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Dimer buckling induced by single-dimer vacancies on the $001) surface nearT,
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We used a low-temperature scanning tunneling microscope to observe a single-dimer V@caypy
defec} induce buckling of the dimers on a(801) surface neaf .~200 K. This dimer buckling always occurs
in rows adjacent to thé-type defects neaf., which simultaneously forms an out-of-phase boundary in the
domain of ac(4X 2) structure. However, the out-of-phase boundaries arounA-lype defects disappear on
the surface at 78 K. We discuss the nucleation and growth behavior of the dimer buckling arodatyfiee
defect and the influence of the defects on the structural phase transition of(081)Ssurface.
[S0163-18207)06640-X

I. INTRODUCTION preparing a clean surface, because the defects reduce the
number of dangling bonds, resulting in the surface energy
The atomic details of a 8101) surface have been widely reduction at the cost of increased local stidifherefore, it
studied due to their technological and scientific aspectsis important to clarify the influence of the defects on the
Elaborate theoretical studies and experimental results haw&dering of the buckled dimers. At room temperature, the
revealed the surface to be reconstructed to>al2dimer  A-type defect does not cause any detectable buckling of the
structure above room temperatdré Below T,~200 K, the  dimers in adjacent regiort§.Tochiharaet al. suggested that
2X1 structure is transformed to a(4x2) structuré,’  theA-type defect would not have an effect on the buckling at
which has the antiphase arrangemep8 of the buckled- low temperatures, based on their STM images of a complete
dimer rows, as shown in Fig.>® The dimers of the X1  c(4x2) ordering around the defect at 144°Kin contrast,
structure appear symmetric in scanning tunneling microUchikawaet al. observed several types of buckled dimers in
scope(STM) images at room temperatutéthis is attributed  the row of theA-type defect as well as symmetric-appearing
to the time average of the flip-flop motion of the buckled dimers at 80 K2* These inconsistent results may be caused
dimers3~>°~'Therefore, the phase transition from &2 to by the weak influence of-type defects on the buckling,
a c(4x2) structure is considered to be the order-disordebecausei-type defects do not induce buckling at room tem-
transition of the buckled dimefs12-15 perature. We therefore observed the structural change of
Even at room temperature, STM observations have beedimers around thé-type defects in a temperature range of
revealed buckled dimers near atomic steps, kinks, and su#8—300 K.
face defect$:'®!’ Several reports have been suggested that In this study we report the results of STM observations on
surface defects play a significant role in the phase
transition”141518-24y0lkow demonstrated that symmetric-
appearing dimers still remained in many places on a high-
defective surfacé5—10% well below T, (120 K),%° whereas
Tochiharaet al. observed that decreasing the defect density
to around 1% led to a large-sizé4 x 2) domain at 144 K2

Several studies have clarified the influence of individual
defects on the dimer buckling at low temperatfe¥
Among the three types of defects, single-dimer vacancy
(A-type defec), double-dimer vacancyB-type defeck, and
double-atom vacancy along the dimer ré@+type defecy,'®
the C-type defect induces local buckling of the dimers at
room temperaturt®?3 However, theC-type defect obstructs
extensive formation of the(4 X 2) arrangement beloW, .23
This is explained by the fact that tii&type defect acts as a
“phase shifter” by a half wavelength along the buckled-  FIG. 1. Top view of thec(4x 2) structure. Shaded circles indi-
dimer row?*2° cate buckled atoms. The antiphase arrangement, denotegds,

On the reconstructed @01) surface, theA-type defects of the buckled-dimer rows is stabilized by displacement of the
are difficult to be removed even if special attention is paid tosecond-layer atoms, as denoted by arrows.
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FIG. 2. Filled-state STM image on a(801) surface at 195 K.
The image extends over 229 nnt.

a Si001) surface at 195, 172, and 78 K, which indicate that
A-type defects induce dimer buckling négr. We then dis-
cuss nucleation and growth of the dimer buckling induced by
the A-type defects and the influence of the defects on the
phase transition.

