

Fig. 3. Schematics of ¢(4 x 2) dimer structures including type-P
defects: (a) a single type-P defect, (b) a pair of type-P defects,
(c) two single type-P defects, (d) a pair of type-P defects in
which four dimers are buckled in the same direction, (e) a single
type-P defect at the boundary between areas with c(4 x 2) and
p(2 % 2) structures. (f) The coupling constants defined in terms
of V, G, H, and D.
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fore, thermal motion of the dimers induces flip-flop mo-
tion between the two angles. The absolute values of the
coupling constants (Fig. 3(f)) determined by Inoue et al.
are V = 51.9meV, H = 6.6meV, and D = 3.6meV.
When a type-P defect exists, a structure with parallel
spin is introduced. In this case the coupling constant V'
is modified and becomes G, about 40 meV.

Figures 3(a) to 3(e) show schematics of dimer struc-
tures including type-P defects: (a) a single type-P defect,
(b) a pair of type-P defects formed by two type-P defects
on adjacent dimer rows, (c) two single type-P defects on
adjacent dimer rows, (d) another type of a pair of type-
P defects in which four dimers are buckled in the same
direction, (e) a single type-P defect on a dimer row at
the boundary between areas with ¢(4 x 2) and p(2 x 2)
arrangements. Type-P defect units and areas with the
p(2 x 2) arrangement, are indicated by red and gray rect-
angles in Fig. 3. Since two dimers have the same buckling
angle in a type-P defect, the interaction energy Ei,. of
a type-P defect is —2V + @G, i.e., the observed fluctua-
tion of type-P defects corresponds to the fluctuation of
isolated high-energy phase defect regions.

Since the p(2 x 2) structure has a higher energy than
that of the c(4 X 2) structure, a type-P defect is expected
to move in order to reduce the size of a domain with
p(2 x 2) arrangement shown in Fig. 3(b). Considering
the properties of a type-P defect, the upper and lower
dimers in a type-P defect unit shown in Fig. 3(a) have
c(4 x 2) and p(2 X 2) arrangements with respect to the
two adjacent dimer rows, and have interaction energies,
FEine, of =V 4+ G+ 2H — 4D and -V + G — 2H + 4D,
respectively. Therefore, the lower dimer in the p(2 x 2)
arrangement is less stable and tends to cause flip-flop
motion, which also results in movement of the type-P
.defect towards the p(2 x 2) area and a reduction in the
area with p(2 x 2) arrangement.

On the other hand, when two type-P defects form a
pair as shown in Fig. 3(b), a dimer row which has com-
plete p(2 X 2) arrangement with respect to its two adja-
cent dimer rows disappears, and four dimer rows become
boundaries between areas with ¢(4 x 2) and p(2 x 2) ar-
rangement, as shown in Fig. 3(b). A type-P defect pair
has an interaction energy Fi,, of —4V +2G + 2H — ZD,
which is higher than that of two isolated type-P defects
by 2H — 2D. However, dimers on the phase bound-
aries have an interaction energy FEi, of —2V. The
relationships between this and interaction energies of
other dimers in c(4 x 2) and p(2 X 2) structures are
—2V+2H—4D(in ¢(4x2)) <—2V(at boundary) <—2V—
2H + 4D(in p(2 x 2)). Therefore, considering the long-
range interaction, it is reasonable for two type-P defects
on neighboring rows to interact to form a pair in order
to reduce the area with complete p(2 x 2) arrangement
(Fig. 3(c)—3(b)). _

There exist another type of a pair of type-P defects as
shown in Fig. 3(d), in which four dimers of the two type-
P defects are buckled in the same direction. In this case,
the interaction energy of the unit is low as —4V +2G —
2H + 2D, however, a dimer row with complete p(2 x 2)
arrangement is formed as shown in Fig. 3(d). Therefore,
considering the long range interaction, this type would
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not be formed. In fact, this structure was not observed
at 80K.

Since Ei; of a dimer at a boundary between the c(4x2)
and p(2 x 2) arrangements is still higher than that of
the ¢(4 X 2) structure, a pair of type-P defects is ex-
pected to move in order to reduce the area of the bound-
ary. However, some type-P defect pairs were observed
to move in the opposite direction; i.e., towards the up-
per side in Fig. 3(b), in a similar way to P; and P, in
Fig. 1. The interaction energies of the upper and lower
dimers in the type-P defect unit shown in Fig. 3(b), are
-V + G+ 2H — 2D and —V 4+ G + 2D, respectively.
The difference between them is very slight, but the lower
dimer is still less stable than the upper one, which also
results in movement of type-P defect pairs towards the
lower side in Fig. 3(b), similarly as expected from the
energy of long-range ordering. Therefore, the observed
movements may indicate that a dimer row with complete

p(2 X 2) arrangement, as shown in Fig. 3(a), is very un-

stable, whereas a dimer row on a boundary between the
c(4x2) and p(2x 2) arrangements, as shown in Fig. 3(b),
is stable at 80K. This result agrees well with the pre-
vious observations that a complete p(2 x 2) domain in-
duced by a type-C defect was very unstable and led to
the formation of apparently symmetric dimers, whereas
a stable p(2 x 2) structure was formed at the boundaries
of ¢(4 x 2) domains.** %

