PHYSICAL REVIEW B VOLUME 60, NUMBER 16 15 OCTOBER 1999-1I

Optical response of reconstructed GalR01) surfaces

M. Zorn*
Institut fir Festkaperphysik, Technische UniversitBerlin, Sekr. PN 6-1, HardenbergstraBe 36, D-10623 Berlin, Germany

B. Junno
Department of Solid State Physics, Lund University, Box 118, S-221 00 Lund, Sweden

T. Trepk
Institut fir Festkaperphysik, Technische UniversitBerlin, Sekr. PN 6-1, HardenbergstraRe 36, D-10623 Berlin, Germany

S. Bose
Institut fir Theoretische Physik, Technische UniversBarlin, Sekr. PN 7-1, HardenbergstraBe 36, D-10623 Berlin, Germany

L. Samuelson
Department of Solid State Physics, Lund University, Box 118, S-221 00 Lund, Sweden

J.-T. Zettler and W. Richter
Institut fur Festkaperphysik, Technische UniversitBerlin, Sekr. PN 6-1, HardenbergstraRe 36, D-10623 Berlin, Germany
(Received 25 January 1999

GaR001) surfaces were found to reconstruct witkx1) or (2X4) symmetry under surface conditions
corresponding to a high or low V/III surface stoichiometry ratio, respectively. These surface reconstructions,
identified by reflection high-energy electron diffraction, have been prepared in a chemical beam EBxy
system by varying the sample temperature. Reflectance anisotropy sifes8pof these surfaces have been
taken under both CBE and metal-organic vapor phase epitaxy conditions. Three different phe®eg) of
symmetry have been distinguished according to their characteristic RAS response in agreement with recent
theoretical prediction$A.M. Frisch, W.G. Schmidt, J. Bernholc, M. Pristovsek, N. Esser, and W. Richter,
Phys. Rev B60, 2488(1999]. For the(2Xx 1) reconstruction a line-shape analysis of the RAS signatures was
performed and their temperature shifts have been compared to the respective shifts of the bulk critical points.
These experiments indicate the Ga®l)-(2x1) surface dielectric anisotropy originating from transitions
between bulk states modified by the surface due to band-folding effects and anisotropic shifts patitE
critical point energies[S0163-182609)12439-1

