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Atomic structure of high-index Ge surfaces consisting of periodic nanoscale facets

Zheng Gai, R. G. Zhao, Hang Ji, Xiaowei Li, and W. S. Yang*
Mesoscopic Physics Laboratory and Department of Physics, Peking University, Beijing 100871, China

~Received 14 May 1997!

We have studied the clean and well-annealed Ge~103! surface with scanning tunnel microscopy~STM! and
low-energy electron diffraction, whose morphology exhibits large 134 reconstructed~103! terraces along with
tentlike protrusions consisting of~105!, $216%, and$8 1 16% facets. On the basis of the STM images, atomistic
models have been proposed for the (103)134, the (216)131, and the (105)132 surfaces for further inves-
tigations. The former two surfaces consist of only nanoscale~113! terraces and hence belong to the~113!
family while the latter consists of only nanoscale~001! terraces and thus belongs to the~001! family. The mini
~001! terraces that the (105)132 reconstruction consists of, form a checkerboard pattern, thus implying a
stress-relaxation driving force behind the reconstruction. These surface structures demonstrate that Herring’s
faceting theorem could be valid down to atomic scales, provided that the atomic-scaled facets could be
connected into a large surface by low-energy edges and/or corners.@S0163-1829~97!01943-7#
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INTRODUCTION

As a result of the intensive investigation of semiconduc
surfaces carried out in the past decades, not only has at
structure of the most important low-index Si surfaces, i
Si~111! and Si~001!, been known1,2 but also morphology of
these surfaces and their vicinal surfaces as well as the dri
forces behind them.3–22 On the basis of that, recently, th
atomic structure of the most stable high-index surfa
Si~113! has been studied and disclosed.23–27 More recently,
atomic structure and morphology of some other Si(hhk) sur-
faces have also been revealed,28–31 and the results indicate
that investigation of high-index Si surfaces is still necess
and not easy even with Herring’s theorem on surfa
faceting32 and the equilibrium shape of Si~Refs. 33 and 34!
in mind. One can easily find that, apart from the only lo
index surface that has received less attention, i.e., Si~101!,35

high-index surfaces belonging to the Si(h0k) series and the
Si(hkh) series have been neglected almost completely.

On the other hand, Ge surfaces have been receiving m
less attention than their silicon counterpart,1 only because of
their less importance in applications. From the basic sc
tific point of view, however, investigation of germanium su
faces should not be neglected, since if we could comp
germanium surfaces with their silicon counterpart our kno
edge would certainly become more systematic. According
this consideration, we have been carrying out a series
investigations on the clean Ge surfaces of~001!,36,37

~111!,38,39and~113!,40,41as well as~112!, ~114!, and~115!,42

along with many metal/Ge interfaces.43–51

In the course of our recent Ga/Ge~103! work, we noticed
that the clean Ge~103! surface is not only very stable again
cycles of ion bombardment and annealing but is also abl
give rise to very nice (103)134 patterns.51 In view of this
fact, and that the~103! surface of neither Si nor Ge has be
known, in the present paper, by means of scanning tunne
microscopy ~STM! and low-energy electron diffraction
~LEED!, we have studied the atomic structure of the Ge~103!
surface reconstruction and that of the~216! and~105! facets,
which can often be seen on the Ge~103! surface and are als
560163-1829/97/56~19!/12308~8!/$10.00
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very stable. Models of the Ge~103!134, Ge~216!131, and
Ge~105!132 reconstructions have been proposed for furt
investigations.

EXPERIMENT

The experiment was carried out in the UHV system th
has been used in recent studies.39,40,46,47Briefly, the system
consists of a main chamber, where LEED, Auger elect
spectroscopy~AES!, and a homemade scanning tunneli
microscope are installed, and a sample preparation cham
where ion bombardment and annealing are carried out
STM experiments the bias voltage is applied to the sam
and the tip is grounded. The constant-current mode of
STM was used throughout the work and the scanning
was from 200 to 2000 Å/sec. All images shown here we
acquired with the ac mode, i.e., differential or local-contra
enhanced mode, unless otherwise mentioned. The tip
made out of W wire with electrochemical etching. Th
Ge~103! sample, which had a size of 73730.5 mm3 and a
precision of60.5°, was cut from a single-crystal rod with
resistivity of 40–50V cm. After several cycles of ‘‘argon-
ion bombardment plus subsequent annealing’’ a clean
well-ordered surface can always be obtained, as verified
AES and LEED.

