
PHYSICAL REVIEW B 68, 035330 ~2003!
X-ray diffraction study of the Si „111…-A3ÃA3-Ag surface structure
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In-plane structures of a Si(111)-A33A3-Ag surface at both room temperature~RT! and 50 K are deter-
mined by x-ray diffraction. The honeycomb-chained triangle model with strongly anisotropic thermal vibra-
tions of Ag atoms is preferred over the inequivalent triangle~IET! model at RT. On the other hand, at 50 K, the
IET model better explains the experimental results. The phase transition temperature ofTC515064 K is
obtained from the temperature dependence of the fractional-order reflection intensity. The critical exponentb
is also found to be 0.2760.03.
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I. INTRODUCTION

It is widely accepted that the structure of a Si(111)-A3
3A3-Ag surface at room temperature~RT! is explained by a
honeycomb-chained triangle~HCT! model1,2 supported by a
number of experimental and theoretical results.2 The HCT
model belongs to thep31m plane group with a mirror line

along the@112̄# direction. In the model, top-layer Ag atom
are located on the mirror lines and form large triangles
indicated by dashed lines in Fig. 1~a!. Si trimers on the sec
ond layer are arranged in the same manner. Therefore,
small Ag triangles of the same size are found in the unit c
as indicated by solid lines in Fig. 1~a!.

Recently, however, it is suggested that the most sta
structure of the Si(111)-A33A3-Ag surface is not the HCT
structure but an inequivalent triangle~IET! structure by first-
principles calculations and scanning tunneling microsco
~STM! studies at low temperatures.3–5 The IET model is
characterized by slight rotations of Ag triangles and Si tri
ers from the symmetric positions in the HCT model. As
result, the mirror lines vanish and two Ag triangles of diffe
ent sizes appear as drawn by solid lines in Fig. 1~b!. The
rotation angle is estimated to be about 6° from t
calculations,3 which correspond to atomic displacements
0.3 Å. The structure of the surface at low temperatures
still controversial,6 and is not yet determined experimental
Another question also arises whether the structure at R
explained by the symmetric HCT model or by thermal flu
tuations between two structures in which Ag triangles rot
in opposite directions in the IET model.

In this work, we make a structural investigation of th
Si(111)-A33A3-Ag surface both at RT and at low temper
tures by x-ray diffraction. The grazing incidence x-ray d
fraction ~GIXD! method is just suitable to distinguish b
tween these two models because the GIXD method
sensitive to a lateral structure. We first show that atom
arrangements of the surface observed at 50 K are consi
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with the IET model and then reinvestigate the structure at
by using anisotropic thermal vibrations. Furthermore, we
vestigate a phase transition of the surface by measuring
temperature dependences of the x-ray diffraction intensit
This reveals a transition temperatureTC and a critical expo-
nentb.

II. X-RAY SCATTERING FROM DOMAINS

The IET model has x-ray scattering properties differe
from the HCT model. The IET model can form two types
domains in the relation of twins with each other by losing t
mirror symmetry existing in the HCT model. In the two do
mains, Ag triangles rotate in opposite directions. Such a
main structure is observed as the inversion of protrusi
through twin domain boundaries in STM studies at lo
temperatures.3–5 We define two structure factors of the IE
model, Fcw and Fccw, for atomic structures of the two do
mains. Assuming that the two domains are equally distr
uted, we can express the x-ray diffraction intensity
fractional-order peak as follows:7,8

I ~q!5I M~q!S~Dq,Lo!1I D~q!S~Dq,Lt8!, ~1!

FIG. 1. Top views of proposed structure models for t
Si(111)-A33A3-Ag surface.~a! The honeycomb-chained triangl
model belongs to thep31m plane group which has mirror lines.~b!
The inequivalent triangle model whose space group isp3. Large
solid circles indicate Ag atoms, and the others show Si atoms.
©2003 The American Physical Society30-1
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I M~q!}uFcw~q!1Fccw~q!u2, ~2!

I D~q!}uFcw~q!2Fccw~q!u2. ~3!

