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Electronic and structural properties of Sb-induced GaAs(10R¥P and (2<8) surfaces are studied by
means of core-level and valence-band photoelectron spectroscopy utilizing synchrotron radiation and scanning
tunneling microscopy. Combining these results and showing good consistency among them, we demonstrate
that the Sb/GaAs(100)(24) surface is well compatible with th& structural model, which includes one Sb
dimer in both the first and third atomic layers and two second-layer Ga dimers per unit.eelthe Sb
coverage of 0.5 M), giving experimental support to generality of tigype model forlll —V/(100)(2x 4)
surfaces, proposed previously on the basislofinitio calculations. Deconvolution of the Skd4core-level
spectrum from the (2 4) surface shows two components, which are tentatively connected to two inequivalent
Sh-dimer sites in th& unit cell. Angle-resolved valence-band photoelectron spectroscopy reveals Sb-induced
surface-derived states at near 0.4 and 0.6 eV below the valence-band maxiwikh) for the
Sh/GaAs(100) (X 4) surface, which have not been found in earlier measurements. These two surface-derived
features mapped along symmetry lines of the surface Brillouin zone are identified with previous electronic-
structure calculations. The results are also compared to band-structure measurements of the As/GaAs(100)
X (2% 4) surface found in the literature. For the Sb/GaAs(10® 82 surface, we propose a structural model
which, in contrast to the recent model, obeys the electron counting rule and consists of Sb dimers in three
atomic layers, showing the Sb coverage of 1.25 ML for th& 8 surface. The Sbdlcore-level spectrum
from this surface exhibits three components, which are discussed within the determined structural model. The
valence-band measurements of thex@) surface propose a new Sb-induced surface state at near 0.5 eV
below the VBM.
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[. INTRODUCTION other groupV elementge.g., As, Bj on nonpolar GaA4d.10
as well as othetll —V(110) surface$-'° These adsorbate
The surface formed by adsorption of the grodiglement  layers have been shown to form an ordere& @) structure
of Sb on GaAg&100 is interesting from both scientific and on the (110 face at the coverage of about one monolayer
technological viewpoints. First, such an interaction of the(ML), which has enabled the detailed electronic and struc-
semiconductor surface with adsorbate atoms can give insightral studies of the overlayers and interfaces and further in-
into physics and chemistry of the surface itself, and also intovestigations of universality of the models shown for these

the bonding character of the grodp-elements on |11 -V(110) systems.

11 =V(100). Understanding of the group-elements bond- In contrast tdll —V(110), thelll —V(100) surfaces show
ing to 11 =V semiconductor surfaces is essential for realiz-a variety of reconstructions that differ in symmetry and
ing initial stages of epitaxial growth of these compourse  stoichiometry*!> Among them the (X 4)-reconstructed
Refs. 1 and 2 for exampleAmong compound semiconduc- 111 —V(100) surface is an especially interesting one because

tors, GaAs$100 is the most utilized substrate in device ap-it is typically observed in molecular-beam epitakyIBE)
plications which typically consist of a multilayer structure growth of GaAs- and InP-based compounds under a wide
grown epitaxially on the GaA&00) surface. Furthermore, an range of growth conditions on th€l00 face. The As-
Sb-terminated GaA&00) surface, as such, represents the ini-stabilized GaAs(100)(24) surface is extensively studied,
tial face for thelll —V-based heteroepitaxy. The ordered Sb/and its three stable phases, i®,,82, andy, are well estab-
GaAdq100 surfaces provide thus a good starting point forlished. Thea phase consists of two As dimers in the top
studying the electronic and geometrical properties of the sutayer and two second-layer Ga dimers peix(#®) unit cell,
faces and adsorbate layers which also have potential appland its surface As coverage is 0.5 monolagit ). The 52
cations in electronics and optoelectronics. is a more As-rich phasé.75 ML of As) showing two As
Although Sb/GaA&l00) has been the subject of theoreti- dimers in the top layer and one As dimer in the third layer
cal and experimental investigations for several decddesper unit cell. They one is merely a mixture of thg2 and
more attention has been paid to the adsorption of Sb ands-super-richc(4x4) phases. The As coverage of tbgt
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x4) surface has been found to be 1.0-1.75 ¥iThe from the shorter As-dimer bond lengthiHowever, these cal-
GaAg100) surface structures have been considered as modeéllated Sb-induced surface states_have not been found in
systems for manyll —V(100) surfaces, however, more re- Previous valence-band measureméhnd it is still unclear
cent investigations have questioned the generalization of th&hich models are correct for Sb/GaAs(100)(2). _
« model for the less group-rich (2x4) surfaces. Total- From these perspectives, we have performed the analysis
energy calculations for GaP and IR0 have revealed that of the chemical, electronic, and structural properties of the

. . i . Sb/GaAs(100)(x4) surface utilizing core-level and
a (2x4)6 model, which consists of one P dimer in both the, 50 ce_hand photoelectron spectroscopy and STM measure-

top and third atomic layer and two grou- dimers in the  ents. Combining these results and showing good consis-

second layer per unit cefthe groupV coverage of 0.5 ML, tency among them, we demonstrate the Sb/GaAs(100)(2

is more stable than the: one irrespective of the surface x4) surface to be well consistent with tiée model. Decon-

chemical potential$? Likewise, total-energy calculations for volution of Sb 4 core-level spectrum from this (24) sur-

the GaAs(100)(Xx 4) surface have also shown tidenodel face shows two components, which are tentatively connected

to be more favorable than theonel® and recently, calcula- to two inequivalent Sb dimers in th& unit cell. Our angle-

tions combined with STM measurements of InAs(100)(2resolved photoelectron spectroscogpRPES measure-

X 4) have verified theg2 ands models to be correct for that Ments from this surface show two new Sb-induced surface

surfacet® states, in consistency .vy|th theory. These :?‘urface—related spec-
Investigations of GaAs(100)(24) surfaces stabilized by tral features are identified by the comparison with the previ-

v | ts. like Sb ‘de additional inf ous calculation€® It is also instructive to compare the
-group elements, like Sb, can provide additional Informa-y 5jence-band measurements with previous —electronic-

tion ?7n these str_uctural models and their generality. Maedayycture results of the As/GaAs(100)2) surface?®

etal”" have studied the Sb/GaAs(100)X2) surface by re- To further our knowledge about the interaction of the Sb
flection high-energy electron diffracticfRHEED) and core-  overlayer with a GaA4.00) surface and the effects of the Sb
level photoelectron spectroscopy. They have found that theonding geometry on the surface-electronic structure, we
Sb/GaA$100 surface with a (X4) RHEED pattern, which study the Sb-terminated GaAs(100)X8) surface that is
was observed after annealing the surface at 440—-560 °C, @bserved at the higher Sb coveragel(ML). Taking into
terminated by Sb and that the reconstruction changes involvaccount an absence of reports on t#{dx4) structure of

