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Adatoms, dimers, and interstitials on group-IV(113) surfaces: First-principles studies
of energetical, structural, and electronic properties
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Using anab initio plane-wave-pseudopotential code we study a variety>fi3and 3< 2 reconstructions
including adatom(A), dimer (D), and interstitial(l) models of Ge, Si, and diamotid3 surfaces. All recon-
struction elements give rise to local minima on the total-energy surface. For Ge and Si, interstitial reconstruc-
tions are confirmed to be most favorable. Reconstructions without interstitials, even the oppositely puckered
3X2 AD model, do not open a surface-state gap. The semiconduck®yADI structure is the lowest one in
energy for Si, since the occupied surface states appear below the valence-band maximum2ies8rface
with asymmetric pentamers is also semiconducting and, in the Ge case, it is even lower in energy.IThe 3
AD model is found to be the most staklEl3) surface reconstruction for diamond, despite the vanishing gap.
The measured structural data, the obsertiadparticular occupied surface states, the scanning-tunneling
microscopy images of Si and Ge(113)2 and 3x1 surfaces, as well as the temperature-induced phase
transitions can widely be explained using models with subsurface interstitial atoms and accounting for the
mobility of such atoms.
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I. INTRODUCTION larly for Si.”®1720-23250ne important step towards under-
standing the behavior of group-(¥13 surfaces was the in-
High-index (113 surfaces of group-IV semiconductors troduction of an additional reconstruction element, a sixfold-
are of interest from both the fundamental and applied point§oordinated surface self-interstitiél) similar to the[110]-
of view. In recent years wide flatl13) terraces have been Split interstitial bulk defects, by Dabrowsket al**?7
prepared on Si substrates demonstrating that such surfack¥erstitial distribution and migratidft*’**allow the study
are thermally stable against facetih@heir inherent struc- Of additional surface reconstructions, among them adatom-
tural anisotropy makeg€l13 surfaces promising substrates Interstitial (Al) and adatom-dimer-interstiti#ADI) models.
for epitaxial growth of optoelectronic devicé©bservations Meanwhile, there are severlb initio studies of 3 51_5‘9”3‘3
of (113 facets on Ge islands grown on(SL1), Si(100), or 32 reconstructions of Si and GH3 Sl_lrfaceg- '
SiC(000)) substrates indicate the stability @f13 surfaces There_ are aiso studies using a .semlemp_mcal method
also for germaniumi:® The interest in diamord13 sur- f:omblned methodS: The energencal_qrderlng of the .most
faces is mainly fundamental. Howevel13 facets have important structural models is clarified for both Si and

been observed on small diamond crystals grown by chemic ie'llvzastowever’ the absolute values of the resulting sur-
o : y 9 y Face energies have to be well converged. Their comparison
vapor deposition techniqués.

: . with energies of low-index surfaces provides information on
The actual atomic structure of theéll3) surfaces is

) i whether (113) facets appear on equilibrium crystal shapes
strongly influenced by the surface reconstruction. For th‘%\nd, hence, are really stable. The bonding energies of the

weaker bonded group-IV materials, in particular, Si and Gejnterstitials may allow a discussion of the temperature-
3X1 and 32 translational symmetries have beeninduced phase transitions. Details of the geometrical recon-
reported’~*® To our knowledge there is neither a theoreticalstructions concerning their asymmetries, e.g., buckling,
nor an experimental study of clean reconstruct¢til@ sur-  puckering, vertical displacement of appearing reconstruction
faces. The $1L13) surface exhibits a 8 2 reconstruction at elements, tetramers, or pentamers, are under discussion. The
room temperature, while a transition to thex3 phase is chemical trends in energies and geometrical parameters are
observed at elevated temperattfté3!>2*24n the Ge case not understood. This holds for the comparison between Si
3X2 and 3x 1 periodicities seem to coexist already at roomand G¢113) but, in particular, for €113); the properties of
temperaturg®18.28 this surface are unknown.

The bulk-terminated113) surfaces of diamond-structure The driving forces of the various reconstructions concern
crystals consist of alternating rows of twofold-coordinatedunsolved problems. The relationship between energetics,
(00D-like atoms and threefold-coordinatétil1)-like atoms.  bonding, displacements of atoms, and the electronic structure
If one (001)-like atom is removed, the adjace(itl1l)-like is not clarified. There are a few simulated images observable
atom looks like an adatorf®\). The additional formation of a in scanning-tunneling microscop{8TM).**2>-2" However,
dimer (D) by two (001)-like atoms leads to 81 transla- their relation to the surface band structures and surface elec-
tional symmetry. Many refinements of such an adatom- tronic states is not derived. Calculated band structures are
dimer(AD) model, including voids, puckering, buckling, and not published, except from those within a tight-binding
vertical displacement of the dimers, have been discussed tpproact?® the accuracy of which is, however, limited.
explain the observed 82 translational symmetry, particu- The experimental bands for Si(113¥2 need an
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interpretatiorf! It has to be discussed whyx3L reconstruc- the Brillouin zone(BZ) for the surfaces with 32 transla-
tions are seemingly observed in several experiments, despitenal symmetry. In order to derive well-converged absolute
the violation of the general reconstruction rdfeand the  surface energies, larger centrosymmetric supercells with 42
electron counting rulé® Consequently, the metallic or insu- pilayers and 46 vacuum layers are also studied. This ap-
lating character of 4113) surface has to be explained de- proach has been tested to give converged energies for other
pending on the translational symmetry but also on(tbeal)  surface orientations of group-IV semiconductfrdn par-
point-group symmetry. ticular, the weakly bonded Ge requires many layers to