Il. EXPERIMENT

Our experiments were performed in an ultrahigh-vacuum
chamber with a base pressure of less than18 ° Pa at
room temperature. An antimony-doped((&l1) wafer of
0.05-0.0%2 cm was employed as a sample for our observa-
tions. The sample was flashed up to 1450 K after being de-
gassed at 850 K for 20 h and then cooled to room tempera-
ture at a rate of 3 K/s. This careful preparation, which was
performed below k108 Pa, created a low-defect surface
density (below 1%). The clean sample was transferred into
the low-temperature STM and was maintained at working
temperatures for ove h to prevent thermal drifts and inac-
curate temperature measurements. The filled-state STM im- FIG. 3. Filled-state STM images of aktype defect ata) 195

ages were then obtained by a constant current mode of 136 a@nd (b) 172 K. The images in(@) and (b) extend over
pA with a sample voltage of 1.5 V. 4.8x8.0 nnf and 6.7 8.2 nnt, respectively. Buckled dimers ap-

pear in rows adjacent to the defect, whereas dimers in the row of the
defect appear symmetric.

Ill. RESULTS AND DISCUSSION

At room temperature, we observed symmetric-appearinging around the defects(i) the buckled dimers appear in
dimers on most of the surface, as well as buckled dimersows adjacent to the defectii) these buckled-dimer rows
only near the atomic-step edges, kinks, d@ype defects, have mirror symmetry with respect to the dimer row of the
which agreed with previous repofts:1%10On the surface at defect, and(iii) the dimers in the row of the defect appear
195 K in Fig. 2, the buckled-dimer regions were expandedsymmetric. Based on the STM image in Figa3 we con-
compared to the STM images at room temperature, whereadructed a structural model around theype defect in Fig.
symmetric-appearing dimers still remained. The defect dend. The dimers in rows of the defect appear symmetric and
sity of the surface, estimated to be below 1%, was smallethose in the adjacent rows are buckled withand B-type
than that of typical surfaces-®??3Most defects in Fig. 2 configurations. Thus the dimer rows have an ordering of
appear ag\-type defects. aSB (BSa) around theA-type defect, as denoted in Fig. 4.

Around theA-type defects of the surface neBy (such as The origin of the dimer buckling around the-type de-
in Fig. 2, we found a different type of dimer buckling, fects is well explained by their strain field. Thetype defect
which was not observed at room temperature. Figua 3 is a single-dimer vacancy, which results in dimerization of
shows the following three characteristic features of the buckthe second-layer atoms to reduce the number of their dan-
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FIG. 4. Top view of theA-type defect. Solid arrows indicate the
direction of the displacement of the second-layer atoms at the de-
fect. This displacement induces a strain field such as that denoted
by shaded arrows.

gling bonds*?%?’ As denoted by arrows in Fig. 4, this dimer-

ization induces a strain field around the defect such that the o—9
atom of the dimer®1 (D2) closer to the defect is raised. A = /@ |
The strain field, however, is not so large that the buckling of E [ s P
dimersD1 andD2 is induced at room temperature. On the : X =9 )

surface neaf,, dimersD1 andD2 are buckled and the R ome \‘? *=9
buckling is expanded along the dimer row due to a strong 4 =0 %Y *=9
“intra-row” (dimer-dimej interaction. When the surface \Q} — 7 =0
temperature is decreased beldy, the c(4X2) domains R [ — |
grow to the left and right of the defect through an “inter- ¥ e 3 *=—S

row” (row-row) interaction, as seen in Fig(l3.

