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Antimony-stabilized GaAs(001)(2x 4) reconstructions
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Structural and electronic properties of the Sb-stabilized @a0%(2<X4) reconstructions are studied by
means ofirst-principlespseudopotential calculations. Six structural models with Sb coverag@ﬁ%t % and
%1 are considered. The atomic geometries are optimized by means of total-energy calculations. Models with one
or two Sb dimers in the first atomic layer describe the stable surface depending on the chemical potentials of
the surface constituents. The model widely accepted so far, containing three dimers in the outermost layer, is
unfavorable from the energetical point of view. The lengths of the Sb dimers are about 2.9 A, in close
agreement with recent x-ray standing-wave measurements. The surface electronic structures are similar to
those of As-rich GaA®01) surfaces and dominated by filled Sb-dimer states and empty Ga dangling bonds
close to the GaAs valence- and conduction-band edges, respeci&@h63-182607)04919-9

. INTRODUCTION been found experimentally and identiftéd®with a two-As-
dimer model(a), a three-As-dimer model with either three

The behavior of group-V elements on Ill-V compound dimers in the top laye), or two dimers in the top layer and
semiconductor surfaces is technologically important and alsen additional As dimer in the third lay€B2), or a mixture of
interesting from a surface science point of view particu-  different surface phasdg). The phase diagram of these re-
lar, the understanding of the adsorption of these elements ggpnstructions indicates a stabilization of thephase under
(001) faces is an essential step towards the understanding ¢#ss As-rich conditions, whereas tjs@ structure is observed
the initial stages of growth and Ill-V heteroepitakythe  for higher values of the As chemical potential.
same holds for the initial stages of the Schottky barrier for- In this work we present results of convergéilst-
mation in the case of the deposition of semimetals. A protoprinciplescalculations for six structural models for different
typical example is the adsorption of Sh on G&¥¥), which ~ Sb stoichiometries derived from the favorable structures for
leads to the formation of an exceptionally abrupt interfate. the As-stabilized surface, but supplemented by one-dimer
Moreover, Sb seems to be useful as a surfactant for metgeometries. We provide a detailed analysis of the atomic
growth on GaA&01).4° structures and discuss their stability versus the chemical po-

The structural, electronic, and dynamical properties of Sbtentials of the surface constituents. The structural data ob-
GaAgq110) interfaces have been studied in much defsdle, tained are compared with the available experimental infor-
e.g., Ref. 1. Sb atoms of the first monolayer form zigzag mation. Based on the relaxed geometries, we analyze the
chains bonded to both As and Ga atoms on the Gh¥®  surface states and the ionization energies of the phases that
surface. In contrast, Sh adsorption on G&@®d) surfaces are favorable from the energetical point of view.
has only recently become the subject of experimental and
theoretical investigations. Surface details, such as the atomic
arrangement and electronic states, are not well understood.
Sb deposition on As-terminated Ga@81) surfaces at room We model the overlayer system by a repeated slab geom-
temperature and subsequent annealing lead to a variety efry with an artificial periodicity along the surface normal.
reconstructiond®’ Among those the 24 surface is the One unit cell includes a material slab with nominally eight
most interesting one. It shows a very clear and streaky reatomic GaA$100)(2x4) layers and a vacuum region
flection high-energy electron diffractiofRHEED) pattern.  equivalent in thickness. The Ga-terminated surface of the
Soft x-ray photoemission spectroscof{8XPS, Auger elec-  slab is saturated with fractionally charged hydrogen atbms.
tron spectroscopy, RHEED, and scanning tunneling microsThe two bottom layers on this side of the slab are kept fro-
copy (STM) studies indicate a stabilization of the<2 sur-  zen, whereas all other atoms are allowed to relax. The As-
face by Sb dimer$®—°The dimer reconstruction model for terminated slab surface is modified in order to realize the
the Sh-stabilized GaA801)(2x4) surface has also been specific surface geometry and stoichiometry. We account for
supported by x-ray standing-wave experiméhend reflec-  the electric field caused by the two inequivalent surfaces of

