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We have investigated the microscopic structure and optical anisotropy>0fl Y 2econstructed GaB01)
surfaces. Optical and electron spectroscopy from(G@® surfaces prepared in ultrahigh-vacuum conditions
were combined witHirst-principlescalculations of the energetics and reflectance anisotropy. Symmetry, com-
position and surface optical anisotropy were characterized by low-energy electron diffraction, Auger electron
spectroscopy, photoemission spectroscopy and reflectance anisotropy spectroscopy. In contrast to most earlier
reports, we find that the stable Ga-rich surface corresponds txd ) 2econstruction. No (% 2) reconstruc-
tion could be observed, independent of the preparation method. Depending on the Ga coverage, however, two
distinct line shapes in the reflection anisotropy spectra occur, indicating the existence of at least two different
surface phases with (24) periodicity. This agrees with our total-energy calculations: Fout 42 structural
models may be stable depending on the chemical potentials of the surface constituents. All considered (4
X 2) structures, however, are unstable. Based on the comparison between calculated reflectance anisotropy
spectra and measured data we suggest mixed Ga-P dimers on top of the Ga-terminated substrate as ground-
state geometry for the cation-rich phase of GHR)(2x4). Our results indicate the formation of P dimers at
the surface for the more anion-rich phase of @@R)(2x4).[S0163-18209)02828-3

[. INTRODUCTION structed surface for high amounts of Ga supply. In a recent
atomic layer MBE work* (2x2)- and (2x4)-recon-
Much progress has been made in recent years in undestructions were observed by reflection high-energy electron
standing the microscopic structure of the growth planes ofliffraction for P- and Ga-rich surfaces, respectively.
[1I-V compound semiconductoréfor a recent review see, Apart from the ambiguous findings for the symmetry of
e.g., Ref. 1. This does not hold, however, for GaP. The the stable Gaf@01) surface, a wide variety of geometrical
experimental studies carried out so far arrive at different ananodels were discussed for its surface structure: in analogy to
partially contradicting conclusions about the symmetry andGaAq4001), B(4X2), and 82(4X2) structures were sug-
structure of the GaP01) surface. In most publications, it gested based on electron spectrosCopyd STM (Ref. 3
has been suggested that ion bombardment and annealing @fperiments, respectively. Basically the same structure, but
GaR001) results in a (4 2)/c(8% 2) reconstructed, Ga-rich with a much larger dimer separation, was put forward in Ref.
surface’™’ in analogy to the corresponding Ga-rich 5. On base of time-of-flight scattering and recoiling spectros-
GaA<g001) surface structurBA (4 X 2)/c(8X 2) reconstruc-  copy a (2x 4) Ga-trimer structufewas proposed, in analogy
tion was also reported for Ga-rich G@R1) prepared by to according previous work on 11i@01).1° On the basis of
decapping of P- and As-protective layérén that experi- ion scattering experiments a Ga double-layer struttued,
ment, however, a residual As contamination was present ofinally, in a very recent STM study a Ga single-dimer struc-
the surface. In gas source molecular-beam epitMBE)  ture was suggestéd.
experiment¥ it was found that (X4) and (4x2) recon- Besides the puzzling experimental results there exists, to
struction patterns correspond to P- and Ga-stabilized sulur knowledge, only one theoretical stdfgo far, based on
faces. In Ref. 4, on the other hand, clear differences betwees semiempirical method. In that work, several(2) dimer
the scanning tunneling microscop$TM) images recorded geometries are suggested. The energetic comparison, how-
on sputtered/annealed G@PY) surfaces and the correspond- ever, is complicated, since only desorption energies are
ing data for GaA®O01)(4x2)/c(8x2) surfacel are re- given.
ported. In a more recent publication by the same gfdup, ~ While the atomic surface structure of GaP1) is still
examining the atomic structure by ion scattering, the symmeeontroversial, recent studies of In-rich {@P1) surfaces are
try was corrected to a (24). (2x 4) reconstructions under available*®*8-2'Experiments and calculations reveal that the
Ga as well as under P supply were also observed in MBEnicroscopic structure of the cation-rich I{t®1) surface dif-
experiments of Ref. 13. Additionally, the authors found anfers from the well-investigated Gaf¥01) surfac&?>?due
intermediate (& 4) reconstruction during layer growth and to the large size difference between cations and anions. The
suggested the formation of Ga droplets on &<@) recon-  size ratio between the covalent radii of cations and anions is
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about 1.36 for InP compared to 1.19 for GaP and 1.05 for
GaAs?* Based on the simple concept of covalent radii,
GaR001) surface structures can therefore be expected also to
deviate from the ones observed for GaAs.