[. INTRODUCTION tant class of IlI-V materials can be determiniedsitu. This
will allow for the control of the surface stoichiometry during
GaP represents together with InP the binary boundary syghe formation of heterointerfaces for reaching optimum elec-
tem for InGa, _,P that presently is one of the most promis- tronic interface properties.
ing materials both for high-performance laser structures in The surface response of Ga@81) (Refs. 5-7 and
the visible to near-infraredvis-NIR) spectroscopic region InP(001) (Refs. 8—1] has been studied by a number of
and high-frequency hetero-bipolar-transist@i8T) devices groups and a correlation between the detailed structure of
for the wireless communication electronic&GaP itself is  their main reconstructions and their respective surface opti-
also of technological importance, e.g., for the fabrication ofcal properties has been established. For (GaB, however,
light-emitting diodesLED’s) because its fundamental band only preliminary RAS studid$'!® are available. The GaP
gap is in the visible region of the light spectrum. bulk optical properties have been measured by spectroscopic
In this work we focus on the optical properties of recon-ellipsometry at room temperatdfe®and in the temperature
structed Gaf01) surfaces by applying reflectance anisot-range from 15 K up to 640 R®
ropy spectroscopy which is sometimes also called reflectance In the experiments reported here, it is found that when
difference spectroscopfRAS/RDS.22 Our aim is twofold: exposed to similar surface conditions Ga®L) and InRF001)
Firstly, a detailed study of the changing reflectance anisotsurfaces form similar surface reconstructions. We will, there-
ropy signatures under variation of the V-1l surface stoichi-fore, compare our GdP0l1) results to recent In@0J)
ometry and temperature will complement recent theoreticastudies®®
treatment of the GaP(001)-¢24) (Ref. 4 and will ease Under high P supply the I{B01) surface forms a number
respective future work on the GaP(001)x2) reconstruc- of reconstructions when the temperatirés increasedc(4
tion. Secondly, once the RAS response of @aR), X4),(2x2), (2X1), (2X4)-P", and (2<4)-P~ with de-
InP(001), and InGa _,P(001) surfaces is reasonably well creasing P contents on the surface due to the enhanced P
understood, the surface status of this technologically imporeesorption at higher temperatufegThe greek letters nor-
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mally used to indicate different reconstructions of the samehe GaR001) reconstructions prepared in a CBE system are
(nxXm) symmetry are often differently defined in experi- identified by their RHEED patterns and assigned to their
mental[reflection high-energy electron diffractidRHEED) respective RAS spectra. In Sec. Il C we focus on the (2
and low-energy electron diffractiof EED)] and theoretical X 1) reconstruction that is formed under conditions of a very
publications. Therefore, different 1GB01) and Gaf001) high V/III surface stoichiometry ratio. Finally, in Sec. Il D,
surface phases of the same symmetry are denoted here Byee different phases of the GaP(001)«(2) reconstruc-
the phosphorus supply conditions they belong t6 éRd P tion are |dent|f|t.ad. and their RAS spectra are compared to
for the high and low P supply, respectivily As the theoretical predictions.
INP(001)-(2x4)-P" does not exist under reduced P supply, a
direct transition from2x2) to (2X4)-P~ reconstruction oc-
curs. The existence of two differei2x4) phases and the
remarkably similar RAS spectra of the InPx2)-P" and Clean and absorbate-free GaA@1) surfaces have been
the GaAsp2(2x4) reconstructiorfs'’ are in excellent agree- prepared both under UHV conditions in a CBE growth sys-
ment with recent theoretical work where two stabletem and under gas-phase conditions in a MOVPE facility.
InP(001)-(2<4) surface phases have been determinedty In CBE triethylgallium (TEGa and tertiarybuthylphos-
initio surface total-energy calculatiols. phine (TBP) were used for the GaP epitaxy. After oxide
In former UHV studies of Ga@0l) the following desorption, a buffer layer was grown to prepare a smooth
surface reconstructions have been reporté#x2),>=>*  surface. The chamber pressure, dominated by the group-V
(2x4),1220.24253nd (1% 2).1 The (4x2) was found to show pressure, was varied from 18to 10~ mbar. Different sur-
up after ion bombardment and annealii@A) which is  face reconstructions were established by varying the sample
known to result in group-lil-rich surfaces. Tk2x4) and the  temperature. A RHEED system allowed for the measurement
(1x2) characteristically are found under conditions where &of the surface reconstruction under varying P supply while
sufficiently high phosphorus background can be supposetaking RAS spectra simultaneously trough a strain-reduced
due to former growth of P-containing materials. Very recentquartz por’ This enabled a direct assignment of the RAS
investigations suggest that the reportdek2) and(1X2) re-  spectra to certain surface reconstructions. The temperature
constructions in fact aré2x4) and (2X1) reconstructions was measured using a pyrometer and verified by the tem-
when correctly defining the crystal axés. perature dependence of significant features in the RAS spec-
The surface optical response @2x4) reconstructed tra.
GaR001) surfaces has only very recently been treated theo- The MOVPE system used here is a horizontal reactor
retically based on density-functional theory in local-densityequipped with both a RAS spectrometer and a spectroscopic
approximation (DFT-LDA).* These calculations predicted ellipsomete® After oxide desorption under phosphine
three stablg2x4) surface reconstruction®2(2x4), mixed-  (PH;) GaP layers were grown using trimethylgallium
dimer (2x4), and top-Ga-dimer2x4),* but only two of  (TMGa) and phosphine as precursors. The surface stoichiom-
them could be verified experimentaflyThis could be, how- etry of the GaP surfaces was changed by varying the phos-
ever, due to the limitations of the preparation technique useghine pressure between 0 and 100 Pa and exposing the sur-
in Ref. 4 where reconstructions have been investigated reface to a TMGa pulse.
sulting from carefully performed thermal desorption of phos-  The substrates used in the CBE system were both-side
phorus from a Gaf@01) surface initially capped by amor- polished. This has an influence on the RAS spectra below the
phous phosphorusa¢P). Because of the high-temperature fundamental gap where the sample is transparent and the
necessary for desorption efP (about 690 K and due to the back-side reflectance contributes its own, not necessarily
kinetics of the desorption process it is supposed that only aell-defined, anisotropy.
limited number of reconstructions could be prepared. There- In both CBE and MOVPE the reflectance anisotropy was
fore, we performed experiments in chemical beam epitaxyneasured as the difference in reflectance between the two
(CBE) and metal-organic vapor phase epitalOVPE)  Gar001) crystalline main axes alorjgl10] and[110],
growth systems in order to complete the theoretical studies
of the GaR001)-(2x4) surface dielectric anisotropy in Ref.