In addition to the first term representing the conventio
narrow peak, the second term appears in Eq.~1!.9 HereDq
5q2q0 ; q is a momentum transfer, andq0’s indicate dif-
fraction spots.I M(q) is concerned with a mean surface stru
ture, andI D(q) reflects structural deviations from the me
structure.S(Dq,L) is a shaping function of a Lorentzia
characterized by a correlation lengthL. The correlation
length Lo of the out-of-phase domain is longer than that
the twin domain, Lt , which is included in Lt85(1/Lo

11/Lt)
21. The formation of the twin domain brings broa

reflection components in addition to conventional narrow
flections. Therefore, we can easily distinguish the IET mo
from the HCT model by observation of the broad scatter
peak. The differences between these models can be fo
also in conventional reflections.

III. EXPERIMENT

The experiments were conducted by using a six-circle s
face x-ray diffractometer with a ultrahigh-vacuum chambe10

installed in the beamline 15B2 of the Photon Factory~KEK-
PF! in Tsukuba, Japan. The substrate was ann-type Si~111!
wafer with dimensions of 16.5316.530.4 mm3. After a
clean Si(111)737 surface was fabricated by flashing seve
times with indirect heating, the Si(111)-A33A3-Ag surface
was formed by depositing one monolayer of Ag with
Knudsen cell at a substrate temperature of 500 °C. Sh
patterns in reflection high-energy electron diffraction show
the excellent qualities of both surfaces. The base pres
was kept below 1.5310210 Torr during x-ray measurements
The GIXD measurements were performed at RT and 50
for structure analysis. We also measured the temperature
pendences of the GIXD intensities, focusing on so
fractional-order reflections. The substrate was cooled do
from RT to 50 K with a closed-cycle helium refrigerator wi
an accuracy of less than 1 K. A photon energy of 14.4 k
was used. The incident and exit angles were kept at 0
which corresponds to a vertical momentum transfer ol
;0.2.

IV. RESULTS AND DISCUSSION

A. In-plane structure

In this section, we determine the surface structures bot
RT and at 50 K. Figures 2~a! and 2~b! represent reciprocal
space maps of the conventional reflection intensities at
and 50 K, respectively. We obtained the intensities of
fractional-order reflections at each temperature by avera
over measured reflections withp31m plane group symmetry
in which 26 reflections were irreducible. The uncertaint
were about 13%. All reflections are indexed with respec
the A33A3 unit cell given by a15 1

2 @112̄#cubic and a2

5 1
2 @ 2̄11#cubic in the surface plane anda35@111#cubic which
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is normal to the surface. We can see differences between
intensities at RT and at 50 K for reflections with rather lar
lateral momentum transfers.

Figure 3 shows a rocking curve of~3 2! reflection ob-
tained by rotating the sample around the surface normal
rection at 50 K. The profile with broad tails is well decom
posed into narrow and broad components by dou
Lorentzian fitting. The appearance of the broad compone
clearly indicates that the IET structure is formed at 50 K.

Figures 4~a! and 4~b! show the Patterson maps and t
corresponding interatomic vectors of the structure model
RT and 50 K, respectively. Only positive peaks are dra
and brightness increases toward intensity in the map.
overall integrated intensities including the two reflecti

FIG. 2. Irreducible in-plane reciprocal intensity maps at~a!
room temperature and at~b! 50 K. Solid circles show measure
fractional-order reflections whose radii are proportional to the str
ture factors. Integer-order reflections indicated by open circles
not measured. For the data observed at 50 K, only narrow reflec
components as shown in Fig. 3 are plotted.

FIG. 3. A rocking curve of~3 2! reflection observed at 50 K.~a!
Solid circles are experimental results. The solid line shows the fi
results by a double Lorentzian.~b! Decomposed intensities for nar
row and broad reflection components.
0-2
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components were made into consideration for the data o
K. An obvious change was observed in the two Patter
maps. PeakA in Fig. 4~a! corresponds to the Ag-Ag inter
atomic vector of the Ag triangle in the HCT model at R
However, peakA splits into two peaksA1 andA2 at 50 K in
Fig. 4~b!. In the IET model, the overall integrated intensi
of I (q), I int, is represented by the superposition of the
tensities from each structure of the twin domains:

I int}uFcwu21uFccwu2. ~4!

Therefore, the Patterson function calculated fromI int is ex-
plained as the superposition of the twin IET structure. T
split of peakA in Fig. 4~b! just originates from the twin
domains formed by emergence of the IET structure in wh
Ag triangles twist. This is a more clear proof that the IE
structure is formed at 50 K.