In the present paper, clean, reconstructed (G@B sur-
faces are characterized in ultra high vacu(uiMV) by low-
energy electron diffractiofLEED), Auger electron spectros- [110]
copy (AES) and reflectance anisotropy spectroscORAS). [110]\/

A variety of plausible structural models for ¥4) and (4 )

X 2) reconstructed surfaces are probed dty initio total- b) P-rich (2x4) <) Ga‘rslghgx“)
energy calculations. For the energetically favored structures 6ev ©

we compute the RAS spectra. The comparison of the experi-
mental data with the calculated surface-phase diagram and
optical spectra indicates the existence of at least two distinct
(2% 4) reconstructions.

a) (2x1)/(2x2)
53 eV

II. EXPERIMENTAL

A. Surface preparation FIG. 1. LEED patterns recorded from G@Rl: (a) (2

The GaR00) surfaces were prepared by thermal desorp-x 1)/(2x 2)-like taken at an electron energy of 53 &) P-rich

tion of a protective arsenic/phosphorus double lageap (2>4) (electron energy 56 eland (c) Ga-rich (2x4) (electron
under UHV conditions. For this purpose homoepitaxial GaP 'Y 52 V.

epilayers were grown by metal organic vapor phase epitaxy o .

(MOVPE) on highly n-doped GaRo0l) substrates and IS Very close to the one found on the st0|ch|om(_etr|c balgnced
cappedn situ utilizing the photodecomposition of phosphine (110 cleavage surface of GaP. Upon annealing to higher
and arsine by an eximer laser souféé The thermal de- temperatures1000 K) the ratio changes successively by a
sorption of the protective arsenic/phosphorus layer was pefactor of approximately two towards a Ga-rich surface, sug-
formed in UHV (base pressure 10~ hPg by annealing to  9esting the existence of distinct ¥24)-reconstructions, be-
690 K using an indirect resistive heating. Surface stoichioming more P-rich at lower and more Ga-rich at higher anneal-
etry was modified by successive annealing steps up to 10009 témperatures.

K (the sample was kept at constant final temperature for five Real parts of different RAS spectra recorded from
minutes in each annealing stefFor comparison, surfaces GaR001) surfaces are shown in Fig(&. For the sake of
were also prepared by sputtering and annealing, followingomparison, RAS spectra of the X2)/(2x2)-like and
the same experimental conditions as reported in literatlire (2%4) INR001) and theB2(2x 4) GaA400]) are shown in
(400-eV Ar ions, annealing temperature 725).KThe _Flg. 2(b). Three different spectral line shapes are reproduc-
GaR001) surfaces were cooled down to room temperaturdPly observed on GaRO01), correlated with the surface

and investigated by LEED, RAS, and AES. preparation: characteristic spectra belonging to the
(2X1)/(2% 2)-like structure, the P-rich (24) structure at

lower annealing temperature and the Ga-rictkk@) struc-
ture at higher annealing temperature. The P-rich (G@B

The decapped G#&B01) surfacesafter annealing to 690 (2x4) surface(middle curve shows a spectrum, which is
K) show a (2x1)/(2X 2)-like LEED patterrisee Fig. 18], qualitatively similar to the one observed for the As-dimer
with clear (2<1)-spots plus additional weak streaks in theterminated32(2x 4) GaAg001) surface’®?°It is character-
[110] half-order position. Corresponding diffraction patternsized by pronounced maxima at 3.5 and 4.8 eV, close to the
under P-rich conditions are also observed on (DOR) E, and E; gap energies of GaR3.69 and 4.77 eV,
surface$>?” which, according to a recent STM stutfyare  respectively®) and a weak maximum between the gaps, at 4
terminated by P-surface dimers arranged in different locakV. After annealing to higher temperatures the spectrum
structures. Annealing to 785 K leads to a{2) LEED pat-  changes into a line shape similar to the one observed for the
tern. Due to not fully resolved fractional order spots in themixed In-P dimer terminated IfB01)(2x4) surface’*3*
[110] direction, the LEED pattern of this surface does notNew features in this spectrum are a strong minimum at 2.4
allow us to distinguish clearly between a X2) and a eV and a maximum at 3.2 eV, significantly below tBggap
(2x4)/c(2%8) reconstructionFig. 1(b)]. Upon further an-  of GaP. The maxima around 4 eV and at 4.8 eV found on the
nealing up to 1000 K the quality of the LEED pattern is P-rich (2x4) surface are still present.
improved. The former streaks develop into sharp spots indi- A (2x4) LEED pattern is also observed frof@01) sur-
cating a pure (X 4) reconstructiofiFig. 1(c)]. Upon anneal- faces prepared by sputtering and annealing. The P/Ga AES
ing to still higher temperatures the symmetry remains un+atio on this surface is close to the one found at intermediate
changed until the surface deteriorates by forming Gaannealing temperaturg875 K) on the decapped surfaces.
droplets, as indicated by a metallic component in the @a 3 The RAS spectrum, however, corresponds to that of the Ga-
core-level photoemission linénot shown here The P/Ga rich structure of the decapped GaR1) surfaces.
ratio determined by AES at the §24) reconstructed surface Summarizing the RAS results, there are clear similarities
for low-annealing temperaturéenly slightly above 785 K between Gaf@01) and InR001) for the very anion-rich

