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The atomic structure of the group-Ill-rich surface of 11I-V semiconductor compounds has been under intense
debate for many years, yet none of the models agrees with the experimental data available. Here we present a
model for the three-dimensional structure of the (0008 2) reconstruction on InSh, InAs, and GaAs
surfaces based on surface x-ray diffraction data that was analyzed by direct methods and subsequent least
squares refinement. Contrary to common belief the main building blocks of the structunet dimers on the
surface but subsurface dimers in thecondbilayer. This essential feature of the structure is accompanied by
linear arrays of atoms on nonbulklike sites at the surface which, depending on the compounds, exhibit a certain
degree of disorder. A tendency to group-lll-dimer formation within these chains increases when descending the
periodic table. We propose that all tle¢8x 2) reconstructions of 11I-V semiconductor surfaces contain the
same essential building blocks.
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I. INTRODUCTION resolution photoelectron spectroscoBES, John and co-
workers proposed an InSB-c(8x2) model consisting of
Within the last decade 1II-V compound semiconductorssix In-In dimers, three within each ¢42) subcel® Figure
have become extremely relevant for fabricating high-speed(a) illustrates this so-called missing-dimer model. This
electronic and optoelectronic devices. Layer growth and epmodel was supported for InSb and GaAs by various experi-
itaxial behavior, which are strongly influenced by the mor-mental methods, most frequently STM and low-energy elec-
phology of the substrate surface, play an important role fotron diffraction (LEED).}" However, it was also questioned,
the fabrication process. Thus, detailed knowledge about the.g., by Varekampet al.in a STM study on InSB.Biegelsen
geometric structure of the surface is essential. Depending ogt al. modified the model by suggesting only two dimers in
preparation, temperature, and especially whether group-liithe top layer and one in the second bilayiesee Fig. 1b)].
or group-V-rich conditions are dominant, tk@01) surfaces This so-calledB2 model was proposed on the basis of a
of IlI-V compound semiconductors show a wealth of differ- STM study on the GaAs surface, and was supported later by
ent surface reconstructions. For the group-V-rich surfacesoth experimentdf and theoretical studi€s.Another vari-
group-V dimers have been clearly identified as the basi@nt, the3 model for InAg[see Fig. 1c)], was suggested by
building blocks in these reconstructions. McConville and co-Ohkouchi and Ikom&? It contains one top-layer and two
workers saw Sb-Sb dimers on the InSb(0@{¥<4) sur-  second-bilayer dimers and was favored by a combined
face in scanning tunneling microscop{STM) images LEED and STM study?® All these models have a common
whereas Gthelid etal. found As dimers in the feature: Group-Ill surface dimers are the primary structural
InAs(001)82-(2X 4) structure using surface x-ray diffrac- element. However, the features in the STM images inter-
tion (SXRD).2 These surface structures were strongly suppreted as dimers have never been uniquely identified as re-
ported recently by density-functional theory and first-ally being made up of two atoms, as in the case of group-V-
principles electronic structure calculatiohlt has also been rich surfaces. Furthermore, most of the STM measurements
generally believed that the group-lil-rich surface consists osuggested a (41) or (4x2) unit celt1%12whereas all
(group-lIl) dimers® but no agreement on a specific model diffraction experiments clearly showedc8x 2) structure.
exists in the literature. In an early publication, based on highThis was attributed to defeétsand often a coexistence of
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(a) B-c(8x2), John et al.
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FIG. 1. Popular models from the literature for tb€8x2) re-
constructed In-rich(001) surface of InSbi(a) 8 model (missing-
dimer mode) of Johnet al. (Ref. 6 (1989, (b) 82 model of Bie-
gelsenet al. (Ref. 9 (1990, (c) B3 model of Ohkouchi and lkoma
(Ref. 12 (1994, (d) model of Skalaet al. (Ref. 16 (1993, and(e)
model of Jonet al. (Ref. 17 (1998.

(4% 2) andc(8x% 2) reconstructed regions was assurh&d®
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supported by a reinterpretation of STM imad@®ecently a
completely different model was proposed independently by
two groups; theoretical total-energy calculations combined
with a LEED analysi¥ by one group and direct methods
applied to SXRD data by the oth&tThe present article is an
extension of the latter work. Characteristic features of this
model aresubsurfacedimerization of group-Ill atoms in the
second bilayer and linear arrangements of atoms at the sur-
face. The subsurface dimerization is the only attribute pro-
ducing ac(8X%2) periodicity and explains the contradiction
between the (X 2) unit cell observed in STM and thg8

X 2) diffraction patterns. Group-lll dimers in the top layer
are present on GaAs but not on the heavier IlI-V compounds
InAs and InSb.