As atom desorption followed by Sb atom substitutide., Sb/GaA$100) in literature, one can expect that the Sb/
As-Sb exchange An interesting point is that those Sti4 GaAg100) surface exhibits the (28) rather tharc(4x4)
core-level studies have shown only one bonding environmerReriodicity at higher coverages. This expectation is also sup-
for Sb atoms on this (2 4) surface, but two surface-related ported b_y observations of the present work. Itis important to
contributions have been found in the Ad 3pectrum from €mphasize here that th(4Xx4) reconstruction has been
the As/GaAs(100)(X4) surface®=2In further investiga- commonly observed ohl -As an_dlll -Sb(100) surfaces at
tions, the atomic structure of the Sb/GaAs(100¥@) sur-  the monolayer coverages and in the MBE growth of these
face has been studied by x-ray standing wéx&w),2-22 qompounds u_nder thg most As- and Sb-rich growth condi-
scanning tunneling microscop{TM), 2324 and reflectance tions, respectively, while the Sb/Ga@b0 surface does not
anisotropy spectroscofiRAS).2> Moriarty et al2® have pro- form thec(4 X 4) structure but instead exhibits the chainlike

posed thes model for Sb/GaAs(100)(24), where the top- (2x10) andc_(2><10) recongtruction%?‘” Thu§, the latter
layer As dimer is replaced by Sb dimer. Afterwards, theCan be considered as an important exception among _the
structural studies of the Sb/GaAs(100)(2) surface have I11-As and |1l -Sb(100) surfaces, and some characteristics

stated thea and B2 phases, supporting the established (2°f the interaction between the Sb layer and the GaS
X 4) models$??? and a newg-like structure with the unit surface can tentatively apply also for the Sh/GAA$) sys-

cell of one As and two Sb dimers in the top lajéHowever, (€M at the monolayer coverages. The Sb/GaAs(100RP

ab initio calculations of the Sb/GaAs(100)k%) have re- structure has been found only recently and less is known
vealed three stable phases, namglg, 5,, and 6,, to be about the properties of this surface. Maeda and Watanabe
most favorablé® In the Sb/GaAs(100)(2 4)82 model, all have shown that the Sbd4core level of Sbh/GaAs(100)(2

the top and third-layer As dimers are substituted by the sp<8) consist.s of three components and that more of the Sh
ones, i.e., Sb surface coverage is 0.75 ML. For the lower SBOMS on this (X 8) surface are bonded to Sb atoms than to

amounts, the most favorable models were proposed to be tHa2 atoms? ~ Whitman etal** have investigated

&1 structure presented originally by Moriargt al. and the _Sb/GaAs(]_.OQ)(2<8) t_)y STM and propo_sed a model show-
8, one, where the third-layer As dimer éf is also replaced "9 @ chainlike multilayer structure with-1 ML of Sb,

by a Sb dimer. Calculations have also revealed that thié"h'Ch is I_ocellllylldentlcal to the Sb/Ga8lD0) surfaces. This
surface-electronic structure of Sb/GaAs(100x(@) is simi-  |ocal similarity is also supported by our measurements, but
lar to that of the As/GaAs(100)(24) surface?® which can the present results are not fully consistent with the previous
be expected because of their similar geometrical arrangé2n€S: and we propose a new model for Sb/GaAs(100)(2

ments and the chemical similarity of the both grovpele-
ments. It is surprising that the positions of the highest surface
states for the calculated Sb and As/GaAs(1043 sur-
faces are nearly identical although the orbital energies of As Photoemission experiments were carried out at the Swed-
and Sb valence electrons are different. This is shown to arisigh National Synchrotron Radiation Center, MAX-lab, on the

Il. EXPERIMENTAL

205323-2



ELECTRONIC AND STRUCTURAL ANALYSIS OF Sb. .. PHYSICAL REVIEW B 69, 205323 (2004

toroidal grating monochromator beam line 41 at the MAX | was heated up to 550 °C in the analysis chamber. The sample
storage ring using-polarized light for excitation. The pho- temperature was measured by an infrared thermometer. The
ton energy was 90 eV and the light incidence angle 45°quality of RHEED and LEED patterns showed that the or-
relative to the surface normal. To vary a surface sensitivity talered (2<4) and (2<8) surfaces were obtained by the
As 3d, Ga 3, and Sb 4 core-level photoelectrons, the above procedures. We note in passing that similar procedures
takeoff angles of 0° and 60° from the surface normal weréhave been previously used to prepare ordered
used. The photoemission spectra were taken using a hen$b/GaAs(100)(X 4) and (2x8) surfaces?

spherical electron energy analyzer with an angular resolution Sample C, As-capped, was prepared for STM experiments
of ~2° and a total energy resolution better than 0.3 evyWhich were performed in another vacuum system. An arsenic

Spectra in the valence-band region were obtained with th€aPPing layer was used to protect the Sbh-terminated GaAs
photon energy of 21 eV. surface against air exposure during shipping between the

RHEED observations were done in the MBE system conlaPoratories. When the Sb-induced GaAs(1005@) sur-

nected to the analysis chamber of the 41 beam line. Suqace was prepared in MBE, as described above, it was al-
strates were cut from n-type (n~1x10% cm 3) owed to cool to room temperature and then exposed to an

As, flux for 25 min. Once inside the other vacuum system
GaAs(100)-0.1° wafers and they were attached on Mo}, 2 : _ Y
holders by In. The surface oxides were removed by therm € As capping layer was removed by heating the sample first

. . t 200°C for~12 h and then carefully increasing the tem-
annealing at 620 °C in Adflux. A substrate temperature was y 9

. . Iperature up to 550 °C. When the sample was cooled down, it
monitored by an infrared pyrometer. Undoped GaAs buffel,os checked with LEED before STM experiments. Both

layers were grown at 580°C under As-richX2) condi- | EED and STM showed the (24) reconstruction for this
tions. After the growth of the GaAs buffer, the Ga ShUttersurface(Sec. 11 B). To produce the Sb-induced ¥B) sur-
was closed and the surface was annealed at the growth tefyee for STM, Sb was evaporated on the heated 43 sur-
perature under the same As flux for 10 s. A sharX@)  face from a tungsten coil evaporator with flux of 0.02 ML/s
RHEED pattern, which resembled a pattern of the (2fo; —30 min while simultaneously decreasing the sample
X 4)B2 phasé'? maintained indicating the well ordered sur- temperature slowly from 550 to 450°C. LEED and STM
face. This was a starting face for the preparation of a Sbgonfirmed (2<8) reconstruction(Sec. 111B). The reheating
induced reconstruction. of the (2x8) surface at 550 °C, as performed with Sample
Then the Sb shutter was opened and a gidumak of g roduced the (2 4) reconstruction similar to that found
Sh; (0.04 ML/ and As was supplied to the (24) surface  after the decapping of this sample at 550 °C, showing that
at 580 °C for 10 s. Upon that the As flux was term!nated a_nc[he decapped surface was Sb-terminated. The clesr(2
the substrate was slowly cooled down to 450°C in 20 min-54 (2<8) LEED patterns were similar to those observed
utes under the Sb flux to get the Sb-terminate ) sur- ity the photoemission measurements. Omicron STM was
face monitored by RHEED. The sharpX2) RHEED pat-  seq in the constant current mode with a tunneling current of
tern remained when the Sb shutter was opened. Integral anflog_o 3 nA and a sample bias voltage-68.5 to 3.5 V.
fractional order streaks of the ¢24) pattern in thq0-11] Here, we discuss the fact that the starting surface and
azimuth becgme broader with the evaporation time of SbAs—background conditions in the preparation of the Sb-
and decreasing the substrate temperature. Below_500 °C thgrminated (% 8) surface using MBE for the photoemission
(24) pattern gradually disappeared, and @) diffrac-  measurements were different from those for the STM experi-
tion pattern loomed up. The surface was exposed in&@b ments. An essential point is the presence of arsenic on the
450°C for 5 min at which the (28) RHEED became gyfaceli.e., the As/GaAs(100)(24)B2 surfacé when the
sharp. It is worth mentioning that apart from X2) and  gp evaporation was started in MBE with the photoemission
(2% 8), no other Sb-induced pattern was observed durin%xperiments. For STM, the Sb/GaAs(100)2)s, surface
the experiments among several samples. After closing the Sisec. 111B) was the starting point. However, these differ-
flux, the samples were treated as the following three casesences in the preparation conditions do not affect significantly
Sample A was reheated up to 580 °C without the Sb fluxon the final (2« 8) structure because the substrate tempera-
The (2x8) RHEED changed gradually to a X&) pattern  tyre was high (550—580°C) in the beginning of the Sb
with the temperature, and the sharpX(2) RHEED was  eyaporation and the following substrate cooling was slow. At

