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Comparative study of room- and high-temperature Si„111…-„)3)…R30°-Au structures using
one-beam RHEED intensity rocking-curve analysis
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The temperature dependence of the structure perpendicular to the surface of the)3)-Au surface phase
has been studied using intensity rocking-curve analysis of one-beam RHEED. It has been found that the
intensity rocking curve of the surface transforms continuously as the temperature of the substrate is increased.
The transition completes at about 850 K: The rocking curve remains the same up to a temperature of about
1100 K when Au desorbtion starts. Analysis of the experimental data using dynamical one-beam calculations
shows that heating of thea()3))-Au surface with domain walls leads to the formation of a new phase,
which we denoteg()3))-Au. In this paper the atomic structures perpendicular to the surface for both
phases are presented and a possible mechanism of the phase transition is discussed.@S0163-1829~98!04715-8#
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INTRODUCTION

Since its observation in 1969,1 the
Si~111!()3))R30°-Au ~simply )-Au! structure has at-
tracted considerable attention from both theoreticians and
perimentalists because of its interesting atomic structure
properties. Different from most metal-induced reconstr
tions of the Si~111! surface, the long-range order of th
)-Au structure is always broken up with domain wa
~DW’s!, which separate domains of commensurate pha
and form a globally incommensurate structure.2,3 The DW
spacing decreases continuously~from about 100 Å! as the
metal coverage is increased. However, at high temperat
~700–900 K!, as reported by Nagaoet al.,4 the structure of
the surface is different: The DW disappears and the per
)-Au layer covers the whole surface. In diffraction patter
of the)-Au surface, DW’s produce diffuse rings, whic
surround diffraction spots at room temperature5 ~RT! and
vanish at high temperature~HT! when DW’s disappear.4

This transformation is reversible and occurs under the c
dition of fixed coverage, that is, when an incommensura
commensurate phase transition takes place.

This study has been undertaken in order to compare
structure perpendicular to the surface of the RT and
)-Au phases and to understand the atomic processes
occur during the incommensurate-commensurate phase
sition. For atomic structure determination, the reflect
high-energy electron diffraction~RHEED! intensity rocking
curves~RC’s! for one-beam condition have been measu
and analyzed by RHEED dynamical calculations.6–8 We
present here the atomic structure perpendicular to the sur
for the RT and HT)-Au phases and discuss the compo
tion and type of structural defects of both surfaces.

EXPERIMENT

All experiments were carried out in an ultrahigh vacuu
~UHV! system with a base pressure of 2310210 Torr
570163-1829/98/57~16!/10049~5!/$15.00
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equipped with a RHEED apparatus, as described previou9

The incident electron beam energy was 10 keV.N-type ~P-
doped!, 6.5-V cm Si~111! single-crystal wafers were used a
samples. The surface orientation was specified as61° off
the ~111! orientation. Before introduction into the UHV
chamber, the substrates were cleaned in an acetone ultra
bath. An atomically clean silicon surface was preparedin situ
by direct current heating to 1500 K at pressures bel
4310210 Torr. After this treatment the RHEED pattern di
played the 737 structure without any features correspondi
to the SiC species. Gold was deposited from a W boat onto
the Si~111! 737 surface kept at 870 K. The pressure duri
Au evaporation was usually about (4 – 6)310210 Torr and
never exceeded 131029 Torr. The deposition rate was est
mated to be about 0.05 ML/min@where 1 ML is defined to be
7.831014 cm22, the ideal density of the Si~111! plane#. The
evolution of the surface structure during evaporation w
monitored with RHEED.

ONE-BEAM DYNAMICAL CALCULATIONS

High-energy electrons are scattered dominantly in the
ward direction by atoms. Therefore, dynamic diffractio
mainly occurs in the forward direction. Using this feature,
is possible to choose an orientation of the incident beam
which electrons are diffracted mainly by lattice planes par
lel to the surface. This diffraction condition was named t
one-beam condition,7 as the main diffraction beam is simpl
a specular one. For this condition a rocking curve of t
specular reflection intensity is a function of surface norm
components of atomic positions, but scarcely depends
their lateral components.