IIl. NUMERICAL DETAILS

tance anisotropy spectroscofgAS).*! the slab by applying a dipole correctidnto the self-
Ab initio total-energy studié$*2of the 2x 4 translational  consistently calculated electrostatic potential.
symmetry of the Sb-terminated Ga@81) face give addi- Our calculations are based on the density-functional

tional support to the dimer reconstruction model. Howevertheory in the local-density approximation and are performed
the actual reconstruction model, the geometrical details ofising fully separable norm-conserving pseudopotentfals.
this model, and the resulting electronic structure are not vergingle-particle orbitals are expanded into plane waves up to
clear. This is in contrast to the As-rich Ga81)(2x4) a kinetic energy cutoff of 15 Ry. The exchange-correlation
reconstructions. In the latter case 8, and y phases have potential of Ceperley and Ald&tis chosen to describe the
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TABLE |. Geometrical parametet@n A) of six models for re- of @ = % Accordingly, we obtain ther, adsorption model by
laxed Sb/GaA®01)(2x4) structures according to Fig. 1. Other the- an antimony substitution of the two As dimers of the

oretical result{Ref. 12 for the ; structure are given in parenthe- GaAg001)« phase. Two more modelg2, and 825, are

ses. derived from the GaA®01)52(2X 4) reconstruction by re-
placing either the uppermost or all As dimers by Sb dimers.
Sb/GaA$100  B; a; B2, PB2; o1 & Consequently, the Sb coverage amount®te in the case
Aal,x 286 286 286 286 28779 2.87 Of the a and,822 structures an® :% _fo_r the B2; adsorp-
Ay 286 2.86 tion geometry. TheB; model was orlgl_nally proposed by
Apry 373 387 372 373 3.75 374 Maeda and co-worketsto gxplaln their SXPS da_ta and
Abz’x 363 371 364 3.66 3.75 375 RHEED pattern for the Sb-induced=<2 reconstruction of

the GaA$001) surface. A comparison of tight-binding re-

223’: 2?; 3.89 389 sults for surf_ace optical properties of tiga, a,, B2, a_nd
A 252 287 2539 2.88 B25 adsorption geometne@jenqted as models 1|—[MNIth
AC'X 368 3.76 369 376 RAS spectra favors the two-dimer, structure'’ On the
Advx 391 401 3'95 595 ' ' other hand, from recent STM studies, MoriaEtyaI.6 have

ay : ' ' ' suggested a surface reconstruction model with only one
by 2.45 244245  2.43 single Sb dimer, which has no counterpart in the clean sur-
dap,y 147 157 146 145 1.88 186 tace case. Therefore we investigate alsodhand &, struc-
dapry 181 148 147 1.62 161 tures shown in Fig. 1. We mention that all structures consid-
dacy 5.94 593 9.43 943 ered here may satisfy the electron counting Al&his
Ag 0.09 0.09 requires, however, the formation of Ga dimers in the second
Dpia, 0.19 023 026 026 0.14 0.14  atomic layer for thex and 8 structures.
Apos. 0.15 0.290.25 0.29
Ab34,4- 017
dap,1 168 164 174 174 18152 1.82 B. Atomic geometries

In order to determine the ground-state geometry of the
) _ i adsorption models discussed above we relaxed a series of
many-body electron-electron interaction. Thespace inte- gigterent structures containing buckled and twisted Sb
gration over the Brillouin zonéBZ) is replaced by a sum gimers missing As or Ga pairs, and sometimes Ga dimers in
over a set of special poinfS corresponding to eight points in {he second atomic layer. The minimum-energy geometries
the full two-dimensional surface BZ. The minimum of the 5re hresented in Fig. 1. The structural parameters indicated in
total energy with respect to both the electronic and atom|qzig. 1 are listed in Table I.
degrees of freedom is found by means of a molecular- “a models are characterized by the formation of strong
dynamical approactf:** The atoms are assumed to be in gp_gp dimers, Independent of the specific reconstruction

their fully relaxed positions WheAn the forces acting on the, el and the surface stoichiometry we find a nearly con-
ions are smaller than 25 meV/A. We perform the calculagiane dimer length. It amounts in the first atomic layer to