observed at-550 °C. ‘such an elevated temperature, the stability of Sb layer is
Sample B was cooled to around 200 °C and kept thereifnych higher than that for As overlay&r*

for 15 min to avoid unintentional As or Sb adsorption on the

surface in MBE and cooled down to room temperature. The

clear (2x8) RHEED was retained through the cooling to [ll. RESULTS AND DISCUSSION
room temperature. Then it was transferred into the analysis
chamber under vacuum conditions and checked by low-
energy electron diffractiofLEED), which showed a low- The As 3, Ga 3, and Sb 41 core-level spectra from the
background (X 8) pattern for this surface. The sample was Sh/GaAs(100)(X 4) and (2<8) surfaces were analyzed by
rotated to keep th€0—11] or [011] azimuth in the plane of fitting the spectra to a linear combination of Voigt line shapes
incidence for the valence-band measurements. A clear (Bsing standard methods. The background of the spectra was
X 4) LEED pattern was obtained when theX8) surface subtracted applying Shirley’s method. The fitting parameters,

A. Core-level photoemission
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TABLE I. Fitting parameters for the Asd8 Ga 3d, and Sb 4 LA I IR AL I
core-level spectra from Sh-induced GaAs(100¥@) and (2x8) &

surfaces. Binding-energ{BE) shifts of the As and Ga surface com-
ponents are referenced to the GaAs bulk componeBsapd the
shifts of the Sb components to tI81. The “—” sign indicates a

shift toward lower BE. The relative intensities of the surface com-
ponents are determined from the spectra obtained at the 60° and
normal emission. All energies are in eV.

Normalized PE intensity (arb. units)

As 3d Ga d Sb 4d
Spin—orbit splitting 0.68 0.45 1.243
Branching ratio 0.64£0.01 0.66-0.01 0.69-0.01
Lorentzian width 0.16 0.16 0.16
Gaussian width 0.48 0.39 0.52
The (2x4) surface:
BE shift of S1* —0.25
BE shift of S2* 0.36 0.44 e e e o e e e LR A
S1*/B@60° (normay) 0.53(0.39 39 40 41 42
82*/8@ 60° (normab 0.46 (029 Binding energy (ev)
S1*/S2* @ 60° (norma) 1.15(1.17 0.92(1.0)
The (2% 8) surface: FIG. 1. The As 3 core-level spectra, spin—orbit doublets of
BE shift of S1 ~0.39 ~0.39 fitting, and the result of the fifthe solid line through the data
BE shift of S2 0.57 0.27 0.59 points for the Sb/GaAs(100)(24) and (2x8) surfaces. The fit-
BE shift of S3 1.07 ting parameters are listed in Table I.
S1/B@60° (norma) 0.45(0.23 0.37(0.39
S2/B@ 60° (norma) 0.21(0.22 0.47(0.31) The As 3 core-level spectrum at the emission angle of
S1/S2@60° (norma)  2.14(1.09 0.79(1.23 1.04(1.20 60° for the Sb/GaAs(100)(28) surface shown at the bot-
S1/S3@60° (norma) 1.11(1.90 tom of Fig. 1 exhibits the presence of the GaAs bulk com-

ponentB and two shifted componentS1 and S2 at the

relative binding energies, and intensity ratios for the compol0Wer and higher binding-energy side of the bulk component,

nents of the As, Ga, and Sb core spectra are listed in Table €Spectively. This spectrum is qualitatively similar to

A binding energy(BE) scale was fixed setting the Galg, those measured previously from G4&80) reconstruc-
bulk component at 18.60 eV, referred to as the valence-bani@ns,®>****%of which spectra consist of the two shifted
maximum?® and the binding energies of the As and Sb peaksomponents besides the bulk one. The appearance of the two
were set using the corrections from the Gé $pectra. The shifted As components indicates that thex(&) surface in-
core-level spectra are rather featureless in the present workplves As atoms of which chemical environments are differ-
and it is well known that the fitting of such spectra is notent from the GaAs bulk atoms. This is tentatively consistent
unique. Therefore, we shortly describe our data processingvith previous Sb/GaAs(100)¢28) studies that have pro-

To obtain some confidence in a number of the componentgosed the presence of As dimers on that surface strugture.
(i.e., spin—orbit doublejsinvolved in the spectra, it is nec- Another origin for these surface-related As components can
essary to determine the component width justifiably. Thearise from a patchy Sb layer on the surface, i.e., there are Sb
energy-broadening parameters were required to comply withacancies on the (28) surface. We associat62 with

the instrumental resolutioliGaussian shapeand lifetime groupV—groupV bonding (As-As and/or As-Sp®3 In

widths (Lorentzian shapeAt first, Lorentzian widths as well - conrast toS1, whose intensity decreases at the normal emis-

as spin—orbjt splittings and brar!ching ratios were ﬁXedsion(TabIe ), we find that the intensity rati62/B remains in
(Table |, while Gaussian broadening was allowed to vary.

; . i ) | rf nsitiv ndition he normal emisgi
When the Gaussian widths, which were retained constan?SS surface sensitive conditions at the normal emission

i L shown) indicating that the origin 052 is related to subsur-
throughout the different Sb coverages and emission angl .
among several samples, were concluded, they were al gee As atoms rather tha_n As site on the(@) surface.
fixed. The remaining parameters, i.e., a number of the com- ;I'he upper panel of Fig. 1 shows the Ad Spectrum at
ponents and their binding energies and relative intensitieS0°-emission from the Sb/GaAs(100X2) surface ob-
were obtained as a result of the fitting process. As seen iffined by heating the (28) surface at 550°C. No surface
Table 1, the instrumental width<(0.3 eV) is smaller than the Components, such as tf&l or S2, were resolved, within

deduced Gaussian widths, agreeing with previous studies éfetection limits, from the (X4) surface and only the
many Il -V surfaces with similar instrumental fourfold-coordinated bulk component was observed. This in-

resolutiont®20293637A|s0, the full widths (FWHM) of the  dicates that As atoms remain no longer on the
present components are consistent with previousSh/GaAs(100)(X4) surface due to the high temperature, at
ones!8:32:35.38 which As atoms can easily desorb. We note also that the
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Normalized PE intensity (arb. units)
Normalized PE intensity (arb. units)

18 19 20 29 30 31 32 33 34 35
Binding energy (eV) Binding energy (eV)
FIG. 2. The same as Fig. 1 but for Gd 8ore-level spectra. FIG. 3. The same as Fig. 1 but for Sk 4ore-level spectra.

