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We presentab initio studies of possible reconstruction elements on Si and Ges110d surfaces. Using 232,
332, and 632 unit cells we optimize models with buckled atomic chains, dimers, different adatom distribu-
tions, and interstitial atoms which may exist on the larger Sis110d1632 or Ges110d1632/cs8310d surface
reconstructions. We show that adatom reconstructions gain energy. Only the adatom model which seemingly
leaves no dangling bonds cannot occur on Si and Ges110d surfaces. An adatom-rest atom electron transfer
mechanism is more favorable. An adatom-tetramer-interstitial 332 model also stabilizes the Si and Ge sur-
faces and leads to a semiconducting behavior(at least for Si). Simulated scanning tunneling microscopy(STM)
images of empty states of this reconstruction look like the pentagon structures observed on Sis110d1632. A
632 reconstruction with five-membered adclusters is energetically completely unfavorable, though it also
reproduces the empty-state pentagonlike STM images.
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I. INTRODUCTION

Among the low-index silicon(Si) and germanium(Ge)
surfaces, the(110) surfaces are the only ones whose atomic
structures are still unknown. At least for silicon, the(110)
surface has a free energy only slightly larger than that of the
(111) plane.1 It should therefore be a stable facet of the equi-
librium crystal shape.2 However, the preparation of such sur-
faces is difficult. Only nonvicinal, clean and well annealed
Sis110d surfaces exhibit a 1632 reconstruction(Wood nota-
tion) or, more precisely, a
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reconstruction within the matrix notation.3–6 Contaminations,
for example very small amounts of Ni, destroy the long-
range reconstruction and give rise to translational lattices
with smaller unit cells, e.g. 531.3,7,8Scanning tunneling mi-
croscopy(STM) experiments3,5,6 suggest that the Sis110d16
32 reconstruction consists of equally spaced and alternately

raised and lowered stripes lying along thef11̄2g direction.
The height of the steps between two stripes is equal to the
layer spacing in normal direction. Along the stripes these
experiments reveal arrangement of “pairs of pentagons”
which are more pronounced in empty-state images.6 The ex-
perimental situation is less clear for the Ges110d surfaces. In
the pioneer work Olshanetskyet al.9 it was shown that a
cs8310d superstructure appears after annealing. Despite the
existence of STM images for Ges110dcs8310d,10 there are
indications that thecs8310d structure is transient and un-
stable and changes into a 1632 superstructure.11,12 How-
ever, for both periodicities the STM images show sequences
of pentagons similar to the findings for the Sis110d surface.

There are no accepted structural models for the recon-
structed Si and Ges110d surfaces which consistently explain
the energetics, the geometry and the electronic structure, in
particular the STM images. Usually a certain distribution of
adatoms and several top layers involved in the reconstruction

are assumed to interpret the atomic structures of Sis110d16
32 (Refs. [4,6,13,14]) and Ges110dcs8310d (Ref. [10]) or
1632 (Refs. [11,12]) unit cells. Conglomerates of adatoms
which capture interstitial atoms such as in the case of Sis113d
surfaces15 have been suggested by Anet al.6 to explain the
pentagon pairs observed in high-resolution STM images of
the Sis110d1632 surface. The origin of the stabilization of
Ges110d surfaces by certain reconstruction elements is also
not understood. Recently, Ichikawa12 explained the STM im-
ages observed for the Ges110d1632 surface by pairs of five-
membered adclusters. However, such structures are question-
able from the energetical point of view.

Apart from one trial12 theoretical studies have not been
performed for the large 1632 or cs8310d unit cells. Some
attempts were devoted to find favorable reconstruction ele-
ments and to understand the bonding behavior by studying
smaller unit cells.13,16–18In particular, it has been found that
a bond-rotation relaxation mechanism should take place on
Si and Ges110d surfaces16–18 where the top-layer atomic
chains are buckled like in the case of III-V compounds.2

Dimerization similar to the(100) case has been proposed
based on tight-binding(TB) calculations.13 Possible struc-
tures with adatoms have been studied by means of bothab
initio17 and TB molecular-dynamics calculations.16 The sug-
gestion of fully bonded(i.e., fourfold-coordinated) adatoms
which leave no dangling bonds16,17 is rather surprising
for group IV semiconductor surfaces and needs additional
studies.