Based on this result, we performed ax2 analysis of the
data at RT and 50 K. For the data set of 50 K, both narr
and broad reflection intensities were used in the struc
analysis. The fitting parameters are a scale factor, ato
positions in polar coordinates (r , u), b tensors correspond
ing to atomic mean-square displacements~m.s.d.! for analy-
sis of anisotropic thermal vibrations,11 and ordinary Debye-
Wallar factors for isotropic atoms. Because of a sm
vertical momentum transfer in GIXD measurements, o
lateral parameters were employed. We assumed that a S

TABLE I. Structure parameters determined byx2 fitting for both
anisotropic HCT model at RT and anisotropic IET model at 50

Atom Parameters HCT at RT IET at 50 K

Ag r (Å) 2.8560.01 2.8560.01
Si~1! r 1.4160.03 1.4560.02
Si~2! r 2.1560.07 2.0960.03
Ag u(deg) 60.0 65.1
Si~1! u 0.0 5.1
Si~2! u 0.0 0.0
Ag b11 (1022) 1.960.2 1.260.2
Ag b12 b22/2 0.960.1
Ag b22 5.560.7 1.360.1
Si~1! b11 0.660.3 0.460.2 ~isotropic!
Si~1! b12 b22/2 b22/2
Si~1! b22 1.560.6 b11

Si~2! B(Å2) 2.162.6 1.660.8
x2 4.9 4.9
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mer also rotates in the same direction by the same angle
Ag triangle in the IET model.3 A total of nine and ten param
eters are used for the structures at~Ref. 12! RT and at 50 K,
respectively, to take into consideration the top Ag layer, fi
and second Si layers which have large lateral atomic
placements from bulk positions.2

Table I lists thex2 fitting results. The most suitable mode
at RT is found to be the HCT model withx254.9, in which
Ag atoms thermally vibrate with strong anisotropy, rath
than the IET model withx256.7, in which two-state therma
fluctuations are taken into consideration. On the other ha
the IET model with Ag atoms rotating 5.1° is preferred at
K, yielding x254.9. Furthermore, the IET model gives
goodx2 value of 5.9 with only narrow reflection data at 5
K, while the HCT model yieldsx259.3. Although thex2

values obtained in the analyses are relatively large by un
pected systematic errors, reliable values for the structure
rameters in the HCT model at RT were obtained in comp
son with earlier results listed in Table II, which prove th
validity of the analyses. One of features of the results is t
the lateral size of the Ag triangle is hardly changed w

FIG. 4. ~Color online! The Patterson maps calculated from t
reflection intensities and structural models at~a! RT and at~b! 50 K.
A andB correspond to interatomic vectors of a Ag triangle and a
trimer, respectively. In~b!, peakA splits into two peaksA1 andA2
by the existence of a twin domain structure.
sults.
TABLE II. Parameters of the HCT model at RT obtained by various experimental and theoretical re

Atom Parameter In this work SXRDa LEED b Theoryc Theoryd

Ag r (Å) 2.8560.01 2.85160.012 2.8560.12 2.86 2.82
Si~1! r 1.4160.03 1.33160.027 1.4460.08 1.45 1.49
Si~2! r 2.1560.07 2.13160.044 2.1860.09

aReference 2.
bReference 13.
cReference 14.
dReference 3.
0-3
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these two structures. Therefore, the rotation of the Ag
angle makes significant differences between these two s
tures. The nearest Ag-Ag distance is 3.43 Å for the H
structure at RT and Ag-Ag distances are 3.01 Å and 3.8
in the two Ag inequivalent triangles for the IET structure
50 K. The Ag-Ag distance of the smaller Ag triangle is clo
to 2.89 Å of the nearest-neighbor distance in the Ag cryst
These results are well consistent with first-princip
calculations.3

In the HCT structure at RT, the Ag atom is therma
vibrating with strong anisotropy. The m.s.d. in the rotation
direction,^uu

2&, has a large value of (0.30)2 Å2 than that in
the radial direction,̂ ur

2&, of (0.18)2 Å2. The rather large
isotropic values obtained by surface x-ray diffraction in p
vious works2,15 would be ascribed to the strong anisotrop
The thermal vibration of the Ag atom in the IET structure
50 K also shows weak anisotropy.