II. EXPERIMENT

4. These experiments allowed us to freely adjust the GaP Ar _Ti1i07~ M0
surface chemical potential between being highly P-rich and ?:Z—r — ()
highly Ga-rich by supplying P and Ga at various tempera- [110] 7 7 [110]

tures to just-grown, atomically-smooth surfaces. We also

measured the temperature-dependent GaP bulk dielectritsing a setup according to Asprfés.

function and therefore could compare the line-shape and Signatures in the measured RAS Re(r) spectra are

temperature shift of the G&B01) surface dielectric anisot- similar to those of the absorption anisotropy la() of the

ropy (SDA) signatures to those of the GaP bulk critical surface region only in spectral regions of low bulk absorp-

points and those of equally reconstructed GaAs and InP sution, whereg, is real. Therefore, the surface dielectric an-

faces. isotropy (SDA) Aed is usually calculated from the RAS
This paper is organized as follows: First, in Sec. lll A, the spectrd’

temperature-dependent GaP bulk dielectric function is deter-

mined and a line-shape analysis in the parabolic band

approximatioR® for measuring the temperature-dependent As.d= A(ep—1) ﬂ 2

bulk critical points is performed. Thereafter, in Sec. Il B, s Ai r’
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FIG. 1. (a) Real and imaginary parfg,) and{e,), respectively,
of the GaP bulk dielectric function at 300 and 875 K. Inglat
shows the second derivative d¢k;) at 875 K [measurement
(points and fit (solid line)] as used for the determination Eﬁ” :
Inset(c) gives the depolarization-induced signaturé én) atE'O“d.

wheree,=(e,) is the measured bulk dielectric functiashis
the effective thickness of the anisotropic surface lay@ér (

4

<\), and\ is the wavelength of the light.

The ellipsometer additionally used in MOVPE is of the
so-called rotating polarizer, sample, analyzer typé&llip-
sometry measures the complex ratiof the reflectance par-
allel (p) and perpendiculafs) to the plane of incidence,

Assuming the epitaxially grown surface to be ideally
smooth, the GaP bulk dielectric functiay, was derived

