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By carrying out atomic-scale growth simulations of a GaAs(0B2) 2% 4) surface, we find that the density
of double As dimers evolves synchronously with the observed specular reflection high-energy electron-
diffraction (RHEED) intensities in growth and after its interruption. At the same time, we find that a step
density does not even oscillate during growth. We further show that the structural transition of initial growing
islands from a nori2x4) structure to theB2(2x4) structure found previously can be detectedsitu by
specular RHEED observation. The fast and slow recovery processes after growth interruption are identified,
respectively, as the incorporation of Ga adatoms to surface structures, and the phase ordering of various
domains consisting of th82(2X 4) structure. We also relate these results to a specular RHEED intensity with
the help ofab initio calculations.

[. INTRODUCTION high temperatures. However, the definition of a step density
used in the kinetic MC calculatiofts**and the counting in

Thin-film growth on a GaA&O01) surface, either ho- the STM imageS~!'is actually not the density of steps but
moepitaxial or heteroepitaxial, has a great technological imthat of terrace edges. For clarity, let us denote the densities
portance when developing optoelectronic devices. To moniof atomic steps and terrace edgespyandp,, respectively.
tor the growth of such a film and to evaluate its quality, Between them, the conventional definition of a “step den-
molecular-beam epitaxyMBE) and reflection high-energy sity” obviously corresponds te., for which the approxi-
electron diffraction (RHEED) are often used in mate relationp,=ps holds on Si001).'%° However, since
combination® In particular, since the discovery of a specularan atomically flat polar semiconductor surface is unstable,
RHEED intensity oscillatio, * this phenomenon was exten- this relation no longer holds on Ga@®@91) or
sively used to monitor growth and to estimate a growth rat€5aAg111)A.*>"*"Instead, the relatiops> p, actually holds
as a function of a cation fluX:’

In this study, we investigate the homoepitaxial growth of
a GaAg001) surface, on which it is known that there are four
different kinds of 2X4 structures:a(2x4), B1(2X4),
B2(2%4), andy(2x 4) structure$. After several years’ de-
bate, theB2(2X4) structure was confirmed to be the most
stable structure on Gaf®01), while other metastable struc-
tures are found to appear depending on the growth conditions
used®1° Among the four 24 structures, the most stable
B2(2x4) structure and the metastalpd (2X4) structure
are depicted in Figs.(&) and 1b), respectively.

On the origin of a specular RHEED intensity oscillation,
conversely, there are still several controversial arguments.
Among them, one of the appealing ideas is that the time
evolution of a step density gives rise to this oscillatioho
try to support this interpretation of the experimental results,
many theoretical as well as experimental investigations have
been carried out. For instance, comparisons were made be-
tween the specular RHEED intensity oscillations observed
during growth of Sj001) or GaA4001) and the calculated
step densities by kinetic Monte CarlbIC) simulations with
the use of the one-species solid-on-sd&D9 modell?-4
Furthermore, by using scanning tunneling microscopy
(STM), Sudijono and co-workers directly counted the “step (b)
densities” after interrupting growth of th@01) and (111)A
surfaces of GaAs at several different deposition coverages, FiG. 1. Plan views of@) the 82(2x4) structure andb) the
followed by quenching them down to room temperattié!  g1(2x4) structure. The unit cells and the crystallographic direc-
In these experimental studies, quite a good agreement waisns are indicated by the shaded rectangles and the arrows, respec-
obtained by using samples on which growth was interruptedvely. The dark and bright disks denote As and Ga atoms, respec-
when the surfaces were in the steady-state growth mode @tely, and their radii decrease according to their depths.
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on them. Therefore, if we denote a specular RHEED intenon the details of the reconstructiét.?’ Thus the scattering
sity by | ¢, the relation that Sudijono and co-workers found isof electrons by a terrace edge, even if it occurs, is not so
not represented byl —Apg but by Alx—Ap,, where simple as has long been suppo$ed“In other words, it is
Al indicates the time evolution ¢f, and so on. Here again, not at all clear if the relatiom\| s> —Ap, really holds on a
Aps#Ape in general. More importantly, the relatioal, ~ growing surface.

o« —Ap, does not imply any causal relations betwégmnd To study the time evolution of a specular RHEED inten-
—pe. Instead, it merely implies the existence of a positivesity in the homoepitaxial growth of a Gaf¥1) surface on
correlation between them. truly atomic scales, we employ the two-species atomistic ki-

