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Structure of metal-rich (001) surfaces of IlI-V compound semiconductors
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The atomic structure of the group-lll-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 (00@8-<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¢8 X2) reconstructions of I1I-V semiconductor surfaces contain the
same essential building blocks.
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I. INTRODUCTION resolution photoelectron spectroscofBES), John and co-
workers proposed an InSB-c(8X2) model consisting of

Within the last decade 1lI-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. 1(b)].
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 InAs[see Fig. 1(c)], 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@{¥#-<X4) 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-lll surface dimers are the primary structural

InAs(001)82-(2X4) structure using surface x-ray diffrac- element. However, the features in the STM images inter-
tion (SXRD)? 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 calculatiotfslt has also been rich surfaces. Furthermore, most of the STM measurements

generally believed that the group-Ill-rich surface consists osuggested a (41) or (4X2) unit cel

f.10.12.14\yhereas all

(group-lIl) dimers® but no agreement on a specific model diffraction experiments clearly showedc48x2) structure.
exists in the literature. In an early publication, based on highThis was attributed to defeétsand often a coexistence of
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supported by a reinterpretation of STM imadé®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(8Xx2) periodicity and explains the contradiction
between the (X 2) unit cell observed in STM and thg8

X 2) diffraction patterns. Group-Ill dimers in the top layer
are present on GaAs but not on the heavier lllI-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

FIG. 1. Popular models from the literature for thg8 x2) re-  obtain a full-size out-of-plane data set it is common to mea-
constructed In-rich(001) surface of InShia) B model (missing- ~ sure a fairly complete two-dimensional data $efpically
dimer model)of Johnet al. (Ref. 6) 1989),(b) 82 model of Bie- 80% of the available reflectiongnd only a rather limited
gelsenet al. (Ref. 9) (1990),(c) 83 model of Ohkouchi and Ikoma number of fractional-order rods. The small number of three-
(Ref. 12) 0994),(d) model of Skaleet al. (Ref. 16) 1993), ande)  dimensional measurements makes it harder to obtain stable
model of Jone®t al. (Ref. 17) (998). solutions. We have recently shown that the mathematical ap-

proach of “feasible sets® developed for image restoration

(4x2) andc(8%2) reconstructed regions was assurhéd®  Problems can be applied to crystallographic probléfser-

In more recent STM work on InSb additional weak featuresMitting additional constraints to be introduced that enable
indicating thec(8x2) unit cell were found:*® full, ab initio, surface structure determination to be per-
Skala and co-workers modified the group-Ili-dimer modelformed in three dlmen5|or?§.8|nc¢ this is a truly model-
suggesting additionally group-V dimers on top of doub|e|ndependen_t a_pproach, group-ll_l dl_mers will only arise in the

rows of group-lll atoms$® a model again based on STM data analysis if they are an intrinsic part of the structure.
measurements on GaAsee Fig. 1(d)]. 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 theLQ] axis Several data sets d001) surfaces of three types of lll-V
which are separated from each other by group-V diigge  semiconductor, GaAs, InAs, and InSh, were measured. InSh
Fig. 1(e)]. Their model contains no group-Ill dimers and wasand InAs samples were prepared in an ultrahigh vacuum

Il. EXPERIMENT
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our model .. ; o

(c) Biegelsenetal. - .-

(d)

(e) Jones et al. -

FIG. 2. Experimental Patterson map calculated from our mea-
sured in-plane data sé&i) 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), ande) model of Jonet 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 lefle) Two-dimensional

nique of repeated cycles of argon-ion bombardment and arsections 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 GaAs(00Wafers, the surfaces of which |eft margin indicate the coordinate in A;z=0 corresponds to the
had been grown by molecular beam epitayBE) 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)-¢8<2) reconstruction as confirmed by LEED. burger SynchrotronstrahlungslabdtASYLAB) and aligned
Scanning tunneling microscopy was used to ensure that theith respect to the incident x-ray beam. The glancing angle
GaAs(001)surfaces used for the SXRD measurements werg&vas 0.6°, 0.5°, and 0.2° for the measurements on InSb,
well ordered and uniformlg(8:x2) 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-
GaAs(001)surface. More STM images from MBE-grown lengths between 1.24 A and 1.42 A. The intensity of each
GaAs(001)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 tsurface normal ¢ scans). The peaks were integrated, back-
the images from samples prepared using other technftffes. 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)% >, |Frol?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 5. ) ) _