tions with the theoretical equilibrium lattice constant of 5'56Aa1><1 A,,,=2.86-2.87 A and td.,=2.87—2.88 A in the
A for bulk GaAs, which is 1.7% smaller than the experimen-yirq layer. These values are slightly larger than the Sb-Sb
tal value. This apprgach and Fh_e numer[cal parameters haye, 4 length of 2.81 A calculated for the monolayer Sb-
proven successful in determining precisely the structuralcovered GaA4 10 surfacé and larger than the sum of the
glectronilc, and dynamical properties of the Sb/GAAS)  gp covalent radii of 2.80 A% The Sh dimers are symmetric
mterface..The s.tud)_/ presented here_ is on the same footing a8, ha case of theg, and a, structures, while we find a very
recent investigations —of As-rich GafD(2X4)  gmq|| puckling accompanied by a nearly vanishing dimer
reconstructions; allowing meaningful comparisons. twisting for the adsorption geometries, where a third-layer
dimer breaks the symmetry. The largest buckling of 0.05 A
Ill. RESULTS AND DISCUSSION occurs for the third-layer dimer of th82; structure. The
nearly symmetric nature of the surface Sb dimers as well as
their bond lengths are in agreement with the x-ray standing-
Taking the chemical similarity of As and Sb into account, wave (XSW) work. Sugiyamaet all° estimated a dimer
similar reconstructions are expected for As-rich and Sbiength of 2.95-0.06 A. Anotherab initio calculatiort? per-
stabilized GaA&O01) surfaces. Three Gaf301)(2x4) formed for the §; structure determined a Sb dimer bond
structuresg, B, and 82, have therefore been used as a startiength of 2.79 A. Also the other structural parameters given
ing point to derive models for the Sb-terminated G@&4)  in Ref. 12 deviate somewhat from our findin@$. Table ).
surface. In order to denote the adsorption geometries w&hese discrepancies may be due to the small number of
modify the notation of Northrup and FroyErfor the clean  GaAs layers in the material slab and theoint summation
surface. Subscripta=1, 2, or 3 indicate the Sb coverage used by Srivastava and Jenkins.
®=n/4. Reconstruction models with only one anion dimer The near conservation of geometrical quantities indepen-
in the top layer are denoted hy dent of the specific reconstruction model holds especially for
The B3 adsorption structure results from the replacementhe lateral distances, since they are largely determined by the
of the three first-layer As dimers of the Ga@81)B struc- GaAs substrate. Stronger variations occur for vertical dis-
ture by Sb dimergcf. Fig. 1), giving rise to an Sb coverage tances. One pronounced example concerns the minimum dis-

A. Reconstruction models
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Sb/GaAs(001)a, (Model I1)
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FIG. 1. Top and side views of
the six Sb/GaAs(001)(R4)
structures under consideration. In
parentheses we give the notation
of the adsorption geometries ac-

I ‘ ///,p *//,aﬁ A cording to Ref. 11. Largésmal)
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(third- and fourthy layer atoms.
Substrate aniongsubstrate cat-
ions, antimony atomsare denoted

' by full (empty, shadedsymbols.