B. Results
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FIG. 2. Real parts o[(r[l_lO]-r[nO])/(rﬂ*lO3 for: (&) GaR00Y) for different annealing temperatur¢sEED patterns and annealing
temperatures are indicated in the pland(b) (2 4)InP(001) (upper curve B2(2x4)GaAg001) (middle curve, and (2<1)/(2X% 2)-like
InP(001) (lower curve.

(2X1)/(2%X 2)-like and the very cation-rich (24) recon- 1.68, 2.09, and 3.97 eV fdE(X;.), E(Xs.), E(I'1c), and
structed surfaces, in particular if one accounts for the differ£(I";5;). These energies are about 0.7 — 0.9 eV smaller than
ent bulk critical-point energies of the two materials. Themeasured. The same almost constant shift is observed for the
spectrum of the P-rich (24) reconstructed G4B01) sur-  E,, E;, andE; critical points of the bulk electronic struc-
face, however, resembles the one of G@84)B2(2Xx4).  ture, for which we calculate values of 2.1, 2.9, and 4.0 eV.
The evolution of the RAS spectra with increasing Ga surfac&lo model the Gaf®01) surface we consider a periodic super
coverage implies that at least two distinct(2) structures cell along the surface normal. It contains 8/12 atof@i@l)

with different stoichiometry exist on G&p01). To address layers and a vacuum region equivalent in thickness to 8
this question, we have performed initio calculations of the  atomic layers for calculations of the energetic/optical prop-
energetics and surface optical properties, which are presentegties. The dangling bonds at the bottom layer of the slab are

below. saturated with pseudohydrogens. The geometries of the in-
vestigated models were relaxed until all calculated forces

IIl. THEORY AND DISCUSSION were below 25 meV/A . Integrations in the surface Brillouin

zone(SB2) for calculating the atomic and electronic ground

A. Computational state of the surface were performed using four spekial

The calculations were based on density-functiona| theory)OintS in the irreducible part. For the calculation of the di-
in local-density approximatiofDFT-LDA). The electron- electric function we included all conduction bands within 8
ion interaction was described by nonlocal norm-conservingV of the top of the valence bands, using 16 uniformly dis-
pseudopotentiag’_ The Ga 31 e|ectrons are par“a”y taken tributed k pOintS in the irreducible pal’t of the SBZ. This
into account by means of a nonlocal core correction to th&orresponds to 25k points in the full (1X1) SBZ.
exchange and correlation energy. The electronic degrees of
freedom were relaxed using a recently developed real-space
multigrid technique’®3” This approach provides for effective
convergence acceleration and preconditioning on all length One essential ingredient for calculations of surface
scales. Furthermore, it allows for an efficient parallelizationground-state structures is the choice of appropriate starting
and is thus particularly suitable for large surface reconstrucgeometries for optimization. This holds in particular for large
tions as studied here. The spacing of the finest grid used teurface reconstructions as studied here. Figure 3 gives a top
represent the electronic wave functions and charge densityiew of the relaxed geometries of all structures considered in
was determined through a series of GaP bulk calculationghis work.
We find structural and electronic properties to be converged (001) surfaces of 1ll-V compounds are usually explained
for a spacing of 0.28 A . This corresponds to an energy in terms of the surface structures known from GdAs.
cutoff in plane-wave calculations of about 24 Ryd. Through-Therefore, the3, 82, « and anion-dimer mode[$§igs. 3a),
out the calculations we use the calculated equilibrium lattice8(b), 3(c), 3(j), 3(I), and 3m)] suggested for GaAgRefs.
constant of 5.39 A , which is slightly smaller than the mea-1,8,22,23, and 40were considered. On the other hand, as
sured valug5.45 A (Ref. 38]. More severe is the underes- outlined in the introduction, the size difference between cat-
timation of the electronic excitation energies due to the DFT4ons and anions may lead to GaP surface structures different
LDA band-gap problem. We determine the values of 1.46from GaAs. In case of InP it was noted that the formation of

