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Basic structure of the kinked monatomic steps on the $001) surface
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The atomic structure of monatomic steps of081) is investigated with scanning tunneling microscopy. On
the upper terrace of thg; step the existence of kinks induces a lopé2x 2) structure with the direction to
the center of the step. The structure of Bestep is correlated to that of tt# step through the kinks and is
determined by the boundary conditions imposed by $hestep. The atomic structure of the steps is also
correlated with the zigzag buckling along the dimer row of the lower terrace through the subsurface interaction.
The formation of various structures observed near the steps is explained by the simple geometric rule based on
the bonding characteristics50163-18208)01216-§

The Si atoms on the &01) surface form symmetric- rebonded one is transformed into a split one, which is a
appearing dimers, resulting in thex2 reconstruction, at combination of a nonrebonded step with an additional dimer
room temperaturé.When one or two of the dimers in the on the adjacent dimer row of the lower terrace. The nonre-
dimer row are permanently buckled in one direction bybonded type appears only in a special environment where a
asymmetric defects or step edges, the neighboring dimers fitee movement and/or a supply of atoms are restritted.
the dimer row are always buckled successively in a zigzagince every step has a finite width, it contains kinks inevita-
form and the bucklings decay out far from the buckling bly at both ends. The structure at kink sites is influenced by
source at room temperatuteThe zigzag buckling is sup- a strong asymmetric environment, resulting in a variety of
posed to be an intrinsic property of a dimer row to accom-ocal structures along th8g steps.
modate the strains of the second-layer atoms supporting the In this paper we investigate the atomic structure of the
dimer row?* and/or to lower the Coulombic potential be- kinked monatomicS, andSg steps using scanning tunneling
tween the charged buckled atoms of the dimérét low microscopy. A simple geometric rule based on bonding char-
temperatures the number of buckled dimer rows increases atteristics is suggested to explain the formation of the vari-
the expense of the symmetric dimer rows. Most of the surous structures observed near the steps.
faces are covered by the(4Xx2) structure, but the The experiments are performed in an ultrahigh vacuum
p(2x2) structure is found only in the antiphase below 3X 1020 Torr with a homemade scanning tunneling
boundaries® Hence it is generally believed tha(4x2)  microscope(STM). The S{001) samples are cut from a P-
has a lower formation energy thao{2x2) on the Si001)  doped S{001) wafer (10 2 cm) and wrapped with Ta foil at
surface even though theoretical calculations predicted thdtoth ends to prevent a direct contact with the Mo holder.
these states are almost degenerate within the accuracy of théen the samples are mounted on the Mo sample holder
calculations-°-12 without any wet cleaning or etching and are transferred to the

The step on the 8)01) surface is one of the most abun- STM chamber. The heating procedures are the same as pre-
dant intrinsic defects. It causes inhomogeneities on the cleaviously described.
surface and affects the nucleation and growth in the Figures 1a) and Xb) show the filled-state STM image of
epitaxy*®>~'° The monatomic step on the (801) surface is  Si(001)-2<1 at room temperature and the depth profiles
classified into two types of stepS, and S;.*® For theS,  along the buckled dimer rows whose bucklings are induced
step, only one configuration is experimentally found, whereby the local point defect, respectively. The asymmetric effect
the up atoms of the step edge in the upper terrace are aligneltie to the point defect induces the buckling of the dimer row
with the center of the dimer row in the lower terrace and theA, which successively makes the dimer r@abuckled. The
down atoms are aligned with the gap between the dimer rowsagnitude of buckling of each dimer in the dimer r@nis
in the lower terrace. The other variant with the oppositeroughly proportional to that of the nearest dimer of the dimer
buckling to theS, step edge has not been observed inrow A as shown in the depth profiles of Figlbl The inter-
experiments. Three configurations of th8g step have been action between dimer row#\ and B produces a local
experimentally observed: rebonded, nonrebonded, and split(4X2) rather than a locgh(2Xx2) structure.

On the well-prepared clean(®D31) surface, the fundamental The dimers at th&, step edges experience the asymmet-
Sy step edge is a rebonded one. When the surface is underria effect due to the absence of the dimers on the lower
tensional stress due to the presence of vacancy defects, thesrace, which causes the unique permanent buckling of
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FIG. 2. (a) Schematic atomic model of two configurations of the
S, step with opposite bucklings at the step edge. Only the upper
configuration appears in experiment. The smaller circles denote the
atoms in the lower layer. The double circle represents the upward
buckled atom of the dimer. The strains of the second-layer atoms
are exaggerated in the pla) Local structures ott(4x2) and
p(2X2). The main difference between the two is the direction of
I I I B | the two upward bondings of the third-layer atoms, similar to the
case of theS, step.