In a conventional kinetic MC simulation of surface netic growth modef®?* By using this model, we calculate
growth on GaA&01), the one-species SOS model on thethe various surface-specific quantities in growth simulations.
simple cubic lattice was uséd;“with the combined use ofa ~ This paper is organized as follows. In Sec. I, we critically
step density, which is actually neithgg nor p.. This is ~ review simulation studies of Ga#@01) homoepitaxy based
because this model has no true atomic scale structures ar@f}) the SOS model and experimental studies based on the
hence, no snapshots generated with the use of it correspofl M observations, and point out the incorrectness of the step
to any real atomic structures on Ga@81). Therefore, it density model to account for the temporal evolution of a
indeed remains unclear if a step density is relevant to thépecular RHEED intensity. To show this, we use a more
time evolution ofl ;. To examine this, we estimate the length realistic two-species kinetic growth model, which is intro-
scales of several physically relevant quantities used in th@uced briefly in Sec. I, and demonstrate the failure of the
conventional explanatiorfs:>'* Let us first denote the Step density model in Sec. Ill by explicit kinetic MC simu-
de Broglie wavelength of an incident electron beam used ifations. In Sec. IV, we demonstrate the growth simulations,
RHEED observation byh and an incident energy b. and show evidence that only one of two possible candidates
Then, sinceE is larger than 10 keV)<0.13 A, which is can be relevant to the time evolution of a specular RHEED
shorter than the surface lattice constagt4.0 A or a bi-  intensity by examining atomic-scale kinetics both during
layer heighth,,=2.8 A of a bulk GaA&01). This means gro_vvfth and after_ interrupting growth. In Sec. V, we carry out
that a surface atomic structure, symbolically denoted (xy ab initio calculations on the three different structures appear-
as a function of atomic coordinatesis sufficiently smooth g in GaA$001) homoepitaxy, and obtain surface atomic
when observed by using RHEED. Accordingly, a change of goordinates of these structures to relate our simulation results
surface structure by atomic-scale kinetics, such as growth, ¥ith a specular RHEED intensity. In view of our results, in
regarded as the local deformationf¢k) to f(x) + 5f(x). By Sec. VI we critically discuss whether other studies are viable
this change, the Fourier transforfi(q) of f(x), with g a  ©f not. Section VIl is devoted to conclusion.
momentum transfer between incident and diffracted electron
beams, is influenced, though in general there may kg a II. TWO-SPECIES GROWTH MODEL
dependence in the sensitivity B q). Accordingly, the fact . ) o
that fractional and other RHEED spot intensities have been 10 Simulate atomic-scale growth kinetics of G406l
used to determine surface structdfe&means that a specu- homoepitaxy, we use the recently proposed Wo-species ki-
lar RHEED intensity must also reflect a changef ¢f) de- netic growth model on the zinc-blende structéité? In th!s _
noting a surface atomic structure. In other words, to claimfodel, both Ga atoms and Asnolecules are used as inci-
that only a specular intensity depends upon a step density €Nt Species. _ _ o
equivalent to claiming that a singularity existsfi(x) asso- _BY carrying out simulations with this model and compar-
ciated with the presence of an atomic step. As we saw bdd the snapshots thus obtained with STM images, it was
fore, however, this is not the case when-10 keV. There- found that the nucleation of an |sland_ havmg a nox@
fore, a step density and a specular RHEED intensity have nfructure appears on top of the As dimer hill of thé(2
causal relations to each other, and, hence, it is incorrect t&4) Structure, and that this island grows via the structural

. . . . . i 3,24
attribute the microscopic origin of a specular RHEED inten-transformation to adopt the>24 structure’>** These pro-
sity oscillation to the time evolution of a step dendfty!” ~ Cesses are seen in the series of the snapshots in Fig. 2, where

Incidentally, in the specular condition, a momentum transfetVe can see that the atomic structure fluctuates very strongly
q reduces tay=|g|n, , wheren, denotes a unit vector nor- When the island is going to adopt tf#2 (2 4) structure. By
mal to a surface. This suggests that, in this conditfe(m) is ab initio calculations’® it was found that th_e diffusion an-
particularly sensitive to the displacement of surface atoms isotropy of a Ga adatom is enhanced in [H4.0] direction
the vertical direction. when it is in a trench site of the well-orderggR(2x 4)
Recently, growth simulation of a Gaf¥01) surface in  structure. However, by simulating growth with the
homoepitaxy was carried out by using the two-species kimodel?>?*it was found necessary that this enhancement of
netic growth model on the zinc-blende structtié? In this  the diffusion anisotropy should be turned over to fi40]
simulation, it was revealed that the surface reconstruction idirection when a Ga adatom it in a well-ordered trench
really relevant to the nucleation and growth of homoepitaxialsite of the 82(2x4) structuré>?* Correspondingly, the
islands on the B2(2x4)-reconstructed GaAB01)  strong fluctuation found in the transient structures in Fig. 2 is
surface®?* In particular, it was revealed that an island caused by the agreement between the screened Coulomb re-
grows by cyclically changing the width of the As dimer rows pulsion between As dimers in the in-plane next-nearest-
between 2 and 5 at its edgsee Sec. Il and Fig. 3 below*  neighbor sites in th¢110] direction, and the diffusion an-
Furthermore, first principles calculations revealed that thasotropy of Ga atoms in the same direction. The importance
displacement of surface atomic coordinates strongly depenaf this screened Coulomb repulsion for the stability of the
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FIG. 2. Simulated process for nucleation and growth of an is-

land to adopt thg82(2Xx 4) structure. These snapshots were cut out  FIG. 3. The splitting process of a growing As dimer row is

from the 12@&,X120as lattice. The incident fluxes aréfg,  schematically depicted. The dark and the bright disks denote As and

=0.10 ML/s andf5,=0.40 ML/s. Ga atoms, respectively. The arrows between As dimers in the in-
plane next-nearest-neighbor sites denote the screened Coulomb re-

B2(2x4) structure was pointed out by Northrup and pulsion.

