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Low-temperature scanning-tunneling-microscopy observations of the Si(001) surface
with a low surface-defect density
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We have settled a controversy that surface dimers in the Si(001) surface are intrinsically symmetric or

asymmetric. Atom-resolved scanning-tunneling-microscopy (STM) images of a low-defect-density (-1%)
surface at 144 K give definite evidence for the asymmetric-dimer model. We have identified a local infiuence

of surface defects on buckling of dimers at low temperatures, which was not clarified in previous STM
observations at 120 K.

It has been known that room-temperature (RT) scanning-
tunneling-microscopy (STM) images indicate symmetric-
appearing dimers in the major part of the Si(001) surface
exhibiting a 2X1 low-energy electron-diffraction (LEED)
pattern, although Chadi had predicted in an empirical tight-
binding calculation that symmetric dimers are unstable in
comparison with buckled (i.e., asymmetric) ones. Actually,
asymmetric-appearing dimers are also observed with RT
STM at limited regions, in the vicinity of defects or step
edges. ' A recent calculation incorporating spin effects con-
cluded that symmetric dimers are most stable. ' In this view
(referred to as the symmetric-dimer model), dimers are es-
sentially symmetric, while buckling is induced locally by
defects and steps.

On the other hand, a LEED study revealed a reversible
structural transformation at -200 K, as predicted by total-
energy minimization calculation. At low temperatures
(LT's), the surface exhibited a c(4 X 2) LEED pattern. Re-
cent detailed experimental and theoretical' *" studies con-
cluded that the transformation is an order-disorder transition
with respect to the arrangement of buckled dimers. That is, at
LT's "antiferromagnetic" ordering of buckled dimers
caused by a dimer-dimer interaction in a dimer row and a
row-row interaction results in the c(4X2) LEED pattern,
while "paramagnetic"' disordering of buckled dimers leads
to the 2 X 1 pattern at RT. The c(4 X 2) structure is found to
be the most stable arrangement of buckled dimers by first-
principles total-energy calculations. ' '" In this view (referred
to as the asymmetric-dimer model), symmetric-appearing
dimers observed with RT STM have been attributed to the
time average of a flip-flop motion of Si atoms in buckled
dimers allowed by thermal excitation.

Therefore, it is controversial whether dimers are intrinsi-
cally symmetric or asymmetric. It has been expected that
STM observations at LT's mill resolve this issue. LT STM
images have been taken by Wolkow. It was found, how-
ever, that both buckled and symmetric-appearing dimers ex-
ist on terraces even at 120 K. Only about 60% and 80% of
the surface consists of buckled dimers in Figs. 2 and 3 of
Ref. 13, respectively. Therefore, Wolkow expressed that the
observation at 120K of an increase in the number of buckled

dimers, at the expense of symmetric appearin-g dimers, is
consistent only with the asymmetric-dimer description. A
reason for this expression came from high defect densities
(5—10%) on the surface. That is, the major part of the sur-
face might appear as buckled-dimer regions, supposing de-
fects induce buckling in many places on terraces. In addition,
out-of-phase interferences of buckling induced by neighbor-
ing defects might result in formation of many domains of
symmetric-appearing dimers, as mentioned in Ref. 13. In the
above view, intrinsic buckling is not always necessary.
Therefore, it seems that the controversy still remains. In ad-
dition, it is not clear what kind of defect induces buckling at
LT's and how the defect does it.

In the present study, atom-resolved STM images of the
Si(001) surface having a low defect density at 144 K give
definite experimental evidence for the asymmetric-dimer
model. The previous LT STM study could not exclude the
symmetric-dimer model. We have found that about 95% of
the surface exhibits buckled dimers with a c(4 X 2) arrange-
ment. We have revealed that surface defects affect buckling
of dimers only locally and that they have nothing to do with
the extensive formation of the c(4X2) arrangement. The
present paper suggests that a defect-free surface will exhibit
a complete c(4 X 2) arrangement of buckled dimers at LT's.

Experiments were performed by using a variable-
temperature STM (JEOL JSM-4500VT), which allows 15—
1500-K dynamic observation in an ultrahigh vacuum condi-
tion (5 X 10 Pa). A STM stage was designed drift free, so
the sample drift rate can be minimized by less than 0.01 nm/s
at low and high temperatures. A cryostat is mounted on the
STM chamber and can operate for several hours without fil-
lin liquid helium. The Si(001) surface was cleaned by flash-
ing to 1250'C after a one night degas at 450'C.

