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GaAs samples with orientations vicinal 5 11) within 1° were prepared by molecular beam epitaxy and
analyzedn situ by scanning tunneling microscopy, low-energy electron diffraction, and reflection high-energy
electron diffraction. In addition, first-principles electronic structure calculations were carried out(ZZ@aEs
is a stable surface whose orientation is located within the stereographic triangle. For a wide range of As-rich
conditions a (X 1) reconstruction forms that is characterized by an inclined series of three As dimers and that
fulfills the electron counting rule. The terrace size is limited only by the macroscopic off-orientation of the
samples. The surface is perturbed by thin stripes of the nearby orien¢atfot5. While the dangling bond
densities of GaA&® 511 and GaA$3 7 15 are almost equal, GaA37 15 violates the electron counting rule.

The analysis of this perturbation suggests that, in general, on semiconductor surfaces the gain in stability
arising from the minimization of the number of dangling bonds is significantly greater than the gain arising
from reaching a semiconducting ground state. Upon annealing of the samples in ultrahigh vacuum, a fairly
rough surface structure develops whose mean orientation is different(#6rhl).

DOI: 10.1103/PhysRevB.65.155308 PACS nuniber68.35.Bs, 81.05.Ea, 61.50.Ah, 68.37.Ef

[. INTRODUCTION necessarily more complex structures of high-index surfaces
offer the possibility to verify the generality of these prin-
Surfaces of single crystals can be divided according taiples. In addition, on high-index surfaces new structural
their orientation into low-index and high-index surfaces.motifs may occur, like the zigzag chain of arsenic dimers on
These names stem from the values of the respective MilleGaAg113A—(8x 1)1
indices. In this context, low means usually 0 or 1. For ex- A third motivation for the study of high-index surfaces is
ample, for the diamond and zinc-blende lattices, and specifitheir potential as substrates for semiconductor devices. The
cally for GaAs, the low-index surfaces af@01}, {011}, and performance of such devices depends on the orientation and
{111}. Low-index surfaces are characterized by high crystathe resulting properties of the substrate. For example, on
symmetry. Along these planes the bulk crystal forms stableGaAg113A quantum wire¥ and quantum dots of excel-
low-energy surfaces. In contrast, high-index surfaces arkent quality have been created by a method that cannot be
generally expected to be unstable and to decay into facets eimployed on the standard substrate G@8%). Therefore
low-index orientation. For this reason, low-index surfacesthe discovery of a new stable surface may open up the pos-
have been used in the vast majority of surface studies ansibility to grow new types of heterostructures.
semiconductor devices. However, in this paper we report on Zinc-blende-type crystals found in nature display only
the surface structure of Ga@s5 11), a stable surface that is few facet orientations. This observation is usually discussed
oriented far away from all low-index surfaces. in the context of the equilibrium crystal shape. In thermody-
In recent years the interest in high-index semiconductonamic equilibrium, a given amount of crystalline material
surfaces has markedly increased. This is mostly due to thkes on the shape that minimizes its free energy. The thus
rapidly expanding field of low-dimensional semiconductordefined equilibrium crystal shape is determined by the free
structures like quantum wires and quantum dots, that areurface energyy of the various crystalline facets. This was
technologically very promising.In particular, heterostruc- realized long ago, and the relation between crystal shape and
tures made from Ill-V semiconductors are expected to leadurface free energies is expressed in rigorous terms by the
to improved laser$,and the prototype of these materials is Wulff construction'* In a polar plot of the surface free en-
GaAs. Because of their quantum nature, the properties adrgy as a function of orientation, orientations for which low-
these low-dimensional structures are significantly influence@nergy surface structures exist appear as minima. In the typi-
by their size and shape. Thus the analysis and the control @fal case of positive step energies, these minima form inward
these parameters are of utmost importance. Facets of higltisps in the polar plot of (the so-called Wulff plot For a
index orientation have been observed to form naturally ortypical covalent material, the Wulff construction yields the
such structure$:® The study of the respective planar sur- result that only few such minima with the lowest surface free
faces is essential to validate the interpretation of the experienergies determine the equilibrium crystal shape completely.
mental data on the quantum structures and to model thesehese correspond to the well-known low-index surfaces.
structures. However, the surface energy at zero temperature is expected
Also, the study of high-index surfaces increases the gento display additional local minima. Furthermore, we note that
eral understanding of surface structures. On the basis of tHell equilibration is often hampered by insufficient mass
abundance of data on low-index surfaces, guiding principlesransport on the surface. For a crystal cut in a certain direc-
have been developed that describe the structure of semicotien, mass transport is required to obtain a local orientation
ductor surface$e.g., the electron counting r{lECR).2 The  different from the average long-range orientation of the sur-
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construction(solid line). The gray rectangle indicates the width of
the unit mesh. The zigzag chains of As dimers extend perpendicu-
larly to the plane of drawing and are represented by the thick hori-
zontal bars. Continuous stacking of such zigzag chains yields the
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basic orientationg001), (011), and (111). A surface with
orientation at an edge of the stereographic triangle is com-
posed of the two low-index surfaces at the respective cor-

FIG. 1. Stereographic triangle. The orientations of the high-ners. All other surfaces are thought to be composed from all
index GaAs surfaces studied and of facets, observed on InAghree low-index surfaces, and hence are more complex. How-
GaAg001) quantum dots, are indicated by filled circles. The orien-ever, for a stable singular surface, the above decomposition
tation of the GaA& 5 1)) surface is indicated by a cross. is merely a hypothetical concept.