Froyen?® The splitting process of a growing As dimer row is

schematically depicted in Fig. 3. When an As dimer suffers  opyiously, this definition can be applied to a one-species

from Coulomb repulsion from both right and left sides, asgysiem but not to a two-species system, in which heights of

depicted in Figs. @) and 3e), eventually it will desorb from 151 species must be separately specified. This means that

.asu.rface. Since th|s. process continues at the edge of a 9ro% need an alternative definition to Ed), reducing to it

ing island, an As dimer row at such an edge changes itgger g proper coarse-graining procedure. For this purpose,

width cyclically between 2 and 5, as seen in Fig. 3. we first define the presence of an atomic step as follows.
Suppose there is a surface atom which lies in the topmost

lll. FAILURE OF THE STEP-DENSITY MODEL layer. If another topmost-layer atom exists in the in-plane

nearest neighborhood, and they both have the same height,

As we discussed in Sec. Il, when an island grows, thgnhen we say that an atomic step does not exist between them.
atomic structure at its edge changes ceaselessly by changiggnerwise, we say that a step exists there. With this defini-

the width of an As dimer row there. If this change influencesijon of an atomic step, which is very general, we consider
the interaction between an incident electron beam in RHEER,o different definitions of the step densities. One is the
observation and surface atoms at the edge of an island, ﬂbeensity of NN pairs having heights different from each other,

step-density model becomes very unlikely. To make this,oynted irrespective of the surface atomic species, and the
point clear, we demonstrate in this section that the time evoginer is counted when at least one of the surface atomic

lution of a step density indeed looks totally different from species is arsenic.

that of the observed specular RHEED intensities. In Figs. 4a) and 4b) we show the results of simulations.

In the simulation studies by the one-species SOS modelrhese two densities are denoted fyandp,,, respectively.
the step densitys was defined by counting the number of they evolve synchronously as functions of titria conjunc-

nearest-neighbatNN) pairs having different heights as tion with the time evolution of the density of Ga adatoms,
pca, Which is seen in Fig. @).

In the calculations, we usés,=0.10 and fs=0.40
monolayerdML ) per second for the fluxes of Ga atoms and
As, molecules, respectively. The lattice size is 420
Hereh(x) denotes the height of a column of atoms, witits X 120as, where the lattice spacing corresponds ag
two-dimensional2D) coordinates on the square lattid¢is =4.0 A on a real surface. Growth is started at a titne
the 2D lattice sizeg; ; is the Kronecker delta, and the sum- =0.0 s, and interrupted &t=20.0 s.
mation runs over all NN pair¥ **Here the azimuthal angle When growth is started a=0.0 s, where no Ga adatoms
dependence used in Refs. 12 and 13 is not considered, bexist, p,(0)=p,(0)=0.5. This is a consequence of the fact
cause it is unimportant to our study. that the B2(2x4) structure consists of double As dimer

1
Ps=N > (1- Sh(x),h(x"))- (1)
)

(x,x’
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FIG. 4. Step density of a growing Ga@91) surface derived by
calculating the density of steps defined by the NN pairs of surface 0
atoms having different heights countés) for all surface atomic 3 <306V
pairs irrespective of their species, afiil when at least one of the ] <15 2\,-
surface atomic species is arsenic. For comparison, we sho{e)the <26V
time evolution of the density of Ga adatoms. The calculation was (b)
done on the 128X 120, lattice, andf;,=0.10 ML/s andf s, 3 0.91°
=0.40 ML/s were used. : <305V |
<356V
rows and double As dimer vacancies. When Ga atoms are o N 2 I OV
deposited, howevelp,(t) increases, while(t) decreases. 0 s T1i:31 15 20 2%
More precisely, the relationg,(t)=p,(0)+pst) and e (s)