OBSERVATIONS

Looking at the clean and well-annealed Ge~103! surface
with LEED, we noticed that when the incidence-beam e
ergy is increased most diffraction spots move towards a c
mon center where the~00! spot of the~103! surface exists
while some others move towards another~00! spot. This in-
dicates the existence of some facets on the~103! surface.
According to the relative position of the two~00! spots, we
know that the facets were~105!. Moreover, LEED also tells
that the ~103! surface was 134 reconstructed while the
~105! facets were 132 reconstructed. A typical LEED pat
tern obtained from the surface is shown in Fig. 1 along w
a schematic drawing showing which spots belong to whi
12 308 © 1997 The American Physical Society
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56 12 309ATOMIC STRUCTURE OF HIGH-INDEX Ge SURFACES . . .
Large-scale STM images of the same clean and w
annealed surface show that it consists of~103! terraces and
many large or small tentlike protrusions with a similar sha
~Fig. 2!. Shown in Fig. 3~a! is the image of such a protrusion
Combining the LEED result just mentioned above with th
image, we can easily determine which facet of the protrus
is ~105!. Then we can determine the index of the other fac
i.e., $216% and$8 1 16% @see Fig. 3~b!# according to the inter-
secting lines they form with the~103! surface and the~105!
facet and with each other, although we have less confide
on the index of the$8 1 16% facets because the intersectin
lines they form with the~103! and other facets are not ver
well defined. We believe that these tentlike protrusio
would not appear if the original surface were a perfect~103!
surface without any local ups and downs. It is interesting
point out that before looking at the surface with the scann
tunneling microscope we had not seen any spots other
those from the (103)134 surface and (105)132 facets

FIG. 1. ~a! LEED pattern~27 eV! obtained from the clean an
well-annealed Ge~103!134 surface, but with some diffraction spo
from the (105)132 facets also visible.~b! A schematic drawing of
the pattern in~a!, showing which spots belong to which surfac
reconstruction. The white and gray circles represent the spots o
(103)134 and (105)132 reconstructions, respectively, while th
large and small circles represent the integral- and fractional-o
spots, respectively. The arrow points to the@301̄# direction. A unit
cell of both reconstructions is also shown. Not shown is the ro
shadow of the sample holder at the center of~a!.
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FIG. 2. Large-scale STM images of the clean and well-annea
Ge~103! surface, showing the morphology of the surface: ma
large and small tentlike protrusions coexist with large~103! terraces
and small but long~216! and ~21̄6! facets.~a! 205032050 Å2, 5.0
V, 0.5 nA. ~b! 214432144 Å2, 5.0 V, 0.5 nA.

FIG. 3. ~a! STM image~343 Å3520 Å, 1.5 V, 0.5 nA! of a
tentlike protrusion imaged in Fig. 2~b!. ~b! A schematic drawing of
~a!, showing the index of the facets of the protrusion.
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FIG. 4. Enlarged STM im-
ages of the square areas ou
lined in Fig. 3~b!. ~a! From
area A, 1193119 Å2, 1.5 V,
0.5 nA. ~b! From areaB, 110
3110 Å2, 1.5 V, 0.5 nA. ~c!
From area C, 1123112 Å2,
1.5 V, 0.5 nA.
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while after we saw the$216% facets with the scanning tun
neling microscope we looked at the surface with LEED ag
but we still could not find any$216% spots. The reason migh
be that, apart from the triangular$216% facets that belong to
the tentlike protrusions, there are many stripped$216% facets
~see Fig. 2!, and it is these narrow$216% strips that make the
$216% LEED spots elongated in the direction perpendicular
@301̄# so that they overlap with each other becoming
background, exactly on which the (103)134 spots are su-
perimposed.

It is worthwhile to point out that all the tentlike protru
sions appearing on the~103! surface are of the same kind
none of them consisting of~104! or ~102! facets, although
protrusions with such facets ought to be kinetically easie
form and the~102! surface was reported to be stable.52 This
fact indicates that the~104! and ~102! surfaces, different
from the ~105!, ~216!, and ~8 1 16! surfaces, are unstabl
against formation of facets.