B. Surface phase diagram
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<Au(Ga)<0 is indicated by dashed lines.

[110] (2x4) top-Ga-dimer
and 82(4x2)], ®=1 (mixed-dimey, ® =5/4 for (top-Ga
(110 % dimen and® = 6/4[ (2% 4)].*? An energetic comparison
) (m) of these structures can therefore only be made by taking into
account the chemical potentials of the surface constitdénts.
FIG. 3. Top view of relaxed GaB01)(2x4) and (4x2) sur-  In Fig. 4, we show the relative formation energies of the
face reconstruction models. Emp(filled) circles represent GEP)  considered surface structures vs the Ga chemical potential.
atoms. Large(smal) symbols indicate positions in the first and For Ga-rich surfaces mixed Ga-P dimers on top of an Ga-
second(third and fourth atomic layers. (X4) and (4X2) recon-  terminated surfacgFig. 3(h)] are favoured. For less Ga-rich
structions are ordered by increasing Ga coverage. conditions P-dimers in @2(2x4) geometry[Fig. 3(b)],
known from As-rich GaA&€01) surfaces?**are stable. For
sp?-hybridized cation dimers at the surface causes apprentermediate values of the Ga chemical potential the
ciable stress in the subsurface layers due to the large siz¥2x4) phasdFig. 3(d)] may occur. In the extreme Ga-rich
difference between the substrate constituéh#st this point,  limit the top-Ga-dimer mode[Fig. 3(i)] is stable. Before
we want to emphasise further similarities between GaP andomparing the calculated phase diagram with the experi-
InP(001) surfaces:(i) The reconstructions evolve similarly ments, we want to underline that only X2) and (4x2)
from a (2x1)/(2X2)-like phase for anion-rich to (24) reconstructions are addressed here. Other surface symme-
for more cation-rich surfacegii) as discussed above, GaP tries, which may be favored for very P-rich conditions, were
and InP show similar features in their anisotropic opticalnot considered. The phase diagram in Fig. 4 agrees well with
response, andlii) the surface core-level shifts measured forour experimental findinggi) The stable, Ga-rich G&801)
cation-rich InP and GaP surfaces are qualitatively verysurface reconstructs in (4) symmetry. Among the
similar1%1°Thus, it appears plausible to include in our study(4X2) reconstructions the energetically most favored one,
also the single-dimer structures shown in Fig&e)33(h), the GaR001)B2(4X 2) structure, is about 0.1 eV per surface
and 3i), which were assumed to exist on [@@1)!°. These atom higher in energy than the X&) top-P-dimer model.
cation-rich structures allow to saturate all surface bonds andlherefore, it is very unlikely to be an equilibrium structure.
avoid or at least reduce the stress caused by the formation ¢f) Different (2X4) surface phases occur depending on the
cation-cation dimers. For the same reason alsodtilstruc-  actual value of the Ga chemical potential, i.e., the surface
ture[Fig. 3(d)], which is believed to describe the Sb-inducedpreparation conditiongiii) The phase diagram is very simi-
GaAs(2x 4) reconstructioi* may be a plausible candidate. lar to that of INR001),*® as suggested by the evolution of the
Besides the models mentioned above we include in our cabptical spectra discussed above. The similarity between the
culations also the structures Figgf)3 3(g), 3(j), 3(k), and  surface phase diagrams of InP and GaP is likely to be caused
3(I) which have been suggested for GaP1) based on pre- by the same mechanism: The size difference between anions
vious experimental work®%1? (see Introduction We  and cations which favors the formation of single-dimer struc-
would like to note that the model Fig(f3 corresponds to the tures for cation-rich surfaces over the accomodation of
structure of lowest energy we derive from the class of strucsp?-hybridized cation dimers that are typical for G&881)
tures proposed in a recent STM stuyln our previous surfaces. TheS, mixed-dimer and top-Ga-dimer models are
work on InR001) an according structure was already testedcharacterized by strong Ga-Ga bon@end lengths 2.47 —
and found to be energetically unfavourable. 2.62 A in the second atomic layer. The dimer lengths are
The investigated models realize different Ga coverages2.44 A for the Ga-Ga dimer of the top-Ga-dimer model,
0=1/4pB(2xX4) and B2(2X4)], ©=1/2(a and &), 2.23-2.25 A for the P-P dimers of th@2 and§ structure,
=3/4 [top-P-dimer, Ga-trimer, (24) Ga dimer,3(4X2) and 2.36 A for the Ga-P dimer for the mixed-dimer model.
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@) ' ' ' ' ' ' ' ' on structural details for higher energies. For gfegeometry
/\/\ p2(2xd) with three P-P dimers oriented alof§10] we find a rela-
/S N\ s tively broad positive anisotropy between about 2.4 and 4.4