In this contribution results of well-converged first- achieve convergence.
principles calculations are presented for the most important The eigenvalues and eigenfunctions of the Kohn-Sham
reconstruction models. The atomic structure, the energeticgquatiori® are used to calculate the local electronic density
and the electronic states are studied. The stability of thef states and the STM images within the Tersoff-Hamann
(113 surfaces is discussed in terms of absolute surface erpproact® A constant-height mode is assumed for the simu-
ergies and their comparison with those of other orientationsation. Smearing-out procedures to account for the nonideal-
The energetical ordering is related to the reconstruction eléity of the tip are not used. Also no energetical shift towards
ments, the geometry, and the resulting band structures. Thﬁgher(lower) energies of the emptfoccupied states is ap-
driving forces of reconstructions and their chemical trendsplied in order to account for the quasiparticle character of the
are derived. The resulting structural parameters, band strugnyolved electronic state€:44
tures, and STM images are discussed in light of available
experimental data.

B. Reconstruction models and structural parameters

Il. COMPUTATIONAL METHODS A (113 surface of a truncated bulk crystal of a Ge, Si, or
A. Total-energy and electronic-structure calculations diamond crystal consists of alternatif@01)- and (111)-like
) o _atomic rows in the uppermost double layétig. 1(@)]. A
The calculations are performed within the density-1y 1 ynit cell contains two atoms. Th@01)-like atoms in
functional theory* (DFT) in the local-density approximation the upper part of this bilayer are twofold coordinated and,
(LDA).* The electron-electron interaction is described bypence possess two dangling bon@Bs). The (111)-like
the Ceperlgg/-AIder functional as parametrized by Perdewyioms in the slightly lower part of the topmost bilayer are
and Zunger” In the case of diamord13 surfaces several i eefold coordinated and, therefore, only have one DB. The
results are checked by repeating the calculations taking gefygs are half filled. According to the general rdésuch a

eralized gradient corrections within the generalized gradien{, face should reconstruct to minimize the DB density and
approximatiori’ into account. The interaction of the elec- the surface energy.

trons with the atomic cores is treated by non-norm- . . . -
conservinggb initio Vanderbilt pseudopotential§ Nonlinear . The removal of every third001)-like atom in the{110]
direction gives a X 1 translational symmetry. The adjacent

core corrections are also taken into accolifithe non-norm- . .
(lllj)—llke atom rebonds and forms an adatomlike reconstruc-

conserving pseudopotentials allow a substantial potenti ! : :
softening even for the first-row element cartf8ms a con- %on element. The adatom is characterized by the displace-

sequence the plane-wave expansion of the single-particl®€ntsAz,qandAy,q parallel to thef113] or [332] direction
eigenfunctions is restricted to low kinetic-energy cutoffs 8.8ffom the bulklike position. The two twofold-coordinated at-
Ry (Ge), 9.6 Ry(Si), and 19.8 Ry(C). oms remaining in a 31 cell form a dimer along thg110]

In the explicit computations we use the Vienal initio  direction with a characteristic bond lengtl;,, and a pos-
simulation packagévasp).*! In the bulk case the DFT-LDA sible dimer tilting Azy, [Fig. 1(b)]. The two (= and )
yields cubic lattice constants af,=5.627, 5.398, and 3.531 bonding orbitals of the dimer are fully occupied with elec-
A and indirect fundamental energy gapg=0.00, 0.46, and trons. Together with the two adjacent nonrebonded edge at-
4.15 eV for Ge, Si, and diamond, respectiviQuasiparti- ~oms they form a trapezoidal tetramer. A possible asymmetry
cle correction$®* are not added to the Kohn-Sham may be characterized by the differente,qqe Of the vertical
eigenvalue® of the DFT-LDA in order to account for the positions of the two edge atoms. It results in an AD recon-
excitation aspect. In this approximation and without consid-struction model, keeping the>31 translational symmetry
ering the spin polarization of the free atoms, chemical potenfFig. 1(b)].”
tials w of the constituentgi.e., negative cohesive energies Refinements of the AD model such as dimer tilting or
follow to be u=—5.195, —5.957, and—10.947 eV/atom, puckering(indicated byA zy,, andAz.y,* 0) may lower the
respectively, for Ge, Si, and C. total energy, but still the electron counting rifié>cannot be