In this paper we present first-principles studies of ener-
getical and structural properties of possible reconstruction
elements on Si and Ges110d surfaces. The electronic struc-
tures accompanying the most stable reconstructions are stud-
ied to understand the mechanisms of surface stabilization.
We focus on models including chains with rotated and con-
tracted bonds, adatoms in different sites, and interstitial at-
oms in unit cells of surfaces with 131, 132, 231,
cs232d, 232, 331, 332, and 632 translational symme-
try. STM images of the models with adatom-tetramer-
interstitial elements or five-membered adclusters are simu-
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lated to explain perhaps the pentagonal structure elements.
Finally, we present a possible model for Si and Ges110d16
32 reconstructions.

II. COMPUTATIONAL DETAILS

Our calculations are performed within the density-
functional theory19 (DFT) in the local-density approximation
(LDA ).20 The electron-electron interaction is described by
the Ceperley-Alder functional as parameterized by Perdew
and Zunger.21 The interaction of the electrons with the
atomic cores is treated by non-normconservingab initio ul-
trasoft pseudopotentials.22 Nonlinear core corrections are
also taken into account.23 Explicitly we use theVASP code.24

In the bulk case the DFT-LDA yields cubic lattice constants
of a0=5.398 and 5.627 Å and indirect fundamental energy
gapsEg=0.46 and 0.00 eV for Si and Ge, respectively. Qua-
siparticle corrections25,26 are not added to the Kohn-Sham
eigenvalues20 of the DFT-LDA in order to take into account
the excitation aspect.

In the cases of 132, 231, andcs232d reconstructions
lateral 232 unit cells are used to minimize the total energy.
For the variety of 331 and 332 reconstructions 332 unit
cells are studied. The surfaces are modeled by repeated slabs.
Each 232 slab consists of 11 atomic layers and the same
amount of vacuum layers. For 332 and 632 cells 7 atomic
layers and 9 layers of vacuum are used. The bottom sides of
the slabs are passivated by hydrogen atoms and kept frozen
during the surface optimization. The topmost eight or five
layers of the slabs with 232 or 332 and 632 lateral cells
are allowed to relax. Six, four or twok points are used in the
irreducible part of the Brillouin zone(BZ) for surfaces with
232, 332 or 632 translational symmetry. A surface geom-
etry is determined by allowing the atomic positions to relax
until the Hellmann-Feynman forces are smaller than
10 meV/Å. The eigenvalues and eigenfunctions of the
Kohn-Sham equation20 are used to calculate the local elec-
tronic density of states and the STM images within the
Tersoff-Hamann approach.27 A constant-height mode is as-
sumed for the STM simulations.

III. RESULTS AND DISCUSSION

The studied most important surface reconstructions are
shown in Fig. 1. Resulting surface energies are given in
Table I.

A 131 unit cell of (110) surfaces consists of two atoms
with one dangling bond at each atom. After the relaxation
these atoms possess asymmetric positions, one atom goes up
while the other one moves down, thereby introducing a
buckled chain. Additionally the atoms can be somewhat
twisted along the chain direction. In the case of III-V semi-
conductors the(110) surface is the cleavage face.2 Because
of the electrostatic neutrality of a surface unit cell, only such
a bond-rotation or a bond-contraction relaxation occurs. The
dangling bond of the upper atom(the cation) is completely
filled with electrons while that of the lower atom(the anion)
gets empty. However, a 131 reconstruction with a bond-
rotation or bond-contraction-relaxation mechanism is not the

most favorable one for Si and Ges110d surfaces. A more
stable reconstruction with parallel chains buckled in opposite
directions is presented in Fig. 1(a). The lateral displacements
of the first layer atoms nearly guarantee the bond-length con-
servation. This 132 reconstruction is energetically more fa-
vorable than the relaxed 131 one for both materials. The
energy gains due to the various buckling contributions of the
chains are only of the order of 10 meV for Si and slightly
larger for Ge(about 20 meV). The stabilization by antiphase
chains agrees with previous theoretical findings.16,17The val-
ues of the buckling amplitudes are 0.75 and 0.80 Å for Si
and Ge, respectively. The preference of the 132 reconstruc-
tion can be related to a gain of band-structure energy. The
corresponding electronic band structures are plotted in Fig.
2(a). In contrast to the findings for the relaxed 131
surface,18 the alternate buckling of parallel chains in the 1
32 reconstruction opens a fundamental band gap between