pb(t)=pp(0)— pedt) are seen to hold, as naturally expected  FG, 5. The experimentally observed specular RHEED intensi-
because Ga adatoms are migrating on an As-terminated Sues (a) with As, (after Ref. 6 and (b) with As, (after Ref. 35.
face. Therefore, if surface atomic species are not distinafter several periods of oscillations, the intensities increase rather
guished,p, and pg, change synchronously as functions of gradually when growth is interrupted.
time. If they are distinguished, however, the increase of Ga
adatoms results in the decrease of surface As species, arafe identical to each other on the perfectly ordepst(2
hence,p,, decreases too. X 4) surface, and they even change synchronously, the am-
The experimentally observed specular RHEED intensitieglitudes of their temporal variations differ by nearly a factor
are seen in Figs.(8) and §b). Between them, Fig.(8) was  of 2, as seen in Figs.(& and Gb). To understand the origin
observed by using Asas the deposition source of arsenic, of this difference, suppose that an island is growing on the
whereas Ag was used in Fig. ®). In these figures, the GaAs(001)82(2X4) surface. At the lower side of the edge
gradual increase of the intensity after several periods of osf an island, the trenches of th2 (2% 4) structure is going
cillation in each curve is due to the fact that growth wasto be filled as it grows, and, hence, bgiljs and pg,3 de-
interrupted there. crease by approximately the same amount. On the other
Since neither of the temporal evolutions of the step denhand, threefold-coordinated Ga atoms always exist at the up-
sities in Figs. 4a) and 4b) resemble the temporal changes of per side of an edge, where an As dimer row changes its
the experimentally observed specular RHEED intensities inidth by growth. Moreover, as an island grows and the
Figs. 5a) or 5(b), the step density model is ruled out as thewidth of an As dimer at its edge becomes wider than two,
causal origin of the temporal evolution of a specular RHEEDpyas decreases, whileg,s remains little affected. Thus the

intensity. oscillation amplitude opy,s is nearly twice as large as that
of pgas-
V. GROWTH SIMULATION The time evolution ofpyas is examined in more detail in

Fig. 7(@), which was obtained by the simulations on the

In Sec. lll, we saw the failure of the step density model.120a,x 120as  lattice. fg,=0.10 ML/s and fps
We find that there are only two quantities which evolve very=0.40 ML/s are used for the incident Ga and,Alsixes. In
similarly to the experimentally observed specular RHEEDthis figure, we can see that the initial rapid decrease exhibits
intensities. Of these two, one is the density of double Aghe transition of the decreasing ratetat=1.0 s, which is
dimerspgyas. Which is characteristic of th82(2x4) struc-  indicated by the symboR. The decreasing rate gfjas IS
ture, and the other is that of the threefold-coordinated Gaery rapid whent<t,, but it becomes a little slower at
atoms supporting As dimerpgas. Although pgas andpgas  >ta. This phenomenon occurring Atis more clearly seen
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FIG. 8. The time evolution o0py,s at the very early stage of

FIG. 6. Time evolutions of(a) the density of threefold- .
dinated Ga at ting double As di dh growth, calculated on the 180x180a, lattice. (@) fg,
coordinated Ga atoms supporting double As dimers, @mdhe 010 MLs and f,,—0.40 ML/S. th=10s. (b) fo.

density of double As dimers. The calculation was done on the
120as>)</120aS lattice. The incident fluxes werég,=0.10 ML/s  _ 0-0% ML/s andf,;;=0.20 ML/s.t,=16 s.
andf,s,=0.40 ML/s.

Fig. 5a), as indicated by arrows for the data obtainedr at
in Fig. 8@a), in which the calculation is done on the 280 =588 and 580 °C. This feature is more clearly visible in Fig.
X 1808, lattice and the same incident fluxes, i.ég, (D), though they were obtained in the experiments by using
=0.10 ML/s and fa,=0.40 ML/s are used as before. ASs instead of As for the arsenic flux in MBE growth. Ac-
When these deposition fluxes are reduced fg, cording to our simulation results, this change in the decreas-
=0.05 ML/s andf,=0.20 ML/s, while keeping their ra- ing rate of the specula_lr RHEED intensity results from the
tio fixed, we find thatt, changes td,~1.6 s and not to fact that when small islands appear on top of the well-
ta=2.0 s, as seen in Fig (. This is because Ga adatoms orderedg2(2x4) substrate, they grow and tend to have As
are allowed to diffuse and reach islands more easily at &imer rows with widths wider than 3; then many of them

lower deposition rate and, hence, the structural transformasPlit ~and —adopt the (2(2x4) structure almost
tion is slightly more accelerated in this case. simultaneously>?* This is because the barrier for the rate-

This transitional behavior is also recognized in the timelimiting process of this splitting phenomenon is very large,

evolution of the experimentally observed specular RHEED-€., it is the barrier for the desorption of the As dimer in the

intensities in the temperature range 576<T<588°C in  central site, denoted in gray in Figid with a value as large
as 2.22 eV, followed by the desorption of other As dimers in

the same row, denoted in gray in Figh®with a barrier of

0.50 . . ; .
' ! ' ) 1.88 eV. Hence, the splitting process proceeds rather slowly
i €— A s—a (a) double As dimers | . .
s on many islands almost simultaneously, to become macro-
= {ba e scopically detectable by RHEED observation. In accordance
0.40 - — ; . ; .
B with the evolution of this surface morphology, the density of
L J - Ga adatomgg, evolves, as seen in Fig(l), showing that
D
030 J (a) =
=y -
% = -
kel