A fundamental problem with structure determination is to
identify the correct solution; when refining a structure it is
rarely clear whether a local or the global minimum of the
goodness-of-fit function has been found. For bulk structure
determination using x-ray diffraction data, this ambiguity has
been largely removed using what are called direct methdds.
Direct methods find probable values for the phases of the
measured reflections, consistent with the fact that the scatter-
ing arises from atoms. Combining these phases with the
measured amplitudes allows approximate maps of the charge
density to be calculated. Placing atoms at the peaks in these
maps gives a first approximation to the structure, and will
almost always yield a fairly good fit to the data. In many
cases not all atoms appear at first, but by using Fourier dif-
ference methods the rest of the structure can be found with-
out much difficulty. The power of direct methods is that they
eliminate the need to guess a model for the structure; they
yield a set of plausible structures against which subsequent
refinements are carried out. While direct methods have been
used successfully on two-dimensiora-plane SXRD data
or transmission electron surface diffraction ddtaxtending
them to three-dimensional SXRD data is not simple. One
reason for this is that large out-of-plane data sets are neces-
sary for finding stable solutions with a three-dimensional di-
rect methods code. But since it is often too time
consuming—even at modern synchrotron-light sources—to
obtain a full-size out-of-plane data set it is common to mea-
sure a fairly complete two-dimensional data $sfpically
80% of the available reflectionsand only a rather limited
number of fractional-order rods. The small number of three-
dimensional measurements makes it harder to obtain stable
solutions. We have recently shown that the mathematical ap-
proach of “feasible sets® developed for image restoration
problems can be applied to crystallographic probléfzer-

indicating thec(8x2) unit cell were found:*®

Skala and co-workers modified the group-Ill-dimer mode

full, ab initio, surface structure determination to be per-
iformed in three dimensiorfé. Since this is a truly model-

suggesting additionally group-V dimers on top of doubleindependent approach, group-Iil dimers will only arise in the
rows of group-lll atom$® a model again based on STM data analysis if they are an intrinsic part of the structure.

measurements on GaAsee Fig. 1d)]. Five years later this

model was seized again in a SXRD study on InSb by Jones
and co-workers! They replaced the group-V dimers by

single group-lll atoms forming chains along thelLQ] axis
which are separated from each other by group-V dimsee

Il. EXPERIMENT

Several data sets d001) surfaces of three types of lll-V
semiconductor, GaAs, InAs, and InSb, were measured. InSb

Fig. 1(e)]. Their model contains no group-Ill dimers and wasand InAs samples were prepared in an ultrahigh vacuum
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sured in-plane data sé) and theoretical Patterson maps calculated
from our model(b) and from different models from literaturéc)

B2 model of Biegelseret al, (Ref. 9, (d) model of Skalaet al.
(Ref. 16, and(e) model of Jonegt al. (Ref. 17.

FIG. 3. (a) Contour map of the charge density distribution in the
x-y plane obtained from the two-dimensional direct method code,
using in-plane data only. Each maximum corresponds to the posi-

. . tion of an atom in the uppermost layer. Oo@X2) unit cell is
(UHV) system using the standard surface preparation techsown with the origin located at the lower leflt) Two-dimensional

nique of repeated cycles of argon-ion bombardment and anrsections of the three-dimensional map showing contours of the
nealing at the appropriate temperature. GaAs surfaces wWetBarge density ix-y planes at different heights Numbers in the
prepared by using GaAB801) wafers, the surfaces of which |eft margin indicate the coordinate in A;z=0 corresponds to the
had been grown by molecular beam epita®BE) and  height of the uppermost In atoms on an unreconstructed In-
which had been covered by a protective layer of amorphougrminated surface. In the second bilayer the dimers are mdvked
arsenic immediately after the growth. Before the SXRD meaand lines between the atoms are drawn to guide the eye.
surements, the cap layer was desorbed in UHV at 450°C.