FIG. 1. (Color online) Side and top views of relaxed atomic
positions of Sis110d surfaces(those for Ge are similar): (a) 132
chain buckled model,(b) 231 adatom model,(c) cs232d adatom
model, (d) 331 adatom model,(e) 332 adatom model,(f) 332
adatom-tetramer-interstitial model, and(g) 632 five-membered
adatom model. Lateral unit cells are indicated by thin solid lines in
the top views.
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surface bands. For Si a small gap is observed along theJ8K
direction. The interchain interaction is effectively reduced.
The band folding together with the repulsion of bands de-
crease the band dispersion in chain direction. For Ge the
band structure in Fig. 2(a) indicates a metallic behavior.
However, the interpretation of the Ge electronic states is
more difficult because of the underestimation of the band
gaps within the DFT-LDA already for bulk, in particular the
zero fundamental gap. The dispersion of the surface bands in
Fig. 2(a) is not too large, and the bands mostly overlap near
the G point. There may be a chance to open a gap using the
quasiparticle approach.25,26 This also holds for other Ge sur-
face reconstructions discussed below. In contrast to the Ge
case the Sis110d132 surface with oppositely buckled paral-
lel chains is semiconducting. The dispersion of the surface
bands nearG is much weaker. For Sis110d132 the squares
of the wave functions atK are shown for the highest occu-
pied and lowest unoccupied states in Fig. 3. The principal
behavior is similar to the case of equally buckled chains in
131 cells. The states localized on upper atoms are fully

occupied and behave ass-like orbitals, while those on lower
atoms are empty and havepz-like character. The surface
states are similar for Ge(not shown).

Another 132 reconstruction may be related to a phase-
shifted arrangement ofp-bonded dimers,13 due to the reb-
onding of dangling bonds of neighboring first-layer atoms
belonging to the same chain along thef11̄0g direction (not
shown in Fig. 1). The total-energy optimization showed that
such dimer arrangements are not stable. During the atomic
relaxation the starting dimer configuration is transformed
back into a chain structure. The reason is that it is not favor-
able to break as bond which already exists and create a
dimer with ap bond which is weaker. Consequently, it is not
possible to cover Si and Ges110d surfaces by neighboring
dimers.

Other important reconstruction elements contain adatoms
in different positions in order to reduce widely the number of
dangling bonds. We have studied a variety of reconstruction
models with adatoms. The most favorable(for Ge) and en-
ergetically second(for Si) adatom reconstruction leads to the
231 surface shown in Fig. 1(b). One adatom on a 231 cell
saturates three dangling bonds of first-layer atoms. The re-
maining dangling bond belongs to a rest atom. One expects
an energy gain due to an adatom-rest atom mechanism,2 such
as occurs on a Ges111dcs238d surface.18 Indeed, the 231
adatom model in Fig. 1(b) further lowers the surface energy
(see Table I) for both Si and Ges110d surfaces. However, the
energy gain is much smaller than that computed by
Takeuchi.17 The adatom-rest atom mechanism determines the
surface electronic structure. This is clearly indicated in Fig.
2(b). The calculated band structures exhibit the opening of a
band gap, at least in the case of Si. A nearly direct band gap
occurs at theJ point. In the Ge case surface bands overlap
with bulk states nearG. The squares of the surface wave
functions atK are presented in Fig. 4 for Si. The localization
of the wave functions and the state occupation confirm the
classical picture of an adatom-rest atom charge transfer. The
occupied states withs-like character are observed at the rest
atoms which are displaced from the surface towards the
vacuum region. The dangling bond of the adatom is more

TABLE I. Reconstruction-induced energy gain per 131 unit
cell in eV with respect to the bulk-terminated(i.e., unrelaxed 1
31) surface. Results for bond-length-conserving chain 131 and
132 reconstructions, adatom models with 231, cs232d, 331, or
332 translational symmetry, an adatom-tetramer-interstitial(ATI )
332 geometry, and a 632 five-membered cluster reconstruction
are presented.