A few of the GaAs surfaces on the edges have been stud-
face ®, determined by the cut. If the orientation of the sur-;,4 GaA$113)A,9‘”'15GaAs(11—3)B,16'17GaAs(114)A,18‘2°

face corresponds to lacal minimum in the Wulff plot, the
surface is at least metastable. However, if there are oth nd GaAs(14)B (Ref. 19 are stable, and the structures of
aAq113A—-(8x1) (Ref. 10 and GaA$llHA—a2(2

surface orientation®); nearby with lower surface free ener- %1) (Ref. 20 h b q ined by fi inciol |
gies : , the surface prepared by cutting the crystal may un-<1) (Ref. 20 have been determined by first-principles cal-

dergo faceting upon annealing. In the simplest case, the equfulations. GaAEl12A,!0#2221  GaAs(112)B,'*%
librium shape of the surface will consist of macroscopicallyGaAg122A,> GaAg133A,%>"2® GaAs(133)B?* and
large facets of two different orientatiofi®; ,i =1,2 arranged GaAq012A (Refs. 22 and 2Bare unstable. Surfaces that are
in such a way as to retain the average orientattbrover  locatedwithin the stereographic triangle have been reported
large distances. This will occur if the surface free energy ofonly for elemental semiconductorSi(123,28 Si(137),%8
the prepared surface is sufficiently high=,cot@®—0;) Ge126,° Ge1816,° Ge11519,*° Geg31523,%%2
>3, ycsc® — ;). In the opposite case, if no combination of Ge(7 1012,** and G&92129 (Ref. 32]. However, their
nearbyfacets fulfilling the above inequality exists, we call structures have not been determined, and none of these stud-
the surface stable. It can be used as a substrate for crystals was carried out on planar substrates of the respective
growth without risking that faceting will occur during depo- orientation. Also, we note that there is generally no corre-
sition. This notion of stability will be used throughout in this spondence between the surface structure of elemental and
paper. Thus epitaxy on high-index surfaces allows us to ascsompound semiconductors. The only exception is (i)
cess surfaces that are relatively stable in the above sensgjrface, where the same reconstruction was found for Si
independent of their absolute stability as facets of crystal§Ref. 33 and GaAs?
formed in equilibrium. We just note briefly that similar con-  The first indications that there may be a stable GaAs sur-
clusions can be made for nanofacets of heteroepitaxial crydace within the stereographic triangle were found in our
tallites, because epitaxial strain as well as non-negligiblestudy on GaAgl12A.1%?' This surface decomposes into five
contributions from the edges between adjacent facets corfacets of the orientationd11), {110}, (124), and(214). The
tribute to the energy balance in these systems. latter two planes are equivalent and are located within the
For graphical representation, it is easier to work with astereographic trianglécf. Fig. 1). The occurrence of these
stereographic projection of the orientation vector onto &facets suggested that the respective surfaces have a low sur-
plane, rather than with the three-dimensional vector itselfface energy and are stable. However, the orientatici)
Because of the crystallographic symmetry, some orientationgas determined only with an experimental uncertainty of
are equivalent. Hence it is sufficient to restrict this projectionabout 5°.
to the triangle whose corners are marked by the three low- Further hints were based on the analysis of and experi-
index surface$001), (011), and(11)) (cf. Fig. 1). However, ments on GaAd13)A—(8X1). This surface is composed of
for a polar material such as GaA&,and B faces must be zigzag chains of arsenic dimers, and within the reconstruc-
distinguished, i.e., one in principle needs to consider twdion the chains occur on two different levéts. Fig. 2). Thus
separate stereographic triangles. Here, we restrict ourselvéisere are stacks of two dimer chains diagonally on top of
to A faces. A physical interpretation of the representationeach other within a single terrace of this surface. Steps along
using the stereographic triangle can be given if we assumthese zigzag chains are very straight, and it was concluded
for the moment that surface atoms remain at their bulk posithat these zigzag chains are a very stable structural
tions. In this case, we can think of a surface of arbitraryelement! Thus we speculated that a surface that is con-
orientation as being built up from atomic-scale units of thestructed by continuously stacking the zigzag chdafsFig.

(001)
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2) may also be stable. The orientation of this plane isoriented by 9.7° and by 10.2°, respectively, in direction

(3715. On a mesoscopic scale, GaAs3A—(8X1) is  [110] (manufacturer's specification i.e., (3715 and
fairly rough. This roughness is accompanied by small re1194799, or (2511 off-oriented by 1° in direction

gions whose mean orientation is r@t.3), and indeed facets — o g — .
of nanometer size of the orientati¢d 7 15 have been ob- | 19108 and by 1¢ in directiorj 21 4®2], respectively. On