' \ e Characteristic lateral and vertical
W hviz distances are indicated. Theand
S ’ - ‘ y directions are alond110] and
[110], respectively.
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tance between the first-layer Sb dimers and the second-layeadii of 2.52 A(Ref. 24 and, hence, indicate indeed a strong
Ga lattice planed,, , . We observe a variation between 1.64 dimerization. The coexistence of Sb and Ga dimers at the
and 1.82 A. From the covalent radiig,+rg,=2.62 A2*  Sb-stabilized GaAs(2 4) surface has been concluded from
and bulk positions we expect a smaller value ofa recent RAS studyt Because of the fourfold or threefold
dap. =1.51 A. However, the threefold-coordinated second-coordination of the involved atoms these Ga dimers are
layer Ga atoms bonded to Sb dimer atoms prefer a nearlpuckled. The buckling\,,3, =0.15 A is smaller in the case
planar,sp?-like bonding situation. This leads to an upward of the «, reconstruction compared with the value
movement of the Sb dimers. A similar relaxation known asAy,3, =0.29 A for the structuress; and 8,. The vertical
steepening has also been observed for As-rich @@  displacement can be understood from the tendency of the
surfaces®? This effect is most pronounced for isolated Sb threefold-coordinated Ga atoms to form nearly planar,
dimers in the top layer, i.e., in the case of thetructures. sp?-like bonds, whereas the fourfold-coordinated Ga atoms
Here, we end up with valued,, =1.81-1.82 A, very keep theirsp® hybridization. Consequently, the latter move
close to the value 1.810.02 A measured by XSW.Thisis  upward.
a strong indication for the validity of one-top-dimer models.
The other existing theoretical valag;, , =1.52 A (Ref. 12
fails the criterion of increased substrate-overlayer distances.
Further interesting quantities are the lateral Ga-Ga dis- All six reconstruction models considered in Fig. 1 give
tances. There are Ga atoms in the second layer with nonése to local minima on the Born-Oppenheimer total-energy
one, or two Sb neighbors in the top layer. We observe dace. On the other hand, the structures represent different
dimerization of the originally twofold- and threefold- surface stoichiometries. The ground state of the surface, i.e.,
coordinated Ga atoms of th®, §,, anda, structures. The the favorable structure, therefore depends on the deposition
corresponding lateral distances, , vary between 2.43 and conditions during the surface preparation. The stability of a
2.45 A. They are shorter than the sum of the Ga covalentertain structure in the equilibrium may be determined from

C. Energetics
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esting range ofu(Sb) is determined by the stability of the
Sb-covered versus the clean G&2®1) surface.

The equilibrium phase of the Sh/Ga@81)(2x 4) recon-
. struction is given by the surface that, for given values of the
Ga and Sb chemical potentials, minimizes the funéfion

Gsurl({ni})_zi: ,U«(i)ni%Esurf({ni})_zi: u(ing. (4

Geurf{n;}) is the surface free energy as a function of the
surface stoichiometry, which is approximated by the total
surface energ¥,{({n;}) at zero temperature. The are the
I ] number of atoms of speciés-Ga, As, or Sb. The first term
ol in Eq. (4) contains the energy gain due to the displacements
15 -1.0 -0.5 0.0 of the surface atoms into the equilibrium positions. The sec-
Chem. potential Ap(Sb) [eV] ond term accounts for energy differences due to different
surface stoichiometries. The resulting phase diagram in de-
pendence on the chemical potentials of surface Ga and Sb
FIG. 2. Phase diagram of the Sb-stabilized and As-richatoms is shown in Fig. 2. In this phase diagram we compare
GaAs(001)(2<4) reconstructions as well as the Ga-terminatedthe energies of the Sb-stabilized G&®&1)(2x4) recon-
GaAs(001p2(4x 2) surface vs the Ga and Sh chemical potentials.structions with those of the As-rich Ga@91)(2x4) sur-
Dashed lines indicate the approximate range of thermodynamicallyace phaség and the Ga-terminated Ga@91)B2(4X 2)
allowed values ofA w(i). surface.
The energies of th@,; and «, structures can directly be
the surface free energy and the chemical potenjigly of = compared with the ones of mode#2; and 8,, respectively,
the surface constituenis=Ga, As, and Sb. Thereby, the since they differ simply by one GaAs pair. The total energies
chemical potentials of Ga and As depend on each other: thef the 825 and §, structures are 0.03 and 0.02 eV per
surface is in equilibrium with the GaAs bulk. Pairs of Ga and(1Xx 1) surface unit cell lower than that of the respective
As atoms can be exchanged with the bulk. Consequently, iB; and a5, structures. These energetical differences are
holds that slightly smaller than the one found between {hend 52
reconstruction of the clean Ga@®1)(2x4) surface:>6
_ Consequently, the two structur@g and a, do not appear in
1 (GaAIpuk=p(GaA + 1(AS), @ Fig. 2. Also theB2, adsorption geometry does not occur in