0.20

0.10

0.0 10.0 20.0 30.0 40.0
t(s)

(a) b)

FIG. 7. (a) The time evolution of the density of double As
dimers, pgas calculated on the 120X120as lattice. fg, FIG. 9. (a) The desorption of an As dimer in the central site of
=0.10 ML/s andf,s,=0.40 ML/s. The change in the rapid de- the five-wide dimer row. The desorption barrier of the gray As
crease is seen at arourig=1.0 s, where many initial non-(2 dimer is 2.22 eV(b) The splitting process that follows the desorp-
X 4) islands split to take th@2(2x4) structure simultaneously. tion depicted in(@). The desorption barrier of the gray As dimers is
(b) The time evolution of the density of Ga adatoms. 1.88 eV.
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FIG. 11. A pair of the snapshots showing the morphology
o2p——p—r— change immediately after interrupting growtt®) and (b) corre-
t© spond toA andB in Fig. 10, respectively.

FIG. 10. The time evolution o for growth interrupted at . . .
6=1.0 ML. The Ga flux is O.Ob5dA§/|L/S gand the Q\sﬂix is avoid any multilayer effects, growth was interruptedAat

0.20 ML/s. The lattice size is 180 180a,. The growth is inter- 1-€- t=20.0 s, where the coverage reachge1.0 ML.
rupted atA, and the density of double As dimers reaches the mini-Here, the coveragé is defined byf=tfg,. After the inter-
mum atB. ruption of growth atA, pyas decreased until it reached the

minimum value aB. The snapshots & andB are seen in

the initial linear increase of this density stops&t0.5 sdue Figs. 11a) and 11b), which were cut out from the 18Q
to the nucleation of islands, and it begins to decrease untik 180g, lattice, to show the change betwem@andB. In Fig.
time t reaches,, where the structural change of the islands11(b), we see the appearance of several wide As dimer rows
takes place. Then it increases again ti#12.0 s after a at the central region. In RHEED experiments, this decrease is
short period of a plateau at 0=<2.0 s. The appearance of recognized in many of the specular RHEED intensity data in
this short plateau shows that the structural transformation t®ef. 13. At the same time, however, this feature is less
adopt theB2(2x4) structure, and the growth of small is- prominent in Fig. 6a). These results suggest that, when the
lands immediately afterward, which we saw in Fig. 2, arediffraction condition of a specular RHEED intensity on
actually very efficient in incorporating Ga adatoms, whereas5aAg001) is adjusted to observe thg2(2x4) structure,
the nearly constant increase p§, at 2.0st=<12.0 s indi- double As dimer rows are relevant to the specular RHEED
cates that growth of islands having tB&(2Xx 4) structure is  intensity.
rather inefficient in this process. Though Figs. 6a) and 6b) do not show sulfficiently large

In Fig. 7(a), there is a fluctuation impyss at aroundt recoveries after interrupting growth &t 20.0 s, this is due
=4 s indicated by the symbd. This is simply caused by to the fact that the rigid lattice model we used does not admit
the coalescence of islands, which appears so prominenthpcal deformations of surface atomic coordinates off lattice
because each coalescence phenomenon significantly affesi$es, so that coalescence, in which a cooperative deforma-
the density of double As dimers when the system size igion of the coordinates of many surface atoms are presum-
rather small. Therefore, this is a finite-size effect, which be-ably involved, cannot proceed quickly. Instead, these results
comes negligible when the system size is made larger. Thigs well as Figs. (&) and 7b) imply the origin of the experi-
is because coalescence occurs at several different sites indaentally observed fast and slow recoveries of a specular
pendently of each other. In deep contrast to this, the ampliRHEED intensity after interrupting growthThat is, Figs.
tude of the fluctuation associated with the structural transfor7(a) and 7b) indicate that the fast recovery is due to the
mation att=t, is independent of the system size because thécorporation of Ga adatoms into existing islands or to step
structural change proceeds on many different islands almostdges surrounding voids to fill them in, and the slow recov-
simultaneously. ery is due to the phase ordering during coalescence of vari-

In contrast to the fluctuation &, the fast decrease pfas  OUS islands consisting of the2(2x 4) structure’ Indeed, if
at D has a physical significance. Actually, when the deposithe fast decrease @i, in Fig. 7(b) is characterized by the
tion of Ga atoms is interrupted &, diffusive Ga adatoms exponential form—exp(—t/7), we obtain the characteristic
are quickly incorporated into the edges of the pre-existingime 7r=2.5 s for the interval 208t<22.0 s. This value is
islands, and transform the local structure from {B2(2  very close tor;=2.3£0.2 s, which was obtained for the
X 4) structure to the31(2x 4) structure, or even wider As fast recovery process of RHEED intensity observation.
dimer row structures. Then, since the deposition of Ga atom$herefore, our simulations account for the principal features
is already interrupted, there are not so many Ga atoms avaitf a specular RHEED intensity both during and after inter-
able to enable the quick splitting of wide As dimer rows sorupting growth.
as to change it back to th82(2x4) structure. Therefore, In our model calculations, the density of Ga adatoms
these As dimer rows stay wide for a substantially long periodeaches about 10—15 % of the surface area when the cover-
of time, until phase ordering causes them to transform backge 6 ranges§=1-2 ML, as seen in Fig. (). Most of
into the B2(2x 4) structure. these adatoms are migrating in trenches during growth by