Subsequent annealing for 5 min at 490°C vyielded adiffractometer on the BW2 wiggler beamline at the Ham-
GaAs(001)e(8x2) reconstruction as confirmed by LEED. burger SynchrotronstrahlungslabétASYLAB) and aligned
Scanning tunneling microscopy was used to ensure that theith respect to the incident x-ray beam. The glancing angle
GaAq001) surfaces used for the SXRD measurements wera&vas 0.6°, 0.5°, and 0.2° for the measurements on InSb,
well ordered and uniformlg(8X 2) reconstructed. Figure 9 GaAs, and InAs, respectively. On all samples extended in-
below shows a representative STM image from theplane and out-of-plane data sets were measured at wave-
GaAg001) surface. More STM images from MBE-grown lengths between 1.24 A and 1.42 A. The intensity of each
GaAg001)) surfaces prepared by thermal desorption of an Ageflection was determined by rotating the sample about its
capping layer are presented in Ref. 25 and they are similar teurface normal ¢ scan$. The peaks were integrated, back-
the images from samples prepared using other technftfdes. ground subtracted, and corrected in the standard manner for
After preparation the samples were transferred to a smallorentz and polarization factors, active sample area, and rod
portable UHV chamber which was mounted on thaxis intercept?® The(001) surface of the zinc-blende structure has
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FIG. 4. InSb data set. Upper left: Plot of the in-plane data. The areas of the filled and open semicircles represent measured and calculated
intensities, respectively. Gray/white circles have been scaled by a factor of 0.5. Upper right: integer-order rods. Bottom: fractional-order rods

only twofold rotational symmetry; thus there is only one ro-

tational domain. By averaging equivalent reflections using a P(x,y)% >, |Friol?cod 2m(hx+ky)] (1)
c2mm symmetry systematic errors ifF|?> of e=7.8%, nk

7.2%, and 10.2% were determined for the in-plane data sets ) ) ) _

of InSb, GaAs, and InAs, respectively. The final data setdVhere|Fnyol” is the measured intensity of the in-plane re-
consisted of 171, 112, and 75 nonequivalent in-plane refledlections ©k0). The “experimental Patterson map” calcu-
tions, 14, 17, and 18 fractional-order rods with 282, 548, andated from the InSb data is shown in FigaP Each positive

566 reflections as well as three, two, and five crystal truncaPeak in the map corresponds to an interatomic distance vec-
tion rods(CTR’s) with 137, 71, and 375 reflectionénSh,  tor in the unit cell projected onto the surface plane. Several
GaAs, and InAs, respectivelyOn the InSb data set a (Q0 Clearly separated peaks can be seen in thg !rreducible unit. As
rod was measured as wedl5 reflectionsbut not included in @ first test for the correctness of a specific mode! we can
the refined data set for reasons discussed below. The eightfompare the experimental Patterson map of Fig) @ith a
order reflections from InAs were so broad that their inte- theoretical Patterson map” calculated on the basis of the
grated intensities could not be evaluated, so the InAs in_model. Equation(1) gives the theoretical Patterson function
plane data set consisted only of reflections from tha {4 if the measured structure factors are replaced by those calcu-

; lated from the model, using the same subsethdQ() reflec-
subcell. Standard LEED coordinatea=((1/2)[ 110]p k. b ) . v
= (1/2)[110]p, C=[001]) are used in the following. tions. In Fig. Zb) a contour plot of such a theoretical Patter-

son function is shown for the model presented in this work.
Comparison with(a) reveals excellent agreement between
I1l. DATA ANALYSIS AND RESULTS the experimental and theoretical Patterson maps. Figures
2(c—e are theoretical Patterson maps for the most popular
models from the literature. The arrows on the left axis of the
For solving surface structures considerable insight can bégure mark a peak af0,0.55 arising from the dimer dis-
gained from a contour plot of the Patterson function tance in the Biegelsen and Skala models. This peak is also

A. Patterson function
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FIG. 5. (Color) Structural model for InSb viewed from abot(a and from the sidé€b). In and Sb atoms are shown as red and blue circles.
In dimers are colored green. Atoms in deeper layers are indicated by pale colors. The main atoms are labeled and the dirdeissite In2
shown at only one location. All gray bars represent covalent In-Sb bonds; other bonds are indicated schematically.