served on this surfac¥:3®(37 15 is also located within the the wafers the orientation of the projection[@&32] into the
stereographic triangle, and this orientation is in accord witfespective surface plane was indicated by the wafer manu-
the experimental data for the facets on GHAA as well. facture_r. This given dlrectlon_ was .used for the stru_cturgl
Our quest for a stable GaAs surface within the sterep@nalysis of the surface and is |nd|@ted for orientation in
graphic triangle was additionally motivated by reports on themost images of experimental daf&32] lies in the planes
shape of InAs/GaA®01) quantum dots that form by a self- (113 and (3715 (cf. Fig. 2. The angle betweef832] and
organized process. Facets of the orientatidp86 (Ref. 4 (2511 is 1.0°. After cleaning in propanol, samples were
and (125 (Ref. 5 were found on these structures. Theseintroduced into the UHV system via a loading chamber. After
planes are located within the stereographic triangle, toogxide desorption, samples were treated with several ion-
Since GaAs and InAs are very similar materials, these obsepombardment and annealingBA) cycles. The annealing
vations suggested as well that there may be a stable Ill-\yas carried out under Adlux at 580°C and yielded already
semiconductor surface within the stereographic triangle. Thgiiffraction patterns of fairly good quality. Subsequently, lay-
occurrence of these facets was very surprising, because thgrs 20—400 nm thick were grown by molecular beam epitaxy
oretical models for such quantum dots usually assume thaMBE). In the MBE chamber, the surface periodicity and
their shape is dominated by low-index facets with low sur-quality was monitored by reflection high-energy electron dif-
face energy® Therefore information on the respective planarfraction (RHEED). The optimum surface quality was
surface within the stereographic triangle became even morgchieved at a growth temperature of 520—550°C and an
important. As,:Ga beam equivalent pressure ratio of 7—20. Afterwards,
EXperimental eVidence that there iS indeed a Stable GaA§amp|eS were kept under é\g'UX at a temperature of
surface within the stereographic triangle was found in ouiy50_460°C for 10—15 min. Different growth parameters re-
study on spherical depressions that were ground int@yited in the same surface structure, but at somewhat worse
GaAg113A samples’ The diameter of these depressionssyrface quality. For the second set of experiments, samples
was 3 mm, and their depth was 150m. Thus surfaces with  prepared in the aforementioned way were annealed in UHV
an angle with respect t113) of up to about 12° were cre- at 3 temperature of up to 590°C for 5-15 min without, As
ated in all azimuthal directions. LOW'energy electron diﬁrac-ﬂux_ After preparation, Samp'es were transferradsitu to
tion (LEED) and scanning tunnel microscof8TM) images  the analysis chambers and characterized by low-energy elec-
of a stable hitherto unknown surface were observed in a regon diffraction (LEED) and scanning tunnel microscopy
gion of the depression that was off-oriented frét13 by  (STM). STM images were acquired in constant current
(9= 2)° in direction[ 110]. Due to experimental limitations, mode.
the exact orientation of that surface could not be determined. Complementary to the experimental investigations, first-
Hence it was at that time not possible to propose any strugarinciples calculations using density-functional theyT)
tural model, either. were carried out in order to find the optimized atomic struc-
On the basis of this experimental proof, we carried outture of the high-index surfaces under study. From the total-
experiments on planar GaAs samples that were cut accor@énergy DFT calculations, absolute numbers of the surface
ingly. The results from the depressions were confirmed, thenergies were derived in order to assess the stability of these
Miller indices of the new stable GaAs surface within the surfaces and to corroborate the correctness of the structural
stereographic triangle could now be identified @511, model suggested by previous experimental analysis. We used
and its atomic structure was determiri@dlith the help of the pseudopotential/plane-wave approach for electronic
these data, we were in another study able to determine urstructure calculations, as implemented in the computer code
ambiguously the orientation of the dominating bounding fac+Hi9smp.*® Norm-conserving pseudopotentials of Hamann
ets of INAs/GaA&01) quantum dots ag137).° The discov- type were constructétifor Ga and As, with the highest oc-
ery of the GaA& 511 surface has been described alsocupieds andp orbitals treated as valence states. The elec-
elsewheré?® In the present paper, we shall supply additionaltronic exchange and correlation effects were treated within
data and a more detailed discussion of the surface structuthe local-density approximatidié.The electronic wave func-
of GaAq4251). tions were expanded into a set of plane waves. The conver-
gence of this expansion was tested by comparing results for
an energy cutoff of 10 and 15 Ry, and agreement of the
surface energies to within 2 meVFAwas assured. In our
Experiments were carried out in a multichamber ultrahighplane-wave approach, the surface is represented in a
vacuum (UHV) system that has been described in detailrepeated-slab geometry, with a separation of adjacent slabs
elsewheré® Samples approximately 3010 mnf large by a vaccuum region larger than 11 A. Laterally, (1)
were cut from two different wafersftype, Si-doped, carrier unit meshs of thé25 11 and (37 19 surfaces with the the-
concentration (1.1-4.810'® cm™3, purchased from Wafer oretical bulk lattice constant of GaAs were used, and we
Technology whose nominal orientations ar€ll3) off-  started from the bonding topology suggested by experimental

II. METHODS
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STM images as input. One surface of the slab was passivatqzhssivating hydride groups. The results are quoted together

by pseudohydrogen atoms of two types, with fractionalwith the linear dependence opas, Y= Yasicht @(ESY"

charges 3/4 and 5/4.The dispersion of electronic bands was — ). The linear coefficent is determined by the surface

sampled using a Monkhorst-Pakkpoint set* consisting of  stoichiometryAN,, i.e., the number of As atoms per unit

(2x4) k points in the entire surface Brillouin zone. Conver- mesh that need to be added to a stoichiometric surface in

gence tests for the slab thickness were performed using botrder to build up the desired structure, according to the rela-

11- and 14-A thick slabgi.e., adding one monolayer of tion a=ANuc/A.

GaAs to the slap The results showed that surface energies

converged with respect to slab thickness to better than

1 meV/A2. The input coordinates of all atoms, apart from lll. RESULTS AND DISCUSSION

the hydrogen atoms and their bonding partners, were relaxed

using the forces calculated self-consistently, until the remain-

ing forces were smaller than 0.1 eV/A. Simulated STM im- A LEED image of GaA& 5 11) is shown in Fig. 8). The

ages were generated from the optimized structures by calcpots are arranged in an oblique net. This pattern is identical

lating and displaying the isosurfaces of a suitably definedo the one that was observed in the spherical depression in

local density of states. This procedure mimics experimentaGaAg113A.%" This is evidence that the same stable surface

STM images acquired in constant current médle. is now found on a planar sample. The spots are sharp, which
In the following, we briefly describe the method used toindicates a high surface quality. In contrast to LEED images

obtain absolute surface energies of the relaxed structuresf other stable high-index GaAs surfacés’*° almost all

The first step, the calculation of the combined surface energshe spots are visible. Two different unit meshes are marked in

vecomb Of bOth the clean and the hydrogen-passivated surfacEig. 3(a). Unit meshB fulfills the rigorous crystallographic

of the slab, is rather straightforwatdee, e.g., Ref. 46Let  convention that the basis vectors be as short as possible, and

Nas and Ng, be the number of As and Ga atoms in a unitwas chosen in Ref. 37. However, in the course of the present

mesh of the slab with are&, andEg,, the cohesive energy study it turned out that the surface structure is described

of the slab(relative to isolated atomsy.,mpiS Obtained by  more intuitively by unit mest\. Since the areas of both unit

subtracting fromEg,,;, a suitable amount of GaAs bulk ma- meshes are equal, the two unit meshes are equivalent. Thus

A. Atomic structure

terial with cohesive energeoh per formula unit, in the following we will refer mostly to unit mesh.
The reciprocal surface net is depicted schematically on
B NeEN & (Na— N the left-hand side of Fig.(®). The corresponding surface net
Yoomt as) =[ Estan™NodFanst (Nas™Ned in real space is constructed on the right-hand side of this
X (ES2"— g /A, (1)  figure. Note that none of the real-space basis vectors is par-