of InSb, GaAs, and InAs, respectively. The final data setdVhere|Fpyol® is the measured intensity of the in-plane re-
consisted of 171, 112, and 75 nonequivalent in-plane refledlections ©ik0). The “experimental Patterson map” calcu-
tions, 14, 17, and 18 fractional-order rods with 282, 548, andated from the InSb data is shown in Fig. 2(a). 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 reflectiongnSh,  tor in the unit cell projected onto the_surfac_e plan_e. Sev_eral
GaAs, and InAs, respectivelyOn the InSb data set a (QOI clegrly separated peaks can be seen in thg !rredu0|ble 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 eightRompare 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 structurg factors are replaced by those calcu-
subcell. Standard LEED coordinatea=(1/2)[ 110]py, b lated from the model, using the same subsethdQ) reflec-

_ _ h ; tions. In Fig. 2(b)a contour plot of such a theoretical Patter-
(1/2) 11006u, ¢=[001]pu) are used in the following. (/7% 1 ion is shown for the model presented in this work.

Comparison with(a) reveals excellent agreement between
Ill. 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 abota and from the sidéb). 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 dirdeis site In2
shown at only one location. All gray bars represent covalent In-Sh bonds; other bonds are indicated schematically.

present in the theoretical Patterson maps of the models hiphese rows. Since the two types of atom in If8bwell 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-lll dimers)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. 2(c—¢]. 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),(2,0.75), and0.5,0.5), even though stable, indicating the same structure we found for InSh, 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
model for InSb and GaAs, 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(8 X2) 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(a)]and in thregFig. 3(b)]. In both cases the showing a reduced occupancy in direct metha@sults 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 alonly and, with only a small occu- starting model based on direct methods was derived from
pancy, an indium dimegsite In2d, see Fig. 5 belowyvithin fractional-order data only. However, the model was immedi-

B. Direct methods

C. Refinement
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TABLE I. Atomic parameters for the (00%)c(8X2) 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(Sbh)=1.25 AZ, 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;-0.051(4); 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;-0.295(4); 7.3(4) not occupied 0.000, 1.000,-0.251(1);3.14(13)
2d In/Ga 0.000, 0.73®), —0.208(7); 7.2( 8) 0.000, 0.707(2);-0.275(1); 2.8(2) not occupied

3 In/Ga 0.000, 0.000;0.203(3); 6.4(3) not occupied 0.000, 0.000-0.101(1):6.57(17)

41n/Ga  0.881(1), 0.000;0.159(2);1.58(10)  0.870(1), 0.000~0.171(1);2.60(9)  0.902(1), 0.000~0.166(1);5.46(1)
5In/Ga  0.884(1), 1.000-0.162(2);1.58(10)  0.883(1), 1.000-0.179(1);1.54(8)  0.923(1), 1.000-0.108(1);0.23(6)
6 Sb/As  0.532(1), 0.511(1) 0.106(1);1.77(8) 0.540(1), 0.511(1)~0.111(1);1.18(4) 0.563(1), 0.482(3):~ 0.089(1):2.67(6)
7 Sb/As  1.485(1), 0.000;0.220(2);1.49(1)  1.461(1), 0.000-0.241(1);0.58(6)  1.529(1), 0.000;-0.238(1);2.32(15)
8 Sb/As  1.493(1), 1.000;0.255(2);1.67(12)  1.474(1), 1.000-0.235(1);1.45(8)  1.474(1), 1.000-0.251(1):1.93(12)
9In/Ga  0.516(1), 0.315(1)-0.536(2):2.33(7) 0.526(1), 0.330(1)>-0.538(1);2.03(6) 0.519(0), 0.334(1);-~0.511(0);1.98(5)
10 InfGa  1.483(1), 0.500(1); 0.490(1);1.76(7) 1.484(1), 0.530(1)-0.494(1);1.14(5) 1.498(0), 0.489(3);-0.502(0):1.76(5)
11 Sb/As  0.000, 0.49%), —0.730(1);0.79(8)  0.000, 0.492(1)~0.742(1);0.37(5)  0.000, 0.500(4)-0.733(1):1.23(8)
12 Sb/As  1.008(1), 0.494(1); 0.750(1);1.29(6) 1.013(0), 0.498(1)- 0.769(0);0.45(4) 1.001(0), 0.500(4);-0.757(1);1.50(7)
13 Sb/As 2.000, 0.500;0.720(1);1.02(8) 2.000, 0.500~0.730(1);0.37(5) 2.000, 0.500~0.751(1);1.76(8)