The surfaces are modeled by repeated slabs. Each sldifilled. Three partially filled DBs remain. However, if
consists of 11 double layers and the same amount of vacuuthe dimers[as in the case of Ge and Si(0@L#x2) or
layers. Always a X 2 lateral unit cell is used, even studying p(2x2) surface$ of adjacent horizontal rows are tilted/
the nominal 3<1 translational symmetry. The bottom sides puckered(p) in opposite direction$? it results in a 3<2
of the slabs are passivated by hydrogen atoms and kept frgeriodicity that allows for pairing of all electrons and, hence,
zen during the surface optimization. The topmost six doublen insulating (semiconducting surface?® The generalized
layers of the slab are allowed to relax. Fdaight) k points  oppositely puckered 8 2 AD(op) structure is shown in Fig.
are used in the irreducible part, i.e., in a quattere-halj of 1(c).
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The 3x1 AD surface can transform into another meta-
stable structure by capturing a self-interstitial atom in the
center of the tetramer. It results in &3 Al reconstruction
[Fig. 1(d)].?® The interstitial atom is sixfold coordinated. To-
gether with the(subsurface common neighboi(called the
subatom of the two edge atoms, the original tetramer forms
a nearly flat pentamer around the interstitial. The subatom is
characterized by the vertical distance to the average position
of the edge atomazg,,. The interstitial may be character-
ized by the vertical distanc&z,, of this atom to the average
position of the atoms in the surrounding pentamer. A possible

displacement along thgl110] direction is represented by
Ax;,. However, there is also substantial interaction with the
atom beneath in the third bilayer, completing the sixfold co-
ordination. The number of DBs is not reduced with respect to
the 3x1 AD surface. Complete electron pairing or com-
pletely empty orbitals may occur by allowing an asymmetry
associated, e.g., with the opposite tilting of neighboring pen-
tamers, or with different vertical positions of atoms in adja-
cent pentamers. The resulting<2 Al reconstructionalso
Fig. 1(d)] should be insulating. For that reason, we study
asymmetric X2 Al reconstructions. The AD and Al models
differ by the weakly bonded interstitial atoms. The migration
of such atoms is likely, resulting in a certain surface disorder.
A stable intermediate structure may only contain one inter-
stitial per 3x 2 cell. It results in the mixed 82 ADI recon-
struction shown in Fig. (®).?% Since there is an even number
of half-filled DBs, also this combined reconstruction model
may describe a nonmetallic surface.

Ill. RESULTS AND DISCUSSION

A. Energetics and geometries

The calculated surface energies are summarized in Table
I. Important geometry parameters are listed in Table Il. In

FIG. 1. Top view of various reconstructions @13 surfaces. addition to the most stable reconstruction models AD, ADI,
The area of a %2 unit cell is shown(a) Bulk-truncated surface a@nd Al, which represent 81 and 3<2 translational sym-
with possible relaxationgp) 3x 1 AD model,(c) 3x2 AD [oppo- ~ Metries with different symmetric and asymmetric variations,
sitely puckeredop)] structure,(d) 3x 1 or 3x 2 Al reconstruction, We have also studied the bulk-terminated and rela@4a®)
and(e) 3x 2 ADI model. Filled(open circles indicate atoms in the surfaces. The relaxation of the bulk-terminated surfaces
top (secondl bilayer. Dots represent atoms in the third bilayer. The gives rise to a significant reduction of the absolute surface
interstitial atoms are indicated by shaded circles. energies. Dimerization of two twofold-coordinated atoms

TABLE I. Absolute surface energies of Ge, Si, and diamond(1¥3)3and 3x 2 surfaces per 82 unit
cell (Eg,) or per unit area{). (p): puckered(op): oppositely puckered.

Reconstruction Equrf (€VI3X 2 cell) v (I/n?)

C Si Ge C Si Ge
Bulk terminated 32.28 20.00 15.83 8.34 221 161
Relaxed 26.44 16.71 12.70 6.83 1.85 1.29
3X1 AD 21.29 13.49 10.58 5.50 1.49 1.08
3x1 AD(p) 13.37 10.44 1.48 1.06
3X2 AD(op) 13.35 10.42 1.48 1.06
3X1Al 13.16 9.77 1.45 0.99
3X2 Al 13.11 9.72 1.45 0.99
3X2 ADI 12.69 9.77 1.40 0.99
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TABLE II. Important geometry parameters o#3L and 3x 2 reconstructions of113) surfaces of Si and Gén units of the bulk bond
length. Due to the asymmetry in the cases of 3 Al and ADI, two values are given for the Iéfight) part of the reconstructed unit cell
[Figs. 2d) and Ze)]. For the 3x2 AD(op) only one value of each tilting paramet&zg, and Azqqq4eis given, since the buckling in the
opposite tetramer only gives a changed sign. In thd 2D case diamond parameters are given for comparison.