1-p,
+p

from p according to

<8b>: SinZ(I)O

1+tan2q>0<

optical gapE{)nd [2.26 eV at room temperatuf®T) (Ref. 33

and Fig. 4] of GaP is indirect which is therefore only
weakly absorbing at photon energies betW(E%j’P and its
direct optical gapES'" [2.74 eV at RT(Fig. 4)]. Ellipsom-
etry, when using rotating polarizers, is not sensitive to
weakly absorbing materials and therefore precise data for the
imaginary part(e,) of the GaP bulk dielectric function
around and belovEg" cannot be easily taken. The energetic
position, however, OES” can be determined by line-shape
analysis within the parabolic band approximation of the real
part (¢,) of the GaP bulk dielectric functioff. Figure 1,
inset (b), gives the second derivative ¢f,) that was used
for determining the energy position of the GaP lowest direct
gapEg” . For determining the temperature dependence of the
indirect gapE"® (respective older data given in Refs. 34—36
turned out to not be precise enougte took advantage of an
experimental detail: GaP wafers polished at both sides cause
depolarization effects in the ellipsometry measurement in
spectral regions where GaP is transpar@m®t., below the
lowest optical gap The small but clearly resolved depolar-
ization induced signature in the imaginary part of the bulk
dielectric function (s,) was used for measuring the
temperature-dependent shift of the indirect gﬁﬁd [Fig.
1(c)]. The measured thermal shift of tf&)'®, ES", andE,
critical points is given in Fig. 4.

B. GaP(001) reconstructions according to RHEED
and their characteristic RAS spectra

In the CBE studies reported here, surface reconstructions
of (2X1) and (2<4) symmetry were identified by RHEED,
depending on the V/III surface stoichiometry ratio which
changes with temperature and P and/or Ga supply to the
surface. The RAS spectra in Figia2 have been taken simul-
taneously along with the RHEED measurements. They
change characteristically in shape with increasing tempera-
ture, indicating the transition from the initial §21) towards
the final (2x4) reconstruction. At least one intermediate
phase of (X 4) symmetry seems to exist having a different
RAS response than the high-temperature<@ phase. A
direct transition from the low-temperature X2) [spectrum
(i) in Fig. 2] towards the high-temperature X2) [spectrum
(v)] would give simply a downshift of the low-energy RAS
minimum at 2.2 eV. In the experiment, however, the mini-
mum at 2.2 eV disappears at 880 [Kpectrum(iii)]. The
respective RAS spectrum is supposed to correspond to a dif-
ferent phase of the GaP(001)X2) reconstruction. For
INP(001) and GaA§001) based on total-energy calculations

with @ peing the angle qf incidence. The surface, howeverit was suggested in Ref. 18 that@2(2x 4) phase is stable
has optical properties different from the bulk. Fortunately,under high group-V supply. For proving if this applies also
this modifies the measured bulk dielectric function onlyfor GaR001) we compared the RAS spectra of these three

slightly and is indicated as usual by replaciag by the

effective dielectric functioey,) with ep=(ey,).

Ill. RESULTS AND DISCUSSION

A. Bulk dielectric function

materials by introducing a procedure which normalizes the
spectra to their respective bulk critical points. The normal-
ized 880 K GaP RAS spectrum is plotted along in Fith)2
with the respective InP(001)-(24)-P* spectrum from Ref.

8 and theB2(2xX4) spectrum of GaA®01) from Ref. 17.
After this normalization the imaginary parts of the bulk di-

The experimentally determined GaP bulk dielectric func-electric function of GaP, InP, and GaAs have also essentially
tion is given in Fig. 1a) as measured at 300 and 875 K. the same line shadéig. 2(c)].
Features in the spectra correlated to critical points in the The normalized RAS spectra in Fig(l? of all the three
band structur& can clearly be observed. The fundamentalmaterials turn out to be very similar by displaying a maxi-
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FIG. 2. (&) RAS spectra taken in the CBE system for different temperatures under constant phosphorus supply. The surface reconstruc-
tions were determined by simultaneously performed RHEED measurements. For comparison a RAS spectrum taken in MOVPE under
phosphorus stabilization is addédashed line, scaled by factor 0)3Gpectrum(iii), corresponding to a phosphorus-richX2) recon-
struction[ (2x 4)-P"], is compared irfb) to the respective spectrum of I(f®1) and the32(2x 4) spectrum of GaA®01) by normalizing
the photon energy to the bulk critical points. The InP spectruiibjiis taken from Ref. 8 and the GaAs spectrum from Ref.(t¥shows
the normalized imaginary part of the respective bulk dielectric functions. The formulas used for the normalization are shown in the figure.