Even if type-P defects on dimer rows at the bound-
aries between areas with c(4 X 2). and p(2 x 2) structures
(Fig. 3(e)) move along dimer rows, the total area with
p(2 x 2) arrangement, indicated by rectangles with dots
in Fig. 3(e), does not change. In addition, both the upper
and lower dimers in the unit in Fig. 3(d) have an interac-
tion energy Ei,, of —V+G. Therefore, a type-P defect on
a boundary can move in both directions with the same
probability. Once a type-P defect is introduced, for ex-
ample from a step edge, it can fluctuate on the surface
and form another boundary, as shown in Fig. 3(e). This
may be the mechanism for the introduction of type-P
defects to the surface.

Figures 4(a) and 4(b) show magnifications of the ar-
eas indicated by two ¥/ in Figs. 2(a) and 2(b), and their
schematic structures are drawn in Figs. 4(c) and 4(d),
respectively. Gray rectangles in Figs. 4(c) and 4(d) indi-
cate the areas with dimers ordered in p(2 x 2) arrange-
ment. The p(2 X 2) domains change their positions with
fluctuation of the type-P defects at their domain bound-
aries, however, total area seems to change little as ex-
pected.

Let us see an example of the observed surface changes
more in detail. As is shown in Fig. 4(a), there exists a
type-C’ defect as indicated by C’; three adjacent dimers
are buckled in the same  direction.'® However, during
the scan of one minute, the type-C’ defect was dissoci-
ated into the structure consisting of two type-P defects,
one of which moved towards left, and the other remained
at the same position as indicated by an arrow and C in
Fig. 4(d). Therefore, a type-C’ defect is considered to be
a compound defect which is formed by a type-C and a
type-P defects. Anyway, if only the type-P defect have
moved towards left, eight dimers which changed their
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Fig. 4. Magnifications ((a), (b)) and schematics ((c), (d)) of the areas indicated by two v in Figs. 2(a) and 2(b),
respectively. Only the upper Si atoms of the buckled dimers are illustrated using circles. Lines between the circles
are drawn in order to compare the phase shift, and areas with p(2 x 2) arrangement are indicated by gray rectangles.
Arrows in (b) indicate how type-P defects have moved from (a). Positions of type-P defects in (a) is overlapped in

(b) with dashed rectangles.

buckling angles would have formed p(2 x 2) arrangement
with the upper adjacent dimer row. In the case, the
adjacent dimer row had formed complete p(2 x 2) ar-
rangement with respect to its two adjacent dimer rows.
However, since a dimer row with complete p(2 x 2) ar-
rangement is very unstable as described above, it is not
expected. In fact, complete p(2 X 2) arrangement is not
formed there as shown in Fig. 4(d). With comparison of
the structures in Figs. 4(c) and 4(d), it is clear that a
pair of type-P defects was created during the scan of one
minute on the adjacent dimer row as indicated by arrow
P in Fig. 4(d). One of the type-P defect of the created
pair moved towards left and formed a new pair with the
type-P defect which moved from C, resulting in the re-
duction of the area with complete p(2 x 2) arrangement
as expected. Total surface structural change can be un-
derstood with similar analysis for the all type-P defects
on the surface. Formation of atom pairs during homoepi-
taxial growth of Si at 160 K observed by Wolkow may be
related to the similar mechanism explained here.!®

In conclusion, at 80K, contrary to the phenomena
previously obtained at 6K, the p(2 x 2) arrangement is
unstable, and two type-P defects on neighboring dimer
rows interact to form a pair, thus reducing the area with
p(2x 2) arrangement. Since the temperature dependence
of the observed phenomena is remarkable, the strength
of the interaction between dimers may depend on the
temperature more strongly than expected; for example,
changes in the buckling angle and the charge density of
the dimers may influence the coupling constants. Theo-
retical energy difference of ~1meV between the c(4 x 2)
and p(2 x 2) structures was obtained assuming zero tem-
perature,® which may need to be compared with the
previously observed phenomena at 6 K.'") If the sign of
the (2H-4D) changes from minus to plus at low temper-
ature, the most stable structure changes from c(4 x 2) to

p(2 x 2) arrangement. Anyway, in order to understand
the mechanism of dimer flip-lop motion and the stability
of the surface structure, more detailed theoretical calcu-
lations taking into account the effects of the temperature
dependence are necessary.
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