The wave function of fast electrons for the one-beam c
dition is given by

c~r !5w~z!exp~ iK t•r t!, ~1!
10 049 © 1998 The American Physical Society



o
nt

i-
of

ic

he

th
th
a
p
ny
th

ul
el
n
t

d

e
e

a-
eir
r-
as
een
the

°

peak
.
the

nd

en

the

am
es,

ion

10 050 57ELENA A. KHRAMTSOVA AND AYAHIKO ICHIMIYA
wherez andr t are surface normal and parallel components
the position vectorr andK t is the surface parallel compone
of the wave vector. Using Eq.~1!, the Schro¨dinger equation
for the electrons becomes

2
\2

2m

d2

dz2 w~z!2eV~z!w~z!5Ezw~z!, ~2!

whereV(z) is a complex mean potential including an imag
nary potential atz, Ez is the surface normal component
the kinetic energy of incident electrons, andm, \, ande are
the ordinary physical constants. According to the multisl
RHEED dynamical theory,6 the transfer matrixPj at the j th
slice is

Pj5S t j r j

r j t j
D S exp~2 ig j•Dzj ! 0

0 exp~2 ig j•Dzj !
D

3S Xj Yj

Yj Xj
D , ~3!

where

t j5G1g j , r j5G2g j ,

Xj5
G1g j

4Gg j
, Yj5

G2g j

4Gg j
,

G5A~2m/\2!Ez, g j5AG21~2me/\2!V~zj !,

and

Dzj5zj2zj 21 .

The RHEED intensity is obtained easily from products of t
transfer matrices as described in a paper.6

In this study the dynamical one-beam calculation for

@213̄# azimuth was conducted with the parameters for
surface interlayer distances and atomic densities of e
layer. For the@213̄# incidence, the RC is recognized as a
proximately the RC at the one-beam condition by the ma
beam dynamical calculation. Figure 1 presents RC’s for

@213̄# azimuth of the bulklike truncated Si~111! surface. The
results of the one-beam and five-beam dynamical calc
tions are shown by the solid and dotted lines, respectiv
As one can see, the many-beam RC is very similar to o
beam RC and many-beam effects become significan
glancing angles higher than about 5°.

RESULTS AND DISCUSSION

Figure 2 shows the changes of the surface structure
gold deposition time at substrate temperature (Ts) of 870 K.
For the one-beam RC analysis Au deposition was stoppe
24 min; the corresponding RHEED patterns atTs5870 K
and RT are shown in Figs. 3~a! and 3~b!, respectively.

The notation of thea)-Au is commonly accepted in th
literature for the RT)-Au structure. We shall use th
g)-Au notation for the HT)-Au surface as theb)-Au
one is occupied for the disordered 636-Au structure. Figure
4~a! shows the experimental RC’s taken at@213̄# incidence
f
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for the a)-Au andg)-Au structures with open and filled
circles, respectively.

It should be noted that structural information-bearing fe
tures of the RC’s are the positions of peaks, but not th
relative intensity. The availability of electron intensity at pa
ticular angles is also very important, i.e., features such
peak shoulders or nonzero intensity plateau areas betw
two peaks must be taken into account. That means that
RC’s presented in Fig. 4~a! are the same in the 0°–2.75
region and different at angles higher than;2.75°. As one
can see, the 2.75° and 4° peaks have shoulders and the
at 5.30° shifts to 5.35° whenTs changes from RT to 870 K
This transformation is continuous with the temperature;
peak shoulders decrease gradually whenTs increases. In cor-
responding RHEED patterns, diffuse rings, which surrou
diffraction spots and are seen clearly in Fig. 3~b!, vanish
gradually and disappear completely aroundTs5850 K, as
seen in Fig. 3~a!, which corresponds to the temperature wh
the RC transforms into the one shown in Fig. 4~a! with open
circles. These experimental data are in agreement with
scanning tunnel microscope~STM! RHEED study of Nagao
et al.,4 who reported that at high temperatures~700–900 K!

FIG. 1. Calculated RC’s for the@213̄# azimuth of the bulklike
truncated Si~111! surface. Results of the one-beam and five-be
dynamical calculations are shown with the solid and dotted lin
respectively.

FIG. 2. Sequence of the RHEED patterns during Au deposit
onto the Si~111!737 surface kept at 870 °C.
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DW’s disappear and the perfect)-Au layer covers the
whole surface. We can assume that the most probable ex
nation for thea)-Au→g)-Au phase transition is an evapo
ration of the DW’s into a gas of pointlike defects~PD’s!