mum slightly below theE; critical point, a second maximum isotropy due to surface effects only. In contrast to the di-
atE,, and a very small anisotropy beld#;. We regard this rectly measuredyr/r spectra in Fig. @) [spectrum(i)], the
similarity in the normalized optical response as a strong ininfluence of the bulk dielectric function is now eliminated in
dication that these reconstructions for all the three materialthe high-energy part of the spectra also.

are based on very similar atomic configurations. This is in The 300 K SDA spectra of the (21) reconstructed
agreement with total-energy calculations predictinGX2  GaR001) is compared in Fig. 3 to the first derivative of the

x4) reconstrgction beinlg stable under high group-V supplyimaginary part(dash-dotted lineof the respective bulk di-
for GaR001)," InP(001),™ and GaA$001) (Ref. 37 sur-  gjeciric function, yielding a good agreement fcE

faces. =3.5 eV. For the low-energy part of these spectra a sharp

At temperatures higher than 900 [Kpectra(iv) and (v)] negative onset of the RAS exactly at the indirect bulk gap
the minimum at 2 eV again clearly forms. Both spectra differgind i <haracteristic.

. .o - 0

n thlf depthdo;fth\e/ r‘;:”'m“mhat 2 eV. af‘dfa” addmonallsmall To study this similarity of surface and bulk optical signa-
peak aroun € t a.t IS C aracterlstlc or speptr(um N tures in more detail we compared in Fig. 4 the temperature
Sec. Il D we will verify by desorption/adsorption studies dependence of two characteristic featurd§pyy) and

that spectraiv) and (v) in Fig. 2(@) in fact represent two B
L . (2x1)» Of the SDA spectra to the temperature dependence
further, well distinguished phases of the GaP(001x&) of the bulk critical pointflond, Eg.r’ andE; . Ay marks

reconstruction. the onset of the anisotropy in the low-energy raf@e eV
at RT), and B, 1) corresponds to the higher-energetic de-
rivativelike RAS signaturé3.7 eV at RT. The onset of the
surface anisotropy in the low-energy region of the
At very high P supply the same §1) RAS response is (2% 1)-like spectraA, ) is obviously directly correlated to
measured under gas-phase and UHV conditigee Fig. the fundamental band g&i)“d. This could be explained by
2(a), spectra(i)]. We therefore studied its line-shape and band-folding effects due to which close to the surface for-
temperature dependence in a MOVPE system, where simutnerly bulk-forbidden transitions become allowed causing an
taneous RAS and spectroscopic ellipsomé8f) measure-  anisotropic optical responsé The B(2x1) signature closely
ments can be performed. Figure 3 gives the temperaturdellows the bulk E; transition in its spectral position and
dependent surface dielectric anisotrofyDA) of the (2  temperature dependence. Because of its first-derivative-like
X 1) reconstructed G4P01) surface as calculated according line shape we suggest a surface-induced anisotropic shift of
to Eq.(2). TheseAe,d spectra represent the absorption an-the E; position to be responsible for th#. 1) signature.