To know more about the~103! surface and the facets, w
need to consider more details in their STM images. Th
high-resolution images are thus shown in Fig. 4, which
enlarged images obtained from the protrusion imaged in
3~a!: Figs. 4~a!, 4~b!, and 4~c! were obtained from the squar
areaA, B, andC outlined in Fig. 3~b!, respectively. Com-
paring the upper-right portion of Fig. 4~a! or the left strip of
Fig. 4~b!, where the~21̄6! facet is imaged, with the majo
part of Fig. 4~b!, where the (103)134 surface is imaged
one can find that both structures consist of strips lying alo
the @301̄# direction, that the width of a~103! strip is twice as
large as that of a~21̄6! strip, and that the structure of a~21̄6!
strip is the same as that of the right-hand side of a~103! strip.
Similarly, by comparing the lower-left portion with th
central-upper triangular portion of Fig. 4~c! one can find that
the structure of a~216! strip is the same as that of the lef
hand side of a~103! strip. In other words, each (103)134
strip consists of a~216! strip and a~21̄6! strip. Because the
~216! and~21̄6! surfaces form an angle of 18° this means th
the (103)134 surface must look like many parallel ridge
and valleys lying along the@301̄# direction. This can be
clearly seen from dc-mode images of the surface@see Fig.
5~a!#.

MODELS AND DISCUSSIONS

Now, we try to find the atomic structure of th
(103)134 surface from its STM images. However, it h
been known since the very beginning of STM that care ha
be taken if one wants to correlate STM features with
atomic structure of semiconductor surfaces since it is
n
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local density of states, instead of the surface topology, th
directly determine the STM features.53 In order to be able to
extract surface topological information out of STM image
while, on the other hand, not to be involved in tedious imag
calculations, it has been suggested to use theatomic image,
which is defined as theaverage of a pair of filled- and
empty-state images collected simultaneouslyfrom a surface,
as anapproximationof the surface-atomic structure.40 This
has been successfully used in recent works to deduce
atomic structure of surfaces from their STM images.40,50,54

Accordingly, in Figs. 5~b! and 5~c! is a pair of STM images
of the Ge~103!134 surface, while the atomic image obtaine
from them is given in Fig. 5~d!.

To correlate the features in this atomic image with th
atomic structure of the Ge~103!134 surface, we look first at
the truncated~103! surface schematically shown in Fig. 6~a!:
the surface has no symmetry but a glide line; there are fo
surface atoms carrying one or two dangling bonds in ea

FIG. 5. STM images of the Ge~103!134 surface.~a! dc mode,
89389 Å2, 21.5 V, 1.0 nA. Note that the top of the ridges and th
bottom of the valleys are glide line.~b! 64364 Å2, 21.5 V, 1.0
nA. ~c! 64364 Å2, 1.5 V, 1.0 nA, acquired simultaneously with
~b!. Note that the glide-line symmetry is obscured a bit due to th
using of the ac mode.~d! Atomic image~see text! obtained from~b!
and ~c!. 46346 Å2. Note that the glide-line symmetry is repaired
through processing.
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56 12 311ATOMIC STRUCTURE OF HIGH-INDEX Ge SURFACES . . .
unit cell, thus making the surface unstable; the unit vec
lengths area55.66 Å andb58.95 Å. These are reflected i
the atomic image: there is a glide line at the center of e
ridge and valley; the surface is 134 reconstructed in orde
to reduce the number of dangling bonds; the separation
tween two neighboring ridges is 4b522.64 Å. Since each
ridge consists of a~216! strip at left and a~21̄6! strip at right,
we look next at the truncated~21̄6! surface schematically
shown in Fig. 7. Obviously, the surface can be viewed a
stepped~11̄3! surface. Luckily, the atomic structure of th
~11̄3! surface has been determined very recently@see the
model in Fig. 8~b!#.40 The model shows that its surface atom
form rows lying along the@301̄# direction. Probably not ac
cidentally, the width of the~11̄3! strips that consists of the
~21̄6! surface is exactly the same as that of these~11̄3! rows.
This fact makes it quite natural to speculate that the nar