Reconstruction DEsurfseV/131 celld

131 0.44 0.47

132 0.45 0.49

231-adatom 0.49 0.53

cs232d 0.37 0.29

331 0.54 0.41

332 0.40 0.32

332-ATI 0.54 0.52

632 <0 <0

FIG. 2. Band structures of Si and Ges110d
surfaces. (a) 132 with oppositely buckled
chains,(b) 231 adatom model,(c) 331 adatom
model, and(d) 332 adatom-tetramer-interstitial
model. The Brillouin zone of the 232 s332d
structure is used to present the bands obtained for
132, 231 s331, 332d translational
symmetry.
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pz-like. Consequently, more or less one electron is trans-
ferred from the adatom to the rest atom. The same tendency
is observed for Ge. The vertical differences between adatom
and rest atom positions are rather small with 0.31 and 0.26 Å
for Si and Ge, respectively.

One attempt to accommodate adatoms in appropriate dis-
tances and to saturate all dangling bonds is shown in Fig.
1(c). According to a common believe one adatom on acs2
32d unit cell should allow an arrangement with a complete
saturation of the dangling bonds. According to Ref. 17 the
adatom is bonded to four different atoms in neighbored
chains. Bonds with lengths of 2.4 and 2.6 Å should give rise
to an extremely large energy gain of more than 1 eV/131
cell. The results of the careful relaxation of the structure in
Fig. 1(c) indicate a completely different behavior. The en-
ergy gain in Table I is much smaller; smaller than those of all
bond-length-conserving chain reconstructions[e.g. that
shown in Fig. 1(a)] and the 231 adatom model. The struc-
tural data are in agreement with the energetical findings. We
derive a much larger distance between the adatom and the
fourth (most distant) atom that contributes to the seemingly
fourfold coordination of the adatom. The different results
(with respect to Ref. 17) can be related to a better conver-
gence concerning the number of atomic layers in the slab, the
BZ sampling, and the energy cutoff of the plane-wave expan-
sion. The critical distance between adatom and fourth atom
amounts to 2.87s3.08d Å for SisGed, i.e., in betweena0/2
andÎ3/2sa0/2d. This value is much larger than the charac-
teristic bond length 2.34s2.44d Å and can be only related to
an extremely weak bond. The physical/chemical reasons for
the findings are obvious. Si and Ge atoms prefer fourfold
coordination with tetrahedral bonding. An arrangement of
four nearest neighbors in nearly one plane is rather unfavor-
able. An adatom with apz-like dangling orbital can only
have a weak overlap with the dangling bond at the fourth
atom. Another configuration with a stronger wavefunction
overlap would however induce a remarkable strain in the
atomic layers below. The situation is similar to the case of

adatoms on Si and Ges111d surfaces2 or to the 231 adatom
reconstruction discussed above. The resulting geometry al-
lows for another interpretation. The adatom and the fourth
atom, the chain atom in[001] direction with a remaining
dangling bond, represent an adatom-rest atom pair but not a
pair with true bonding.