present in the theoretical Patterson maps of the models hihese rows. Since the two types of atom in I(&b well as in
Johnet al. and Ohkouchi and lkoménot shown. The ab- GaAs have almost the same number of electrons it was still
sence of the peak in the experimental Patterson function ignclear at this point in the data analysis which type of atom
clear evidence that surface dimers in thalirection (i.e.,  occupies which site. But the InAs data allowed this question
group-1ll dimerg are not present in this reconstruction. Otherto be answered, as will be discussed below. The second fairly
significant differences between experimental and theoreticalomplete data set is that of GaAs. The result of two-
Patterson maps occur €t.7,0 and(2.3,0, where relatively  dimensional(2D) direct methods showed the same basic el-
strong peaks in the experimental Patterson plot are not repr@ments as for InSb except that the sites corresponding to Inl
duced in the theoretical plof§igs. Zc—€]. Some other fea- and In2 were absent and the bh2limer site had a higher
tures are reflected quite well by the Jones model, e.g., theccupancy. The three-dimensional solutions were just about
peaks at appro#?,0.25, (2,0.79, and(0.5,0.5, even though stable, indicating the same structure we found for InSbh, but
they are weaker in the experimental Patterson plot. In sumwith different occupancies. Because of missing eighth-order
mary, judging from the Patterson maps, the Jones model haeflections the last data set, InAs, did not yield a solution in
some correct features, but other models containing group-Ilthree-dimensional direct methods, although the two-
dimers as the basic building block can be eliminated. dimensional results were similar to those for GaAs and InSb.
In conclusion, the direct methods yielded one common
B. Direct methods model for In_Sb and GgAs, which was used as a starting
model for refinement with a least-squares algorithm.
To find a starting model for the refinement of our data we
did not try to modify models from the literature but used
direct methods. We first analyzed the InSb surface, a reason-
ably completec(8x2) data set, using both the two- and the ~ We first discuss the result of the refinements for the InSb
three-dimensional direct method code. We found a solutiomlata set. Refining the positions of the uppermost three InSb
to the structure relatively straightforwardly in two dimen- bilayers and the occupancy for the sites In1 andlithose
sions[Fig. 3(@] and in thregFig. 3(b)]. In both cases the showing a reduced occupancy in direct methagsults in
solution was unambiguous and placing atoms at the peaks ig?=3.95 for the whole data set and indicates that the model
the maps gave relatively loWR factors confirming that the found in direct methods is basically correct. This first fit was
data set used is of high quality. Contrary to the models frontlose to the starting model, i.e., to the direct methods result,
literature described above we found an indium dimer only inand could not be improved significantly by refining the oc-
the second bilayer, not in the top layer. The upper layer coneupancies of other atoms within the top bilayer. Note that the
tains rows of In atoms aloniy and, with only a small occu- starting model based on direct methods was derived from
pancy, an indium dimegsite In2d, see Fig. 5 beloywithin fractional-order data only. However, the model was immedi-

C. Refinement
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TABLE I. Atomic parameters for the (003)c(8X 2) reconstruction of InSb, GaAs, and InAs. Positions are given in LEED coordinates,
Debye WallenDW) factors in A2. All DW factors are isotropic, except for atoms at site 1 in the InAs structure, which shows a large in-plane
disorder. DW factors not listed in the table were fixed at bulk values: DW{Inp0 A?, DW(Ga)=1.43 A?, DW(Sb)=1.25 A?, and
DW(As)=0.87 A2. Standard deviations are calculated assuming uncorrelated parameters. Values listed without errors were not refined due
to c2mm symmetry constraints.

Site InSb: position; DW (&) GaAs: position; DW (&) InAs: position; DW (A2)

1 In/Ga 2.000, 0.500;-0.0514); 8.6(5) 2.000, 0.500, 0.074); 1.8 (4) 2.000, 0.500, 0.004);2

2 In/Ga 0.000, 1.000;-0.2954); 7.3(4) not occupied 0.000, 1.006;0.25%1); 3.1413)
2d In/Ga  0.000, 0.73®), —0.2087); 7.2( 8) 0.000, 0.70R2), —0.2751); 2.8(2) not occupied