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 1.026(1), 0.000-0.999(1) 1.017(1), 0.000-1.025(1) 1.002(1), 0.000-1.011(1)
In/Ga 1.996(1), 1.000--0.975(1) 1.994(1), 1.000--0.982(1) 1.995(2), 1.000- 1.000(0)
In/Ga 0.987(1), 1.000-- 1.002(2) 1.000(1), 1.000;-0.999(1) 1.012(1), 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)

ShiAs 0.508(1), 0.000- 1.253(1) 3.505(1), 0.000- 1.256(1) 0.515(1), 0.000- 1.248(1)
ShiAs 1.526(1), 0.000- 1.251(2) 1.524(1), 0.000- 1.252(1) 1.503(1), 0.000- 1.234(1)
ShiAs 1.502(1), 1.000- 1.249(2) 1.509(1), 1.000-1.253(1) 1.505(1), 1.000- 1.270(1)
ShiAs 0.491(1), 1.000- 1.246(1) 0.495(1), 1.000-1.249(1) 0.474(1), 1.000- 1.245(1)
In/Ga 0.498(1), 0.494(1)- 1.500(1) 0.497(1), 0.511(1}; 1.502(1) 0.495(0), 0.516(2)~ 1.493(0)
In/Ga 1.509(1), 0.501(1)-1.498(1) 1.509(1), 0.480(1}; 1.500(1) 1.503(0), 0.465(1);- 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 1.003(1), 0.503(1); 1.742(1) 1.001(0), 0.506(1}; 1.747(0) 0.997(0), 0.482(5)- 1.747(1)
ShiAs 0.000, 0.49€1), —1.744(1) 0.000, 0.496(1)- 1.753(1) 0.000, 0.5004), —1.750(1)
In/Ga 1.996(1), 0.000-2.003(1) 1.996(1), 0.000-2.003(1) 2.000(2), 0.000-2.004(0)
In/Ga 1.000(1), 1.000--1.997(2) 1.001(1), 1.000- 1.998(1) 0.994(1), 1.000--2.004(1)
In/Ga 1.001(1), 0.000-~1.990(1) 1.001(1), 0.000- 1.995(1) 1.000(1), 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)

Shi/As 1.500(1), 1.000-2.250(2) 1.500(1), 1.000-2.250(1) 1.500(1), 1.000-2.250(1)
ShiAs 1.500(1), 0.000- 2.250(2) 1.500(1), 0.000-2.250(1) 1.500(1), 0.000-2.250(1)
ShiAs 0.500(1), 1.000;-2.250(1) 0.500(1), 1.000--2.250(1) 0.500(1), 1.000-2.250(1)
ShiAs 0.500(1), 0.000- 2.250(1) 0.500(1), 0.000--2.250(1) 0.500(1), 0.000- 2.250(1)

®This site has anisotropic DW factors: QW4.3(1) A?, DW,=200 A? (not refined), and DW=5.5(3) A

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 (ODIrod. It should be noted that in
(isotropic) Debye-Waller(DW) factors for all atoms in the general the (0QI 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 (QGbd 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 InShlY@®d  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 increaesignificantly
(x?=2.71; see Table II).

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 tkk€8 < 2) cell relative
to the bulk the atom type was clear for all sites except for the
uppermost onefinl-5, Sh6-8). Despite the ambiguous re-
alNilts 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) InSb(001)surface (data
points with error bansand the curve calculated with our model
(solid line). Note the good agreement around the w@aR) reflec-
tion shown in the inset. For comparison, calculations for a truncate
InSb crystal(dashed line)and the missing-dimer modéRef. 6)
(dotted line)are shown.