A STM image of the Si(001) surface at 144 K is shown
in Fig. 1. This was taken at a sample bias of —2.0 V with a
tunnel current of 0.1 nA. Figure 1 covers an area of
30X 30 nm and includes 49 dimer rows. The dimer rows are
numbered as indicated in Fig. 1.At the central part, about 80
dimers are seen along a row within the frame. In Fig. 1, there
are several bright protrusions on rows 8, 14, 17, 20, 21, 26,
36, and 39—41, which did not used to be observed at RT.
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FIG. 1. Low-temperature STM image of the Si(001) surface at

144 K. Dimer rows are numbered. Sample bias is —2.0 V.

Since the number of the protrusions increases with time,
these are assigned to be adsorbates from a residual gas due to
LT's. However, the quality of this image is much better than
those in Ref. 13, becuase the defect density (-1%) is much
lower. The low defect-density surface provides a very differ-
ent image of the surface from Figs. 2 and 3 in Ref. 13 as
follows. First, 95% of dimers in the surface appear asymmet-
ric. Second, buckled dimers form the c(4 X 2) arrangement,
but they do not form the p(2 X 2) domain. Third, there are a
small number of regions of symmetric-appearing dimers.
They continue for 10—40 dimers in a row, but formation of
symmetric dimers is not transmitted to adjacent rows. They
are seen in rows 10, 14, 19, 21, 23, 26, 29, 31, 32, 35, 39, 40,
and 46.

We observed in RT STM images that symmetric-
appearing dimers prevail on terraces except in the vicinity
of some defects, as in the literature. ' ' We can conclude
straightforwardly that symmetric-appearing dimers seen in
RT images change into buckled ones upon cooling, because
most of the dimers appear symmetric and asymmetric in RT
and LT STM images, respectively. This change can be well
explained by the asymmetric-dimer model as pointed out
by Wolkow. At LT's the flip-flop motion of Si atoms in
buckled dimers is frozen, whereas at RT the motion is al-
lowed by thermal excitation resulting in symmetric-
appearing dimers in STM images. The change cannot be ex-
plained by the symmetric-dimer model as discussed below
in detail, which is the most important part of this paper. The
transformation from 2X 1 to c(4X2) is assigned to be the
order-disorder transition of arrangement of buckled dimers.
The critical temperature of the transition is at least higher
than 144 K. In the LEED observations ' and first-principles
calculations, ' " the temperature was 200 and 320 K, re-
spectively. The present conclusion is consistent with the sug-
gestion of the previous LT STM study' and in good agree-
ment with the LEED observations ' and first-principles
calculations. ' '

FIG. 2. Low-temperature STM image of a symmetric-appearing
dimer region in row 19, enlarged from the central top part outlined
in Fig. 1. In row 19, dimers are numbered from the bottom-most.
Nos. 7 and 8 correspond to the type-C defect (Ref. 3).A reason for
formation of a symmetric-appearing dimer region in row 21 is un-

certain, because the region continues out of the frame.

If surface defects induce the buckling of dimers observed
in Fig. 1, the symmetric-dimer model cannot be ruled out.
We have to clarify the role of defects in the buckling of
dimers. As described below, however, we can definitely ex-
clude the symmetric-dimer model by analyzing the effect of
the type-C defect denoted previously by Hamers and
Kohler. In Fig. 1, there are a small number of symmetric-
appearing dimer regions. Some' of them (8 in the 13 regions
mentioned above) are formed in the vicinity of the type-C
defect and localized in each dimer row with 10—20 dimers
length, as typically seen in row 19 in a more qualified STM
image of Fig. 2. This image is enlarged from a part outlined
at the central top of Fig. 1. We number dimers in row 19
from the bottom-most. The protrusions at No. 7 (a brighter
protrusion)' and No. 8 (a darker protrusion) in Fig. 2 corre-
spond to the type-C defect. That two adjacent protrusions
appear as buckled dimers tilted to the same side is one of
the characteristics ' ' of the type-C defect. ' Similar sym-
metric-appearing dimers are seen in rows 10, 14, 23, 26, 29,
32, and 40 in Fig. 1, and each row always includes one
defect. Figure 3 provides another atom-resolved LT STM
image of such a combination of the type-C defect and sym-
metric appearing dimers, in rows 26, 29, and 32. The
symmetric-appearing dimers always start from the darker-
protrusion side, continue 10—20 dimers, and gradually re-
cover the buckling. In the brighter-protrusion side, dimers
are buckled to be the c(4 X 2) order. It should be noted that
a single defect does not induce asymmetric dimers but in-
duces symmetric-appearing ones at LT's. This suggests that
defects do not play an important role in the buckling of
dimers observed in Fig. 1.

The t e-C defect is always observed in RT STM
images ' ' as one of two typical surface defects on
Si(001). Its RT STM image and illustration are shown in
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FIG. 3. Low-temperature STM image of the type-C defect in

rows 26, 29, and 32. A indicates the type-B defect denoted previ-

ously in Ref. 3.