FIG. 3. RHEED patterns~@112̄# incidence! of the investigated
surface at~a! 870 K and~b! RT.

FIG. 4. ~a! Experimental rocking curves taken at@213̄# inci-
dence at RT~filled circles! and 870 K~open circles!, ~b! the results
of the dynamical one-beam~solid line! and five-beam~dotted line!
calculations for the CHCT-1 model, and~c! our fitting for a)-Au
andg)-Au phases~solid and dotted lines, respectively!.
la-

proposed recently by Lyuksyutovet al.10 We observed ex-
perimentally a transition into a commensurate phase from
apparently incommensurate structure under the condition
constant coverage as a function of increasing temperat
thereby, according to the theoretical study by Lyuksyut
et al.,10 the most important property of the DW evaporatio
transition is experimentally verified. To our knowledge, th
phenomenon was previously reported for the Ba/Mo~110!
~Ref. 11! and Te/Mo~110! ~Ref. 12! surfaces only and this is
an observation of the DW evaporation in the metal/Si~111!
system.

The dynamical one-beam calculation for the@213̄# azi-
muth was conducted with the parameters for the interla
distances and atomic densities of each layer for all propo
structural models13–17of the)-Au surface. The results wer
compared with experimental data. We found that the con
gate honeycomb-chained-trimer~CHCT-1! model proposed
by Ding et al.13 is the only one that fits the experimental R
for thea)-Au surface, but any one of these calculated RC
bear no resemblance to the experimental one for theg)-Au
phase.

The calculated RC for the CHCT-1 model is shown
Fig. 4~b! by a solid line; a dotted line shows the result of t
five-beam dynamical calculation. Our calculation revea
that the most sensitive parameter is the Au-Si interlayer
tance ~0.56 Å!, which was obtained by the total-energ
calculation13 and proved later by full-dynamical low-energ
electron diffraction~LEED! intensity analysis.18 Any devia-
tion of the Au-Si interlayer distance from the value
0.56 (60.015) Å caused dramatic changes in the calcula
RC’s, which could not be corrected by modification of th
other parameters. The same result was reported by Q
et al.18 for full-dynamical LEED intensity analysis. The fea
tures of the CHCT-1 model such as the missing top silic
layer and 1-ML Au coverage were found to be also ve
significant for the one-beam dynamically calculation.

As one can see from the comparison of the calculated
for the CHCT-1 model with the experimental one, there
not full agreement between theory and experiment, wh
was also the case for the LEED intensity analysis.18 For the
calculated RC the positions of the 2.75°, 4°, and 5.25° pe
and their shoulders fit the experimental data satisfactor

FIG. 5. Distribution of the atomic densities in the surface p
allel layers for the~a! a)-Au and ~b! g)-Au phases. Error bars
for the positions of the surface parallel layers are shown in Tabl
and II.
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TABLE I. Distribution of the atomic densities in the surface parallel layers of
Si(111)a()3))R30°-Au structure~RT!. All layers are schematically shown in Fig. 4~a!.

Layer
N

Distance from the
bulklike surface

~4Si layer!

Layer density
@in Si~111!

atomic density units# Description

1Si bulklike60.01 Å 1 bulk
2Si bulklike60.01 Å 1 substrate
3Si 20.8060.015 Å 1 commensurate
1Au 20.2460.015 Å 1 overlayer
4Si 0.00 Å 0 missing
2Au 20.0360.015 Å 0.2560.03 domain
5Si 1.760.1 Å 0.6760.03 walls
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but the position of the peak at about 1° is very different. T
latter peak is very sensitive to the atomic structure of
surface and the coincidence of the calculated and experim
tal RC’s in this angle region is an important criterion for t
validity of the model. For the further fitting of the calculate
RC to the experimental data we speculated that the additi
atomic density, which can be associated with domain wa
exists on the top of the ordered)-Au structure.

Our best fitting is shown by the solid line in Fig. 4~c! and
the corresponding surface structure is presented in Fig.~a!
and Table I. We have found that the calculated RC for
CHCT-1 model can be corrected and completely fit
to the experimental data by introducing an addition
atomic density of Si (QSi

DW50.6760.03 ML) and Au
(QAu

DW50.2560.03 ML) atoms on top of the ordered)-Au
surface.