This process is also seen in Fig. 10, which was obtainedbcally taking ana(2x4) structure. Therefore, this is in
with the fluxes offg,=0.05 ML/s andf,,=0.20 ML/s, rough agreement with Morrist al’s theoretical analysé%
and a lattice size of 18Qx180a,. In this calculation, to of the reflection anisotropy spectroscopy(RAS)
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exterior interior exterior TABLE I. The results ofab initio calculations on the deforma-
tion of surface atoms for th@2(2x4) structure, theB1(2x4)
structure, and the 25 structure. The dimer bond length and dimer
spacing of the first layer As dimers are denoteddandw, respec-
tively. The height difference between the As atoms in the first and
seventh layers is denoted yhag.as. FoOr the definitions of the
interior and exterior As dimers, see Fig. 12. The similar distinction
of the As dimers is also applied to thgl(2X4) structure in Fig.

1(b).
Structure Asdimer d(A)  w(A)  Ahpe as (A)
B2(2X4) 2.51 3.81 8.22
FIG. 12. Plan views of the 25 structure. The hypothetical unit B1(2x4) interior 250 3.83 8.22
cell and the crystallographic directions are indicated by the shaded exterior 251 8.25
rectangle and the arrows, respectively. The dark and bright disks g interior 245 3.96 8.14

denote As and Ga atoms, respectively, and their radii decrease ac-
cording to their depths. The distinction between the interior and
exterior As dimers is used in Table I.

exterior 2.52 3.86 8.28

ences between the second-layer Ga atoms and the seventh-
measuremenit; in which about 20% of thas-grownsurface  |ayer As atoms. In this table, the leftmost entities are those of
was found to consist of the(2x4) structuré® to indicate  the interior sites, and those in the exterior sites are displayed
the high population of Ga adatoms during growtfiThis  on the right side if they exist. As the second-layer Ga atoms
further accounts for the fact that, when growth is interruptedat the outer edge of these structures tend to adopt
a specular RHEED intensity on a real G&@81) surface sp?-rehybridized orbitals, they are inclined toward the inte-
decreases more prominently than those we obtained by simwior of the As dimer block, and push As dimers on top of
lations, as seen in Figs(&J and 10, because the amount of them slightly upwards. Due to this, in particular, As dimers
surplus Ga adatoms can be larger on a real surface than in tg the exterior sites of botj81(2x4) structure and X5
simulations. structures have larger heights than those in the interior sites
Our results suggest that the density of double As dimers isf these structurefsee Figs. (a), 1(b), and 13. However,
relevant to a specular RHEED intensity when it is observedhere is a clear difference in the displacement of the interior
with the growth condition adjusted to realize exclusively theAs dimers between these structures. That is, as exterior As
B2(2x4) structure. Thus it is shown that a surface recondimers move upward, the interior one in t8&(2x 4) struc-
struction is really relevant to a specular RHEED intensity. Inture moves somewhat upward as well. In contrast, the inte-
Sec. V, we compare our results with those obtainedaby  rior As dimers in the X 5 structure do not move upwards in
initio calculations, and relate our simulation results to experigssociation with the displacement of the exterior ones. In
mental observations. both cases, however, the height differences between the in-
terior and exterior ones are significantly large when they are
compared with\ (<0.13 A). Contrary to these differences
in the atomic coordinates of the As dimers among these three
In Sec. IV, we showed several convincing results to evi-structures, the heights of the second-layer Ga atoms change
dence the relevance of the density of double As dimers to theoderately in a monotonic manner from interior sites to ex-
occurrence of electron diffraction in specular RHEED obserterior sites, as seen in Table II.
vation. In order to further confirm this, we need to know in ~ We note that although these results were obtained by as-
detail how surface atomic structures deform during growthsuming the periodicity of metastabfgl (2x4) and (2<5)
To this aim, we carry ouab initio energy-minimization cal- ~structures, our results suggest that these structures do not
culations on three different structures—i.e., t88(2x4) satisfy the diffraction condition of an incident electron beam
structure, the B1(2x4) structure, and the 25  used in RHEED observation when it is adjusted to observe
structure—by fixing the coordinates of the seventh-layer Adhe 52(2x4) structure.
atoms>* The details of the calculation method was described
elsewhere® Among these three structures, the first two TABLE II. The height differences between the second-layer Ga
structures are seen in Figs(al and Xb), respectively, atoms apd the seventh-lay(_er As_ atoms are displayed in_order from
whereas the last one is depicted in Fig. 12. Despite that th@e interior sntg to the ext(_anor_sne. The second column is use_d for
metastable structures such as the quadruple As dimer row ihe Gg atom's in the exterior sites of thx 2 s_tructures or those in
Fig. 3(c) always appears in kinetic MC simulations as aperi-the middle S|te§ of the25.stru§ture. The third column is used for
odic structures, we carry out calculations by assuming th&'® G2 atoms in the exterior sites of the 3 structure.
periodicity of these structures. These results ofdhenitio