Figs. 4(a) and 4(b), respectively. The protrusions of the

type-C defect [No. 12 and No. 13 dimer positions from the

left edge in Fig. 4(a)] are indicated with two dotted circles in

Fig. 4(b). It should be noted that dimers next to the type-C
defect, i.e., Nos. 11 and 14, are buckled to the same side but

opposite side with respect to the protrusions of the type-C
defect. Along the dimer row, buckling continues from the
defect towards both sides for about five dimers as illustrated
in Fig. 4(b). Therefore, the type-C defect plays a role of a
"phase shifter" by a half wavelength along the dirner row.
This is a typical feature of the type-C defect.

The appearance of symmetric-appearing dimer regions
observed in LT STM images [the image of row 19 with ad-

jacent rows is reproduced in Fig. 4(c) from Fig. 2 for com-
parison, together with its schematic illustration along row 19
shown in Fig. 4(d)] can be explained by the feature of the

type-C defect, as indicated in Fig. 4(e). Two competing se-
quences of the buckling of dimers are depicted; in one side
[the right-hand side in Fig. 4(e)] of the defect, one sequence
(shown with broken circles and broken zigzag lines) induced

by the type-C defect is out ofphase with the other sequence
(shown with open circles and solid zigzag lines) induced by
adjacent rows due to the antiferromagnetic ordering, whereas
the former sequence is in phase with the latter in the other
side (the left-hand side). That is, out-of-phase contributions
from the two origins cancel buckling in dimers in the right-
hand side of the defect, which results in formation of a

symmetric-appearing dimer region there. We can thus ex-
plain the reason why the symmetric-appearing dimers are
formed and also why they appear only in the one side of the
defect.

The local influence' of the type-C defect on the buckling
of dimers is evidenced by the short propagation of the sym-
metric appearing dimers at LT's [see Figs. 4(c) and 4(d)
again]. In addition, it is clear that the effect of the type-C
defect is not transmitted to adjacent rows. These two facts
are clear evidence for the following: the driving force to
form the antiferromagnetic order, being the most thermody-
namically stable structure, is much stronger than that of the
type-C defect to induce buckling of nearby dimers. Suppose
only the type-C defects induce buckling of dimers on the
surface, namely, suppose the thermodynamic driving force is
not important, dimers in both sides of the defect would be
buckled with the out-of-phase way at LT's. We do not ob-
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FIG. 4. (a) Room-temperature STM image of the type-C defect
(Nos. 12 and 13 protrusions from the left edge) in the row AA'.
Sample bias is —2.0 V. B denotes the type-B defect (Ref. 3). Note

that the type-C defect induces buckling in adjacent dimers in both

sides, whereas the type-B defect does not. (b) Schematic illustration

(top view) of the dimer row along the line AA ' in (a). Dotted circles
are the type-C defect. Large and small open circles depict strongly
and weakly buckled-up atoms, respectively. With increase of the

distance from the defect, dimers appear symmetric as depicted by
beanlike shapes. (c) Low-temperature STM image of the type-C
defect in row 19 reproduced from Fig. 2. (d) Illustration (top view)

along dimer row 19 in (c). Notations are the same as in (b). (e)
Illustration along row 19 with adjacent rows for showing two com-

peting sequences of the buckling of dimers induced by two origins;
solid zigzag lines with open circles represent one sequence of buck-

ling induced by adjacent rows, and broken zigzag lines and broken
circles represent the other sequence of buckling induced by the
defect shown by dotted circles. Open and broken circles represent
buckled-up atoms, and zigzag lines connect buckled-up atoms for a
guide. In the left side of the defect the two sequences are in phase,
while in the right side they are out of phase resulting in a
symmetric-appearing dimer region outlined by a rectangle.

serve such an out-of-phase boundary near the defects. We
conclude that the type-C defects only give a local influence
upon the buckling of dimers and that the symmetric-dimer
model is definitely excluded.

Finally, we comment briefly on the previous experi-
mental and theoretical' ' studies. In Fig. 2 of Ref. 13, we
find the combination of the type-C defect and symmetric-
appearing dimers discussed in the present paper, at the fifth
row from the left bottom. The existence of many defects
resulted in the formation of a large area of symmetric-
appearing dimers there. In the theoretical calculation, effects
of defects were considered, but these did not have the feature
of the type-C defect indicated in this paper.

In conclusion, we have observed STM images of the
Si(001) surface having a low density of surface defects at
144 K. It is found that most of the dimers appear asymmetric
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and that asymmetric (i.e., buckled) dimers are ordered to be
a c(4 X 2) arrangement. We observe only a small number of
symmetric-appearing dimer regions localized in the one side
of the type-C defect along the dimer row. We have revealed
that the defects effect the buckling of dimers only locally and

that they have nothing to do with the extensive formation of
the c(4 X 2) arrangement. It is concluded that surface dimers
are intrinsically buckled independent of temperature.
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