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Structure analysis of the Ga-stabilized GaAs„001…-c„8Ã2… surface at high temperatures
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The structure of the Ga-stabilized GaAs(001)-c(832) surface has been studied using rocking-curve analy-
sis of reflection high-energy electron diffraction~RHEED!. The c(832) structure emerges at temperatures
higher than 600 °C, but is unstable with respect to the change to the (236)/(336) structure at lower tem-
peratures. Our RHEED rocking-curve analysis at high temperatures revealed that thec(832) surface has the
structure which is basically the same as that recently proposed by Kumpfet al. @Phys. Rev. Lett.86, 3586
~2001!#. We found that the surface atomic configurations are locally fluctuated at high temperatures without
disturbing thec(832) periodicity.
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The ~001! surface of compound semiconductors, such
GaAs and InAs, shows a variety of reconstructions depe
ing on the processing condition and the resultant surf
composition. The As-stabilized (234) surface of GaAs~001!
has been most extensively studied, and is widely accepte
have the two As-dimer model~so-calledb2 model!.1 On the
other hand, despite considerable efforts, no well-establis
model was proposed for the atomic structures of the
stabilized surface ofc(832). The three Ga-dimer mode
@Fig. 1~a!# has been supported by theI –V curve analysis of
low-energy electron diffraction~LEED!,2 but was found to
be energetically unstable.3 On the other hand, although
appears that the two-dimer model@Fig. 1~b!# ~Ref. 4! and the
top As-dimer model@Fig. 1~c!# ~Ref. 5! are consistent with
scanning tunneling microscopy~STM! images, both models
failed in the LEED test.2

Recent studies based on first-principles calculations h
altogether changed such a situation;6 Lee, Moritz, and Shef-
fler proposed thez model@Fig. 1~d!# which explains well the
LEED and STM data,6 and is also supported by x-ray di
fraction~XRD! analysis.7 A similar structure model shown in
Fig. 1~e! has been proposed by an independent study on
basis of the XRD analysis using direct methods.8,9 The two
models shown in Figs. 1~d! and 1~e! have basically the sam
atomic structures, but differ in the presence of Ga adato
and in the partial absence of surface Ga-dimers in the la
model @Fig. 1~e!#.8,9

Both models in Figs. 1~d! and 1~e! explains well experi-
mental data obtained at room temperature.6–9 However, as
we will show later in this paper, thec(832) structure is
stable only at temperatures higher than 600 °C, but revers
changes to the (236)/(336) structures as the temperatu
is decreased. Thus, in order to study the actual atomic st
ture of thec(832) surface without considering possible c
existence of other phases, structure analysis at high temp
tures is indispensable.
0163-1829/2002/65~23!/233311~4!/$20.00 65 2333
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This paper reports the surface structure analysis of
GaAs(001)-c(832) at high temperatures~.600 °C!.
Rocking-curve analysis of reflection high-energy electr
diffraction ~RHEED! based on dynamical diffraction
theory10–13 has been used for this purpose. The results sh
that the GaAs(001)-c(832) has the structure model whic
is basically the same as that proposed by Kumpfet al.8,9

However, the formation of surface Ga-dimers is not nec
sarily favorable at high temperatures.

The experiments were performed in a dual-cham
molecular-beam epitaxy~MBE! system which is equipped
with an x-ray photoelectron spectroscopy and a STM
on-line surface characterization. Cleaned GaAs(001)-(2