FIG. 6. ~a! Schematic drawing of the truncated Ge~103! surface,
with the triangles representing the dangling bonds. Also shown
a unit cell, the unit vectorsa and b, and the glide line~the
vertical dashed line!. ~b! Model of the atomic structure of the
Ge(103)134 surface, with a 134 unit cell (8.95 Å322.64 Å)
outlined. Shown on top is the side view of the surface morpholo
The dashed lines are glide lines of the surface and separate
surface into~216! and ~21̄6! strips. Note that a~21̄6! strip of this
model is the same as a ‘‘(113̄)1s’’ strip of the ~21̄6! surface in
Fig. 7. Note also that in this figure as well as in Figs. 7 and 8
atoms that carry a same lower-case character are equivalents.
r
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~11̄3! terraces of the~21̄6! surface are reconstructed similar
to the ~11̄3! surface, as well as to further speculate the s
face structure of the entire~21̄6! surface as shown in the
lower-central part of Fig. 7. If this speculation is correct th
the atomic structure of the (103)134 surface must be like
the model shown in Fig. 6~b!. To believe this model, one
only needs to compare a unit cell of this model with that
the atomic image of this surface given in Fig. 5~d!. Almost
all surface atoms that carry a dangling bond are visible in
image at approximately right positions, except the only o
that is not shaded, whose dangling bond is essentially h
zontal and thus was not imaged as a protrusion in the ima

In addition to the nice agreement between the model
the atomic image, this Ge~103!134 model is supported by
the following facts.~i! The major portion of the model sur
face has the (113)331 structure that has been shown to
the structure of the Ge~113! surface,40 which has a very low
specific surface-free energy,33,34 and shares the driving
forces of reconstruction with the Ge~113! surface.40 ~ii ! The
model surface contains steps whose density of dang
bonds~DB! is very low, thus making the density of danglin
bonds of the entire surface only 0.059 DB/Å2, even lower
than 0.063 DB/Å2 of the Ge~001!231 and Ge~113! surfaces.
~iii ! The model surface, different from the Ge~113!331 sur-
face structure, has an even number of dangling bonds,
making the surface autocompensated so that the energ
the surface can be lowered further by opening up a gap
tween the highest-occupied and lowest-unoccupied sur
states.1 ~iv! The model surface must have very low loc
strains, at least comparable to that of the Ge~113! surface,
because the surface consists ofcompleterows lying along the
@301̄# direction, of which the Ge~113! surface consists.40 In
the case of Ge~113! surface, such rows extend to thousan
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FIG. 7. Schematic drawing of the truncated~21̄6! surface of Ge,
along with the side view of its morphology~top!. Note that the
lower-central portion is 131 reconstructed. A 131 unit cell of the
surface is outlined. Note that the~11̄3! strips are the same as th
strip in Fig. 8~a! confined by the two dashed lines.
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12 312 56GAI, ZHAO, JI, LI, AND YANG
of Å in the 33 direction without a break, apparently becau
of its low strains.40 Obviously, the~216! model also exhibits
all these features and hence must also be physically rea
able.

Herring pointed out a long time ago that if a given ma
roscopic surface of a crystal does not coincide in orienta
with some portion of the boundary of the equilibrium shap
there will always exist a hill-and-valley structure which has
lower free energy than the flat surface;32 in other words, the
surface will facet. Since for Si, and very likely also for G
$113% is a portion of the boundary of the equilibrium
shape33,34 while $103% is not, it seems to be very natural th
the latter facets to the former. However, this actually is qu
surprising because, on the one hand, the width of the$113%
facets on the~103! surface is only about 10 Å, while, on th
other hand, Herring’s conclusion, is based on a phenome
logical rather than atomistic approach and thus should no
expected to be able to predict any faceting where facets
atomic scales would be involved.32 Of course, such faceting
does not contradict Herring’s conclusion at all, as long as
involved minifacets, such as those of the Ge~103!134 sur-
face, could be sewn together without invoking high-ene
edges. In the case of Ge~103!134 and Ge~216!131 surfaces,
the mini $113% facet strips can indeed be connected to o
another, as mentioned above, either directly or through