Since thec(4Xx2) domains grow from individuah-type
defects, they interact with each other n&ar. In-phase and
out-of-phase interactions between twetype defects in the
same row are seen in Figs(@b and 3b), respectively. The

FIG. 5. (a) In-phase andb) out-of-phase interactions between
two A-type defects in the same row. The images extend over
3.5x 7.6 nnt. Nine and twelve dimers exist between the defects in
(a) and(b), respectively. The weakened buckling of dimers adjacent

in-oh int i h the buckli chemat'calto the defects was observed (i due to the out-of-phase interac-
In-phase nteéraction ennances the buckiing, as s ICalton. (c) and (d) are schematic illustrations of the in-phase and

showrj in Fig. ). On the ot-her hand, the_OUt'Of'phase In- out-of-phase interactions, respectively. Open circles indicate buck-
teraction weakens thg buckling, t_her(?by dimers near the dqéd atoms from the lower defect and hatched circles indicate those
fects appear symmetric, as seen in Figh) &nd 3d). Inthe o the upper defect ifc) and (d).
case of the enhance@veakenedl buckling, an odd(even
number of dimers exists in a row between two defétts. that of aBa or BaB at 78 K. The inter-row interaction of the
The in-phase and out-of-phase interactions also occupuckled-dimer rows is sufficiently strong to overcome the
when theA-type defects are not in the same row, as shown irstrain-field effect of theA-type defect at 78 K. On the sur-
Fig. 6. Thec(4X2) domains from the upper defedtl in  face at 172 K of Fig. &), we observed the ordering a3
the image interact with those from the lower defé@ at  at theA-type defect resulting from the competition between
172 K. The right-side domain of the lower defé&® is af- the inter-row interaction and the strain-field effect of the
fected by the in-phase and out-of-phase interaction with thé\-type defect. Uchikawat al. may have observed this com-
left and right domains of the upper defekt. Consequently, petition at 80 K, due to a large number of surface defétts.
the dimers on the right-hand side of the upper defett In contrast, Tochiharat al. obtained a complete(4x2)
appear symmetric in Fig. 6, due to the out-of-phase interacerdering at 144 K, as shown in Fig(t§.2®
tion. Finally, we consider the influence of thetype defects
Another interesting feature is thAttype defects produce on the phase transition of the surface. Astype defect gen-
an ordering ofaBaSBaB nearT., which is separated by erates nucleation of the dimer buckling in the two rows ad-
the symmetric-appearing dimer row, as shown in Fidy).3 jacent to the defect nedr,, which simultaneously forms an
However, on the surface at 78[Kee Fig. Tb)], we observed out-of-phase boundary. The phase boundary is also formed
neither the symmetric-appearing dimers in r@wnor the by an out-of-phase interaction between the defects, as shown
out-of-phase boundarga (B8) at the defect. This indicates in Figs. §b) and 6. This study suggests that an increase in
that the ordering olxSB near the defect has changed into A-type defects generates many out-of-phase boundaries. The
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FIG. 6. In-phase and out-of-phase interaction between the
¢c(4%x2) domains fromA-type defectsAl andA2 at 172 K. The
image extends over 5:610.9 nnt.

presence of many phase boundaries appears to smear out the ) i

o h i - ; _ FIG. 7. Filled-state STM images around Artype defect ata)
trar.]SItlor.]' Acqordmgl.y' symmetric appearln_g_ dimers re 172 K and(b) 78 K. The images extend over X®%.6 nnt.
mained in a wide region on a surface containing numerous

defects even at 120 K. More details regarding the influence ) ) o )
of A-type defects on the phase transition will be clarified bydefect induced dimer buckling in rows adjacent to the defect.

Monte Carlo simulations based on an Ising-spin mé8el. ~ For an isolatedA-type defect, the strain-field effect was not
strong for theA-type defect to induce buckling at room tem-

perature and 78 K. Thus thetype defect only affects buck-
IV. CONCLUSION ling of dimers neafT,.

Using a low-temperature STM, we observed the effects of
the A-type defect that contribute to dimer buckling on a
Si(001) surface neafl.. We discovered thaA-type defects
induced dimer buckling in rows adjacent to the defects on We would like to thank M. Okamoto and H. Ohnishi for
the surface neaf., which was not observed at room tem- useful discussion. We also thank W.-S. Cho for his critical
perature. We explained that the strain field at theéype reading of this manuscript.
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