FIG. 1. Structure models for the GaAs(001)-c(832) surface.
We note that the models in this figure has a (432) symmetry and
that ac(832) symmetry is achieved by displacement of the ad
cent (432) unit cells along the@110# direction.
©2002 The American Physical Society11-1



e

tu

o
e
s.
ur

M

o
lin

in

g

th
A
t

ce
e
c

-
a
nd
fi

le
A

o

a
be
nt
u

e
e

r

th
s

e

e-
that

le,
the

ec-

ne.
°C,

ned
e-

les
the
de-

the
s

ad-

r the

e
sis-

h as

he
di-
n

BRIEF REPORTS PHYSICAL REVIEW B 65 233311
34) surfaces were first obtained by growing an undop
homoepitaxial layer~;0.5 mm! on a thermally cleaned
GaAs~001! substrate. A detailed description of the appara
and surface cleaning treatments for the GaAs(001)-(234)
surface has been given in our previous papers.12 The sample
was then transferred via ultrahigh vacuum~UHV! transfer
modules to another UHV chamber, where surfaces
GaAs(001)-c(832) were obtained by heating th
GaAs(001)-(234) surfaces above 600 °C without As fluxe
The RHEED rocking curves were measured at temperat
higher than 600 °C, and at a base pressure of
310211 Torr.

The STM experiments were performed using a ST
chamber ~Omicron GmbH, Germany! linked to a MBE
growth chamber. The observations were performed at ro
temperature in the constant-current mode with a tunne
current of 0.3 nA and a negative sample voltage of22.5 V.

For RHEED rocking-curve measurements, the glanc
angle of the incident electron beam~15 keV! was changed
with intervals of;0.04° using the extended beam rockin
facility ~Staib, EK-35-R and k-Space, kSA400!. Integrated
intensities of the 17 spots,~0 0!, ~61

4 0!, ~62
4 0!, ~63

4 0!, ~61
0!, ~6 5

40!, ~66
4 0!, ~6 7

40!, and~62 0! for the @110# direction,
and 5 spots,~0 0!, ~0 61!, and~0 62! for the @11̄0# direc-
tion, measured by a charge-coupled-device camera wi
microcomputer system, were used in a structure analysis.
eraging of the intensities of symmetry-equivalent spots led
nine and three independent rocking curves for the@110# and

@11̄0# directions, respectively.
Intensities of RHEED were calculated by the multisli

method proposed by Ichimiya.14 33 and 11 beams on th
zeroth Laue zone were used in the calculation with the in
dent electron beam along the@110# and @11̄0# directions,
respectively:~0 0!, ~61

4 0!, ¯ , ~615
4 0!, and~64 0! for the

@110# direction, and~0 0!, ~0 61!, ~0 62!, ~0 63!, and ~0
64! for the @11̄0# direction. Fourier coefficients of the elas
tic scattering potential were obtained from the atomic sc
tering factors for free atoms calculated by Doyle a
Turner.15 A correction due to condensation was made to
the positions of bulk Bragg peaks at large glancing ang
For instance, the resulting mean inner potential of bulk Ga
was 13.6 eV. The Debye–Waller parameters were taken t
1.70 Å2 and 1.47 Å2 for Ga and As atoms in bulk layers,16

while those for atoms in the surface bilayer were treated
fitting parameters. In order to quantify the agreement
tween the calculated rocking curves and the experime
ones, theR factor defined in Ref. 11 was used. Details abo
the calculations were given in Ref. 12.

When the GaAs(001)-(234) surface was heated abov
450 °C, the (234) reflections disappeared and 1/6-ord
spots became clearly visible along the@11̄0# direction. Si-
multaneously, 1/2- and 1/3-order streaks begin to appea
the RHEED patterns obtained along the@110# direction. Our
STM observations at room temperature have revealed
the surface has the (236)/(336) structure at this stage. A
the temperature is increased above;580 °C the reflections
associated with ac(832) reconstruction emerged and th
(236)/(336) reflections disappeared at;600 °C. The
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c(832) structure is stable in the range of 600–640 °C, b
yond which the surface begins to roughen. Here, we note
the surface at 600–640 °C has thec(832) periodicity, but
not the (432) one; the 1/4-order spots lying on a semicirc
the zeroth-order Laue zone, are clearly observed in
RHEED patterns obtained along the@110# direction. On the
other hand, spots are observed for the integral order refl
tions, but not for half-order ones along the@11̄0# direction.
Instead, spots are clearly visible on the 1/8-order Laue zo