Using 331 and 332 unit cells we have optimized struc-
tures where all dangling bonds of the original(110) surfaces
are saturated by adatoms. Such 331 and 332 reconstruc-
tions are shown in Figs. 1(d) and 1(e), respectively. Each
adatom is threefold coordinated. There remains only one
dangling bond per adatom. The adatom reconstruction mod-
els substantially reduce the dangling bond density, the num-
ber of dangling bonds per 131 unit cell. Instead of 2 in the
132 case with buckled chains or 1 for the 231 and cs2
32d adatom models the dangling bond density is further
reduced to 2/3. However, in contrast to the other adatom
reconstructions no rest atoms occur. The distribution of the
adatoms in the 332 structure(i.e., pair of adatoms) looks
similar to the reconstruction element suggested as a building
block for the unit cell of the Sis110d1632 surface.4,28 The
331 arrangement of the adatoms following each other in
[001] direction [Fig. 1(d)] is more favorable from the ener-
getical point of view for Si(see Table I). In the Ge case it is
less favorable than the 231 adatom reconstruction. These
contradictory findings are similar to those for the(111) sur-
faces, where the adatom-rest atom pairs oncs238d cells are
the most favorable reconstruction elements for Ge but not for
Si.18 Surprisingly, the out-of-phase arrangement of the ada-
toms within the 332 translational symmetry[Fig. 1(e)] is
much higher in energy(cf. Table I). This fact confirms that Si
and Ges110d surfaces are “sensitive” with respect to the ada-
tom distributions. To reduce probably the surface stress we
also have tested a structure with two adatom-rest atom pairs
but in 232 unit cells(not shown in Fig. 1). It gains 20 meV
per 131 cell for Si and 50 meV in the case of Ge in com-
parison with the 332 periodicity. However, in both cases the
values lie quite far from those for the most favorable adatom
reconstructions.

The general weak tendency for a stabilization of a pure
adatom structure is understandable because of the nearly
identical bonding behavior of the adatoms and the resulting
bands. It is accompanied with metallic band structures as
indicated in Fig. 3(c) for both Si and Ges110d331 adatom
structures. The low surface energy of the Sis110d331 ada-
tom reconstruction and its metallic band structure do not
contradict the reconstruction rules for semiconductor
surfaces.2 Similar observations have been made for other sur-
face orientations. The Sis111d737 surface possesses a me-
tallic band structure but is the energetically most favorable
reconstruction. In the Ges111d case the lowest-energy struc-
ture cs238d is semiconducting. This is in agreement with
the fact that the Ges110d231 adatom reconstruction is also
the lowest one in energy(see Table I).

Based on the idea to explain the STM findings for
Sis110d1632 surfaces by pentagons which are formed by
tetramer and interstitial atoms,6 we have studied such recon-
struction elements in 332 unit cells. We followed the ideas
developed to interpret the 332 reconstruction of Si and

FIG. 3. Wave-function squares atK for the Sis110d132 surface
with oppositely buckled chains. Left panel: highest occupied state;
right panel: lowest unoccupied state.

FIG. 4. Wave-function squares atK for the adatom model of the
Sis110d231 surface. Left panel: highest occupied state, right panel:
lowest unoccupied state.
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Ges113d surfaces by adatom-dimer-interstitial(ADI ) and
adatom-interstitial(AI ) models.29 The pentagon(or pen-
tamer) in one half of a 332 cell consists of four adatoms
(tetramer) and one atom belonging to a chain in the first
atomic layer. They saturate five of the six surface dangling
bonds. The interstitial atom is laterally located at the center
of the pentamer but below the pentamer plane. In the second
half of the 332 cell two additional adatoms saturate the
dangling bonds in such a way that one rest atom is left. The
resulting 332 adatom-tetramer-interstitial(ATI ) reconstruc-
tion is drawn in Fig. 1(f). The total-energy minimizations
show that the ATI reconstruction is the same in energy with
respect to the most favorable 331 adatom Si structure. For
Ge the energy gain is also comparable to that calculated for
the 231 adatom reconstruction. We optimized structures
where pentamers have no subsurface interstitial atoms. These
reconstructions have been found less favorable. However, the
reconstruction with a pentamer and an interstitial atom gains
energy only in combination with two adatoms, at least within
the 332 translational symmetry. For Si the energy differ-
ence between the models with and without additional ada-
toms amounts to 0.21 eV per 131 unit cell. The reason will
be discussed below describing the band structure.