normal-emission spectruimot shown is qualitatively very  jnequivalent Sh-dimer sites in the unit cell. We will return to
similar to that at the 60°-emission, supporting the absence ghe core levels below with structural models.
the As surface components. Figure 3 shows that three compone®@s, S2, and S3
Figure 2 shows the Ga B core spectra of the \yere resolved from the Sbddspectrum of the (X8) sur-
Sb/GaAs(100)(x4) and (2<8) surfaces at the face, indicating three different Sb bonding environments co-
60°-emission. In addition to the bulk compondhtthe low  existing in this structure. This deconvolution is very similar
(S1* or S1) and high §2* or S2) BE-side components are g that found for the (X8) surface in Ref. 32. Since the
observed in both spectra. The componesits(S2) andS1* (2% 8) surface is more groug-rich than the (2<4) one,
(S2*) are denoted as two different components because &nd noS3-like component is observed in the X2) spec-
their different BE separations froB. The both high BE-side trym, it is reasonable th&3 originates from Sb atoms in an
featuresS2 andS2* have been expected to arise from Ga-Sbelemental, Sb-bulklike structure (i.e., only Sb-Sb
bonding:”** The surface sensitivity of theseS2” compo-  honding.2%%? Refering these previous investigations, we as-
nents(Table ) supports this assignment. The Ga spectrum okjgn S1 in the (2<8) spectrum to Sb atoms that have
Sb/GaAs(100)(X 4) and its fitting are consistent with the ponded to Ga atomSb-Ga. Note that Sb atoms with Sb-Ga
corresp%r;gmg ones for the As/GaAs(100X2) can also be bonded to Sb atorB2.is also assigned to Sh-Ga
surface:” in the next section where intensity ratios of the components
Deconvolution of the Sb @ spectrum from the (4)  are compared with a proposedX3) structural model.
surface in Fig. 3 shows two componerf&* and S2*,
which indicates two different chemical bonding environ-
ments for Sb atoms on the ¥4) surface, indicating the
further presence of two different Sb bonding sites on this As described in Sec. Il, similar LEED patterns were ob-
surface. It is worth noting that the fitting of this Sb spectrumserved from the Sb/GaAs(100)x4) and (2<8) surfaces
by only the one doublet increased clearly the componenin the both vacuum systems for the photoemission and STM
width, whereas the addition of a third doublet led to no sig-measurements. Figuresajl and 4b) show typical (2<4)
nificant increase in quality of the fit, as one could expect ifand (2<8) LEED patterns, which were taken from the
the third component was genuinely present. The intensitpample used in STM experiments. Next, we present STM
ratio S1*/S2* equals nearly unityTable |) proposing the results of the Sb/GaAs(100)§4) surface whereas the in-
same Sb occupation in both sites. This is perhaps the motgrpretation of STM images from the ¥28) reconstruction
striking point in the present core-level study that the Sb speds more clear. Imaging the filled density of states, we observe
trum from the (2<4) surface reveals the two components, dangling bonds of the groug-atoms, because in tHél -V
instead of one found previoust:*?This result is however in  reconstruction group bonds are filled and grougt dan-
agreement  with  previous core-level studies ofgling bonds empty on the basis of the electron counting
As/GaAs(100)(x 4) surface®~?°which indicate the pres- model (ECM).*° The filled-state STM image of the (24)
ence of two surface-related contributions in Ad Br that  surface shown in Fig.(8) is characterized by a series of dark
surface. Moreover, the appearing of these Sb componengnd bright rows running alonf0—11] direction with good
S1* andS2* is consistent with our structural analysis of the long-range order and low kink density. A separation of the
(2x 4) surface showing thé, structure which includes two rows is~16 A indicating thex 4 periodicity. As can be seen

B. STM experiments
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the dark rows, i.e., the bottom of the missing top-dimer
trenches, exhibit their own structure seen as faint gray fea-
tures in the center of the dark rows, in the filled-state mode.
A line profile of this faint structure along the dark rows,
which is very similar to that in Fig. @), shows the X
periodicity in the[0—11] direction. Thus, we propose that the
dark rows are also composed of the grovumglimers whose
axis is aligned in thé0—11] direction. We also note that the
depth in the orthogonal profile in Fig(é is consistent with
the depth found for the structure having a dimer in the third
layer!12 Both the top and bottom dimers are assigned here
to the Sb dimer. We rule out the presence of As dimers on the
Sb/GaAs(100)(x 4) because the photoemission measure-
ments showed only the GaAs bulklike, fourfold coordination
for As atoms in this structure. A depth profile analysis shows
a vertical distance, measured from the bottom of the trench
to the top Sb dimer, to be 1.5—1.8 A in the filled-state mode.
As this distance is slightly larger than a depth of 1.4 A mea-
sured for the GaAs(100)(24)B2 phasée? our observation

is in agreement with previous studi#s?*?®which show an
upward movement of the single top dimer.

Figure 8b) shows the dual-polarity STM image where a
black arrow indicates the tip position when a sample bias
was reversed from the filled to an empty-state mode. That is,
the upper and lower parts of this image are the unoccupied
and occupied orbital STM images, respectively. Imaging the
unoccupied density of states, we observe dangling bonds of
Ga atomd? Therefore, the bright rows of the empty-state
imageg Figs. §b) and §d)] correspond to Ga atoms, and we
conclude that the (% 4) surface includes Ga atoms. This is
well consistent with previous studies of Essral?® who
have found Ga dimers on the Sb/GaAs(100%@®) surface
_ by RAS measurements. Figurébb presents that the bright

FIG. 4. Typical LEED patterns from the Sb/GaAs(100K2)  and dark rows observed in the empty-state mode are quite
(@ and (2x8) (b) surfaces within STM experiments. well aligned with the rows of the filled-state image, which

can be understood with the structure where Ga atoms are
in a high-magnification filled-state imadé-ig. 5(c)], the located on the surface between the top and bottom layer Sb-
rows are composed of bright protrusions, slightly oval indimer chains. The magnified empty-state image in Fid) 5
shape, which are oriented along the rows with a separation giroposes that Ga atoms form dimers observed as bright
~8 A in the [0—11] direction, arranging the 2 periodicity ~ cigar-shaped protrusions oriented along fa&1] direction,
on this surface. The 2 periodicity (dimerization in the i.e., perpendicular to the Sb-dimer-bond direction. The sepa-
[0—-11] direction can be confirmed by a line profile along theration of these protrusions is4 A in the [0-11] direction,
bright rows, which is similar to that presented later in Fig.that is, the (24) unit cell includes two Ga dimers. An
6(d) for the (2xX8) reconstruction. A typical line profile analysis of the line profiles for the empty-state images along
along the[011] direction in Fig. %e) differs from those the[011] direction (i.e., the Ga dimer bond directipmloes
shown for the GaAs(100)(24)B2 and « phases? of  not present a Ga dimer as a double peak in the profile. As can
which the two top dimers can be resolved as two symmetribe seen in Fig. &), which shows a profile in the empty-state
peaks in profiles. Such a double-peak profile has been fountiode, only one peak rather than the double-peak contour
only very rarely in our analysis. This strongly proposes thatwithin resolution is observed, which is most likely due to a
the (2x4) structure, which contains one dimer in the top short Ga dimer-bond length. In fact, a very short bond length
layer per unit cell(i.e., S-type structur® dominates clearly. of 2.45 A has been found for Ga dimérs®
Also, the bright protrusions in Fig.(&) are slender along the Comparing our observations with earlier-reported STM
[011] direction as compared to those of the GaAs(100)(2studies of the Sb/GaAs(100)¥4) structure”>?* we find
X 4) phases in Ref. 12, supporting the one top-dimer strucelose similarities between filled-state images of this study
ture. There seem to be two ¥4) unit cells due to a top- and those shown by Moriarsgt al”3 who have proposed the
dimer displacement of-4 A in the [011] direction. How- &, model. Recently, Whitmaet al?* have reported a new
ever, we rarely observe extended “zigzag” single-dimer(2X4) structure of which unit cell contains two Sb dimers
rows, that is, some correlation between unit cells in theand one As dimer in the first, top layer. To prepare the (2
[0—11] direction can be expectéd Figure 5c) suggests that X 4) reconstruction, they used a much lower temperature
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FIG. 5. STM images and line profiles of the
Sb/GaAs(100)(X 4) surface(a) Filled-state im-
age: 48<48 nnt, 2.7 V, 95 pA.(b) Reversed-bias
image with the bias change from the filled-state
(the bottom part of the imagédo the empty-state
mode (the top part during scanning: 10.5
X 10.5 nnt, 2.7 V, 91 pA.(c) High-magnification
filled-state image: 5.05.0 nnf, 2.7 V, 95 pA.
(d) High-magnification empty-state image: 5.0
x5.1nnf, 2.7 V, 91 pA.(e) Typical line profile
in the filled-state mode along t©611] direction.