3 In/Ga 0.000, 0.000,-0.2033); 6.4(3) not occupied 0.000, 0.006,0.101(1); 6.5717)

41n/Ga  0.8811), 0.000,—0.1592); 1.5810)  0.8741), 0.000,—0.1741); 2.609)  0.9021), 0.000,—0.16§1); 5.4611)
5In/Ga  0.8841), 1.000,—0.1642); 1.5810)  0.8831), 1.000,—0.1791); 1.548) 0.9231), 1.000,—0.10§1); 0.236)
6 Sb/As  0.5321), 0.51%1), —0.10q1); 1.778) 0.54Q1), 0.51%1), —0.11%1); 1.184) 0.5631), 0.4823), —0.0841); 2.676)
7 Sb/As  1.488l), 0.000,—0.22Q2); 1.4911)  1.4611), 0.000,—0.2411): 0.586)  1.5291), 0.000,—0.23§1); 2.3215)
8 Sb/As  1.498l), 1.000,—0.2582); 1.6712)  1.4741), 1.000,—0.2351): 1.458)  1.4741), 1.000,—0.2541); 1.9312)
9In/Ga  0.5161), 0.3151), —0.53§2); 2.337) 0.5241), 0.33Q1), —0.53§1); 2.036) 0.5190), 0.3341), —0.51X0); 1.98 5)
10 In/Ga  1.488l), 0.50Q1), —0.49q(1); 1.7677) 1.4841), 0.53q1), —0.4941); 1.145)  1.4980), 0.4893), —0.50%0); 1.765)
11 Sb/As  0.000, 0.49%), —0.7301); 0.798)  0.000, 0.4921), —0.74%1); 0.375) 0.000, 0.5004), —0.7331); 1.238)
12 Sb/As  1.008L), 0.4941), —0.75q(1); 1.296) 1.0130), 0.4981), —0.7690); 0.454)  1.0010), 0.50G4), —0.7571); 1.507)
13 Sh/As 2.000, 0.5000.72Q1); 1.028) 2.000, 0.500~0.73Q1); 0.375) 2.000, 0.500~0.75X1); 1.768)

In/Ga 0.000, 0.000;-1.007(2) 0.000, 0.000;0.992(1) 0.000, 0.000+-0.970(1)

In/Ga 1.0261), 0.000,—0.999(1) 1.0171), 0.000,—1.025(1) 1.0081), 0.000,—1.011(1)
In/Ga 1.9961), 1.000,—0.975(1) 1.9941), 1.000,—0.982(1) 1.998), 1.000,— 1.000(0)
In/Ga 0.9871), 1.000,—1.002(2) 1.00QL), 1.000,—0.999(1) 1.01p1), 1.000,—0.991(1)
In/Ga 0.000, 1.000+-0.972(2) 0.000, 1.000;+-1.011(1) 0.000, 1.000+0.992(1)

Sb/As 0.5081), 0.000,—1.253(1) 3.5081), 0.000,— 1.256(1) 0.5161), 0.000,—1.248(1)
Sb/As 1.5261), 0.000,— 1.251(2) 1.5241), 0.000,—1.252(1) 1.508L), 0.000,—1.234(1)
Sb/As 1.5021), 1.000,— 1.249(2) 1.50@1), 1.000,—1.253(1) 1.508L), 1.000,—1.270(1)
Sb/As 0.4911), 1.000,—1.246(1) 0.4961), 1.000,— 1.249(1) 0.4761), 1.000,— 1.245(1)
In/Ga 0.4981), 0.4941), —1.500(1) 0.4971), 0.51%1), —1.502(1) 0.498), 0.5162), — 1.493(0)
In/Ga 1.5091), 0.5011), —1.498(1) 1.506L), 0.48G1), —1.500(1) 1.50@), 0.4651), —1.502(0)
ShiAs 2.000, 0.500+-1.748(1) 2.000, 0.500+ 1.756(1) 2.000, 0.500; 1.754(1)

ShiAs 1.0081), 0.5031), —1.742(1) 1.00(0), 0.5081), —1.747(0) 0.9970), 0.4825), —1.747(1)
Sb/As 0.000, 0.499), —1.744(1) 0.000, 0.49@), —1.753(1) 0.000, 0.50@), —1.750(1)
In/Ga 1.9961), 0.000,—2.003(1) 1.9961), 0.000,—2.003(1) 2.00(2), 0.000,—2.004(0)
In/Ga 1.0001), 1.000,—1.997(2) 1.0001), 1.000,—1.998(1) 0.9941), 1.000,—2.004(1)
In/Ga 1.0011), 0.000,—1.990(1) 1.0001), 0.000,—1.995(1) 1.0001), 0.000,—1.991(1)
In/Ga 0.000, 1.000;-1.993(2) 0.000, 1.000;1.999(1) 0.000, 1.000;-1.998(1)

In/Ga 0.000, 0.000;-2.004(2) 0.000, 0.000;2.002(1) 0.000, 0.000; 1.998(1)