C. GaP(00)) surfaces under very high P supply: the(2x 1)
reconstruction
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FIG. 4. Temperature dependence of the bulk critical points
FIG. 3. Surface dielectric anisotrop§sDA) of GaP(001)-(2  (gind, gJ" andE,) and of characteristic features in the SDA
x1) under very high phosphorus supply between 300 and 875 Kpectra A@x1), Baxiy, andA .4 according to Figs. 3 and)5
(MOVPE, phosphorus pressure 100 Pehe energy positions of the  Data from the literature foES" (Refs. 16 and 34andE; (Ref. 16
two characteristic signature&,,;y and B(,.;) were determined are added for comparisasolid lines.
from the zeros of the second derivative SDA spectra. The tempera-
ture shifts ofA, 1y andB,« ) are indicated by dashed lines. For
comparison the first derivative of the imaginary part of the bulk o
dielectric functiondz, /dE is also showr(300 K, dash-dotted line, Phine stabilization, clearly corresponds to ax(2) recon-
scaled by factor 8:810°5). struction[Fig. 2(a), spectrum(i)]. A spectrum assigned to
B2(2X4) in Sec. lll B[Fig. 2@), spectrum(iii)] appears
after 90 sec and is classified here as<@-P" because it
Summarizing the experimental results under very highbelongs obviously to the most P-rich X&) phase. The
phosphorus supply we conclude that the GaP(00X4{2  RAS signal continues to change slowly for approximately
surface reconstruction corresponds to a highly phosphorust00 sec until it stabilizes in a shape that corresponds to the
rich surface. Even under the most phosphorus-rich condig20 K spectrum in CBEFig. 2a), spectrum(iv)]. This spec-
tions (low temperature and high phosphorus pressui®  tyym, classified here as §4)-P~, remains unchanged for
trgnsition to another group-V-rich surface reconstructionyens of minutes stabilized only by the weak background P
[like the c(4x4) on GaAs(Ref. 5 or InP (Refs. 8 and 8| hressure from the reactor. When, however, a short Ga pulse
was observable. The SDA spectra of this surface seem 10 hig 5qqeq to this surfady switching on TMGa for approxi-
dominated by contributions of_surface-modlfled bulk Statesmately 4 sec, corresponding to about 1 ML of Gaghother
Phosphorus dimers along thé&10] direction are likely to  gpectrum, (2 4)—Ga, appears similar to the 1060 K spec-
term|3r;ate this surface as has been proposed by Kobayashim in CBE[Fig. 2(a), spectrum(v)]. It characteristically
etal™ There, however, differently to our findings, the P 55 5 geeper minimum around 2 eV and an additional small
dimers were directly correlated to ti,.; signature. Fu- maximum at 3.7 eV as compared to theq2)-P~ spectrum.
tu.re scanning Fur!neling microscofTM) investigations This (2X 4)-Ga spectrum cannot be changed furthermore by
will have to clarify if the (2<1) RHEED and LEED patterns yiiona| Ga pulses and therefore is expected to correspond
measured at this surface are caused by a homogeneous [§7the most Ga-rich stable surface phase
construction or if, as in the case of IAPa superposition of The three GaP(001)-(24) reconstruction phases 2
different reconstruction domains leads to the diffraction pat-x4)_P+, (2x4)-P, and (2x4)-Ga obviously E)rm with

tern. decreasing V/Ill surface stoichiometry ratio both in CBE

[Fig. 2(a), spectra(iii), (iv), (v)] and MOVPE[Fig. 5a)].
D. The GaR(001)-(2x 4) surface phases: Time-resolved The RAS minimum around 2.0 epA ;4 in Fig. 5a)]is
studies during P desorption and Ga pulsing characteristic both for the (24)-P~ and (2x 4)-Ga spectra.

RAS spectra characteristic for the GaP(001)<@) re- Its energy position is clearly belo&" and the complete
construction show up under gas-ph&s#OVPE) conditions ~ signature extends even below tfﬁ%”d gap. It must be
when the phosphine stabilization is switched off. Figu@® 5 caused, therefore, by an additional surface absorption along
gives RAS spectra taken at high time resolution during the Phe [110] direction and must involve true surface states.
desorption process. The initial spectrum, still under phosMoreover, theA,, 4 peak clearly has a temperature depen-
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=0Pa, ~
- (2x4)-Ga zfprér TMGa pulse T
4 FIG. 5. (a) RAS spectra taken in MOVPE at
- 875 K for different surface condition§) under a
1 phosphorus supply of 100 P@,) 90 sec after the
phosphine was switched ofji ) 15 min after the
_ phosphine was switched off, aitit) after expos-
T . ing the surface to a short TMGa pulgk) Calcu-
__mi lated spectra from total-energy calculations
] (DFT-LDA) using the indicated surface recon-
] structions(taken from Ref. & The temperature
. dependence of the energy position of the domi-
nating minimum around 2.2 eV of the spectiia)
and(iv) is plotted in Fig. 4 Axa4)).