(f) Line profile in the empty-state mode along the
[011] direction.

FIG. 6. Filled-state STM images and line pro-
files of the Sb/GaAs(100)(28) surface.(@) 23
x23nnt, 2.6 V, 100 pA.(b) The image of the
intermediate surface between thex2) and (2
X 8) reconstructionsee the teyt 14x 14 nn?,
3.2V, 91 pA.(c) High-magnification image: 8.5
X 8.5 nnt, 3.0 V, 200 pA.(d) Line profile along
the white arrow in(c). (e) Profile along the black
arrow in (c). (f) Profile along the black arrow in
(b). (g) Profile along the gray arrow ift).
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structure rather than the fourth-layer Ga atoms bonded to the
:i I z:z:ﬁ Sb dimers because the fourth-layer ones are fourfold-
@ First layer Sb coordinated and basically have a similar environment to the
:i o Second layer Ga bulk component(We note that the bulk binding energy of Ga
1 « Third layer Sb 3d is 0.1 eV higher for Gasb than C_;aA%._The 5, model
() shows that there are, in fact, three inequivalent Ga sites in

the second layer, i.e., threefold-coordinated Ga bonded to Sb,
fourfold-coordinated Ga-dimer atom bonded to Sb, and a

:i m threefold-coordinated Ga-dimer atom. Therefore, we tenta-
I - tively connect the lower BE Ga componeBt* also to the

one or two inequivalent second-layer Ga atoms.
r: mmi Figure Ga) shows a filled-state STM image of the
I b4 Sbh/GaAs(100)(x 8) surface. The surface is characterized
(b) by a series of dark and bright rows which run along the
First layer Sb t 0-11] [0—17] direction and alternate in th@11] direction with a
Second layer Sb separation of~32 A, arranging thex 8 periodicity. As seen

Third layer Ga [011] in Fig. 6(a), this X 8 ordering is occasionally interrupted due
Sb in Ga site to a faint narrow row between the main rows. A lateral dis-
Fourth layer Sb tance of this faint row measured from the bright one is 20 or
24 A. Before the depth profile analysis and closer structural
FIG. 7. Structural models for Sb/GaAs(100)X2)5, (a) and  examination of the (X 8) reconstruction, we consider initial
(2x8) (b). Note that the fourth-layer Sb atoms in the center of thestages of the formation of the §8) surface. Figure ®)
(2x8) row just below the top dimer have not been marked in theshows a typical filled-state image from a separate Sh-induced
(2x8) model for clarity. surface which was prepared as thex(®) sample described
in Sec. Il (Sample @, but the evaporation time of Sb was
(460 °C) for heating the Sbh-induced GaAs(100X@) sur-  shorter (~15 min). This separate surface can be tentatively
face compared to that in present work (550 °C). In fact, suclassumed to present an intermediate phase involved in the
a difference in the temperature can cause drastic changes tiransition between the Sb/GaAs(100%2) and (2<8) re-
structure and stoichiometry. In conjunction with the core-constructions. As seen from Fig(l8, the surface is a mix-
level analysis, our STM observations and line-profile dataure of the (2<4) and (2<8) domains. Figure ®) and a
together show the §, structural model for the depth profile in Fig. &) reveal the presence of two different
Sb/GaAs(100) (X 4) surface[Fig. 7(a)], giving support to  top structures of the (2 8) row with the vertical distance of
generality of thelll =V (100)(2x4)8 model. The foundS,  about 2.1 and 3.5 A measured from the bottom of the dark
structure is also consistent with valence-band results in Segow. This can result from the fact that the top Sb dimer is
lIC. Furthermore, we emphasize that this model shows missing on the lower (X 8) row, as realized later with our
two inequivalent Sb surface sites, i.e., the top and third-layestructural model. Likewise, the top of the lowerX3) rows
Sb dimers. This is in agreement with the Sb core level fromocated at a higher height level than thex(2) one, which
the (2x4) surface revealing the two compone®t* and  can be explained by the Sb antisite (gbformation in the
S2*. Moreover, thed, model shows the same number of Sb region of the (2<4) trench when “pairing” of the (X 4)
atoms occupying these two inequivalent bonding sites on thigows occurs and the missing 0.25-ML Ga row is filled in
surface, and on the other hand, the Sbspectrum presents during the Sb evaporatidi.
the almost equal intensities for tH&l* and S2* compo- Figure 6c) shows a magnified filled-state image of the
nents. Therefore, we connect these compon@&ifs and  (2x8) surface where white, black, and gray arrows repre-
S2*, which are results of different environments for Sb, tosent positions of the line profiles shown (i), (e), and(g),
the two inequivalent dimer sites. The result agrees with prerespectively. The profile of the dark row in Figids shows a
vious studies of As/GaAs(100)¢24) surface®=2° which  dimer-like structure with the & periodicity similar to that
indicate the presence of two dimer-related contributions irobserved for the (2 4)8, trenches. Therefore, we propose
As 3d for that surface, and further can provide useful datathat the dark rows are composed of dimers. The gray chain
for characterizing of théll —V surfaces with the similar ge- features running along thg0—11] direction between the
ometry. Because of the upward movement of the top Shwhite and black ones also exhibit the similax Zoeriodicity
dimer, it is more isolated than the third-layer one, and tenta¢not showr. Furthermore, the depth profile along the black
tively, the screening of the core hole in the photoemission isrrow in Fig. Ge) reveals the X structure for the center of
reduced for the top dimer, as compared to the third-layer onehe top row. In contrast, the single-peak rather than double-
Thus, we assign the higher BE-side compon®2t to the  peak contour of the top row indicates the orthogonal dimer-
top Sb dimer of theS, model and theS1* component to the bond direction compared to the dimer orientation in the dark
third-layer one. and gray rows. Figure(6) shows a two-step structure for the
Furthermore, we propose that the Ga comporg&it of  (2x8) rows which are composed of the white and gray
the (2X4) spectra, which was assigned to Ga atoms bondedhain features running along tfhé—11] direction in the im-
to Sbl"32arises from the second-layer Ga atoms of #ge  age with the characteristic height of 3.5 and 2.1 A measured