ShiAs 1.5001), 1.000,— 2.250(2) 1.50Q1), 1.000,—2.250(1) 1.50QL), 1.000,—2.250(1)
ShiAs 1.5001), 0.000,— 2.250(2) 1.50Q), 0.000,—2.250(1) 1.50QL), 0.000,—2.250(1)
ShiAs 0.5001), 1.000,—2.250(1) 0.50), 1.000,—2.250(1) 0.501), 1.000,—2.250(1)
Sb/As 0.5001), 0.000,—2.250(1) 0.50(1), 0.000,—2.250(1) 0.5001), 0.000,—2.250(1)

®This site has anisotropic DW factors: DW4.3(1) A?, DW,=200 A? (not refined, and DW,=5.5(3) AZ.

ately able to fit the CTR’s as well, which provides additional clude this rod in our data set’ increases to 3.49; further
evidence for its correctness. The best fit depicted in Fig. 4efinement of the model bringg® down to 3.15 which is still
with x2=2.40 was achieved by including the atomic posi-significantly worse than the value of 2.40 obtained for the
tions of two more bilayers in the refinement and allowing thedata set without the (0D rod. It should be noted that in
(isotropig Debye-Waller(DW) factors for all atoms in the general the (0Q rod is hard to fit, since everything on the
two uppermost bilayers to be adjusted. The topmost layers afurface including unreconstructed areas and inhomogeneities
the corresponding structural model are shown in Fig. 5contributes to it. Hence we left out the (QGod in the quan-
Deeper layers showed only very small deviations from bulktitative analysis of the surface structure.

positions. The atomic parameters are listed in Table I. In Fig. The refinement of the GaAs data set was as straightfor-
6 we present the experimental data for the InShlYd0d  ward as for InSb and the same basic model was employed,
and a calculation based on our modeblid line). If we in-  but with different DW factors and occupancy of some atomic
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resulted iny?=11.2. Satisfactory fits could only be achieved
by introducing anisotropic DW factors for site In1 with a
large y component. This indicates disorder along the
[110],, direction at this site and explains the diffuse eighth-
order reflections. As a consequence it was difficult to find
exact values for the occupancies of the uppermost sites. The
best fit we could achieve, with 70% occupancy for In2 and
13% for In2d, yielded x?=2.55, but fixing these sites at
100% and 0%, respectively, did not increggesignificantly
(x?=2.71; see Table )l

Since In and Sb have nearly the same number of electrons
they scatter x-rays almost equally strongly, as do Ga and As.
From x-ray diffraction results on InSb or GaAs it is therefore
difficult to judge which site is occupied by group-Ill atoms
gmd which by group V. But with the InAs data set it was
possible to determine the identity of the atoms. From prior
knowledge about the orientation of tk€8x 2) cell relative
to the bulk the atom type was clear for all sites except for the
uppermost onefin1l-5, Sh6—8 Despite the ambiguous re-
aNilts from the InAs data set concerning the Inl site, the fit to

|F[ (arb. units)

IIIIAI IIIIIIﬂ 1 IIIIIII| | IIIIIII| IR

FIG. 6. (00) rod from thec(8x2) InSK00D surface(data
points with error bansand the curve calculated with our model
(solid line). Note the good agreement around the weR) reflec-
tion shown in the inset. For comparison, calculations for a truncate
InSb crystal(dashed ling and the missing-dimer modéRef. 6
(dotted ling are shown.

'Sites with 100% occupancy, i.e., all sites except In1-3. The
Cdetermination was performed by replacing all top-layer at-
S - s oms (In andAs) in the final InAs model with Nwhich is
The first fit—positions of three Ia%/ers and occupancies of InJyj .o halfway between In and As in the periodic tabiad

and Ind were refined—yieldedy”=3.32 and could be im- 5 0,ating the density difference map for this model—i.e.,
proved tox“=2.18 by including more bulk layers and DW yq gifference between the 2D electron density of the model
factors. Fractional- and integer-order rods for this fit arey. the 2D electron density resulting from the measurement,
shown as solid lines in Fig. 7. The model is only slightly neglecting differences in the phases:

different from the one prol|%osed on the basis of theoretical

considerations by Leet al*° The main differences are the — _

occupancies of sites In1 and ld2which are fixed to 0% £P(XY.0)= pexp X.Y.0) = Prmogel .Y 0)

and 100% in their moddkee also Table JI The dotted lines

duced occupancy of 19%. However, unlike in the InSb stru
ture, the dimer site In@ is occupied to 63%see Table I\

in Fig. 7 correspond to a fit with this constraint. Only small x;( (IFno,expl = [F ko mosel)
differences can be seen between the two fits in the figure;
however, the difference in the goodness of fit is significant x cog 27 (hXx+Ky) = @nkol,