B. Phase transition

The x2 analyses showed that the surface structures at
and 50 K are explained by the HCT model and the I
model, respectively. Therefore, a structural phase transi
occurs in the temperature range from 50 K to RT. The ph
transition can be observed by measuring the temperature
pendence of the broad reflections since only the IET str
ture has the broad reflection term in Eq.~1!. Figure 5 shows
the temperature dependence of the~3 2! reflection intensities.
It clearly shows that the broad components appear below
transition temperatureTC of about 150 K.

While broad peaks, which reflect structural deviatio
from the mean atomic structure, are affected by the sh
range order of the twin domain, we recall that each in
vidual structure factor in Eq.~3! is directly related to long-
range order. When the sample temperatureT is below TC,
the integrated intensity ofI D(q), I D

int , is represented as fol
lows:

I D
int}utu2b, ~5!

with the reduced temperaturet5(T2TC)/TC and the critical
exponentb corresponding to a long-range order parame
d}utub ~Ref. 16!. The intensities of the broad componen

FIG. 5. Temperature dependence of~3 2! reflection intensities.
Solid and open circles represent the intensities of narrow and b
components, respectively. The fitted results are shown in solid
The phase transition temperatureTC and the critical exponentb
were found to be 15064 K and 0.2760.03, respectively.
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were best fitted withTC515064 K and b50.2760.03 as
shown in Fig. 5. The range ofutu used in the fitting is 0.06 to
0.6. Compared to the two-dimensional~2D! Ising (b
50.125) or Potts universality classes,16 the value ofb ob-
tained in this work is considerably large.

Besides, the intensities of narrow~4 0! and ~3 2! reflec-
tions have changed obviously aroundTC as shown in Fig. 6.
This suggests that its phase transition type is rather dis
cive than order-disorder because order-disorder phase tr
tions of finite states do not exhibit an abrupt change in x-
diffraction intensity in the vicinity ofTC. This intensity
change also ensures the results of thex2 analysis that the
structure at RT is explained not by the fluctuating IET mod
but by the HCT model. The largeb value and the strong
anisotropy in thermal vibrations of Ag atoms at RT also
mind us of a displacive phase transition caused by a
phonon mode connected to anharmonic thermal vibratio
When the displacive phase transition occurs, the order
rameterd is thought to be the rotation angle of the Ag tr
angle. However, the possibility that the system undergoes
order-disorder phase transition is discussed in Refs. 17
18. The critical exponentb would be helpful for further dis-
cussion.

It is noticed that we may overestimate the critical exp
nent b since a finite domain size effect is out of conside
ation. The average sizes of the out-of-phase domain and
twin domain estimated from the full width at half maximu
of the narrow and broad components are 5303530 Å2 and
70370 Å2, respectively. The latter is thought to be sm
enough in comparison to the former. We could not determ
the residual two critical exponentsn andg because no clea
critical scattering is observed in this study. One needs
measure temperature dependences of the x-ray diffraction
tensities aroundTC in detail.

V. CONCLUSIONS

In conclusion, we determined the in-plane atomic stru
tures of the Si(111)-A33A3-Ag surface at both RT and 5
K by x-ray diffraction. The Si(111)-A33A3-Ag surface
changes from the HCT structure of the high-temperat
phase to the IET structure of the low-temperature phas

ad
e.

FIG. 6. Temperature dependence of~4 0! and ~3 2! reflections
represented by solid and open circles, respectively. Obvi
changes are observed in the x-ray diffraction intensities aroundTC

~indicated by the arrow!. Error bars are much smaller than the c
cle’s radii.
0-4



a
a

D
e
d

ho-

for
T.

the
up-
-

tr
ho

jp
S

Sc

.M

rk

.E

il

a

Eq.

nd

T

ld,

II

i.

Sci.

X-RAY DIFFRACTION STUDY OF THE Si(111)-A33A3-Ag . . . PHYSICAL REVIEW B 68, 035330 ~2003!
the transition temperatureTC515064 K. The Ag atom ther-
mally vibrates with strong anisotropy in the HCT structure
RT. Not only ordinary narrow reflection peaks but also bro
reflection peaks are observed belowTC accompanied by the
formation of the twin IET structure. The critical exponentb
obtained is 0.2760.03, which is not explained by simple 2
order-disorder transition models. The temperature dep
dences of the narrow reflection peaks also support the
placive transition.
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