V. AB INITIO CALCULATIONS

calculations are compiled in Tables | and Il. In Tabld §nd Structure interior (A) second (A) third (A)
w denote the bond lengths of the As dimers and their spacing2(2x 4) 6.75 6.49

in the [110] direction, respectively, whilé\hg a5 denotes  g1(2x4) 6.78 6.55

the height difference between the As atoms in the first angx s 6.83 6.79 6.58

seventh layers. Those seen in Table Il are the height differ:
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VI. DISCUSSION homoepitaxy, Kratzeet al. recently proposed, based entirely

. . . . N on ab initio energy-minimization calculatiorfs,another sce-
In this section, we discuss the physical significance of OUh ario than what we demonstrated in Sec. I1. In their calcula-

results by cgmparing thgm with those obtained by othgr StUdﬂons, they first supplied Ga atoms onto tA2(2x 4) sub-
les. In particular, we discuss whether other theoretical agyate in the absence of As flux to let them settle down to
well as experimental results are still viable ornot.  referential sites, i.e., trench sites; later, they supplieg As
By the kinetic MC simulations of GaA801) homoepit-  gimers onto this structure. With these results, they concluded
axy, we find that the time evolution of a specular RHEEDthat the nucleation of islands takes place by at first filling in
intensity cannot be accounted for by using the density ofrench sites with Ga as well as As species to change the
atomic steps. Instead, we find that a specular RHEED intensyrface structure from thg2(2x4) structure to the31(2
sity and the density of double As dimers evolve synchro-x 4) structure. According to their scenario, which is actually
nously. Comparison of the results between these kinetic MGhe same as that proposed by Shiraishi and Ito several years
simulation andab initio calculations suggests that our results ago?®~*°a considerable portion of a Ga®@91) surface must
are valid when the diffraction condition of a specular change from g32(2x4) structure to g31(2x4) structure
RHEED intensity is initially set to observe th@2(2x4)  soon after starting growth. On the other hand, the STM im-
structure. ages obtained immediately after starting growth shows the
In general, multiple-scattering effects make a finite con-stability of the 52(2x4) structure even near the growing
tribution to a specular RHEED intensity. Even if such a pro-islands™*® Moreover, the surface structure observed by
cess is involved, the leading-order contribution to the timeSTM was confirmed repeatedly by several groups to consist
evolution of a specular RHEED intensity must be linear inOf the 82(2x4) structuré®-?**'Therefore, this alternative
the time evolution of surface atomic structures, and all othefcenario does not correspond to the homoepitaxial growth of
effects can have only subleading contributions to it. There@ GaA$001-(2x4) surface realized in the usual MBE
fore, our results provide evidence that the temporal evolutiooWth conditions, in which, unlike thab initio calculation
of surface atomic structures is indeed relevant to the tim&tudies in Refs. 45-49, both Ga and As species are supplied
evolution of a specular RHEED intensity. These results aréimultaneously onto a substrate surfaceTat500°C. In-
consistent with the experimental results obtained by Braufgtéad, the growth condition used in the scenario proposed by
and co-workerd®*®1who demonstrated that the phase shift Shiraishi and Ito and Kratzest al. is much closer to that of
of the observed specular RHEED intensity oscillations carnigration-enhanced epitaXyrather than to usual MBE. In
be well accounted for by taking account of the fact that thedeneral, the structure of an MBE-grown Gd@@l) surface
reconstructed surface layer has a different thickness than that'ongly depends on the substrate temperature and the 1ll-V
in the bulk structure. The relevance of this thickness differ-flUx ratio used in growtfi;?%*03"%%nd theab initio calcu-
ence to experimental observations of the specular RHEEMRtoNs in Refs. 9 and 10 also suggest this dependence, but
intensities was pointed out by Horio and Ichim/&8 for ~ the ab initio-based growth studies in Refs. 45-49 do not
the first time. The importance of the relaxation of surfaceC@pPture these important properties.

structure was also pointed out by McCeyal. to achieve For clarity, we show how a positive correlation appears in
good agreement between the dynamical RHEED calculationthe time evolutions betwed andp,=1—p,. To this end,
and experimental dafs. we denote the time evolving part bg‘bylgt). On a growing

In another theoretical dynamical diffraction stutfywhile  surface, suppose that there are various islands, or more gen-
it is stated that the geometry of the GaAs(0@D¢2x4) erally, domains, labeled bi(i=1,2,...),which consist of
structure was assumed, deformation of surface atoms was nparticular surface structures labeled &#y. Suppose further
considered. However, since this deformation constitutes &at each domain has an area with its density denoted by
very important part of the reconstruction, this treatment isp;(«;), and its efficiency of electron diffraction is repre-
obviously inconsistent. sented by a coefficient(«). With the use of these, our re-