Figure 3a) shows the filled-state image of the segments
of the well-alignedSg step. The step contains two types of
kink, i.e., positive and negative kinks. The positive kink
(hereafter theP kink) is exposed to the open space and the
negative kink N kink) has a neighboring dimer row which is
longer than the dimer rows included in tis$g step. Every
well-aligned finiteSg step is bounded by two kinks, positive
and/or negative. An outmost dimer at the kink is buckled
toward the center of th8; step in the filled state STM image
irrespective of the type of kink as shown in FighB When
the Sg step is wider than four dimer rows, the inner dimer

L1 row in the Sz step forms a locap(2x2) structure cooper-

(2 I ews 3 e ? 8 FBILIEIRIGI510LT ating with the outmost dimer row terminating at the kink.
Two kinks of the same segment are oppositely directed to-

FIG. 1. (a Filled-state STM im f h rface. Th ward the center of th(—SB step, resulting in thep(2X2)
tunneclsing C(lj?reme;nz Z;msple biasa ?/ilt?age eag(g,)ss# Afﬁecs V’e structures with opposite orientations at the step edges. The
respectively(b) Two depth profiles along the lines on the edges ofp(2>< 2) Stru_ctures meet at the cen_tral part Qf the segment of
dimer rowsA andB. The buckling of the dimer rov8 is induced ~ the step, which becomes symmetric. Especially wherSie
by the dimer rowA resulting in the formation of a locai(4x2)  Step is composed of only two dimer rows as in Fi¢h)3a
structure. The unit in the horizontal axis is 3.84 A of the surfacelocal c(4x2) structure is constructed at the upper terrace of
lattice spacing on the &I01) surface. the Sy step irrespective of the type of the two bounding

kinks. Figure 8a) also shows thd>-kink induced buckling
dimers at the edges. The direction of buckling might be dealong the corresponding dimer row in the lower terr&te.
termined by the bonding characteristics. A specific direction The bucklings of the inner rebonded dimers at $aestep
is favored to reduce the total energy. edge in Fig. 8 become weak and the bucklings of dimers

Figure Za) shows the schematic atomic structure of thealong the corresponding dimer rows decay out deep into the
real S, step edge and the other variant with the oppositaupper terrace because the asymmetric effect due to the ter-
buckling, which has not been observed in experiment. Thenination of dimers of the step edge becomes weak. It implies
main difference between the two configurations comes fronthat the dimer buckling and the formation of thé€2x2) on
the bonding structure of atoms in the third layer. The twothe upper terrace of th8; step originates from the buckling
upward bondings of the aton#s in the upper configuration of dimers at the kinks.
in Fig. 2@ are bent in the same direction, while the upward We now discuss the origin of the buckling at the kink,
bondings of the atom® in the lower configuration are which explains the formation of the intrinsic structure near
twisted with respect to the two downward bondings. To re-the kinks such as thp(2x2) and the buckling of dimers of
duce the strain energy, the atodcan adjust their positions a rebonded dimer rodRDR) as shown in Fig. 4. As a start-
toward the bending direction. However, the twisted upwardng point of the discussion, the structure of tBg step is
bonds of atom® make the atom8 more difficult to adjust  taken into account. Th8, step forms at the exposed side of
their positions to release the stress. The same effect is exhe Sg step naturally. Since the dimers of ti% step are
pected in the configurations of{4X2) andp(2X2) of Fig.  buckled as discussed previously, the dimer at the kink has to
2(b), that is,c(4%x2) is preferred because of the bonding be buckled. At the kink, the asymmetric effect is substantial
structure of atoms in the third layer. because two sides are open. It induces a large buckling of the




8784 BRIEF REPORTS 57

FIG. 4. (a) Schematic atomic structure nearPakink of mon-
atomic steps on the @01) surface. The two dimer rows near tRe
kink form a localp(2x 2) structure to retain the zigzag buckling of
the RDR.(b) Structure near aN kink. The dimer=G at theN-kink
site is buckled to form a local(4x 2) structure together with the
outer longer dimer row.

represented in the figure is energetically stable against the
other variant, the dime&B is buckled in such a way that the
atomsA andB are buckled upward and downward, respec-
tively. It explains the reason why the dimer at tRekink is
buckled toward the center of th&; step in the filled-state
STM image.