FIG. 8. ~a! Schematic drawing of the truncated Ge~11̄3! surface,
with a 131 unit cell outlined. If we let atomd form a dimer with
atomc and then put an adatoma onto atomsb, c, andg then this
surface reconstructs to the structure in~b!. ~b! Model of the atomic
structure of the Ge~11̄3!331 surface~Ref. 40!. Note that the top-
most atoms of the surface form rows parallel to the@301̄# direction,
and atoms belonging to the row running from lower-left to upp
right are shaded for clarity. A 331 unit cell is outlined.
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steps so that Herring’s prediction gets realized and result
extremely narrow facet strips. Actually, a unit cell of th
Si~5 5 12!231 surface has also been suggested to consis
minifacets of~337! and~225!, very recently.30 A natural and
interesting remaining question then is why a unit cell of t
~103! surface tends to consist of ‘‘one strip of (216)1 one
strip of ~2̄16!’’ rather than ‘‘n strips of (216)1n strips of
~21̄6!,’’ as we would expect because in the latter case
surface would have a lower density of the connecting edg
We suppose that this is so not only because the edges a
low energy but also because the small saw tooth structur
the former case, compared with the large sawtooth struct
induces less strain energy thus being more favorable.

Now, we try to find out the atomic structure of the~105!
facets. Since a brief model has been proposed for~105! fac-
ets of Ge clusters grown on Si~001! ~Ref. 55! we test this
model first and a complete model including all details is th
given in Fig. 9~b!. The model is very simple: starting from
the truncated~105! surface with the shaded atoms remov
@Fig. 9~a!#, let all terraces reconstruct into dimer row
~though only two dimers long! just like in the case of a fla
Ge~001! surface; meanwhile let the straight mixed-type ste
decompose into zigzag steps consisting of short segmen
A-type andB-type steps.3 To test this model with STM, as
usual, we acquired pairs of filled- and empty-state ima

-

FIG. 9. ~a! Schematic drawing of the truncated Ge~105! surface,
with a 131 unit cell outlined and the triangles representing t
dangling bonds. The surface consists of narrow terraces sepa
by steps along the dashed lines. The shaded atoms are thos
longer existing in the 132 reconstruction.~b! Model of the
Ge(105)132 surface, with a 132 unit cell outlined. The single
and double-dashed lines represent theA-type ~or SA! and B-type
~or SB! steps ~Ref. 3!, respectively. The large solid and dotte
circles represent the features expected to be visible in STM ima
of the surface.



t

e
-
d
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FIG. 10. STM images ac-
quired from a Ge~105! facet on
the Ge~103! surface.~a! Filled-
state image, 62 Å362 Å2,
21.5 V, 0.5 nA. ~b! Empty-
state image, 62362 Å2, 1.5 V,
0.5 nA, acquired simulta-
neously with ~a!. ~c! Atomic
image~see text! obtained from
~a! and ~b!, 62362 Å2. ~d!
Another filled-state image bu
with a higher resolution than
~a!, 46346 Å2, 21.5 V, 0.5
nA. Note that the atomic image
in ~c! is actually very similar to
this image as well as~a!. ~e! A
portion of ~d! with the major
features of the Ge(105)132
model superimposed on. Th
superimposed circles corre
spond to the solid and dotte
large circles in Fig. 9~b!.
m
o

iv
e
in

ta
ith
, t
tu
n
l
l
h

th
n
n
a

ta
ar
n-
d

e
f
th

ow
at

de
s

g
el
ta

h

for

ause

d
theo-
y
tita-
all
ll as
re
the
are

of

ic
en-

the

n

from the surface of such a facet and then obtained the ato
images from them, as shown in Fig. 10. The resolution
these images is not much better than that of the images g
in Ref. 55, while getting dual bias images with a high
resolution is not easy because the back and forth switch
of the polarity of the bias voltage often results in tip ins
bility, especially for sharp tips; thus a filled-state image w
better resolution is also shown in Fig. 10. As one can see
filled-state image is very similar to the atomic image. Ac
ally, this is quite normal and has been pointed out in ma
previous papers.53,56,57To facilitate comparison of the mode
with the images, in Fig. 10~e! the major features of the mode
are superimposed on part of the filled-state image. T
dimers are at the right positions and are clearly visible in
image. Those atoms that have a dangling bond are o
vaguely visible, partly because they are at lower positio
and partly because their dangling bond is nearly empty
indicated by the fact that they are imaged in the empty-s
images as the brightest features. Their dangling-bond ch
is, very likely, transferred to the dimer that is directly co
nected to them, thus making that dimer brighter in the fille
state images than the other one in the same terrace.