As the substrate temperature is decreased below 600
1/6-order reflections appears in the RHEED pattern obtai
along the@11̄0# direction, and 1/2-and 1/3-order streaks b
gin to coexist with the 1/4-order spots in the@110#-RHEED
patterns. As shown in Fig. 2~a!, the c(832) structure was
partially preserved on the surface only when the samp
were quenched from 600 °C to room temperature. On
other hand, when the substrate temperature is gradually
creased below;550 °C, we could not observe thec(832)
phase in STM images. These results prompted us to study
atomic structure of thec(832) surface at temperature
higher than 600 °C.

Here, one may attribute the structural change to the
sorption of As molecules on thec(832) surface from re-
sidual gases, because the structure model proposed fo
(236)/(336) surface is more As-rich.17 Figure 2~b! shows
the magnified STM image of the (236)/(336) phase. The
bright and dark rows, which alternate along the@110# direc-
tions, have 23 and 33 periodicities, respectively, along th

@11̄0# directions. Such characteristic features are incon
tent with the model proposed by Biegelsenet al.17 On the
other hand, we could not obtain more As-rich phases, suc
(234) andc(434) by cooling the (236)/(336) surface
below 400 °C without As fluxes. Thus, considering that t
present experiments were performed in a good UHV con
tion of ;5310211 Torr, we can rule out possible adsorptio

FIG. 2. Filled state STM images of the GaAs~001! surface ob-
tained at room temperature. Image dimensions are~a! 900 Å
31180 Å and~b! 137 Å3206 Å.
1-2
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of As molecules. However, no definitive answer is availa
without further studies on the atomic structure of the
36)/(336) surface.

Figure 3 shows RHEED rocking curves measured fr
the GaAs(001)-c(832) surface at 610 °C~solid curves!.
The shape of these curves are insensitive to the chang
substrate temperature in the range of 600–640 °C. We h
calculated RHEED rocking curves using the atomic coor
nates obtained by previous XRD measurements.7,9 While the
model in Ref. 9@Fig. 1~e!# shows a good agreement with th

FIG. 3. RHEED rocking curves~solid curves! measured from
the GaAs(001)-c(832) surface at 610 °C. The dashed curves
calculated from the optimized structure~Fig. 4!.
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present experiment (Rmin'0.191), thez model @Fig. 1~d!#
~Ref. 7! gives a largerR factor of 0.275. The calculated rock
ing curves from the optimized structure model~Fig. 4!,
which is basically the same as that in Fig. 1~e!, are also
shown in Fig. 3. The present analysis assumed that the
face relaxation extends no further than the third atomic lay
The R factor for the optimized model is 0.089, showing a
excellent agreement between the experiment and calcula
On the other hand, thez model gives a largerR factor of
0.142 even after the structure optimization. These res
support the presence of the Ga adatoms and the partia
sence of surface Ga-dimers in thec(832) structure. We note
that other structure models shown in Figs. 1~a!–1~h! ~Ref.
18! give R factors larger than 0.25 even after the structu
optimization.

The structure parameters of the optimized model~Fig. 4!
are listed in Table I with errors evaluated from the half wid
of the range whereR factor is smaller than 1.13Rmin . Com-
paring the atomic coordinates obtained by the present an
sis and those in Ref. 9, a good agreement is found betw
them. In addition, the site occupancies~u! for Ga adatoms
@Ga~1!# and surface Ga-dimer@Ga~2!# are 0.3360.13 and
0.4560.13, respectively, which are close to the correspo

e

FIG. 4. Optimized structure model for the GaAs(001)-c(8
32) surface. Thec(832) symmetry is achieved by displaceme
of the adjacent (432) unit cells along the@110# direction.
TABLE I. Atomic coordinates of the optimized structure model for the GaAs(001)-c(832) surface. The
atomic coordinatesx andy are given as fraction of unit cells along the@110# and @110# directions, respec-
tively. The z coordinates refers to the@001# direction with magnitude equal to the bulk~001! spacing of
5.6538 Å, the origin of which is at the fifth atomic layer.