(x?=3.14 when fitting the Lee model to our data
Refining the InAs data was more problematic because
ambiguity in the position of the In1 site due, in part, to the
missing eighth-order reflections. No good fit could be
achieved by refining only three bilayers Even a fit with the

set of parameters that gave the “best fits” for InSb and )
P 9 seen that In atoms are located at site (49,0 and In5

GaAs—ypositions of five bilayers, isotropic DW factors for

two bilayers, and occupancies for the critical sites In1—3—(0'9']) and As at As)(0.5,0.9, As2 (0’1.'6’ a.“.d ASS(O’ZA.)'
The atoms on sites In1-3 cannot be identified from this plot

due to their reduced occupancy. But from the bond lengths,

STM images, and the fact that the surface is In rich it is most

likely that they are indium.

0\{;vhere ¢ono IS the phase of the structure factdty,g
=|Fphwolexpleng), calculated from the model. A contour plot
of the differences is shown in Fig. 8. Each (As) atom
appears as a positivenegative peak because its electron
density is higher(lower) than that of Nb. It can clearly be

TABLE Il. Comparison of the occupancies of the sites labeled
In1, In2, InZd, and In3 for the three different surfaces. For InAs and
GaAs the results for two different fits are listed, with the corre-
sponding y? values. Standard deviations are calculated assuming

uncorrelated parameters. Values listed without errors were not re- IV. DISCUSSION
fined. A unique model for the group-lll-ricH001) surface of

In1 In2 In2d In3 X2 I1I-V compound semiconductors has been found, based on

measurements on three different compounds InSbh, GaAs,

InSb 511)% 72(2)% 28(1)% 100% 2.40 and InAs. The model is in excellent agreement with recent
InAs 100%  100% 0%  100% 2.71 LEED measurements and density-functional thédrit is
InAs 100%  687)% 13(4)% 100% 2.55  significantly different from all previous models in a number
GaAs 19(1)% 0% 63(1)% 0% 2.18  of features, most prominent of which is the subsurface
GaAs(Ref. 18 0% 0% 100% 0% 3.14 dimerization in the second bilay¢site In9. The dimer dis-

tances (2.89 A for In-In in InSh, 2.64 A for Ga-Ga in
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FIG. 7. Integer- and fractional-order rods

e from the GaAs data set: The error bars represent
S measured intensities, the solid line is calculated
g using our best fit. The dotted line is calculated
= 150 . - using a mode(Ref. 18 that differs from ours in
= r I the occupancy of the sites 10%) and 2l

100 L] T [ (100%) (see Table I\

150

100

150

100 1

501

I(r.lu.)

GaAs are in very good agreement with covalent bondof Joneset al. only one of these chains was pres&rithese
lengths from literature (2.88 A for In, 2.54 A for Galhe  authors used a relatively small data set without fractional-
ordering of these subsurface dimers is the only distinct eleerder out-of-plane data and with significantly higher statisti-
ment with ac(8X2) periodicity. Apart from a very small cal errors(evaluated from the errors given in their Tab)e |
difference in thez coordinate of the atoms in sites In2 and We tried to fit their model to our more complete data set but
In3 the top layer is (& 1) reconstructed. This explains why could not achieve g2 below 20; in particular, the fractional-

it has been so difficult to see tlag¢8x 2) periodicity in STM  order rods could not be fitted. The chains in our model are
images, whereas it was easily visible in diffraction patternsshifted relative to each other by (0,0,53p, i.€., one quarter

A second important feature is the two chains in [thé&0],,.  of the unit cell in they direction, so they have a different
direction formed by the atoms on sites In1 and In2,3. Theyegistry with the substrate. The Sb atoms in the chain marked
are marked by a red and a green arrow in Fig. 5. In the modddy the red arrowsites 7 and Bare located at bulk positions,
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FIG. 8. Difference plot for the InAs data set using a model with
only Nb atoms Z=41) for the uppermost bilayer. Atomic sites 0.012
occupied by In atomsZ=49) appear as positive peatsolid con- 0.000

tour lineg, and those occupied by As atom&=33) as negative
peaks (dotted contour lines Crosses mark the positions of the
atomic sites.