Reconstruction Element Dimer atoms Edge atom  Subatom Adatom Interstitial
ddim Azdim AZedge AZad AZsub Ayad Azin AXin
3X1 AD C 0.96 0 0 -0.22 -0.19 —-0.29
Si 1.00 0 0 -0.21 -0.19 —0.36
Ge 1.06 0 0 —-0.22 -0.01 -0.34
3X2 AD(op) Si 0.99 0.23 0.26 —-0.34 -0.19 -0.37
Ge 1.01 0.29 0.27 0.00 -0.34 -0.37
3xX1 Al Si 0.98 0 0 0.00 0.00 -0.28 0.62 0
Ge 1.00 0 0 0.09 0.04 -0.28 0.63 0
3Xx2 Al Si 0.990.99 0.020.05 0.060.21) 0.030.00 0.00(-0.0) -0.27(-0.29 0.610.60 —0.030.10
Ge 1.001.02 0.00.09 0.010.26 0.090.01) 0.020.04 —0.260.27 0.610.63 —0.010.12
3X2 ADI Si 1.01(0.98 0 0 0.03(-0.19 —-0.01(—0.02 -0.28(—0.349 0.62 0
Ge 1.001.06 0 0 0.08(-0.2) 0.040.01 —0.29(-0.33 0.64 0

and the removal of each third one reduce the number ofials. The resulting buckling amplitudes of the dimer atoms
dangling bonds and stabilize the surface structure. Consésut also of the edge atontsf. Table Il) are of the same order
quently, the 3K 1 AD model lowers the surface energy sub- of magnitude as observed for the dimers (@01 surfaces
stantially independent of the group-IV material consideredand the chains o111 surfaced?“® Apart from signs, the
The dimerization gains energy, as in the case of (06132 geometry parameters are almost the same f&rl 3AD(p)
surfaces as follows by comparison of the surface energies f@nd 3<2 AD(op) models. Only in the Ge case is one param-
the relaxed and 81 AD geometries. Despite the contribu- eter somewhat different for>81 and 3<2 unit cells, and
tion of the adatom, the energy gains per dimer of about 2.6hat is the bucklingAz.q4. between the edge atonigistead
(C), 1.6(Si), and 1.1 eMGe) are somewhat smaller than the of 0.27, it is 0.17dy,,). Indeed, puckering reduces the sur-
corresponding values for the (001¥2 surface$? In the  face energy. For silicon we calculate an energy gain of 0.12
case of Ge but also for Si, this should be partly a conseeV per 3<2 unit cell for the 3< 1 AD(p) reconstruction. The
quence of the larger dimer bond lengths @13 surfaces puckered structure with 81 translational symmetry is only
with dgm,=1.00 or 1.06d,,,, (see Table Il for Si or Ge. slightly higher in energy by 0.02 eV compared with the
Further refinements of theX31 AD reconstruction do not 3X2 AD(op) reconstruction. Similar energy gains are ob-
reduce the surface energy or do not give rise to another locé&ined for germanium(cf. Table ). The 3xX1 puckered
minimum on the total-energy surface in the case of diamondmodel lowers the surface energy by 0.14 eV for Ge. Opposite
Asymmetries in the reconstruction such as buckling or puckpuckering further lowers the surface energy by 0.02 eV, a
ering are not energetically favorable because of the straimalue of the order of the thermal energy at room temperature.
induced in the subsurface region. These observations afgonsequently, a flipping of the tetramers should be already
similar to those made previously for diamond (11X)2and  possible at room temperature. A phase transition between
(001)2x 1 surfaced?4%*7|nterstitial atoms are not bonded 3x1 and 3x2 structures may be easily imaginable in the
on a diamon(l13) surface. They are energetically unfavor- framework of the AD model as suggested in the literature for
able as the adatoms in the case of t@1T) surface’®*8As  Si?%?® The small energy differences also suggest the local
a consequence, among the reconstruction models consideredexistence of phases with different translational symme-
in Table | the 3<1 AD structure is the only stable geometry tries, as observed in the Ge cd$é%*3
for diamond, despite the violation of the electron counting The introduction of self-interstitials on Si and G&3
rule. surfaces reduces the energy further, in agreement with previ-
The crystals of the other group-1V elements, Si and Gepus calculation$®?®However, there is a sensitive balance of
have much softer bonds than diamond. Asymmetric recondifferent energy contributions. For 313, the 3x2 ADI
structions are likely as in the case of the low-indexreconstructiorfFig. 1(e)] with only one interstitial atom per
surface$?%® Asymmetric atomic displacements parallel to 3X2 unit cell gives the lowest-energy structure. The B
the surface normal give rise to surface buckling. Indeed, suchnd 3x2 Al structures with more interstitials per unit area
displacements lower the surface energy. For Si and Ge, puclere less stable. With respect to the optimized 2 AD(op)
ered 3x1 and 3x2 AD models introduce additional struc- structure(Table I), the adsorption of an interstitial atom gains
tural degrees of freedom. In theXx3l structure, diagonal energy of about 0.7 eV within the>32 ADI model. Due to
atoms in the tetramer are buckled towards the same dired¢he repulsive interaction of the interstitials on the short dis-
tion. In the oppositely puckered>32 AD geometry upper tances this value is reduced to 0.2 eV per interstitial for Al
and lower atoms of two tetramers belong to different diago-geometries. For Ge the energies of the B Al and 3x1
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ADI models are equal. The novel asymmetrig 3 Al model Because of the high accuracy of our calculations the ab-
gives rise to the lowest-energy structure. There is an enesolute surface energies can be compared with those obtained
getical ordering X1 Al/3x2 ADI and 3x2 Al, which is  for other surface orientations and used in a Wulff construc-
different from that observed for @i13. The repulsive inter- tion of the equilibrium crystal shapg&C9.***°For diamond
action of the interstitials is much weaker in the germaniumthe absolute surface energy of 5.50 J/ties between
case. The energy gain of 0.6 eV by adding an Ge interstitia-06 J/nf for (111)2x1 and 5.71 J/ for (001)2x1.%