Notations in
Fig. 4

This study Kumpfet al. ~Ref. 9!

x y z u x y z u

Ga~1! 0.000 0.500 0.76860.027 0.3360.13 0.000 0.500 0.827 0.19
As~1! 1.50260.018 0.45760.042 0.63660.012 1.460 0.489 0.639
Ga~2! 2.000 0.24860.275 0.44960.044 0.4560.13 2.000 0.293 0.475 0.63
Ga~3! 1.09360.034 0.000 0.55760.028 1.117 0.000 0.571
Ga~4! 1.10860.040 1.000 0.58760.019 1.130 1.000 0.579
As~2! 0.50660.057 0.000 0.51960.027 0.526 0.000 0.515
As~3! 0.50460.050 1.000 0.52360.019 0.539 1.000 0.509
Ga~5! 0.47860.037 0.46360.075 0.28060.011 0.516 0.470 0.256
Ga~6! 1.46360.033 0.68060.098 0.20460.019 1.474 0.670 0.212
1-3
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BRIEF REPORTS PHYSICAL REVIEW B 65 233311
ing values obtained by XRD analysis.8,9 The reduced site
occupancy of Ga~2! suggest that the atomic arrangeme
without Ga~2! atoms locally exists on thec(832) surface,
but further studies are needed to examine the stability
such a local structure.

The present results show that the bond lengths betw
the Ga~1! atom and its As nearest neighbors@As~2! and
As~3!# are 2.92–3.46 Å, being compatible with the valu
~3.40–3.45 Å! obtained by the previous XRD analysis9

These values are significantly larger than the Ga–As b
length in bulk GaAs~2.45 Å!, suggesting that the Ga~1! at-
oms are weakly bonded to the surface. This is consistent
the recent first-principles calculations showing that the e
tence of Ga~1! adatom is energetically unstable.7

As seen in Table I, the atomic coordinate of Ga~2! has a
relatively large error in the@110# direction. This is not due to
a small data set in this direction, because other atoms,
as As~1!, Ga~5!, and Ga~6!, have much smaller errors. Th
can be correlated with the following analysis. We have c
culated RHEED intensities for the structure model in wh
Ga~2! atoms do not form dimers. This model arrived at anR
factor of 0.093. In addition, we have confirmed that t
model revealed clear minimum in anR factor of 0.089–
0.093, irrespective of their atomic coordinate in the@110#
direction. While such a random positioning of Ga~2! atoms
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results in the (431) periodicity in the outermost layer, th
subsurface dimerization of Ga~6! produces thec(832)
periodicity. From these results, we conclude that the form
tion of Ga~2! dimers is not necessarily favorable at
high temperature of 610 °C.21 Considering that the loca
structure without Ga~2! atoms can also exist on th
GaAs(001)-c(832) surface at high temperatures, it see
reasonable to consider that thermally-activated Ga~2! atoms
migrate along the@110# direction, changing their local atomi
configurations.

In conclusion, we have studied the surface structure
GaAs(001)-c(832) at high temperatures. Thec(832)
structure obtained by heating the (236)/(336) surface
above 600 °C is stable at 600–640 °C, but reversibly chan
to the (236)/(336) surface as the temperature is decrea
below 600 °C. We performed RHEED rocking-curve analy
above 600 °C and confirmed that thec(832) surface has the
structure model proposed by Kumpfet al. The results sug-
gest that surface Ga atoms are thermally activated at
temperatures and dynamically change their local atomic c
figurations without disturbing thec(832) symmetry.

We are indebted to Dr. T. Hanada for use of the RHE
intensity calculation program. This study was partly su
ported by NEDO.
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