Then the downward buckled atoBy makes the atonC
rotate by pushing down the bondiBfC at theP kink of Fig.
4(a). The downward strain of the bondig)C again pushes
up the atomD to retain thesp® bonding character of the
atom C. By the same logic the upward buckling of atgdn
makes the atonk downward. Since the buckling is substan-
tial at the kink, other dimers on the RDR adjust themselves
to meet the condition of the zigzag buckling of the RDR. For
the case of a wid&g step, the inner dimer row of the upper
terrace near th® kink builds a localp(2Xx2) structure to-
gether with the outermost dimer row to retain the zigzag
buckling of the RDR. Provided that a loce{4x?2) forms,
the configuration should violate the zigzag buckling of the
RDR. However, the structure has not been observed in a
wide Sy step on the well-prepared (801 surface, showing
that the condition of zigzag buckling of the RDR is strong
enough to compensate for the total energy gain due to the
formation of thep(2x 2) structure on the upper terrace near
the P kink. This zigzag buckling of the RDR extends far in
the lower terrace as shown in FiggaBand 3b).%°
. . Figure 4b) shows an atomic configuration near the

kink. Our experiment in Fig. @) shows that the buckling of
the dimer at theN kink is larger than that of the inner re-

FIG. 3. () Filled-state STM image of th; step on the $001) bonded dimers at th_E‘)B step edge and is dir_ected toward the
surface. The basiSg step edges are terminated with rebonded C€Nter Of theSg step in the f'"ed'Sta_te ST™M Imagg. The outer
dimers. The dimers at the kinks are directed toward the center of thiPNger dimer row located at the neighbor of tieink forms
Sg step irrespective of the type. THRekink induces a strong zigzag @ Sa Step and stabilizes the unique strong buckling by itself.
buckling along the dimer row in the lower terra¢b) The narrow ~ The outermost dimer row terminating at tie kink con-

Sg step with only two dimer rows forms a loce(4x 2) structure. ~ Structs a localc(4x2) structure together with this outer
longer dimer row. This locat(4X2) structure comes from

kink dimer compared to that of other rebonded dimers of thehe buckling of the dimeFG at theN kink in Fig. 4(b). The

Sg step. strong buckling of the dimeH | and neighboring dimers on

Figure 4a) shows the typical structure neaPakink of a  the same dimer row in Fig.(8) is expected because of a
monatomic step on the @01 surface. The terminating substantial asymmetric effect of ti%g step edge. It causes a
dimer AB at theP kink is rebonded and is aligned with the large distortion of the atom3 and K toward the atomi.
gap between two dimer rows in the lower terrace. Since thé&Jnder this condition the atoms andO are distorted in such
outmost dimer row containing the dimé&B in Fig. 4a) a way that the lateral distance betwedrand O is shorter
makes anS, step and the configuration of tHg, step as than that between atomB and Q. This distortion of the

(b)
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atomsN andO is induced to reduce the strain energy of theling of the RDR near the center of tt#& step segment as
atomsL andM in the third layer in the same manner as in shown in Fig. 8b).

Fig. 2. The difference in strains exerted between the a®ms In conclusion, the kinked monatomic step structure on the
andQ induces the buckling of the dim&G such that atoms (001 surface is investigated by scanning tunneling micros-
copy. The bonding configuration and strain of the broken

F and G are buckled downward and upward, respectively.qimar rows at thes, step edge are responsible for the con-
Therefore, the dimer at thi-kink site is also buckled to-  gtryction of the various structures observed nearShetep.
ward the center of th&g step, whose origin is different from The S, and Sy steps are structurally correlated through the
that at theP kink. It explains the reason why the dimer at the kinks and the reconstruction pattern near Sestep is de-

N kink is also buckled toward the center of t8g step as in  termined by the buckling of thg8, steps through the subsur-

Fig. 3a). face interaction.
The inner rebonded dimer at the widy step edge is
buckled in the same direction as the dinkgd at theN-kink This work was supported by the Ministry of Science and

site by the influence of the zigzag buckling of the RDR, technology of Korea and in part by the Korea Science and
inducing the localp(2x2) structure as the case near fie  Engineering Foundation through the ASSRC at Yonsei Uni-
kink. The interaction of the dimer at thd kink with the  versity. J.-Y. Yi acknowledges support from the Ministry of
outerS, step edge is strong enough to break the zigzag buck=ducation, Republic of Korea, Project No. BSRI-97-2412.
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