in a 32 ADI structure is reduced to 0.3 eV per interstitial Consequently, the ECS shows smidll3) areas, indicating
in the Al cases. the stability of this facet also for diamond cryst&iBor Si,

Within the interstitial models pronounced asymmetries ard113 and (001 surfaces possess nearly the same energy,
1.40 and 1.41J/f The experimental values,y;is

found, but only for the %2 Al reconstruction(cf. Table I). - 1 e
There is a general tendency to break the symmetry between 1.38 I/t and yoo,= 1.36 J/nd," are also very similar and

the two pentamers. Such asymmetries have been observedt ﬂgiﬁvg'gﬁi;ﬁgﬁ;? g]:r \:ﬁgllﬂ)mgezr\]ggg }/:Cr‘g\ttlﬁg ZS;[\_Neen
STM images for the seemingly>31 reconstructior® The y 9

. S face energyy;;;=1.36 J/n is of course lower. Facets with
unit cell of the 3x2 Al reconstruction is doubled by oppo- all these surface orientatioficluding (110), in additior]

site buckling of the two p_entamers, Wh_ere the interstitial alyeeur on the ECS, indicating the stability of th¢ 8i3) sur-
oms can also change their central positions. Such a staggergg.o against faceting into low-index surfac®dn the Ge
arrangement of buckled pentamers lowers the total energy by,se we find the lowest surface energy of 0.9%Jwn the
about 50 meV for Si and Ge and results in th&B Al (113 orientation. However, the energies 1.01 and 1.0 J/m
model. Here we present the most favorable asymmetriefpr (111) and(100), respectively, are nearly the same within
found. Other asymmetries, e.g., an average relative verticahe accuracy of the calculations. Consequently, there is a
displacement of the two pentamers within the<3 Al tendency for a more or less spherical ECS. In the thermody-
model, also lower the total energy. One observes differenhamic equilibrium Ge nanocrystals witi13) facets should
local minima on the total-energy surface with practically thebe also observable, indicating their stability. We have to note
same surface energies. The band structures of the two geortirat for both Si and Ge further reduction of energie$1df3)
etries are nearly identical. Particularly for Si the asymmetrysurfaces is not expected, because of the similarity with the
opens a gap. The removal of one interstitial, i.e., the transienergies of th€111) cleavage faces.
tion to the 3x2 ADI structure, further lowers the energy in
the Si case but not for GEL3). For the 3x2 ADI recon-
struction an additional asymmetry is not favorable for both
materials. In order to understand the driving forces of the recon-
The small energetical differences between ADI and Alstructions and the electronic structures of {h&3) surfaces
models may explain the observed temperature-induced ordefer Si and Ge, we plot the band structures obtained within
disorder phase transitiod$13-1%18.23.24.28 ha |ow tempera- DFT-LDA in Fig. 2 for all important models. In principle, a
ture of about 120 K for Ge and the high temperature of abousimilar behavior is observed for Si and Ge. Modifications are
800 K for Si seem to be correlated with the differences in therelated to differences in the bulk band structures. For Ge a
corresponding surface energies between Al and ADI strucsmall direct gap al” and a conduction-band minimum fat
tures. According to the small binding energy of the secondnstead of at 0.83'X are found. The minima dt points are
interstitial, surface diffusion must play an important role, inresponsible for the deep projected conduction bands & the
particular the migration of the interstitial atorffsSuch a  point of the surface BZ. Moreover, the weaker bonding in Ge
migration at a certain temperature may be accompanied by plays a role. The &1 AD model[Fig. 2] clearly indicates
certain amount of surface disorder and, hence, explains thaetallic behavior of thg113) surfaces, in agreement with
coexistence of X1 and 3x2 reconstructed domains on a the three half-filled (without buckling DBs. DB-related
given (113 surfacet®1618:2029n the S{113) case the obser- bands overlap partially with bulk states near the valence-
vation of 3X1 instead of X2 seems to be also dependentband maximum(VBM). The Fermi level at an energy near
on the density of the surface defects and the bulk dopfig. the VBM crosses these bands. A similar behavior is observed
The energetical ordering of the reconstruction models irfor the lowest-energy AD structure of the(113)3x 1 sur-
Table | is the same as in othab initio calculations:'?>?%28  face. The metallic character remains true for the puckered
apart from the fact that the asymmetrix2 Al structure has  AD, but surprisingly also for the oppositely puckeretk 3
not been clarified. In particular, interstitial models give theAD structures[Fig. 2(b)]. The DBs at the adatoms still
lowest-energy structures. We agree that 8 ADI is the  weakly interact and the splitting of the two bands due to
lowest-energy structure for @iL3 and with nearly the same asymmetric displacements and DB interaction is too small.
energies for all interstitial reconstructions of (G&3). How-  This is in contrast to the band structure obtained within a
ever, the calculated absolute surface energies per unit areight-binding approximation by Wanet al?° A surface-state
v, in Table | are slightly smaller than those computed bygap of about 1 eMRef. 25 would require remarkable dif-
other authors!?628This holds for both Si and G&13. This  ferences in thes andp character of the two DBs at the ada-
is mostly related to the large number of atomic layers needetbms. Still partially occupied states belong to adatoms, and
to obtain convergence, in particular, for &eand the diffi-  there is not a significant tendency to transfer electrons from
culties in determining the absolute energies. tetramers to the adatoms.