allel to any of the reciprocal space basis vectors, because the
We note that, for nonstoichiometric GaAs surfaces, i.e.surface netis oblique. From the LEED data it was calculated
whenNg,# Ny, the surface free energy is a function of the that the lengths of the basis vectors of unit mAsdre in real
chemical potential of one of the elements. In experimentsspace (11.£0.5) and (2%1) A, and the enclosed angle is
the dependence on chemical potential corresponds to a dé8°+2°.
pendence of the surface preparation on temperature and Characteristic RHEED images of GaR®$ 11) are pre-
Ga:As flux ratio. Here, we use the arsenic chemical potentiggented in Fig. &). These images appear if the electron beam
s o account for this dependence. The cohesive energy dé aligned along the three directions of high crystal symmetry
solid elemental arseniES2" constitutes an upper bound for that correspond to the basis vectors of the two unit meshes in
s (see also Ref. 461n the second step, we determine thereal space. Thus one-dimensional cross sections of the recip-
energy of the hydrogen-passivated surface alone and subtrd@cal space surface net are acquired that are oriented perpen-
it from y.omp. TO this end, reference slabs with two dicular to the electron beam. The images were acquired at
hydrogen-terminated surfaces are constructed, which contali®om temperature. During growth, RHEED patterns were ba-
the same structural motif¢i—As—H groups, As—H groups, sically identical but the background intensity was higher. For
and Ga—H groupsas occur on the hydrogen-passiva{edeaCh dlrectlon,_ two RHEED |ma}ge_s are shown that were
(2511 surface. Specifically, we use a G4081) slab pas- taken at two different angles of incidence of the electrons.
sivated with H3/4) on both sides. Its absolute surface energyThe specular streak is not necessarily the brightest one, and
can be determined because its two surfaces are symmetﬂ?e intensities of the other streaks are not symmetrically dis-
equivalent by virtue of a rotation-reflection axis. Thus a for-tributed with respect to the specular streak. The latter obser-
mula similar to Eq(1) applies, but with an additional factor Vvation indicates that the reconstruction is not symmetrical
1/2 in account of the two equivalent surfaces. In order toWith respect to the plane defined by the electron beam and
obtain reference energies for monohydride passivatiothe surface normal. The diffraction streaks of the zero-order
groups, we employ a GaA@01) slab with a pair ofA steps Laue circle are more pronounced for the greater angle of
on one surface, where the As atoms at the step carried pakicidence. However, the relative intensities of the streaks
sivating As—H groups. In a similar way, a reference slab withwithin this circle are different than in the image for the
B steps and passivating Ga—H groups is prepared. Eventgmaller angle. This is most apparent in directj@81]. At
ally, we obtain the surface energies of the clean high-indexlifferent angles of incidence the Ewald sphere intersects the
surfaces by subtracting out the energy contribution of theirods of the reciprocal net at different heights. The change in
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(b) Reciprocal space Real space
[19 10 é]. o ¢ 28] T [332]}'
. € (19108 a
- id e Rl T a
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" FIG. 3. (8 LEED image of
TP I = : o GaAg251). E=59 eV. (b
i el o Schematic of the surface net in re-

ciprocal spacéleft-hand side and

B11] [16 35 13]
'} ‘.‘ . .
_-'[253] o o in real spacdright-hand sidg (c)
ey ! I:I? a a RHEED images of GaA2511).
$ e e by The vertical lines at the top of the

images mark the positions of the
diffraction streaks of the zero or-
der Laue circle. The longest line is
located for each image above the
specular streak. The respective
orientations of the electron beam
are indicated on the left-hand side
of the images. The angles of inci-
dence are specified next to the im-
ages in directiof 231]. The ex-
perimental uncertainty of the
angles is*=0.2°. Because of the
off-orientation of the samples, the
actual angle of incidence with re-
spect to the plan€ 5 1)) is along

[453] and [311] smaller by
about 1°.

(c)

the relative intensities implies that the intensity varies alongare indicated that describe the periodicity of the three-hump
different rods perpendicular to the surface in a different waystripes. The lengths of the unit vectors of unit meslare

An overview STM image of GaA2511) is shown in  ~11 and~20 A, and the enclosed angle-is70°. This is in
Fig. 4(@). Terraces vary considerably in size, with the largestaccord with the diffraction data, so the two-hump stripe is a
ones extending over more than 1000 A. There are basicallijeviation from the regular surface structure. Apart from this
no islands on the terraces. The region on the left-hand side @jpe of perturbation, the surface is remarkably perfect: Lo-
the image is the highest one, and from there steps are coga|ly, there are no vacancies or other small-scale perturba-
tinuously directed downwards towards the right-hand side ofjons. This observation holds for all STM images of well-
the image. This way the off-orientation of the sample is Com'prepared GaA@5 11 samples. The STM images in Figs.

pensated. Frequently steps b_unph, but small ;tep height_s aﬁ?ﬂ) and 5 show the same features that were observed in Ref.
also observed. Altogether, this image looks like the typlcaI37_ This is the second evidence that the same surface that

STM image of a \_/lcm_al low-index surface. The STM image was discovered in the spherical depressions is now found on
of a smaller area in Fig.(8) reveals that on the terraces dark
a planar sample.

lines are running from the lower left to the upper right. On As th inal orientati f the bl |
this scale there are not any islands visible, either, apart from S the nominal orientation ot the planar samples was

a few contaminations. specifietz py the wafer ma.nufacturer with an uncertainty of
A high-resolution STM image is depicted in Fig. 5. The only 0.2°, it was now possmle to develop a structural model
aforementioned dark lines are indicated by black markers aqf the surface. Since filled sta_tes were d_etected for the STM
. . — Images, the humps are most likely arsenic related. The nomi-
the_ borders of the image. Be_tvyeen these Ime_s al@gy ], nal orientation of most samples wég7 15. On the basis of
series of three hu'mps are V|§|ble that are or'lentfed ro'ughlyhe analysis of GaA813A—(8x 1) (cf. Fig. 2), arsenic
along[453]. The right-hand side of these series lies highergimers are expected for surfaces in this angular region. Thus
than the left-hand side, and series on neighboring stripes afewas assumed that the humps correspond to As dimers, and
shifted with respect to each other in directid?31]. On the  a structural model of GaA8 7 15 was modified until agree-
left-hand side of the image, there is also one stripe that isnent with the experimental data was achieved. This way the
only two humps widgcf. arrow). Two different unit meshes Miller indices of the new stable GaAs surface were deter-
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FIG. 5. Three-dimensional STM image of a small area of
GaAg251]). Thez scale has been magnifiedsampie= —2.5 V,
I=0.1 nA.