"Sites with 100% occupancy, i.e., all sites except In1-3. The
Cdetermination was performed by replacing all top-layer at-
oms (In andAs) in the final InAs model with Nwhich is

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

The first fit—positions of three layers and occupancies of INYocated halfway between In and As in the periodic talled

. . 2_ .
and Ind W‘;‘r_e refined—yleldegy"=3.32 and could be im- calculating the density difference map for this model—i.e.,
proved tox“=2.18 by including more bulk layers and DW ¢ gitference between the 2D electron density of the model
factors. Fractional- and integer-order rods for this fit areyq the 2p 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 proposed on the basis of theoretical '
considerations by Leet al!® The main differences are the Ao(x.v.0)= X v.0)— X.v.0
occupancies of sites In1 and ld2which are fixed to 0% PX.Y.0)= Pexpf :¥.0) = Prmocel X.¥.0)

and 100% in their moddkee also Table Il). The dotted lines

in Fig. 7 correspond to a fit with this constraint. Only small x;( (IFnko.expt — [F o moael)
differences can be seen between the two fits in the figure;
however, the difference in the goodness of fit is significant x cog 27 (hx+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 |n1_3_(0.9,1)and AS at As)(0.5,0.5), AsZ(O,l'.G), a_r]d AS?‘O’Z'AT)'
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\fvhere ¢©nko IS the phase of the structure factdty,g
=|Fprolexp(ieno, 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 xy? 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 InSh, GaAs,

InSb 57(1)% 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%  68(7)% 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
from the GaAs data set: The error bars represent
measured intensities, the solid line is calculated
using our best fit. The dotted line is calculated
using a modelRef. 18)that differs from ours in
the occupancy of the sites 10%) and 2d
(100%) (see Table II).

|FI? (arb. units)

100

501

I1(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¢8 X 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 arrow(sites 7 and 8are 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
occupied by In atomsZ=49) appear as positive peatsolid con-
tour lines), and those occupied by As atonzs=(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

GaAs(001)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 arnoare shifted by
(0,0.5) gep relative to bulk positions, which explains the

(28% occupancy in contrast to 72% for the In2 site and
100% for In3), whereas in the GaAs structure it is dominant

subsurface dimerization. In a bulk-terminated crystal each Irg63%)' The competing 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 bilayesites 9 and_lOWouId 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 chiesd

on site In10 having bonds to Sb7 and Sbh8. Analogously, th rrow) is nearly unoccupied in GaAs (19%), in contrast to

In9 atoms would have bonds to two atoms on site Sb6, i5794 iy |nSh. These reduced occupancies are consistent with
they were on bu.lk S|t_es. But since the entire chain containings images. Figure 9 shows a filled-state STM image re-
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 chainsby 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 sitk 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 (_)ccupied b_y G_a. However, at some
The solid line in Fig. 6 represents the calculatedijaad  locations marked with white arrows in Fig. 9 bright spots can
based on our model. The agreement with the measured i€ Seen within the black rows indicating disorder in the
tensities is qualitatively very good: the scattering intensity inSité-1 chain which might be caused by this site being occu-
the vicinity of the weak(002) 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 agreement with our model of the GaAs(0GX(B*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 qha|('red arrow In F.'g' 5)exh|b|ts a
rod in the vicinity of (002) almost corresponds to an an- very high degree of disorder, causing diffuse eighth-order

: . S i eai flections.
tiphase condition with high surface sensitivity. The mlssmg-re . . . S
dimer model of Johret al® (dotted line in Fig. 6)has less Our model is consistent with the PES datehich 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 sqa’Fterlng 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 atomend group-V elements in the surface laFer.

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€8x<2) recon-

ments. For the InSb data set this site is of minor importancetruction of the group-IlI-ric001) surfaces of three differ-

V. SUMMARY
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ent IlI-V semiconductorg§GaAs, InAs, and InSbusing di-
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