B. Band structures and electronic states
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FIG. 2. Band structures of Si and @43 surfaces. The shaded regions indicate the projected bulk band structures. Surface bound-state
bands are shown as solid lines. Fundamental gaps between such states are represented as hatchegl 3egloAf, (b) 32 AD(op),
(c) 3X1 Al, (d) 3x2 Al, and(e) 3x2 ADI. In all cases the BZ of the 82 reconstruction is used for the presentation. F@L1J) in
(c)—(e), surface bands are denoted dyandc; .

Adding a surface self-interstitial but keeping thex3  ARPES(Ref. 21 found two surface bands separated by 0.4
translational symmetry in theX81 Al structure no change in ey below the VBM in ak-vector direction parallel t§110].
metallicity occurs. In the upper part of the fundamental 9aPalong JK but also along)'T" (but within the bulk stateswe
in the projected bulk band structure appears a half-filled band|sg opbserve such a pair of surface states in Fig. Zheir
pair that is degenerate along the BZ boundaries and pins thgyjiting is smaller than the measured value. One reason may

germ| Ievil f[F'g('j 2(0).]' H)%VZGX?“ tglvlng the dsylsitem MO'€ he the neglect of the quasiparticle corrections. Differential
a:glir?riset(r)'c Leeiaotgrlr:)fathe i OS rgr?t;[r?e?sn'nih%v%ngn'?n tunneling conductance spectra taken at various sites in the
M ! Vi Wo p : uni 3X 2 unit cell on topographic images for both positive and

cell (relative vertical displacement and/or opposite buckling egative voltages also indicate the existence of surface states
results in the degeneracy being lifted and the appearance of 59 9

surface-state gafFig. 2(d)]. The fully occupied band moves for Si(113)3x 2.8 A broad occupie_d surfac_:e-state feature _is
down in energy. Therefore, the stabilization of the 3 observed 0.8-eV _below the Fermi Ie_vel, in agreement with
translation symmetry with respect to thexd one, in Table PES(Ref. 52 or with a value of 1 eV in Ref. 24. The gap of

I, can be explained by an accompanying gain of bandat_)out 12 eVis .almost free of surface states, in agreement
structure energy. The removal of one interstitial atom withinWith the calculations for the 82 ADI. _

the 3x2 ADI reconstruction model increases the asymme- Since within the used DFT-LDA the projected bulk band
tries in the 3< 2 unit cells. The insulating or semiconducting 9ap is almost zero dt, the interpretation and identification
character of the surface is increased by further opening thef the surface bands is more complicated for thg1G8)
surface-state gap for both Si and (GE3 [Fig. 2€)]. The surface. However, away from the point the situation be-
highest occupied surface-state band completely moves beloepmes clear. The slab band structures show a small gap for
the VBM. There is only a measurable total-energy gain for Sboth the 3<2 Al and the 3x2 ADI models[Figs. 2d) and

(cf. Table ), which is related to the lowering of the band- 2(e)]. The resulting semiconducting behavior is also con-
structure energy. Whereas for th&2 Al model the highest firmed by PES measurements which found the VBM to be
occupied surface-state bands appear in a midgap positiof,22-eV below the Fermi level and this energy region free of
this band occurs below the VBM in thex® ADI case. surface state¥’