ues are in excellent agreement with the experimental data.
The angle betwee2511) and the nominal orientation of
the samples is 1.0°. The slope and the mean orientation of
the steps seen in Fig.(@ are in accord with this off-
orientation. The angle betwedf 5 11], projected into the

plane spanned byl 10] and[113], and[113] is 10.0°, which
is in good agreement with the experimental value-(9°
that was measured in Ref. 37. The surface structure shown in
Fig. 6 fulfills the electron counting rule, i.e., the electrons
from the Ga dangling bonds can be distributed in such a way
that all the Ga dangling bonds are emptied while all the As
dangling bonds are completely filled. Consequently, the sur-
face has a semiconducting ground state. The fulfillment of
the ECR is in accord with the experimentally observed sta-
FIG. 4. Overview STM images of Ga@a5 1)). (a) Large area. bility of the su_rface. . .
Usampie= —2.5 V, 1=0.1 nA. (b) Medium size arealUampie The complicated structure of this reconstruction can be
=-25 V,1=0.13 nA. considered as composed of smaller subunits. The series of
’ three As dimers lies in th€l13) plane, as indicated by the
mined ag2 5 11. The experimental uncertainties of the STM dashed parallelogram in Fig(#. GaAg113A—(8% 1) is a
and LEED data were irrelevant for the procedure, becausgtaple surfacé!® but the reconstruction does not contain
the distances between atomic scale features of a crystal cafich a series of three As dimers. Hence the occurrence of
have only discrete values. (113 subunits on GaA& 5 11) is not a form of nanofaceting
The resulting structural model of Gaés511 is pre- jnto low-energy surfaces. Note that due to the inclination of
sented in Fig. 6. Both the unit mesh&sandB are indicated, the (113 plane with respect t62 5 11), the dimer bonds are
but the structure is more easily understood by looking at unihot parallel to the latter plane that forms the stable surface.
meshA. There are three As dimers, three As atoms with onesych a structural motif of inclined dimer bonds has not been
dangling bond each, and seven Ga atoms with one danglingbserved on any other GaAs surface.
bond each in the unit mesh. On the filled-states STM images Dimer series that neighbor in directipa31] form stripes

the dimers are seen as humps. The dimers are arranged i,a 1o rientation (137) [area between the two vertical
series alond121] that is inclined with respect to the surface dashed lines in Fig. (@), see also cross section in Figh].
plane such that the right-hand side lies higher than the leftThese stripes are easily recognizable on the STM images.
hand side[cf. cross section in Fig. (6)]. Between dimer The(137) stripes are not the result of nanofaceting, either, as
series that neighbor in directio53], there is a narrow will be explained in the following. First, the spherical de-
trench[dashed vertical lines in Fig.(&]. The Ga atoms in pressions studied in Ref. 37 contained also regions of the
these trenches are topographically low, and their danglingnean orientation(137). However, no stable surface was
bonds are unoccupied, thus they appear as the dark lines éound there. Second, Gafs37) reconstructed according to
the STM images. the stripes on GaA25 11) would violate the ECRthe re-
The lengths of the basis vectors of unit meslare 10.6  sulting unit mesh is indicated by the dotted parallelogram in

and 20.0 A, and the enclosed angle is 67.8°. All these valFig. 6@)]. Therefore it appears unlikely that GaA87) is a
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FIG. 6. Structural models of
the GaA$2511 surface. The
solid parallelograms indicate the
unit mesh. The exact positions of
the atoms are the result of the cal-
culations described in the text.
The size of the circles represent-
ing the atoms was chosen accord-
ing to their vertical distance from
the uppermost atom. To arrive at
the reconstructed surface, the
lighter shaded As atoms have to
be added to the bulk-terminated
surface(a) (1 1) reconstruction,
top view. (b) (1X1) reconstruc-
tion, side view.(c) (1X1) recon-
struction, perspective view(d)

O Ga ® As @ added As bulk truncated, perspective view.

surface of lower energy than Ga®s$11), although it lies well in the range of low-index singular surfaces. There-
should be noted that this argument will be weakened by furfore, the theoretical calculations support the proposed struc-
ther results presented below. Instead, the stability of the retural model.
constructed GaA® 5 11) surface is the result of the balance ~ The interpretation of STM images is not straightforward,
between(137) stripes of a certain width and the trenches inbecause the image is influenced not only by the topography,
between: In the trenches there is one Ga dangling bond p&ut also by the electronic structure of the surface. In order to
unit mesh(cf. arrow on the right-hand side of Fig(#]. The ~ Support thellnterpretauo.n of the experimental STM images,
charge contributed by this dangling bond is exactly necessargmulated images using the calculated geometry —of
to make the complete structure fulfill the ECR. aAs(_25 11) were generated. Exp(_erlme_ntal h|gh-_resolut|on
A model of the bulk-truncated GaA®5 11) surface is STM images and the corresponding simulated images are

shown in Fig. 6d). In every atomic layer there is an equal presented in Fig. 8. Both filled and empty states images show

number of Ga and As atoms. Thus the surface is stoichio‘—alongate{j humps at three different height levels. Among the

: - . : . experimental images, the resolution of the empty states im-
metric. All stoichiometric GaAs surfaces automat'lcally fulfill age is inferior. This corresponds to the empirical fact that it is
the ECR. However, there are several atoms with two dan

: L : more difficult to acquire empty states STM images. The main
gling bonds each, which is energetically very unfavorable itterance hetween filled and empty states images is which
Hence it is unlikely that this structure is stable. The differ-

ences between the reconstructed surf&égs. 6a)—(c)] and

the bulk-truncated surfadé-ig. 6(d)] are that two As atoms

were added and that the number of dangling bonds was re-

duced by dimerization of neighboring As atoms. The addi-

tion of As atoms in the model is in agreement with the fact _

that the experimental surface preparation was As rich. The <

dimerization is in accord with the general principle that the E
5

70

65

number of dangling bonds at a surface should be small. The
periodicity of the reconstruction remaifikx 1), as observed

by LEED and RHEED(because of the large bulk-truncated U
unit mesh, on some high-index surfaces bonds can be created prys - (55 1D ]
and broken without a change of the periodigity = &

The analysis of the experimental data was complemented 40 L L L
by first-principles electronic structure calculations. The sur- —46 =it -02 0.0
face free energy at zero temperature of the reconstructed Has=Hasourg (BV)

GaAd251]) surface was determined as 53 meV/A FIG. 7. Calculated surface energies as a function of the chemical