The interstitial atom is sixfold coordinated. In Fig. 5 the
strength of the bonds between this atom and its neighbors is
discussed in terms of the bond lengths and the electron dis-
tribution. The side view in Fig. 5 clearly indicates that the
interstitial atom creates a strong bond with the atom below in
the second-atomic layer. The shortest bond of 2.36s2.58d Å
with the fifths pentamer atom is strong(weak) for Si sGed.
The bonds to the other four pentamer atoms are usually
weaker with lengths of about 2.5s2.6–2.7d Å. At least for Si,
three(of five) strong bonds between pentamer atoms are in-
dicated by keeping nearly the bulk bond length. This is also
clearly indicated by the electron distribution between the
pentamer atoms. The two bonds with the fifth pentamer atom
(i.e., a chain atom in the first atomic layer) are weaker. This
is a consequence of the fact that this atom has five nearest
neighbors[cf. Fig. 1(f)]. The four adatoms of the pentagon
are fourfold coordinated. However, they do not anymore
show asp3 hybridization.

An indication for the large energy gains arises from the
band structures in Fig. 2(d). There is a tendency for opening
of an energy gap between the surface-state bands. The gap of
the 332 ATI reconstruction is the largest one among all
studied Sis110d reconstructions. The opening mechanism is
similar to that discussed for the Sis113d332 ADI surface.29

Due to the weak bonding pentamer atoms donate electrons to
the two adatoms in the second half of the 332 unit cell.
Their dangling bonds are fully occupied with electrons
which form lone pairs. As a consequence the filled-state
(empty-state) STM images are dominated by adatom
(pentamer-atom) electronic states. This is demonstrated in
Fig. 6. For the Sis110d332 ATI surface the STM images
simulated for a bias of −2 Vs2 Vd mainly show the adatoms
(pentamer atoms) in the lower(upper) half of the 332 sur-
face unit cell. The STM image simulated for the empty states
seems to be similar to the characteristic pentagon-shaped el-
ement of the empty-state STM images observed for the
Sis110d1632 surface.6

We have also optimized a 632 reconstructed geometry
which consists of two five-membered adclusters as proposed
in Ref. 12 for the Ges110d1632 surface. Its structure is pre-
sented in Fig. 1(g). Each of the clusters has three adatoms
and two bridge-site atoms. Two bridge-site atoms belonging
to different adclusters form a bond between each other.12

Along the chain direction in the underlying atomic layer
clusters are separated by four atoms at nearly ideal positions.
However, the above described structure is not stable for both
Si and Ge. We could not really find local minima on the
total-energy surfaces. The atomic forces remain too large. In
contrast to Ref. 12 in our calculations the convergence crite-
rion concerning the forces is stronger by one order of mag-
nitude. The reason of the structural instability could be an
oversaturation of surface bonds. Two adatoms along the
chain in each cluster are located in such a way that they
seemingly saturate the dangling bonds of one atom twice.
Additionally the two bridge-site atoms weaken as chain
bond and give rise to four new bonds. Consequently, depend-
ing on the starting configuration a bridge-site atom may satu-
rate a dangling bond of the next chain atom or a neighboring
adatom.

Simulated STM images of the Ges110d1632 reconstruc-
tion with five-membered clusters look similar to the images
observed experimentally.12 This similarity was interpreted as
a proof for the existence of the assumed reconstruction ele-
ment. Our calculated STM images are presented in Fig. 7 for

FIG. 5. Charge density plot around the interstitial and pentamer
atoms for the 332 adatom-tetramer-interstitial reconstruction of
Sis110d. Planes used for representation are indicated by arrows.
Bonds lengths are also given for Ge(in brackets)

FIG. 6. Simulated STM images of filled(left panel) and empty
(right panel) states of the 332 adatom-tetramer-interstitial Sis110d
surface for bias voltages corresponding to −2 and 2 eV with respect
to the theoretical Fermi level.
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the Sis110d632 reconstruction. We note, that the adatoms of
the 632 reconstruction model take remarkably different ver-
tical positions[cf. Fig. 1(g)] and, hence, make it difficult to
choose an appropriate plane to compute the constant-height
STM images. Moreover, the comparison of the images ob-
tained in constant-height mode with measured constant-
current mode images is rather problematic. We use a plane
which crosses the bridge-site atoms. The calculated empty-
state images in Fig. 7(top panel) for Si show spot arrange-
ments similar to the observed pentagon-shaped ones. States
originating from all adcluster atoms including the bridge-site
atoms contribute to the empty-state image of the 632 recon-
struction. In contrast, in Fig. 7(bottom panel) occupied
states give only contributions at bridge-site atoms and not at
the other adatoms. We have also not found any contribution
of occupied states which are located at adatoms using a
three-dimensional representation of the wave functions. If
the plane to plot the constant-height STM images is closer to
the surface, it is, however, more probable to see states local-
ized at the four rest atoms belonging to the chain. In general,
it is not possible to observe significant pentagon structures in
both empty and occupied images for the described 632 re-
construction.