In order to realize a slow recovery process after interruptsults suggest that the principal contribution I@ comes

ing growth, a step-edge barrier was introduced into the SO$om the atomic structures of a growing surface, so tiats
model so as to hinder a surface from flatterfihgHowever, approximately given byl "=3c(a;)pi(a;). On the other

this cannot be correct because the SOS model does not pagsng, if we denote the density of surface defects such as
ses an atomic scale accuracy, so that its lower bound on thﬁbint defects or phase boundaries fy, the summation of
range of t.he applicability is much Iarger tha_rg=4.0 A all densities amounts to unity, p;(a;) + pe+ pg=1. There-
when applied to a GaAB01) surface, while the introduction fore, when a particular surface structurg is uniquely se-

of a_step-edge barrier requires the_ ”.‘Ode' f0 POSSess 3P ey by an appropriate growth conditiorit) reduces to
atomic scale accuracy. Therefore, it is inconsistent to intros (y__ '

duce a step-edge barrier into the SOS model for the purpos!é _C(O‘O)(fipi(a‘))_C(QO)(l_pe__pd)’ which further re-
of studying growth on a GaA801) surface or on an duces tol’=c(a)(1—pe)=c(ao)pe ONly Whenpe>pq.
InAs(001) surface!®*1#2|n contrast, Heyn and co-workers Thusl{" andp, change synchronously only when the growth
considered a two-species extension of the SOS nfddél, condition is chosen to realize a particular surface reconstruc-
and derived the conclusion that the fast recovery process ion uniquely so as to avoid a structural degeneracy, and also
due to Ga species, whereas both species are involved in thighen the densities of phase boundaries and other surface
slow recovery process. Thus, our results and theirs are comlefects are negligibly smal?~1’ However, since we saw in
sistent with each other. Fig. 4 that step densities with two different definitions did

For the nucleation mechanism of islands in GE@0®)  not oscillate during growth, this latter condition does not
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necessary hold on a growing surface at high temperaturavhich the possible appearance of phase boundaries as well as
Therefore, in order to reinterpret properly the STM images inother surface defects is thoroughly neglected by the crude
Refs. 15—17, which were obtained by quenching the samplsimplification of the SOS modé&?. Since dimer reconstruc-
surfaces down to room temperature after interrupting growthtion on S{001) and G&001) is associated with atomic

we must take account of the facts tfia} the density of Ga displacement! an argument similar to that given in the
adatoms rapidly decreases after interrupting growth, i.e., afpresent study can also certainly be applied to these surfaces.
ter terminating Ga deposition, as seen in Fidp)7and(2) in

general, stable structures are more favored as the temperature

is decreased. Based on these assumptions, we conclude that VII. CONCLUSION

the rather good agreement in the time evolutions betwgén By kinetic MC simulations, we found that the density of

andp, obtained in Refs. 15-17 resulted because the procesfouble As dimers on a surface evolves synchronously with
of quenching after interrupting growth causes metastabléne observed time evolutions of specular RHEED intensities
structures to transform into stable structures, so that the irnn the homoepitaxial growth of a GaAs(00BR(2x 4) sur-
equalitype>pq is enforced by these post-growth treatments.face. The results of ouab initio calculations suggest that
In particular, since our result in Fig.(l§ shows that the they evolve similarly when the diffraction condition is set to
density of Ga adatoms reaches as high as 15¢4-20.0 s, observe thg82(2x 4) structure. They also suggest that it is
or equivalently, at§=2.0 ML, it is certainly possible that crucial that surface atoms in the transient structures be dis-
these atoms are incorporated into the surface structure, amiaced differently from those in the@2(2x 4) structure. Fur-
locally rearrange them to decreagsg significantly during a  thermore, we found that the fast and slow recoveries of a
quenching process. specular RHEED intensity after interrupting growth are due
In contrast, when a surface has a structural degeneracyb the incorporation of Ga adatoms and the phase ordering of
these twomacroscopicquantities generally do not correlate the g2(2x4) structure, respectivly. In addition, we found
with each other. One example is the growth of thgX34)  that the density of atomic steps does not oscillate during
surface, on which the specular RHEED intensity does nogrowth, so that it does not have any relations to the time
exhibit a simple sinusoidal oscillation with a gradually de- evolution of a specular RHEED intensity. Instead, the virtu-
creasing amplitude at low temperatures. Instead, it shows &lly positive correlation between them appears only after tak-
double-periodic oscillatioR® Another example is the reen- ing the average of the densities of surface reconstructions

trant layer-by-layer growth of a Ga#kll) surface, on over a large area on a quenched surface.
which the RHEED observation revealed the phase difference

between the oscillations at high-temperature Ga vacancy re-
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