eV. Maxima of the anisotropy appear around 3.2 and 4.1 eV
and a shoulder exists at 2.8 eV. The shape of that anisotropy
is roughly preserved for thé structure, which features one
top-Ga— P-P dimer. The magnitude of the anisotropy, however, is
dimer somewhat reduced and the spectrum is shifted downwards.
An even further reduction in positive anisotropy occurs for
the mixed-dimer and top-Ga-dimer structures, featuring
single Ga-P or Ga-Ga dimers, respectively, on top of a Ga-
terminated substrate. The described evolution of the spectra

TN mixed-
dimer

Arfr

(b) in the high-energy region shows thus a correlation between
__________ ;‘_')/_T_T\’ p2(2x4) the positive anisotropy and the formation of P-P dimers.
________________ o s 5(204) In order to better understand the origin of the surface
o mied- anisotropy we performed further calculations. Figui®)5
& S dimer shows the calculated RAS for the four surface geometries
S e taking into account only transitions within the uppermost
BN top-Ga— four atomic layers. These are the layers where most of the
o dimer surface related structural and electronic modifications occur.

The calculated spectra are rather similar to those calculated
for the complete slab. In particular, this holds for the nega-
1 2 3 4 s tive anisotropy around 2 eV, which can therefore be attrib-
Energy [eV] uted to near-surface transitions. A similar feature a{®oR)
was explained by transitions between cation-cation bonding
FIG. 5. (a): RAS spectra{Re (rj; - 10— f110p/{r )1} calculated  states and empty dangling bonds at threefold coordinated
for the energetically favored structural models of the B8®(2  surface cationd! The anisotropies at higher energies are less
x4) surface(b): Calculated RAS spectra considering only transi- well reproduced by near-surface transitions. We find a rela-
tions within the uppermost four atomic layeisolid lineg and be-  tively broad positive anisotropy above 3.3 eV for {2 and
low the top four layergdashed lines The zero line in each spec- 5 structures, which is absent for mixed-dimer and top-Ga-
trum is indicated by a horizontal dotted line. dimer structure. In a recent study of k@®1) (Ref. 39 this
anisotropy was traced back to transitions between occupied
These values are in good agreement with the sum of thanion-dimer states and unoccupied surface resonances. Also
respective covalent radfi and the corresponding bond shown in Fig. %b) are the contributions to the optical anisot-
lengths at GaA®01) (Refs. 22,23, and 43and InRO0Y) ropy due to transitions below the uppermost four layers
surfaceg! All equilibrium structures are in agreement with (dashed lines For all investigated structures these transi-
electron counting heuristi¢é. tions between predominantly bulklike states give rise to fea-
tures at the bulk critical points that depend only weakly on
the surface structure and stoichiometry. In particular, all
curves show minima around 3.6 eV and maxima at about 4.1
While the calculated phase diagram is in agreement witleV, close to the calculatell, gap. This reflects the general
our experimental data, a more direct comparison betweetrend that surface transitions often dominate the low-energy
theory and measurement is desirable in order to identify spepart and bulklike transitions are more pronounced in the
cific surface structures. To this end we compute the reflechigh-energy part of the RAS spectra.
tance anisotropy of the energetically favoured structures. The The comparison with the experimental spectra is compli-
calculations are carried out in independent-particle approxicated by the DFT-LDA band-gap problem. As discussed
mation based on the electronic structure obtained withirabove, a redshift of about 0.7 — 0.9 eV for the bulk-related
DFT-LDA. We follow the formalism developed by Del features arises from the underestimation of the bulk excita-
Solé® and Manghiet al*® Our calculations are on the same tion energies. This shift does not necessarily apply to the
footing as a recent study of the optical properties of @)  transitions between surface states. Quasiparticle calculations
surfaces.* where further details can be found. for semiconductor surfaces including many-body effects in
The calculated spectra are shown in Figa)5The top- GW approximatiof’~*° have shown that bulk- and surface-
Ga-dimer, mixed-dimer, and structures show a pronounced state energies may experience different shifts with respect to
negative anisotropy in the low-energy region, with minimathe eigenvalues of the underlying DFT-LDA calculation. In
between 2.0 and 2.3 eV. The strength of that anisotropy iparticular, Hybertsen and Lodiepoint out that, depending
directly correlated to the number of Ga-Ga bonds along then the orbital character of the specific states, the surface
[110] direction. Its magnitude is highest for the top-Ga-dimerband gap may actually open much less than the bulk gap,
model with eight bonds, slightly reduced and shifted to lowerwhen self-energy effects are included in the calculations.
energies for the mixed-dimer geometry with six cation-cationElectron-hole interaction effeccan also be expected to
bonds and flattened for thé structure with only two such change the position and magnitude of anisotropy features.
bonds. The calculated spectra also show a strong dependendafortunately, both self-energy and electron-hole interaction