e ® 0O O
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from the dark row, respectively. Our analysis of STM imagesdimer-mediated stregsee Ref. 30 and reference thepeiim
suggests the structure, where the white top row is symmetricontrast, on thelll —V(100)c(4x4) surfaces, such as
cally centered between two gray ones, to dominate. As/GaAs(100y(4x4), this dimer-mediated stress is pro-
Only a structural model has been presented so far for thposed to be relieved through the periodic arrangement of
Sb/GaAs(100)(X 8) surfacé’* Our measurements are not dimer vacancies. Thus, referring these previous investiga-
fully consistent with this model. A significant difference is tions, we propose that the net effect is the stable
observed in the dark row structure: the present analysigb/GaAS(loo)(gg) surface with the continuous Sb-dimer
shows the dimer structure for the bottom of _the trenches ifgws. Note that the proposed ¥B) model, in which more
contrast to that in Ref. 24. We propose in Figb)7a new,  gp atoms are bonded to Ga than purely to Sb atoms, is con-
modified structural model for Sb/GaAs(100X8) which  istent with a key role of the softness of Ga-Sb in the forma-

obeys ECM, contrary to the previous one. In this new mode ti f the chainlike (X8 B instead of the(4x 4
Sb dimers form in the three atomic layers. Thex(@) unit lon of the chainlike (28) surface instead of the( )

cell consists of one top-layer Sb dimer, which is oriented
along the[011] direction on the center of the row, four
second-layer Sb dimers oriented in fie-11] direction, and

Finally, we compare more the structural model with the
core-level results. The Gad3componentS2 was assigned,

one Sb dimer sitting in the fourth layer with the dimer bond &% S2* of the (2x4) _surface, to the Ga atoms thgt have
also along the rows. As discussed above with Figs) 8nd bonded to. Sh. A_ccordlng to the proposed quel in Fig. 7, the
6(f), when the area of the unit cell increases by two times(zxs) unit ceII. includes the threefcl)ld—coor.dmat(.ad Ga atoms
i.e., the (2<8) unit cell spans the two (24)3, units, the bonding to Sb in the row edge, which are inequivalent to the
most likely candidate for filling in the missing Ga row is fourfold-coordinated Ga-Sb sites and might resulSth We
Shs,. The Sb antisites serve four extra electrons per unigpeculate that due to the local Sb-Sb bulklike structure in the
cell, but the two second-layer Sb atoms, which are bonded tePw center, the environment for the fourfold-coordinated Ga
the top dimer, need two electrons more than Sb dimer in thig&toms can vary. That is, two or more different Ga-Sh bond-
structure. Furthermore, our model shows that there are Sing sites, which produce the both Ga compon&itsandS2,
atoms in the four atomic layers in the center of the row, andcan appear in the (28) unit cell. TheSl is relatively less
the total Sb coverage of Sb/GaAs(100X8) is 1.25 ML.  surface sensitivéTable ) suggesting its origin reside in the
However, the amount of Sb can be less if As atoms are insubsurface, as compared 8. The fitting of the Sb d
volved in the (2<8) surface structure, as the deconvolutionspectrum from the (& 8) surface revealed the three domi-
of As 3d proposed in Sec. Il A. In this case, the substitutionnant component$1, S2, andS3 indicating three different
of Sb by As atom occurs most Iikeﬁ},and this replacement chemical environments for Sb atoms in the structure. The
of Sb lowers the Sb coveragés atoms are not shown in lowest BE componerl was assigned to the Sb-Ga bonding
the model for simplicity. The presence of the higher and the highest BE componeB88 to Sb atoms in the el-
binding-energy As componer@2 (Fig. 1), which was less emental structuréSb-Sb, that have not bonded to Ga atoms.
surface sensitive, and was associated with the groupFhese assignments are tentatively consistent with the pro-
V—group¥ bonding, can agree with the structure where theposed (2<8) model which includes such Sh atoms. In fact,
As atom replaces the buried Sb atom bonded to Sb in ththe model proposes six inequivalent Sb sites per unit €Bll:
center of the row. second- and fourth-layer Sb-dimer atom bonded to a
The proposed model shows that Sb/GaAs(10882 is  fourfold-coordinated Ga(2) row-edge dimer atom in the
locally, in the middle of the row, identical to chainlike struc- second layer bonded to threefold-coordinated &3)
tures of the GaSb(100)¢210) andc(2x 10) surfaces?3!  second-layer atom bonded to the top dim@), top dimer
as found in Ref. 24. Also, according to our measurements asite, (5) Shs,, and(6) buried fourth-layer Sb, of which the
well as previous resulfé;*’the Sb/GaA&L00) system forms ~occupation proportion is 3:2:2:1:1:1, respectively. The
no c(4x4) structure, similarly to the Sh/GaSbh system. Thepresent results do not allow us to consider the further pos-
found similarities suggest that some characteristics of th&ible origins of the core components among those Sb sites.
interaction between the Sb layer and the G480 surface  However, to clarify whethe82 is related to Sh atoms bond-
can apply also for the Sb/Gafi0 system in the mono- ing to Ga atomsi.e., Sb-Gaor not, we consider the ratio of
layer regime. Whitmaret al3°®! have shown that GaSb the number of the elemental Sh-Sb atoms divided by the
forms the (2<10) andc(2x10) structures instead of the amount of Sb atoms bonded to Ga for Sh/GaAs(100)(2
c(4x4) one, common to manyll -As and1Il-Sb com- X8). According to the (X 8) model, this ratio of the num-
pounds, because of the excellent lattice match betweeber of Sb atoms, which have not bonded to Ga, to the num-
GaShk100 and the elemental Sb combined with a low stiff- ber of Sb atoms, which bond to Ga atoms, is 0.25. Note that
ness of GaSh. The bulk-terminated G&£30) unit cell (4.0  the above sites 1, 2, 3, and 6 correspond Sb-Ga, and the sites
A) is smaller than the GaSb ord.3 A) and, therefore, 4 and 5 correspond Sbh-Sb. On the other hand, ifSBeis
clearly less matched to the elemental @8 A).3! Thatis, due to the Sb-Ga bonding lik&l, the intensity of the com-
the GaAs lattice imposes the lateral distance constraint of 4.ponentS3 divided by the combined intensi§l+ S2 equals
A for the second-layefand lowel Sb atoms in the middle of 0.46 at the 60°-emission and 0.29 at the normal emission. In
the (2x8) row. Perhaps more importantly, as they pointedcontrast, if S2 is assigned, similarly t&3, to Sb atoms
out, the Ga-Sb bond is one of the softest of tHe-V com-  which have not bonded to Ga, the intensity ratio $#
pounds, decreasing the strain energy and balancing the ShB-S3 to S1 equals 1.86 at the 60°-emission and 1.36 at the
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normal emission. Although all the photoelectron attenuation
and diffraction effects have been ignored in the core-level
data, and despite the fact that the replacement of Sb by As
atoms at the surface can change the ratio, the above compari-
son clearly proposes th&® is related to Sb atoms that have
bonded to Ga, disagreeing with the previous core-level
analysis®2

S2 (2x4) surface: 20°

C. Photoemission from valence-band region

Valence-band photoemission spectra have been measured
from the Sb/GaAs(100)(24) and (2x8) surfaces as a
function of the polar angl@, along the[0—11] and[011]
azimuths, corresponding to the surface parallel wave vector
k, lying on the symmetry lines between the symmetry points
I' and J’ and between the pointE and J in the surface
Brillouin zone (SBZ2), respectively. We have utilized the
symmetry point notation of Larseat al?® to indicate the
SBZ of the symmetry point by a subscrifg.g., J’(1x1),

Photoemission intensity (arb. units)