+0.0107 A ZX(Eﬁgh— HAs) s as depicted in Fig. 7. In the potential of arsenic for the Ga#5 11 surface with three As
same diagram, the corresponding data for the lowest-energymers per unit mestsolid line) and for the GaA& 7 19 surface
reconstructions of the well-known Ga@91) surface are in-  with two As dimers per unit mestdashed ling For comparison,
dicated by the gray-shaded area. Although a direct comparkurface energies of the Ga@1) surface for three surface recon-
son of the surface free energies of surfaces of different crysstructions €(4x 4), B2(2x4), andZ(4x 2)], which have the low-
tallographic orientation is not reasonable, it is clear that forest energies of the presently known reconstructions of GA%
As-rich conditions the value for Ga&a5 11) (53 meV/A?)  are indicated by the shaded region.
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/Y

@lg#Fy &

FIG. 8. Experimental and simulated high-resolution STM im-
ages of GaA@ 5 11). The white parallelograms indicate the unit
mesh, and the black lines at the bottom mark the dark lines on the @
images. (a) Experimental, filled statesUgampie=—2.5 V, |
=0.1 nA. (b) Experimental, empty stated)s,mpie=+2.5 V, |
=0.3 nA.(c) Simulated, filled states. Arsenic dimers of the struc-
tural model in overlay(d) Simulated, empty states. For the simu- ron oo e M
lated images, the local density of states was integrated for an energy o o "
interval that extended from the valence band top-®5 eV below s O v
for the filled states image, and from the bottom of the conduction AR

band to 1 eV above for the empty states image, respectively. It Fc g9 sTM image of GaA@5 11). The arrows at the top

should be noted that these values do not necessarily have to Bgage porder indicate particularly long two-dimer stripes. The el-

identical to the experimental biases, because the complex tunnelirmJse highlights a location where the widths of two neighboring
process is influenced by factors that cannot be controlled, e.g., a%’tripes changes simultaneoudly o= —2.6 V, 1=0.2 nA.
oms from the restgas that adsorb on the tip. What is essential is the P

distinction between filled and empty states images. B. Line defects

_ _ o Apart from the regular stripes of the reconstructed
separation between humps that neighbor in diredt#%8] is GaAg251) surface, that are three As dimers wide, the

most apparent. On the filled states images, the highest angiry images show as well stripes that are two dimers or,
the lowest humps are well separated. Thus in diredt&81 | seldom, four dimers wide. If such stripes occur, they extend
a trench is visible that has been described above and that ¢sver several 100 A, as can be seen in Fig. 9. Such two-
indicated by the black lines at the bottom of Figc)8 In dimer stripes are indicated by the arrows at the top of the
contrast, on the empty states images, the intensity does nishage. Also, the two-dimer stripes cross step edges without
decrease significantly between the highest and the loweshanging to the regular three-dimer widitf. left-hand side
humps. Hence these humps are not well separated. Therefasé Fig. 5. Thus these stripes are large-scale, ordered pertur-
the trench is seen between the lowest and the middle levéjations of the surface periodicity. Both the large size and the
humps, as indicated by the black lines at the bottom of Figorder indicate that these perturbations are fairly stable. To
8(d). This observation holds for both experimental and simu-our knowledge, such a type of surface defect has not been
lated images. Altogether, experimental and simulated STMbserved on any other surface.
images are in excellent agreement, giving further support to In the following we will focus on the two-dimer stripes,
our structural model. since this type of perturbation is more abundant. A hypotheti-
The high structural perfection and the extremely smallcal surface that consisted exclusively of such two-dimer
roughness of GaA& 5 11) make this surface absolutely com- stripes would have the orientatiai@ 7 15. The angle be-
parable to GaA®01)—-B2(2x4), the GaAs surface that is tween this plane ant2 5 11) is only 1°. Thus the two-dimer
most frequently used as a substrate for heterostructures. Os&ripes can be considered either as line defects of the recon-
might think that the inclination of the dimer series could struction or as minimally off-oriented nanofacets. A struc-
make the GaAR 5 11) surface unsuitable as a substrate fortural model of GaA& 7 15 is shown in Fig. 10. This is in
growth. However, the corrugation between the highest anflact the structure that results from continuously stacking the
the lowest dimer is only 0.5 A, as opposed to 2.8 A forzigzag dimer chains of the Gafi43A—(8% 1) reconstruc-
GaAq001)-B2(2x4), and the difference in height between tion, as described in the introduction. These zigzag chains
the top and the bottom atom with a dangling bond is 2.1 A are indicated in Fig. 10 by the dotted lines. A two-dimer
as opposed to 2.8 A for Gat801)-B2(2x4). Thus stripe is marked by the area between the two dashed lines.
GaAd4251)) is actually less corrugated than Gd881)—  The unit mesh of the reconstructed G&2% 15 surface
B2(2X4). Nevertheless, the inclined geometry of contains two As dimers, two As atoms with one dangling
GaAd2511) may readily enable the incorporation of new bond each, and five Ga atoms with one dangling bond each.
atoms, thus facilitating growth on this surface. Also, on theThis configuration does not fulfill the ECR; there is an ex-
GaAd001)-B2(2x4) surface there are usually many holescess of one-quarter of an electron per unit mesh. The viola-
in the size of a few unit mesh&5Therefore GaA@511)  tion of the ECR suggests that this surface is of high energy
may be a superior substrate for the growth of heterostrucand unstable. However, fairly large areas of this structure
tures like, e.g., quantum wells. occur nevertheless on the stable GE&¥%11 surface, that
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Compound semiconductor surface structures that violate
the ECR have been found befdf®52-5 However, on
GaSh001) (Ref. 48 and on GaND001) (Ref. 49 this viola-
tion is accompanied by a significant enrichment of one of the
components at the surfa¢8b and Ga, respectivelyThus
the composition at the surface deviates significantly from the
O Ga one in the bulk. As a matter of fact, the basis for the ECR are
® As the different energies of the $pybrid orbitals as they occur
in the bulk compound.Hence in the case of one or even
@ added As more complete layers of one of the components on the sur-
face, a violation of the ECR is not so surprising. In the het-
eroepitaxial reconstruction Sb/GaA$1)B,>**°the violation
of the ECR seems to be induced by the strain contribution to
the surface free energy. The only known GaAs reconstruction
which has been questioned to fulfill the ECR is the