C. Optical anisotropy
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effects are beyond the scope of our work. If these limitations‘camelback” overall spectrum shape with maxima between
are borne in mind, however, a meaningful comparison bethe energies of th&, and E; critical points and at th&|
tween experimental and calculated spectra can still be madpulk peak. No negative anisotropy appears. The only com-
The RAS spectrum measured for theX(2) structure pre- puted spectrum with ngor very little) negative anisotropy
pared at higher annealing temperaté@a-rich phasefea-  belongs to the82(2x4) structure. Maxima appear at 3.2
tures a strong negative peak in the low-energy region. Giveand 4.1 eV, close to the calculated energies offthandE}

the energy position of this peak and its dependence on thgitical points. Our results thus indicate that the P-rich phase
preparation conditions, it is very likely that it is surface re- of the GaR001)(2x4) surface corresponds to the2(2

lated and can be identified with the calculated negative anx 4) structure in analogy to As-rich Gaf¥1) surfaces.
isotropy arising from Ga-Ga bonding related states described

above. Both the top-Ga-dimer model and the mixed-dimer IV. CONCLUSIONS
model thus appear plausible candidates to explain the Ga- . _
rich surface phase. The measured spectrum for the Ga-rich !N conclusion, we have presented a comprehensive study

phase shows further maxima between the energies dighe ©Of the atomic structure of (24) reconstructed GaB01)
and E; critical points and at thé&), bulk peak. The latter surfaces based on electron spectroscopy, the investigation of

maximum at the corresponding energy of about 4 eV idhe optical anisotropy and the energetics of the surface. Both

present in the calculated spectra of all considered structureg?r a balan_ced surface stoichiomeiry and for Ga-rich condj-
The first peak, which should be observed between 2.1 anff"S: W€ find (%4). reconstyucted surfaqes that are stabi-
2.9 eV in the calculated spectrum, is completely absent i jzed by the forn;]atlon_of dlmerfs. E>|<per|ment 3_sffwell as
case of the top-Ga-dimer structure; it appears, however, as\d€0ry suggest the existence of at least two different (2
weak shoulder for the mixed-dimer model. Therefore weX4) surface phases, depending on the Ga content of the

identify the Ga-rich phase of the GER1)(2x4) surface surface. Our results indicate that mixed Ga-P dimers on top
tentatively with the mixed-dimer model. This assignment jsof an Ga-terminated surface are the ground state of the Ga-

corroborated by very recent surface core-level shift measurdiCh Phase, analogously to I(@1)(2x 4). For the less Ga-

ments on Ga-rich GaBOL(2x4) surface<® where one rich surface phase we suggest the formation of P-P dimers in
P2p and two Ga@ surface components were found. The &/52(2%4) geometry, as observed for GaAs.
Ga-surface components were assigned to threefold coordi-
nated Ga atoms and Ga-Ga bonds. These two components
can be explained both by the top-Ga-dimer structure and the Financial support by BMBF-Verbundprojekt 22, DFEs
mixed-dimer model. Only the latter, however, provides an127/4-1, Schm 1361/1}1NSF (Grant No. DMR 9408437
explanation for the finding of a surface P component, supand ONR (Grant No. N00014-96-1-0161is gratefully ac-
posed to arise from threefold coordinated P atoms. knowledged. This work was supported in part by grants of
The measured spectrum for theX2) structure annealed supercomputer time from the DoD Challenge Program and
at lower temperaturdess Ga-rich phages dominated by a the North Carolina Supercomputer Center.
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