B1 B2 |Z1min

I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1

-1 012 3 4586 7 829
VBM

J' (2x4y). The parallel wave vectd is related to the elec- Binding energy (eV)
tron kinetic energyE, and emission anglé, by the expres-
sion FIG. 8. Photoemission spectra as a function of polar angle for
the Sb/GaAs(100)(2 4) surface in thé0—11] azimuth.
2m 1/2
k:(ﬁEk) sindy . (D) plot) presented later in Fig. 12 shows the twofold periodicity

_ . in the [0-11] direction. In contrast, theS1 feature at
Experlmental angular and energy resolutions cause an uncer-0.4 eV, which appears as a shoulderS¥, does not dis-

tainty ink; because perse clearly with the momentum.
5 12/ 5in g Figure 9 shows the spectra from theX2) surface along
Ak = _?Ek) (S'” P AE,+CosO,A 0, . (20 the[011] azimuth correspondin, lying on thel'J symme-
h 2E try line. The B1 andB2 bands show the similar BE and

If the maximum experimental inaccuracy is expectad; dispegslionsdzélé)n? this orthogl_(l)nal azimg. fThe Si”.’”ar fea-
~0.3 eV andA 6=2°, thenAk,=0.07 A-1 for a typical ki- turesS1 an also appear. However, t eature is not

as prominent as it was in the azimy®11]. This can indi-
cate thatS2 consists of some character @f symmetry, cor-
responding thel0—11] azimuth, because the intensity of
states, which show sonpg, symmetry, can change with the

netic energy of 15 eV at near normal emission. This resolu
tion can hinder realizing the bands along thé& direction,
i.e., the X4 (X8) ordering direction, implying a fourfold
(eightfold) periodicity.

The valence spectra were corrected for a smooth back-
ground by a standard 30-point adjacent averaging procedure (2x4) surface:
and they were aligned to the VBM. Also, the weak emission gp [011] azimuth
features near the energies of the GaAs bulk critical pdints
and3"" at binding energies of 6.7 and 4.0 &\ respec-
tively, provided an additional check for the valence-band
alignment. Figure 8 shows the valence spectra of the
Sh/GaAs(100)(x 4) surface and the peak positions for a
number of polar angles along tfh@é—11] azimuth. Two bulk
valence-band featurdse., primary-cone peaksB1 andB2
at near binding energies of 1 and 3 eV have been identified
with previous studies of GaAs electronic structfié? We
find thatB1 andB2 disperse to the higher BE between ithe
andJ{le) points, in consistency with previous ARPES mea-
surements of differentll —V(100)(2x4) surfaceg®4344
Apart from the bulk contributions, two spectral featufgls
and S2, which can be surface related, are observed at the
lower BE than the bulk ones. Th&2 feature is more pro-
nounced with an initial energy dispersion of 0.4 eV. B2,

a maximum BE of 1.0 eV is near the normal emissidh
poinY, and a minimum BE of 0.6 eV is close @,=12° FIG. 9. Photoemission spectra as a function of polar angle for
(J(’2X4) point). TheS2 band dispersiofi.e., energy versuk; the Sbh/GaAs(100)(2 4) surface in thg011] azimuth.

Photoemission intensity (arb. units)

min
21

B1 B2
I 1 I 1 I 1 I 1 I 1 1 I 1 I 1 I 1 I 1 I 1
1012 3 456 7 829

VBM Binding energy (eV)
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azimuthal angle of the incident electric field, while the  statesS1 andS2 are almost identical to BE of two highest
intensity (p, corresponds to symmetry normal to the surjace states of As/GaAs(100)¢24) surface found in Ref. 28,
remains constant at the fixed angle of incidence. Also, thevhere these states have been shown to be As dangling-bond-
energy dispersion o082 is lower, which can be expected relatedsp,-like surface states. This is well consistent with
because of the small SBZ size in this4 direction. We pro- theory presenting this BE equaling, which is shown to be due
pose however a weak fourfold periodicity of theX2) SBZ  to the different As- and Sh-dimer lengtffsThe As dangling-
for the S2 band in thg 011] direction(Fig. 12. In the[011] bond states have been shown to own s@peymmetry?®
direction, a new state labele83 is proposed around the We also suggested sonpg symmetry for theS2 state. The
Jax1y point at BE near 3 eV. feature S3 around thel(;.;) point at ~3 eV resembles a

Next we examine whether the spectral featiBesandS2,  surface state found by Larsest al. who have shown this
which were not identified as bulk excitations, are surfacestate, which is also found at a BE 6f3 eV, to be related to
derived.S3 is assigned later within a comparison to band-the As dimer bond. Calculations of Schmidt and Bechstedt
structure studies of As/GaAs(100)%2). S1 andS2 do not  have shown that this As-dimer state can be related to the
reveal the most direct surface-state criteria, namely, that a-type bond which arises fromr and 7 combinations of the
state, which is located in a gap of the bulk-band projectiordehybridized As dangling bondsbut such higher BE states
into the reduced SBZ, can be identified as a surface statbave not been mapped in their calculations of the
Thus,S1 andS2 can be surface resonance coupling to bulkSb/GaAs(100)(X 4) surface?® However, referring to these
states at the same energy by the surface umklapp procepgevious As/GaAs(100)(R4) studies, we tentatively relate
through reciprocal lattice vectors of the X2) reconstruc- theS3 feature to Sb dimers. We would like to emphasize that
tion. The clear X surface periodicity of the ban82 pro-  we observe slightly stronger dispersion for t8& and S2
poses that it is a real surface state. Likewise, the surfacestates of Sb/GaAs(100)¢24) than that found in Ref. 28 for
structure dependence 8 andS2 [i.e., the (2<4) versus the As-induced states. That can be seen inghalispersion
(2x8) surfacé, as seen later, supports their surface-statén the [0—11] direction, where the twofold periodicity is
character. Also, the featuredl andS2 are consistent with found for both systems. The bandwidth of tB2 state is 0.4
theory. Schmidt and Bechstedt have performed electronicev, while the bandwidth of 0.3 eV has been found for the
structure calculations for the Sb/GaAs(100K2)B2, 61,  similar state of the As/GaAs(100)¢4) surface in the
and &, surface€? Their calculations show surface states in[0—11] azimuth. Such an increase in the bandwidth can indi-
the range of 0.2-0.7 eV below VBM for the Sb/GaAs(100) cate a somewhat stronger interaction between the bonds in
X(2X4) structures. The band structures of these three (Zne Sh/GaAs(100)(24) system, as compared to
X 4) phases are quite similar due to the same reconstructions/GaAs(100)( 4). This is consistent with the idea that
elements® Schmidt and Bechstedt have shown the two highthe geometry is the same for the both systems but the adsor-
est occupied states of th® structure at 0.23 and 0.33 eV bate size is different. That is, the covalent radii of Q38
below VBM at K point to be related to antibonding and A) is larger than that for Ag1.19 A), and therefore the
bonding combination ofp, orbitals localized at the third- wave-function overlap in the Sb-dimer rows can increase
layer Sb dimer, respectively, and furthermore that the twqsee Ref. 8 and references thejeifo recapitulate, the ob-
higher BE states at-0.4 eV correspond to dangling, or-  served similarities for the band structures of the Sb and
bitals localized at the top dimef8.Their calculations also As/GaAs(100)(4) surfaces support that the similar
show a weakly localized state &t0.6 eV which corresponds model can be used to describe these two systems.
to a bonding state of the top Sb dimgfig. 12, late). Be- For the Sb/GaAs(100)(28) surface, we find the bulk
cause here the energy dispersions have not been mappeghissionB1 andB2 with the same BE and dispersion as for
along theJ’'K andJK directions, the measurements cannotthe (2x4) one (Figs. 10 and 1L The bulk critical-point
be compared carefully between the calculated dispersions @bntributions are also found in the spectra, providing an ad-
the 82, 6,, and 6, surfaces. However, the charactéi®.,  ditional check for the valence-band alignment. In general,
the energy position and relative dispersion strengfifea-  some broadening of the features is observed in the §p
turesS1 andS2 are consistent with the calculated states ofspectra, as compared to thex(2) ones, which can be due to
the 6, structure. We note in passing that two highest states afhe umklapp processes associated with the short surface re-
As/GaAs(100)(x 4) surface, whichS1 and S2 resemble ciprocal lattice vectors of the (28) structure or that the
closely as seen below, disperse only slightly alongike (2Xx8) surface is less ordered than the(2) one. Further-
line, and their energy positions are almost identical inthe more, several surface states within a small BE separation
and K points?® To summarizeS1 andS2 are assigned as might contribute in the broadened feature near VBM. Apart
Sb-induced surface states. On the basis of these previofi®m the bulk contributions, three weakly dispersive surface-
calculations, the more dispersive feat@2 is connected to related features labele®ll*, S2*, andS3* are proposed in
the weakly localized top-Sb-dimer state, and 8fe arises  Figs. 10 and 11. The featu®l* at ~0.5eV is relatively
most likely from dangling bonds of the top- and/or third- more pronounced thaBl in the (2x4) spectra. Also, we
layer dimers of Sb/GaAs(100)(24) 4, . find thatS1* is slightly more prominent in thgd11] azimuth