) ) the calculated phase diagram. Considering the limited accu-
where u(GaAsy is the energy per unit cell of bulk GaAs. 4cy of our calculations we can, however, not exclude this

Therefore the surface formation energy is a function of onlyscture to be stable in a very small range between the

two chemical potentialg.(i). We useu(Ga) and w(Sh). The B2, adsorption geometry and the As-ri@2(2x 4) recon-
Sb chemical potential is assumed to be independent of thg ,ction of the clean GaAs surface.

values for Ga or As. The experimental conditions that deter- £.om the three remaining structures we find {8,
mine u(Ga) will, of course, also affeci(Sh. Upper limits 54| 1o be stable in the extreme limit, where the Sb chemi-

of the cheemlcal potentials are given by those of the bulkeg| hotential nearly equals the bulk value. The, structures
elements® u(Galpyi and u(Sblpyy- The lower limit of \ith one top Sb dimer become more favorable for lower
m(Ga) can be determined from values ofu(Sh). This holds, however, only for Ga-rich con-
ditions. The experimentally observed Sb/G&¥x)(2X 4)
w(Ga)+ w(As) = w(Ga) et m(AS)puk— AH(GaAs. reconstruction should occur in this region of the phase dia-
2 gram, since a well ordered Sb-terminated G@A3)(2x4)
surface is formed at temperatures much higher than the
Thus the chemical potential of the surface Ga atoms varies iflean, As-terminated surfaéé:® The calculated phase dia-
the interval gram in conjunction with the information available about the
preparation conditions therefore indicates that éheor 5,
structure corresponds to the actual observed adsorption ge-
—AH{(GaAg=u(Ga) — u(Gapyk=:Au(GaA<0. 3)  ometry. This finding agrees with recent RAS
measurements, which indicate a coexistence of Ga and Sh
For the heat of formatioA H;(GaAs) we use the experimen- dimers at the surface and STM imadeshich suggest the
tal value of 0.74 e\/ There are, however, also other datatermination of the GaA§01) surface by single Sb dimers in
available: AH;(GaAs)=0.84 eV and AH;(GaAs)=0.94 the top layer. However, under more Sb-rich conditions the
eV. 28 We calculate a value of 0.77 eV. This gives a rough825 structures with two Sb dimers in the top atomic layer
estimate for the accuracy of the calculated phase diagram imay appear. It corresponds to the highest Sb coverage under
Fig. 2. The lower limit of the Sb chemical potential is in consideration® = 3). A rather interesting result of the phase
principle given by the extreme situation, where no antimonydiagram in Fig. 2 concerns the near coexistence of the three
is available in the recipient. However, the physically inter-phasesB2;, §;, and &, for intermediate values of the

Chem. potential Au(Ga) [eV]
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Sb/GaAs(001)B2,(2x4) Sb/GaAs(001)5,(2x4) Sb/GaAs(001)3,(2x4)

FIG. 3. Surface band structufeound statesfor the energetically favore@2;, §;, and§, models of the Sb/GaAs(001)§4) surface.
The projected GaAs bulk band structure is indicated by gray regions.

chemical potentials. This result may explain the different ex-about 2.9 A at the Sb-stabilized face. Consequently, the
perimental findingg®”1%! concerning the number of Sb ppm interaction is smaller and the* levels of As and Sb
dimers per surface unit cell. dimers have similar energies.

From Fig. 2 the question arises why structures with only The unoccupied surface states extend slightly into the re-
one Sb dimer in the top layer are energetically stable in congion of the fundamental gap for the one-Sb-dimer structures
trast to the As-rich GaA801) surface, where (24) unit 91 andd, . This shift with respect to the unoccupied bands of
cells contain either two or three As dimers in the topthe B2 structure may be related to the dimerization of the
layer14293°0ne reason could be the steric repulsion of theSécond-layer Ga atoms, which lowers the energy of the Ga
Sb dimers. The covalent radii of Sb and As areStates. The effect is, however, weakened by the trend of re-
hybridizationsp>—sp?+ p,. A similar observation has been

rsp=1.36 A andr ,=1.18 A ?* This leads to approximatel
sb As bp y made for thea and 8 phases of the As-rich Gaf301)

a 0.1-0.2-A larger dimer-dimer distandg, , compared to
the As-terminated surfacé.