FIG. 9. Filled-state STM image—<3.0 V) recorded from a
GaAg001) surface. White arrows mark disorder in the site-1 chain
whereas the indium atomsite 1) are located on an addi- arising from the reduced occupancy of site 1.
tional (not bulklike) site. The Sb atoms in the second chain

(site 6, chain marked by a green arjoare shifted by (28% occupancy in contrast to 72% for the In2 site and

. o . . 100% for In3, whereas in the GaAs structure it is dominant
Substiaca dimerizaton. In & bulk-erminated crystal each 1{63%): The CoMmpeting sites 2 and 3 are absent in GaAs. This
' Y leads to the conclusion that group-Ill dimerization in the top

atom in the second bilaygsites 9 and_l})would have two Ia%/er is favored in GaAs, the lighter compound, and reduced
bonds to Sb atoms at the surface, as is the case for the atoMSihe heavier compounds. Site 1 in the second chied

In5 atoms would have bonds o two atoms on are Sbé, L) 5 131 uneceupied in GaAs (19%). in contrast o
they were on bu_Ik sit_es. But since the entire chain containin@-r,\; Ii?n:?geé. Figifer% gﬁgwg C{: lfjilﬁggiiit: rg_lc_:l\(;ln;sr%sazr; ;’é‘_
the Sb6 atoms is shifted by (0,0,2}p one of the In9-Sb6  corded from the GaAs surface with a bias voltage of
bonds is broken, and a dimer bond between neighboring In9-3 0 v. The similarity to the simulated STM image shown
atoms is formed instead. Atomic distances within both chaingy Leeet al. (calculated for—1.5 V, see the lower left of
(In2-Sb6, In3-Sb6, In1-Sb7, and Inl-Sb&re between Fig. 3 in Ref. 18 is striking and indicates that the bright
3.44 A and 3.53 A indicating the metallic character of (double rows correspond to the As atoms on sites 6 in the
these bondgbulk values for In and Sb are-3.4 A). All row marked by the green arrow in Fig. 5, i.e., the rows in-
other bonds drawn in Fig. 5 represent covalentlike bondsompletely occupied by Ga surface dimers on site Phe
since the corresponding atomic distances ranging fronglark rows correspond to the rows marked by the red arrow in
2.75 A to 2.88 A differ from the covalent In-Sb bond Fig. 5, where according to our structural refinement a small
length (2.84 A) by less than 2.2%. fracti_on of the sites_ lis c_Jccupied b_y Ga. However, at some
The solid line in Fig. 6 represents the calculatedijaod  locations marked with white arrows in Fig. 9 bright spots can
based on our model. The agreement with the measured i€ S€en within the black rows indicating disorder in the
tensities is qualitatively very good: the scattering intensity inSit€-1 chain which might be caused by this site being occu-
the vicinity of the weak002) bulk reflection is larger than Pi€d- Although Ga-derived electronic states are probably not
the intensity calculated for a truncated bulk crystéshed Mmaged at negative sample bias, the contrast visible in Fig. 9
line) and the interference effect close to @92 reflection IS IN @greement with our model of the GaAs(0GI(Bx 2)
is correctly reproduced. Note théd02) is a very weak bulk surface_. Reports of dlsprder caused by partial occupation of
reflection, since the scattering from the In and Sb sublatticeSOMe Sites existin the literature, e.g., Fig. 4 of Ref. 14. In the
in the zinc-blende structure almost cancels. Hence thg) (00 InAs structure the Inl ghamred arrow in F.'g‘ ) exr_nblts a
rod in the vicinity of (002 almost corresponds to an an- V&Y high degree of disorder, causing diffuse eighth-order

tiphase condition with high surface sensitivity. The missing-"eflections. , , o
dliomer model of Johret a% (dotted line in Fig. & has less %" our model is consistent with the PES diavdu_ch indi-
intensity than the truncated crystal. The difference can b&atéd that there is a single In surface electronic state. The
explained by the relative In coverage in the top double |ayer_structure is also con3|stent_W|th early_|on sc_a'_[termg measure-
our model has nominally 16 In atoms, whereas the missingments that show strong evidence of intermixing of group-II|
dimer model has a reduced In coverage of only 12 In atomsnd group-V elements in the surface laer.

Within the In2-In3 chain an additional site Id2with a
reduced occupancy appeared in some of the direct methods
maps and could be confirmed by the least-squares refine- We have found a unique model for th€8x2) recon-
ments. For the InSb data set this site is of minor importancetruction of the group-IlI-ricf001) surfaces of three differ-

V. SUMMARY
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