Following the results obtained for the energetics of the
reconstruction elements on(110) surfaces we have to con-
clude that for both materials, Si and Ge, the adatom-
tetramer-interstitial model in Fig. 1(f) should describe an im-
portant element of the 1632 reconstruction, if it actually
represents an equilibrium surface phase and is not influenced
by kinetic effects or sample preparation. In particular in the
Ge case it should be combined by a preferential arrangement
of adatoms along the[001] direction [see Fig. 1(b)]. Of
course, the pentagons have to be arranged in zigzag lines

along thef1̄12g direction, in order to account for the corre-

sponding stripes found in STM images.6 In addition, a rea-
sonable reconstruction model of thes110d1632 surfaces of
Si and Ge should also include monolayer steps accompanied

by the formation of trenches alongf1̄12g with a width of half
of the 1632 unit cell as observed by STM.4,6 A possible
resulting reconstruction model is presented in Fig. 8. A cer-
tain rebonding across the steps has been assumed. However,
the shape of the steps and the probably accompanying energy
gain have to be proved in future total-energy calculations.
The zigzag chains of pentagon-shaped elements parallel to
the steps and the additional adatoms are arranged in lines
parallel to[001]. According to STM images of the isolated
reconstruction elements in Fig. 6 we expect that their zigzag
arrangements in the model of Fig. 8 may reproduce the
stripes on lower and higher terraces seen in the STM images.

FIG. 7. Simulated STM images of empty(top panel) and filled
(bottom panel) states of the 632 five-membered clusters Sis110d
surface for bias voltages corresponding to 2 and −2 eV with respect
to the theoretical Fermi level.

FIG. 8. (Color online) Top view of a possible 1632 reconstruc-
tion. A unit cell is indicated.
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IV. SUMMARY

Using ab initio calculations we have studied a variety of
reconstructions of Si and Ges110d surfaces with 131, 1
32, 231, cs232d, 232, 331, 332, or 632 translational
symmetry. Among the reconstruction elements are buckled
zig-zag chains, adatoms, rest atoms, dimers, bridge-site at-
oms, pentamers, and interstitial atoms. In general neighbor-
ing chains buckled and laterally displaced in opposite direc-
tions and adatoms arranged along the[001] direction
stabilize the(110) surfaces. For Ge adatom-rest atom pairs
are the most stable reconstruction elements. In the case of Si
the presence of only adatoms can lower the surface energy.
Pure dimer structures and saturation of all dangling bonds by
fourfold coordinated adatoms are not possible for both semi-
conductors. The tetramer-interstitial reconstruction is stabi-
lized by additional adatoms. In this case the resulting pen-
tamer atoms donate electrons to adatoms. Their dangling
bonds are fully occupied what leads to a semiconducting
band structure(at least for Si). Simulated empty-state STM
images show pentagon-shaped spot distributions. The recon-
struction element with two five-membered rings is com-
pletely unfavorable from the energetical point of view for

both Si and Ges110d surfaces, although this metastable struc-
ture can reproduce two pentagons in the empty-state STM
images. Combining with other stable elements the adatom-
tetramer-interstitial configuration may contribute to the sta-
bilization of larger 1632 or cs8310d reconstructions of the
Si and Ge surfaces. However, a definite answer can only be
given by converged total-energy minimizations and STM
simulations for 1632 fcs8310dg reconstructed surfaces in-
cluding the discussed reconstruction elements and surface
steps or trenches. Nevertheless, we suggested a model for the
1632 reconstruction in Fig. 8. Of course, it contains such
elements as rebonded steps which have not been studied in
the present paper.
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