D. Electronic properties

In Fig. 3 we show the bands of the bound surface states in
the energy region of the fundamental gap for the energeti-
cally favored Sb-stabilized Gaf801)(2x 4) surface struc-
turespB25, 8;, andés,. The band structures are rather similar
to those calculated for clean Ga@81)(2x4) surfaces®
This is due to the occurrence of the same reconstruction el-
ements: anion dimers in the first and third atomic layers and
cation dimers in the second atomic layer in the case of the
&1 and 8, structures. The midgap region is essentially free of
surface states. A series of occupied anion-related bands oc-
curs slightly below the bulk valence-band maxim(vBM).
Empty, essentially Ga-related, surface bands are observed
close to the bulk conduction-band edges. Their energetical va vs
position depends strongly on the coordination of the Ga at-
oms involved. e

In the case of the two-Sbh-dimer structys2,; the band
structure in Fig. 3 is very similar to that calculated for 2
reconstruction of the As-rich surface. In particular the posi- £,6 4. contour plots of the squared wave functionKator
tions of the highest occupied bound surface states are neanfy.,|izeq states of the, structure of the Sb/GaAs(001)k24) sur-
identical. This is surprising if one considers the differentigce. The contour spacing is 18/bohr. All plots are drawn par-
orbital energies of Sh and As valence electronsiheebital  gjle to the surface normaC1 is plotted along a plane parallel to
energy of Sb is about 0.8 eV higher than that ofA8low-  the x4 direction cutting through the bonds between first- and
ever, a near compensation of two opposite effects occursecond-layer anions and through the third-layer Sb di@er.Vv3,
The As dimer bond length at the clean surface is about 2.5 A4, andV5 are localized at the top-layer Sb dimevd andV2 are
(Ref. 16 much shorter than the Sb dimer bond length oflocalized at the third-layer Sh dimer.

lhg
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surfacet® The position and dispersion of the occupied statesergy is essentially a function of the numbérof Sb dimers

is similar to those of theg2; structure. Since one of thé in the top surface layer. It holds approximatelyl

structures probably corresponds to the Sb-induced4p  =N(1-0.42N)0.75 eV. In the case of the two-Sb-dimer

reconstruction observed in most experiments, we will discusstructuresB2,,; the reduction ofl is due to the replacement

the electronic structure of this adsorption configuration inof As by less electronegative Sh atof&he mechanism is

more detail. similar to that discussed for alkali adsorption on GaAs
The orbital character of several bound surface states isurfaces® An even larger reductiodl occurs for the one-

shown in Fig. 4 for thed, structure. The highest occupied Sb-dimer structures,,,. In these cases the smaller number

surface statey1, 0.23 eV below VBM aK, corresponds to of surface anions, compared to the As-rich surface, reduces

an antibondingm combination of thep, orbitals localized at  additionally the ionization energy. On the other hand, the

the third-layer Sb dimer. Only about 0.1 eV lower in energyvariation ofl due to the exchange of an As dimer by an Sb

we find the corresponding bondingcombinationv2. Thus  dimer in the third layer is practically vanishing. The ioniza-

the splitting betweenr and 7* states is less than half the tion energies fop32 andé structures differ by 0.2 eV. There-

value calculated for the As dimers at the As-rich G@0®d)  fore, measurements of this quantity could give additional

surfacet® It is interesting to note that the asymmetry of the support for a specific adsorption configuration.