As mentioned above, the calculated RC was very se
tive to the Au coverage in the)-Au structure (QAu

st ): Fitting
was impossible ifQAu

st was less than 1 ML. We believe that
total Au coverage (QAu5QAu

st 1QAu
DW) of 1.25 ML is a rea-

sonable value. As shown in Fig. 2, we stopped Au deposi
at 24 min, i.e., 4 min after the disappearance of 532 diffrac-
tion spots or when the whole surface was covered with
)-Au structure. Assuming that after 20 min of Au depo
tion QAu5QAu

st 51 ML, we can easily obtain 1.2-ML Au cov
erage for the investigated surface, which gives us excel
agreement with the calculated value.

It should be particularly emphasized that according to
data, domain walls for this particular surface consist appro
mately 1/3 of Au and 2/3 of Si atoms, which can be
explanation of a high concentration of the domain walls
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the)-Au regions even though the) and 532 structures
coexist.2

Different from thea)-Au structure, none of the RC’s
calculated for any models proposed previously for the)-Au
structure resembles experimental data for theg phase. Our
best fitting for this case is shown by the dotted line in F
4~c! and the corresponding surface structure is presente
Fig. 5~b! and Table II. As clearly seen from the comparis
of Tables I and II, the interlayer distances and the atom
densities of all layers involved in the surface phase format
are different for both surfaces. However, in spite of how t
atomic densities of the 3Si~Q3Si!, 1Au~Q1Au!, 2Au~Q2Au!,
and 5Si~Q5Si! layers are considerably different for RT an
HT phases, the values ofQ3Si1Q5Si andQ1Au1Q2Au are the
same for both phases within an accuracy of60.05 ML. The
atomic densities in Table II present thebestfitting for the HT
)-Au structure, but, according to our results, the redistrib
tion of Au atoms between 1Au and 2Au layers with
60.125 ML and Si atoms between 3Si and 5Si layers wit
60.178 ML does not change essentially the calculated RC
This is the reason why we denoted the 3Si layer as a pa
the surface phase, but not part of the relaxed substrate.

As is well known from the STM images,2–4 DW’s exist
always on the)-Au surface at RT and the origination of th
additional atomic density is apparent for this case. For
g)-Au structure the description of each atomic layer is n
so evident. We assume that whenTs increases the distanc
between the Au and Si layers (zAu-Si) in the commensurate
structure increases and reaches eventually 2.1260.08 Å ~see
Table II! at Ts'850 K. Both of these layers contain vaca
cies: Each eighth atom is missing in the Au layer~2Au! and
the
TABLE II. Distribution of the atomic densities in the surface parallel layers of
Si(111)g()3))R30°-Au structure~870 K!. All layers are schematically shown in Fig. 4~b!.

Layer
N

Distance from the
bulklike surface

~4Si layer!

Layer density
@in Si~111!

atomic density units# Description

1Si bulklike60.005 Å 1 bulk
2Si bulklike60.005 Å 1 substrate
3Si 20.9060.015 Å 0.83360.178 commensurate
2Au 1.2260.06 Å 0.87560.125 structure
1Au 0.9860.06 Å 0.37560.125 composite
5Si 1.4760.025 Å 0.83360.178 PD’s
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each sixth atom is missing in the Si layer~3Si!. The position
of the additional atom density changes too: Additional
atoms ~1Au! are located between 2Au and 3Si layers a
additional Si atoms remain on top of the surface. Our rec
studies indicate that atoms incorporated into the 2Au and
layers form composite PD’s19 whose concentration is abou
0.12 ML for these surface conditions. To prove this specu
tion the exact many-beam dynamical calculation must
conducted.

CONCLUSIONS

In summary, we have observed experimentally the tra
formation from an incommensurate structure with DW
~a)-Au! to a commensurate phase with PD’s~g)-Au!,
namely, vacancies and interstitials, under the condition
constant coverage as a function of increasing tempera
which is an experimental verification of the DW evaporati
transition. To our knowledge, this is the first observation
the DW evaporation in the metal/Si~111! system. We have
ys
d
nt
Si

-
e

s-

f
re,

f

determined the structure perpendicular to the surface of
a)-Au and g)-Au phases using one-beam RHEED d
namical calculations. Our experimental data and calcula
results show that the additional atomic density exists on b
surfaces: These atoms are assumed to be incorporated
DW’s on thea)-Au phase and to form PD’s in theg)-Au
structure.
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