The findings of semiconducting behavior of Si(118%3 In order to figure out the true nature of the surface-state
surfaces are in agreement with photoemission spectroscofyands in the fundamental gap of the projected bulk band
(PES, angle-resolved photoelectron spectroscOpRPES, structure, the wave functions of the highest occupied
and STM studies. PES of Ranke and Xdhgave the Fermi  (v,,v,,v3) and lowest unoccupied§,c,,c;) surface bands
level in a midgap position of about 0.5 eV above the VBM. are plotted in Figs. 3 and 4. We stud,3 and 32 inter-

This energy region was shown to be free of occupied surfacstitial reconstructions of the @i13 surface at th& point in
states as demonstrated in Fige)2for the 3x2 ADI struc-  the BZ of the 3X 2 lattice. At least for SiL13) the states &
ture. At normal emission and at higher emission anglesre well separated from the bulk states and, hence, show a
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FIG. 4. Wave-function squares of thex{,v,) [(a) and(b)] high-
est occupied anfi(c) and (d)] lowest unoccupiedq;,c,) surface
bands aK for the S{113) surface within the %2 ADI reconstruc-

tion [see Fig. 2o)].

half-filled dangling bonds. However, the occurrence of a
probability to find electrons at the third-layer atom is some-
what unexpected. That means that this atom is no longer
completely fourfold coordinated. Rather, because of the pres-
ence of the interstitial, one bond is weakened, allowing the
atom in the fourth atomic layer to form a bond with the
interstitial atom. Higher states which appear in the gap)X

FIG. 3. Wave-function squares of the highest occupied and low@r€ localized on the dimer atorfisig. 2(c)].
est unoccupied surface bands<afor the S{113) surface within the The asymmetry in the two pentamers of tha 3 Al re-
3x1 and 3x2 Al reconstructions(a) Two fully occupied states construction governs the gap openiifgg. 2(d)]. The pen-
vq3, (b) half-occupiedy, /c,, and(c) the lowest conduction states tamer atoms, which are closer to the substrate, tend to have
Cy3 Of the 3X1 Al model. (d) and (e) Highest occupieduy;) and  morep-like DB states. An electron transfer happens from the
lowest unoccupieddy) bands of the X2 Al surface reconstruc- electronic states localized at this pentamer into the more
tion. qure§ponding electronic structures with band indication ares |jke states at the pentamer that is somewhat displaced away
shown in Figs. &) and 2d). from the bulk. The difference of buckling in the pentamers
also plays a rolgTable Il). Nevertheless, the atoms with
remarkable localization. In the Ge case there is an energetichigher altitudes are more filled and contribute to the Fig.
overlap of the empty surface bands with the bulk conductior8(d)]. The lowest conduction-band statesare localized at
bands aK. Figure 3a) shows for the X 1 Al model that the the second pentamgFig. 3(e)]. The higher states should be
two degenerate surface bangds; below the VBM are local- observable at the lower parts of the pentaniact shown.
ized at the adatoms and that each DB of an adatom is com- For the 3x2 ADI model the filled and empty surface
pletely filled. This filling indicates the main effect of the statesv,, v, andc,, c, are shown in Fig. 4. The occupied
presence of the interstitials. The DBs at the adatoms arstates in Figs. @) and 4b) are again localized at adatoms.
filled and, consequently, adatoms move(sge Table . The  The empty states belong to the pentaifég. 4(c) and 4d)].
wave functions of the half-filled bands,;/c; in the upper Surprisingly, the wave functions around the subsurface inter-
part of the fundamental gdjfrig. 2(c)] are localized at edge stitial do not contribute to the surface-state bands in the gap.
atoms and at the subatoms which are originally situated ifror that reason, they are not visible in STM measurements
the third atomic layer. Originally the edge atoms posses$or not too large voltages-2°
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right feature appear in both empty-state and filled-state im-
ages, whereas the pentamer is mdempty statg or

less (filled statg visible. More in detail, the filled-state
image is dominated by electronic states localized at the ada-
toms, as in the case with two interstitials, i.e., th& 3 Al

(a) (or 3x1 Al) reconstruction. For Si(113)32,'2 as well as
Ge(113)3x2,%8 such filled-state images have indeed been
observed. The adatoms obtain electrons from the pentamers
to fill their partially occupied states. In the empty-state image

’ ! ’