It is also instructive to compare our measurements wittthan thg0—11] one which proposes, as described above, that
previous electronic-structure results of the As/GaAs(100)(2S1* contains some characteristicsmf orbitals, correspond-
X 4) surface by Larseat al?® (Fig. 12, late). The BE of the  ing to the[011] direction. Such a polarization dependence
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(2x8) surface: 22° N 1
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% FIG. 12. Energy dispersions of the surface-related st
T symbolg mapped for the Sb/GaAs(100)¥4) surface in the

B:1 : 3 [0-11] and[011] azimuths, corresponding to th&)’ andT"J sym-
B2

21"‘“' metry directions of SBZ. The bands of the As/GaAs(100@®
I P O N O PO LY I surface are indicated by open symb@®m Ref. 28. Dashed lines
10123 4567 89 show edge of the projected bulk-band structure of GaAs, and thick
VBM Binding energy (eV) solid lines show calculated states of Sb/GaAs(108)425, (from
Ref. 26.
FIG. 10. Photoemission spectra as a function of polar angle for
the Sb/GaAs(100)(2 8) surface in th¢0-11] azimuth. that the newS1* state arises from bond of the top Sb dimer.

The S1* dispersion is weak which indicates a weak interac-
was not observed for th81 state. Thus, we relate ti&l* tion and further may be an indication of localized bonds.
feature to a new surface-derived state. We remark that two or We assign th&2* feature, which resembles ti82 of the
more overlapping states might contribute in 8" feature. (2x4) spectra, to the second- and/or fourth-layer Sb dimers
To get insight into the possible structural origin of tB&* with the bond direction of0-11] because thes2* band
state, which was not observed for theX2) surface, we dispersion is reminiscence of a weak twofold periodicity of
resort to the qualitative comparison with the model. The dethe (2x8) SBZ in the[0—11] azimuth. TheS3* state, which
termined model shows that in addition to the Sb dimers oriis observed at near thk; ;) point at BE of~3 eV as in the
ented in thg0-11] direction, the Sb/GaAs(100)¢28) sur-  (2x4) spectrum, is similarly connected to Sb dimers. It is
face includes also Sb dimers which are oriented in thavorth pointing out that th&3-like dimer-bond state does not
orthogonal[011] azimuth in the top layer. In analogy with appear in the structure of As/GaAs(1804x 4) due to the
that the dimers oriented in tH®-11] direction show some trigonal bonding of the As dimefi.e., the As dimers are
px symmetry’® such bond of top-dimer along tH611] di-  bonded to the underlying As layet This proposes the (2
rection can own som@, symmetry, and thus we propose x 8) structure to include similar Sb dimers to those of fe
surface, which bond to Ga, in consistency with the proposed
(2% 8) structural model. Finally we observe that no consid-
erable emission appears above VBM for thex(®) and (2
X 8) surfaces indicating their semiconducting character, in
good agreement with the structural models which both obey
ECM.

(2x8) surface:
[011] azimuth

IV. SUMMARY

We have studied the electronic, geometric, and chemical
properties of the Sb/GaAs(100)x4) and (2x8) surfaces
by means of core-level and valence-band photoemission and
STM measurements. Combining these results and showing
good consistency among them, we have verified that the
Sb/GaAs(100) (X 4) surface is well compatible with th&,
model. This result supports generality of t@dype model
among thelll —VV(100)(2x4) surfaces. Deconvolution of
the Sb 4 spectrum from the (X4) surface shows two
components with the energy difference of 0.44 eV. We con-
nect tentatively these two Sb components to two inequivalent
Sh dimers of theS, unit cell. ARPES measurements from the

FIG. 11. Photoemission spectra as a function of polar angle foSb/GaAs(100)(X 4) surface along thE€J' andl'J symme-
the Sbh/GaAs(100)(2 8) surface in thg011] azimuth. try lines show the surface-derived stafds andS2 at~0.4

Photoemission intensity (arb. units)

min
21
IIIIIIIIIIIIIIIIIIII
-1 01 2 3 456 7 829

VBM Binding energy (eV)
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and ~0.6 eV below VBM, respectively, which have been Sb-Ga and one component to Sb bonded only to Sb atoms
identified with previous electronic-structure calculations of(Sb-SB. In analogy with the Sb/Ga$b00) system, the soft-

the same surfac®. The more dispersive featui®2 is con-  ness of the Sb-Ga bond is proposed to be a dominant reason
nected to the weakly localized top-Sh-dimer state, an@the why the Sb/GaAs(100)(2 8) surface is formed instead of
arises most likely from dangling bonds of the top- and/orthe c(4x4) one. A new Sb-induced surface-derived state
third-layer dimers of Sb/GaAs(100)&4)5,. The compari- near 0.5 eV has been found in ARPES measurements of the
son of the valence-band results with previous measurementg x 8) surface. This state has been qualitatively related to

of the As/GaAs(100)(X4) surfacé® reveals that theS1  bond of the top-dimer chains on the underlying Sb layer.
and S2 states locate nearly the same BE as the highest sur-

face states of As/GaAs(100)k4). Several similarities
found for the band structures of the Sb/GaAs(1003 @)
surface and the As-stabilized one support that the similar
model can be used to describe these two systems. We thank Professor Q.-K Xue for discussions. We thank

For the Sb/GaAs(100)(28) surface, we propose a new Mr. H. Ollila for technical assistance and gratefully acknowl-
structural model with the Sb coverage of 1.25 ML, whichedge the MAX-lab staff. One of uéP. L) would like to
obeys the electron counting model and consists of Sb dimeracknowledge financial support by the Graduate School of
in three atomic layers. The Sbhd4core-level spectrum of Materials ResearciGSMR), and three of us would like to
Sh/GaAs(100)(X 8) presents the three components. Two ofacknowledge financial support by the EC Access to the Re-
these components have been assigned to Sh atoms wiskearch Infrastructure PrografARI).
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