FIG. 10. Structural model of the reconstructed G@%&15—  GaAs(111)—(y/19% \19) reconstruction’ > Structural
(1X1) surface in top view. The solid parallelogram indicates themodels have been suggested for this surface on the basis of
unit mesh. The exact positions of the atoms are the result of thauger analysis® STM ! calculations in the tight-binding
calculations. The size of the circles representing the atoms Waépproximatiorﬁz and x-ray Auger analysf?. It was pointed
chosen according to their vertical distance from the uppermosgt already that a unit cell with an odd number of atomic
atom. To arrive at the reconstructed surfgce, the lighter shaded Agjteg presents an inherent difficulty to fulfill the ECRFur-
atoms have to be added to the bulk-terminated surface. thermore, in view of the large size of the unit cell, the charge

doesfulfill the ECR. Hence the difference in energy betweenimbalance in the proposed models is relatively small. Never-
these two surfaces may be not as big as one would initialljheless, this case remains unresolved. In the case of

expect on the basis that one surface fulfills the ECR, and th&aA42511/(37 15 a significant deviation from the bulk
other one does not. composition does not occur at the surface. Moreover, these

In fact, in terms of saturation of dangling bonds the twotwo surface structures are very similar so that differences in
surfaces are remarkably similar. First, they comprise obvistrain can be excluded. Thus the only difference left is that
ously the same structural motifs. Second, quantitatively the@ne fulfills the ECR and the other one does not. The present
dangling-bond density of the reconstructed G@&15 sur-  study does indeed give interesting insight into the nature of
face is greater by only 0.1% than that of the reconstructedompound semiconductor surfaces.

GaAg251)) surface[absolute values: GaAz511) 8.176 For completeness it should be noted that for elemental
X 10 2A 2, GaA<37 15 8.185<10 2A "2, for comparison semiconductors similar conclusions have already been
GaAg001)—B2(2x 4) 7.822<10 2A~2]. In order to eluci- drawn. Despite the general principle that surfaces of semi-
date this finding, first-principles electronic structure calcula-conductors tend to have a semiconducting band structure as
tions were carried out also for the reconstructedwell, one of the most famous surface reconstructions,
GaAg37 15 surface. At zero temperature the surface freeSi(111)—(7x7), is metallic®® Also, first-principles calcula-
energy of this surface is 55 meV#A 0.0097 A*ZX(E}Q‘;" tions for S(001)—(2x 1) showed that the major part of the

— upas). The respective curve has also been included in Figreduction in surface energy compared to the bulk-truncated
7. For As-rich conditions, as chosen in the experiments, thsurface is achieved by dimerization, yielding the saturation
energy value for GaA87 15 (55 meV/A?) is only insig-  of dangling bonds. This process causes a gain in energy of
nificantly greater than the one for GaR$1) 1.8 eV, while the dimer buckling that makes the surface
(53 meV/A?). In addition, the calculations show that the semiconducting contributes only an energy difference of 0.17
valence band is not completely filled on the G&®g 15 eV>’ As a consequence of the small energy difference asso-
surface, as implied by its violation of the ECR. The uniqueciated with buckling, it is possible to observe both asymmet-
simultaneous observation of these two structures that differic and symmetric (X 1) domains coexisting on the(®D1)

only with respect to fulfillment of the ECR allows an evalu- surface under suitable conditiorfsSimilarly, we observe on
ation of the relative relevance of two important principles forthe GaA$2 5 11) surface a coexistence of two almost degen-
the structure of semiconductor surfaces: It appears that therate local structures.

energy gain arising from the minimization of the number of Given the small difference in energy between
dangling bonds is significantly greater than the gain arisingsaA92 511 and GaA$37 15, the occurrence of the two-
from reaching a semiconducting ground state. It is suggestedimer stripes is easily understood. This energy difference lies
that this holds for semiconductor surfaces in general. Therewell below the thermal energy available during growth.
fore structural models for unknown reconstructions that vio-Therefore entropic considerations alone make the occurrence
late the ECR should not be excludadpriori, as it is com-  of the two-dimer stripe probable. In addition, the two struc-
monly done. tures are very similar, so the formation of a two-dimer series

The orientation that corresponds to the four-dimer stripesnstead of the regular three-dimer one is fairly probable. A
is (51329. This surface structure violates the ECR, too.single two-dimer series, surrounded by three-dimer series,
Thus similar conclusions may be drawn. would give rise to domain boundaries with additional dan-

155308-9



GEELHAAR, TEMKO, MARQUEZ, KRATZER, AND JACOBI PHYSICAL REVIEW B65 155308

gling bonds. In contrast, the borders between a two-dimer
stripe and the neighboring three-dimer stripes are indistin-
guishable from the borders between neighboring three-dimer
stripes. Thus a whole stripe of two-dimer series develops.
Once a two-dimer stripe has formed, it is stabilized kineti-

cally: In order to turn it into a three-dimer stripe, all the

neighboring stripes on the whole terrace would have to be
shifted. This would necessitate a significant structural change

across thewhole terracein direction[453]. While the re-

quired long-range mass transport is difficult to achieve, local

rearrangements are more probable. Indeed, one can experi-

mentally observe that two-dimer stripes change into three-

dimer stripes, but only if the neighboring three-dimer stripe

changes at the same location into a two-dimer stripe. This ~[19108]

can be seen in Fig. &f. ellipse.
Some of the studied samples are of the nominal orienta- FiG. 11. LEED image of the GaA®5 11) surface after anneal-

tion (37 19. Hence one may suspect that the occurrence ofg in UHV. E=57 eV.

the two-dimer stripes is due to the macroscopic off-

orientation from the directiori2511). However, the over- An overview STM image of the UHV annealed surface is

view STM images show that this off-orientation is mostly Presented in Fig. 12. Step edges that are fairly straight for

compensated by well-resolved steps, and not by the twdyPically about 1000 A extend from the upper left to the

dimer stripes. Also, such stripes were observed also on th@Wer right, e.g., as a continuation of the white arrow in Fig.

samples that were off-oriented in a different direction. More-12- However, these straight step edges do not meet other step

over, four-dimer-wide stripes were also found on (8¢ 15 edges but _end in regions of even gray level, i.e., constant
samples. Four-dimer stripes cause in fact a change in orieffverage height. Thus there are not any extended terraces as

tation in the opposite direction than the macroscopic Oﬁ_opposed to Fig. @), the surface is automatically more

orientation of the samples. Therefore we conclude that théough' tStede d?ﬁlinte fro_mh:hhe b((j)tton}[ Ie}ftt#ar'ld part _?L the
occurrence of stripes of a different width is an intrinsic per-'mage owards the top right-nand part of theé image. ‘there-
turbation of the GaA@ 5 11 surface. fore both the orientation of the step edges and of the mean