We note that the model surface has a dangling-bond d
sity of 0.073 DB/Å2, which is about 16% higher than that o
the Ge~001!231 surface, and has half of its total step leng
as B-type, which has a much higher energy thanA-type
steps.3 These seem to be the weakness of the model. H
ever, a recentab initio molecular-dynamics study shows th
the energy of nonrebonded~especially buckled nonrebonded!
B-type steps can be much lower than that of rebon
ones,13 while what Chadi calculated is just rebonded one3

and what appears in the model is just nonrebonded~very
possibly buckled nonrebonded! ones. Therefore, containin
B-type steps does not necessarily mean that the mod
unfavorable. Moreover, that seems to be a very impor
driving force behind the reconstruction of the Ge~105! sur-
face, because it makes the surface like a checkerboard, w
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might be the ideal mosaic pattern of the stress domains
surfaces like this to reduce their strain energy.5 This, of
course, needs to be tested in future investigations, bec
almost only vicinal surfaces in the@100# azimuth have been
carefully studied3–10 and hence, only the particular stripe
mosaic pattern of the stress domains has been treated
retically so far.5,6,8–10 On the other hand, this is also ver
interesting and challenging. The question here is a quan
tive rather qualitative one: could the net domain-w
energy5 become negative when the domain size is as sma
that in the Ge~105!132 model? In the model the domains a
only about two dimers in size and the domain walls are
steps. To answer this question, atomistic calculations
necessary. In this regard, recentab initio molecular-
dynamics investigations have shown that there is plenty
room for stepped surfaces to reduce their energy,13 while
atomistic calculations using the Stillinger-Weber interatom
potential have shown that stress relaxation can lower the

FIG. 11. Unit stereographic triangle of Ge surfaces, showing
stable surfaces determined in our works~thick circles! and in pre-
vious LEED works~Ref. 52! ~thin circles!. The territory of the
~001! and ~113! family is shaded with vertical and horizontal thi
lines, respectively.
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12 314 56GAI, ZHAO, JI, LI, AND YANG
ergy of a Si~001! stepped surface below that of the fl
surface.8

So far we have discussed the atomic structure of
Ge~103!, ~216!, and ~105! surfaces and have seen that t
former two consist of only stripped~113! terraces along with
steps thus belonging to the~113! family while the latter con-
sists of only mini~001! terraces along with steps thus b
longing to the~001! family. This relationship is shown in
Fig. 11 with a unit stereographic triangle of Ge surfac
Apparently, we have just started to fill the triangle up wi
information. As the next step, investigation of the (hhk)
surfaces that have their projection lying around~113! is un-
der way, and the preliminary results have shown that they
quite different from their Si counterpart.42

SUMMARY

To summarize, we have studied the clean and w
annealed Ge~103! surface with STM and LEED, and the fol
lowing results have been obtained.

~i! The surface morphology consists of large 134 recon-
structed~103! terraces along with a same kind of tentlik
protrusions, which are formed with~105!, $216%, and, very
possibly,$8 1 16% facets.

~ii ! For further investigations an atomic model has be
proposed for the (103)134, the (216)131, and the
e

.

re

l-

n

(105)132 reconstructions, on the basis of their hig
resolution dual-bias images.

~iii ! The (103)134 surface reconstruction consists o
stripped$216% terraces with a width of only one unit-vecto
length, while the~216! facets in turn consist of the strippe
~113! terraces with a width of also only one unit-vecto
length.

~iv! The (105)132 surface consists of the smalle
(001)231 terraces containing only two dimers as well
short segments ofA-type andB-type steps. The terraces form
a checkerboard pattern, which is expected to be typical
vicinal ~001! surfaces of Si and Ge in the@100# azimuth
direction, thus implying a stress-relaxation driving force b
hind this reconstruction.

~v! These surface structures indicate that Herring’s fa
ting theorem can be valid down to atomic scales, provid
that the atomic-scaled facets could be connected into a la
surface by low-energy edges and/or corners. This fact furt
indicates that faceting of a surface does not necessarily m
that the surface is thermodynamically unstable, although i
generally thought to be so.32
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