P = 0 Pa,
after stabilization _|

mixed-dimer (2x4)

2 3 4 5 1 2 3 4 5 6
Energy (eV) Energy (eV)
dence less than the bulk transitions, indicating a reduceceduced temperature shift of ti#g,. 4y RAS signature. This
temperature shift of the surface states involved in this tranhand-waving explanation is consistent with the chemical
sition (Fig. 4). modulation spectroscopy investigations by Posteal*®
We now compare these experimental results to the calcuwhere the effect of strain to the Gd@m®1) surface optical

lations recently published in Ref. 4 where threex(®) properties was studied. It should, of course, be verified by
phases have been predicted from total-energy calculationfuture calculations that should artificially expand the bulk

We assume that the surface phases 42-P", (2x4)-P, lattice constant below and check the surface response.
and (2<4)-Ga, experimentally found with decreasing V/III
surface stoichiometry ratio, correspond to g2(2x4), IV. CONCLUSIONS

mixed-dimer (2x4), and top-Ga-dimer (4) reconstruc-
tion change. This assumption is also supported by the good The surface optical properties of reconstructed GaB
agreement, after a rigid shift in energy due to the DFT-LDAsurfaces were studied under UHV and gas-phase conditions
gap problenf! between the measured spectra and those caknd compared to recent theoretical results. Two surface re-
culated in Ref. 4Fig. 5b)]. constructions, (X1) and (2<4), have been identified by

Both, the DFT-LDA calculationgRef. 4 and Fig. &)]  simultaneously performed RAS and RHEED measurements.
and our own preliminary tight-binding calculatiofsompu-  The (2X1) reconstruction appears under high phosphorus
tational details are given in Ref. 38 and surface atomic posipressure and lower temperatures. Its surface anisotropy is
tions have been used ab initio calculated in Ref. ¥char-  closely correlated to bulk critical points featuring an abrupt
acterize theA,x4) peak being clearly dominated by a onset at theE'Ond gap and a derivativelike signature in the
surface-to-surface transition. The tight-binding calculationshigh-energy part of the RAS spectra. When the P supply to
further suggest that the respective transition is basically onthe surface is reduced, three different(2) phases are
from binding Ga dimer states to unoccupied Ga orbitals aformed distinguished by their characteristic RAS signatures.
the outer Ga atoms of the mixed-dimerx2) and the top- This experimental result is consistent with recent theoretical
Ga-dimer (2<4) surface structure. Obviously, the dimers in work predicting three stable GaP(001)»2) phases:
the upper atomic layetGa-As mixed dimer or Ga-Ga top B2(2xX4), mixed-dimer (24), and top-Ga-dimer (2
dimer, respectivelyare not directly involved in the transi- Xx4), respectively. All the main features of the measured
tion. This would explain the similarity between the RAS RAS signatures characteristic for the threex(®) phases are
spectra of the (X4)-P~ (mixed-dimej and the (2<4)-Ga  closely resembled in the recently published theoretically cal-
(top-Ga-dimey surface reconstruction. Similar contributions culated optical responée.
of Ga dimers have been found also for RAS signatures of
a(2X4) reconstructed GaAB01) surfaced’ and during
CBE growth of GaA$?

We speculate that the higher ability of the surface atomic The authors gratefully acknowledge the support by the
configuration to compensate the temperature-induced latticBMBF (01 BT 310/835, the DAAD and the Deutsche For-
expansion(via bending and tilting is responsible for the schungsgemeinschaf6FB 296.
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