filled empty

[Fig. 5(b), right] the adatoms are not seen. The pentamer can
be well identified, while the tetramer is only partially visible
due to emptyr* dimer states. Images of this type have been
observed for Si(113)82 surfaces and voltages of 3¥%.
The observation of the dimer in the tetramer in both images
is related to the bonding and antibondimgstates of these
atoms. This is not surprising since the corresponding bands
do not appear in the fundamental gap and are resonant with
the projected bulk band structure. Therefore, for smaller volt-
ages, the dimergand the entire tetramershould be less
visible in both filled-state and empty-state images. Finally
we must mention that the images have been calculated as-
suming a constant-height mode and not a constant-current
) mode, and that the energy interval of 2 eV used in the cal-
C. STM images culations of the images means a larger value for the experi-
The different contributions of the empty and filled elec- mental voltage, since the quasiparticle gap opening is not
tronic states localized at the pentamers, tetramers, and tii@ken into account.
two rebonded adatoms in a certaitx 2 interstitial surface
reconstruction .will.also dominate the STM images. This is IV. CONCLUSIONS
demonstrated in Fig. 5 for voltages corresponding to energy
intervals of 2-eV below or above the theoretical Fermi level In summaryab initio calculations have been performed to
within the fundamental gap in DFT-LDA quality. We present study different reconstructions of C, Si, and(GE3 surfaces
results for Si113), the 3xX 2 Al structure, in Fig. 8a) and for ~ with 3X1 and 3x2 translational symmetries. Reconstruc-
the 3xX 2 ADI reconstruction in Fig. &). Those for G&L13) tion models including dimers, rebonded adatoms, and sub-
are very similar. The main differences are due to the strengthurface interstitials have been studied. The absolute surface
of the buckling within the X2 Al reconstruction. energies, the minimum-energy geometries, the band struc-
The resulting STM images are in accordance with thetures, and STM images have been computed.
discussion of the orbital character of the gap states in Figs. 3 For diamond the most stable reconstruction is described
and 4. Figure &) for the 3x 2 Al model clearly shows that by the 3x1 AD model without buckling or puckering. This
the filled-state images are dominated by the wave functiongesult agrees with the tendency found for C(00X)P and
localized at the adatoms. The two pentamers are less visibl€(111)2< 1 surfaces that subsurface strains cost too much
However, the right part of the upper pentamer shows brighteenergy and that additional atoms, e.g., adatoms in(1h#
spots. They are related to the pronounced asymmetry of thease, are energetically unfavorable. However, as for the
two pentamers. The empty-state images show opposite b&(111)2x1 surface, a surface band structure of a two-
havior. The pentamers are clearly visible, whereas only weakimensional metal is calculated, at least within the used
contributions are associated with the adatoms. The asymm®&FT-LDA. This result needs further discussion. In any case,
try in the upper pentamer is indicated by somewhat smearedhe absolute surface energy of a C(113)B surface is so
out spots. The interstitial atoms are not visible. In principle,low that corresponding facets should occur on the equilib-
such nonsymmetric pentamers are observed experimentalijum crystal shape, i.e., thd13) surfaces are also stable for
for seeming X 1 areas of the G&13) surface’® Although  diamond.
the asymmetry can be seen there, it is difficult to distinguish The Si and G€L13 surfaces are confirmed to be stabi-
whether the X 1 or 3X2 Al reconstruction appears on the lized by subsurface self-interstitials. For germanium two
surface, at least in empty-state images. Consequently it isonsidered interstitial-induced reconstructions B Al and
also difficult to distinguish between>31 or 3X2 transla- 3X2 ADI, can be hardly distinguished from an energetical
tional symmetries using a local method such as STM. point of view. The 3<2 Al reconstruction gives rise to a
The observation of pentamerlike structures in empty-statglobal minimum on the total-energy surface. Nevertheless,
image&§122?"should be taken as an indication for an intersti-the small energy differences indicate that the interstitial mi-
tial. This is clearly shown in Fig. () for the 3xX2 ADI gration and coexistence of different surface phases should be
model by the differences between spot arrangements relatdétely. In the S{113) case, due to a repulsive interaction of
to pentamers or tetramers. The dimer atoms in the uppethe interstitial atoms on short distances, the ZADI struc-

FIG. 5. STM images of filled(left pane) and empty(right
pane) states simulated for thi@ 32 Al model and(b) 32 ADI
model of the Si113) surface.

195332-8



ADATOMS, DIMERS, AND INTERSTITIALS ON.. .. PHYSICAL REVIEW B67, 195332 (2003

ture is found to be most favorable. However, the energy difasymmetry in the filled- and empty-state images. The ener-
ferences to the other interstitial reconstructions remain alsgetics, the gap opening, and the similarities of the STM im-
small. For both Ge and Si the comparison with the absolutages suggest the interpretation of the experimental data
surface energies of the low-index surfaces shows (th&®  available for ordered113 Si and Ge surfaces in terms of the
surfaces should give stable facets. They should clearly aBx 2 translational symmetry.

pear on the equilibrium crystal shape and not decay into
smaller flat areas witli111) and (001) orientations. Within
the stable reconstructions of the Si and @) surfaces only
the 3X2 Al and 3X2 ADI structures give rise to insulating
(semiconductingband structures. The calculated electronic  We acknowledge financial support from the Deutsche For-
structures, in particular, that of thex® ADI for Si(113), schungsgemeinschdfroject No. Be1346/12)land the Eu-
seem to agree with the available experimental data frommopean Community in the framework of the Research and
PES, ARPES, and STM. Important facts concern the occurfraining Network NANOPHASKEContract No. HPRN-CT-
rence of occupied surface states below the VBM and strong000-00167.
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