Finally, we would like to add an interesting speculation.SIOpe of the surface are different than prior to annealing in

) ) . UHV.
According to our calculations, Gaf&7 15 is weakly me- . .
tallic. Thus the thin stripes of this orientation that are embed- A higher resolution reveals that on the surface there are

; ; : : f humps running from the upper left to the lower right
ded in the semiconducting Ga@s5 11) surface could possi- rows o .
bly be electronically one-dimensional systems. Therefore al Fig. 13a)]. The different gray levels suggest that the humps

; ; elong to different layers. However, steps are clearly visible
g?:;? 5e %alis dsttai(ijrébleo n the electronic structure OfonIy at two locationgcf. arrows in Fig. 18)]. Throughout

the rest of the image, there seems to be an irregular up and
down of adjacent humps. Thus there are not any extended
terraces. These features can also be seen on the STM image

~[16 35 13]

C. Annealing in ultrahigh vacuum

For GaAg00)) it is well known that, depending on the
preparation conditions, different reconstructions form at the
surface’®®® Thus in addition to varying the growth param-
eters, GaA& 5 1) surfaces that had previously been pre-
pared by MBE were annealed in ultrahigh vacuum. As ar-
senic desorbs at a lower temperature than gallium, this
preparation method usually yields gallium-rich structures.

A LEED image of the resulting surface is shown in Fig.
11. The background intensity is higher than on the image
taken after MBE preparatiofcf. Fig. 3a)], and fewer spots
are visible. The diffraction pattern is clearly different: Prior
to annealing in UHV, there are rows of neighboring particu-
larly bright spots along751] and[1910 8]. In contrast, in
Fig. 11 there are rows of bright spots along directions that lie
close to[16 35 13] and[19 10 g]. Also, many spots of the
complete diffraction pattern are not visible. The separations
of the spots are different, too. The lengths of the unit n@sh
that is marked in Fig. 11 are in real space 1105 A and FIG. 12. Overview STM image of the Ga#x5 11) surface after
27.5+1.4 A, and the enclosed angle is 844°. annealing in UHVUgampie= —2.5 V, 1=0.3 nA.
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form that is under Ga-rich conditions energetically more fa-
vorable than GaA®5 11). This conclusion is corroborated
by the observation that the average step direction and the
mean slope of the surface change during annealing. Hence
planar regions are in a different direction off-oriented with
respect to the nominal sample orientation than it is the case
for GaAq42511). However, because of the high degree of
roughness, such planar regions are small.

Different unit meshes were extracted from the LEED and
STM data of the UHV annealed surface. When the experi-
mental uncertainties are taken into account, it halgs d;
and c,~3d,. There could be two reasons for this inconsis-
tency. First, the humps in the STM images could be related
to different structural elements that cannot be distinguished
due to the limited resolution. In this case only every third
hump would be actually equivalent. Second, there could be a
small shift after every third hump that is not recognizable in
the STM images because the ordered domains are so small.
Thus these shifts would not be distinguishable from the ubig-
uitous defects.

Because of the high degree of disorder on the surface, it is
difficult to construct a structural model and assign the humps
in the STM images to structural elements. Bright features in
filled states images of GaAs are usually related to arsenic
states. Indeed, both the length and the orientation with re-
spect tg 332]o; 0f c;~11 A~d, are in good accord with
those ofa;=10.6 A on GaA&511). Thus the humps on
the STM images of the UHV annealed surface could also be
due to arsenic dimers. The occurrence of arsenic dimers on a
surface that was prepared under Ga-rich conditions may
seem surprising. However, the G4A$4A— a2(2X 1) re-
construction, which forms after a similar preparation, also
contains arsenic dimefS.Anyhow, an arrangement of ar-

FIG. 13. STM images of the Ga#&5 11) surface after anneal- senic dimers that would be in accord with the experimental
ing in UHV. (a) Medium size areals,mp=—2.5 V,1=0.1 nA.  unit vectors is not possible near tf@5 11) plane. Hence at
(b) Small arealUsampie= —2.5 V, 1=0.1 nA. least some of the humps are related to a different structural
motif.

of a small area in Fig. 18). On this image a unit mesh is
indicated that is almost squared. However, a periodic ar-

rangement of the humps can be found only for areas that

have the size of only a few unit meshes. Thus the measure- IV. CONCLUSIONS
ments of the unit mesh cannot be determined with high ac-
curacy. The lengths of the unit vectalds andd, are ~11
and~10 A, respectively, and the enclosed angle~i80°.
The orientations of these unit vectors and the lengtth,cdre
in fairly good agreement with the LEED data, kit is sig-
nificantly smaller tharc,.

GaAgq251)) is a stable compound semiconductor surface
locatedwithin the stereographic triangle. After preparation
by MBE, a (1X 1) reconstruction is observed whose charac-
teristic structural element is a series of three As dimers that is
inclined with respect to the surface plane. On a mesoscopic

The high background intensity of the LEED image indi- scale, the surface morphology is similar to that of low-index
cates that the surface is poorly ordered. This conclusion igu"faces. The surface free energy falls well into the range of
confirmed by the STM images that show a rough surfacdhose of Iovy-lndex surfaces. .The' surface periodicity of
with very small domains of periodic structures. However, the@AS2 511 is perturbed by thin stripes that belong to the
absence of spot splitting in LEED and of well evolved in- orientation(3 7 15. The analysis of this regular perturbation
clined areas in STM suggests that the surface does not dec&y9gests that, in general, on semiconductor surfaces the gain
into facets of surfaces of other orientation. in stability arising from the minimization of the number of

The unit meshes of the UHV annealed surface and oflangling bonds is significantly greater than the gain arising
GaAg2511) are incommensurate. Thus it is unlikely that from reaching a semiconducting ground state. Annealing in
during annealing a different reconstruction of this orientationUHV yields a fairly rough surface whose mean orientation is
evolves. Instead, we suppose that areas of a nearby surfadéferent from(25 11).
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