Sh dimer states is somewhat more pronounced than found for

the As-rich GaAf01) surface. This becomes even more ob-

vious in the case of the bound staté¢8 and V4, which IV. SUMMARY

correspond to dangling, orbitals at the top dimers. They

are, however, only weakly localized. Even weaker is the sur- In conclusion, we have studied the energetics and the
' ver, only y lo¢ : . atomic and electronic structure of six different models for the
face localization o#/5, which is nearly degenerate with bulk

bands and corresponds tomabonding state at the top Sb Sb-stabilized GaA®01)(2> 4) surface by means afb ini-

. | . i Iculations. Str r Ir known from the clean
dimer. The lowest unoccupied surface st&i&, is related to tio calculations. Structures already kno om the clea

an empty Ga dangling bond localized at the threefold Coor_surface have been modified by an As-Sb exchange. In addi-
dinated Ga atom close to the third-layer Sb dimer. Th tion, also surface geometries with only one Sb dimer in the

complementary state at the Ga atom on the opposite side?i st atomic layer have been considered. The minimum en-
the top Sb dimer is about 0.25 eV higher in enerGy. is gy surface structure depends on the chemical potentials of

diall tibondina™* binati £ in-pl bit the atomic species and, hence, on the surface preparation
partially an antibonding- combination ot in-piang orbit- - ngitions. Three Sb dimers in the first atomic layer of the
als at the top Sb dimer.

.2X 4 unit cell are unstable, even under Sh-rich preparation
Bonditions. In contrast to As-rich ¢24) reconstructions we

atgreetzmglr;tHWlth a .recen: trﬁortehtlcal stuc:yt odn tSHP find both one- and two-Sb-dimer structures to be stable. The
structure.- However, in contrast to the preésent study, Srvas-.qateq phase diagram in conjunction with the experimen-
tava and Jenkins predict a surface band gap much small

. Al preparation conditions indicates, however, that the struc-
ghgne{?%tn?f 2_”#(8 ?j?sAcfe Vgﬁccarlﬁglafeadjg“tgkf;]gees?:ui?uc;u ures most probably observed contain only one Sb dimer in
d"ff Y- b EI y é’ by the thin slab and th he top layer. These one-Sb-dimer structures fit also best the

irerences, most probably caused by the thin slab and t xisting XSW, STM, and RAS experiments. However, from
small basis set used in Ref. 12. V?W recently angle-resolve e theoretical point of view the existence of a two-Sb-dimer
photoelectron spectroscopy experiments were performed o

. Gructure with one additional Sb dimer in the third layer can-
Sb/GaA$001)(2x4) surfaces. Two occupled, bands_ have not be excluded, especially for Sb-rich conditions. All favor-
been observed fdt vectors along thé'J andI'J’ directions.

: ) . . able structures are characterized by rather identical recon-
The dispersion of these bands with 0.5 eV is rather Weakstruction elements. The Sb-dimer bond length is about 2.9 A,

fThe bt?]nds are abo?t 1'? and 3 eV below thg XBM' Thte};ein accordance with the measured value. The resulting elec-
ore, they represent surlace resonances and have no Bnic structures are rather similar compared to those calcu-

mapped in the band structures presented here. At 1.5 eMted for As-rich GaAs(001)(2 4) surfaces. The fundamen-

below the bulk valence edge we find states related 1o Pr%; gap is essentially free of surface states. The occupied

nouncedo bonds between the top-layer Sb dimer and thesurface bands are related #obonding and=* antibonding
second-layer Ga atoms.

. . . . mbinations of anion dimer orbitals. The em n r-
The electrostatic potential obtained during the self-CO binations of anion dimer orbitals. The empty bound su

nsistent solution of the Kohn-Sham tions in our Iface states are mainly derived from Ga dangling bonds and
consistent sofution of the Kohn-sham equations In our car . antibonding anion dimer states. The Sb coverage reduces
culation allows one to determine the energy barrier for a

electron passing from the bulk to the vacuum region. Thghe ionization energy with respect to the As-rich surface for

ionization energyl corresponds to the difference betweenaII structures investigated. The amoun't O.f reductipn, hO.W_
this potential in the vacuum region and the valence-bantfver’ depends on the actual surface st0|ch|omet_ry, In particu-
maximum. For the As-rich GaAg01)2(2x 4) surface we ar on the number of Sb dimers in the top atomic layer.
have calculated a value=5.43 eV (Ref. 16 close to the

measured ionization energy df=5.5 e\./.32 For the Sb- ACKNOWLEDGMENTS
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