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First-principles studies of structures and stabilities of PbÕSi„111…
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Various structures of Pb/Si~111! from 1/6 ML to 4/3 ML are investigated using first-principles calculations.
Our calculations for the 1/6-ML mosaic phase and 1/3-MLb-phase yield good agreement with the experimen-
tal results. The higher coverage range 1/3,u,4/3 ML has been controversial experimentally, especially close
to 4/3 ML with several different phases being observed (A33A7, hexagonal incommensurate, striped incom-
mensurate, etc.!. We compare the unit cell energies of different structures to deduce the energetically favorable
ones. Structures consisting of very flat Pb overlayers have lower energy than missing-top-layer structures or
structures with stacking faults. This is in very good agreement with experiments which measure high Pb
mobility on thea phase.

DOI: 10.1103/PhysRevB.68.045410 PACS number~s!: 68.35.Bs, 73.20.Hb, 71.15.Mb
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I. INTRODUCTION

The ordering of the two-dimensional epitaxial overlay
on a substrate is an interesting problem in physics.1–4 One of
the prototype systems for studying this type of problem
Pb/Si~111!. It is known that Pb is not reactive with Si, an
that they are mutually insoluble.5–7 Pb/Si~111! can form a
well-defined interface which is ideal for studying two
dimensional behavior. Both Pb and Si are group IV eleme
but their lattice constants are incommensurate. It is of g
interest to understand what the resultant overlayer struc
will be for different coverages of Pb on Si~111!.

Experimentally, it turns out that the phase diagram of P
Si~111! is complicated, depending on coverage, temperat
and annealing history,7–9 and Fig. 1 shows the differen
phases proposed by experiments between 1/6- and 4/3
coverages. For a Pb coverage of 1/6 ML, experiments
served the so-called mosaic phase~or g phase!, in which Pb
and Si adsorb on T4 sites in equal proportion.10,11 As the
coverage increases, the adsorbed Si atoms at the T4 site
gradually replaced by Pb atoms until all the Si atoms
replaced.12 This is theb phase, which has a coverage of 1
ML. The b phase has aA33A3 symmetry with Pb atoms
adsorbed on the T4 sites. Upon cooling below room temp
ture at 1/3-ML coverage, a 333 phase is observed.9,13 The
exact nature of the transition from theA33A3b phase to the
(333) phase is not clear, but it may be related to the cha
density wave instability.14–17 At 2/3 ML, Le Lay et al. ob-
served a stable phase, and the proposed structure h
A33A3 symmetry with two Pb atoms adsorbed at T4 site7

Since then, no other groups reported this particular phas
this coverage. At 1 ML, domains composed ofA33A3 unit
cells are observed.18,19 STM experiments observed alterna
ing domains of trimers with quasi-(131) region in
between.18 Two types of trimer domain are observed. T
trimers are composed of three Pb atoms at T1 sites displ
either towards H3 or T4 sites. At high temperature,
commensurate-incommensurate transition from trimer
mains to the (131) phase is observed. For coverage b
tween 1 and 4/3 ML, a hexagonal incommensurate~HIC!
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phase, and a striped incommensurate~SIC! phase are
observed.8,9 They are also known asa phases. The exac
structure of thea phase is not well understood. Upon coolin
of the a phase, a low temperature phase withA33A7 sym-
metry is observed.9,12,13,20 Except for the 1/6-ML mosaic
phase and the 1/3-MLb phase, there are controversies as
the exact coverage and the corresponding structures of
other phases.

The purpose of this paper is to explore the various p
posed structural models and other plausible models for
coverage between 1/6 and 4/3 ML using first-principles c
culations in order to determine the energetically stable
coverage and the corresponding energetically favorable
ometries. This paper is divided into five sections. Section
describes the theoretical tools and settings that our calc
tions are based on. Section III describes the structures
we have calculated together with simulated scanning tun
ing microscopy~STM! images for certain structures. In Se
IV, the energetics of the structures mentioned in Sec. III w
be discussed, and our results will be compared with exp
ments. Section V is the conclusion.

FIG. 1. Proposed phases of Pb/Si~111! by experiments for cov-
erage between 1/6 and 4/3 ML.
©2003 The American Physical Society10-1
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FIG. 2. ~a! The top view and~b! side view of the 1/6-ML mosaic phase in a 2A332A3 unit cell. Pb~Si! adatoms are black~light gray!.
Si atoms in the first~second and below! layer of the Si substrate are white~gray!. Only the first two layers of the Si substrate are shown
the top view, with the Pb and Si adatoms represented by larger spheres. For the side view, top four layers of the Si substrate are s
131 unit cell is indicated by a dotted line, and a dashed line forA33A3 unit cell. The top view and the side view are not in the same sc
it
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II. CALCULATION METHOD

Our first-principles calculations are based on dens
functional theory under local density approximations21

Pseudopotential and plane wave bases are being used
Ceperley-Alder functional22 parametrized by Perdew an
Zunger23 is used for the exchange-correlation energy fu
tional. The kinetic energy cutoff is set to be 12 Ry. T
Si~111! surface is modeled by a periodically repeating s
which consists of six layers of Si passivated by H at
bottom and a vacuum space of at least 12 Å. The bot
double layer of Si atoms is kept fixed to simulate the b
environment, while all other atoms are allowed to relax un
the forces are less than 0.025 eV/Å. A set of 48 specia
points are chosen to sample the irreducible Brillouin zone
the 131 unit cell. For unit cells other than 131, equivalent
k points have been used.

III. OPTIMIZED STRUCTURES

A. Structure of the mosaic phase at 1Õ6 ML

The 1/6-ML mosaic phase is modeled by a 2A332A3
unit cell. The adsorbed atoms are located at T4 sites in wh
half of them are Pb and the other half are Si, as shown in
2 Our calculations show that this is a stable structure.
adatoms are higher than Si adatoms, resulting in a corru
tion of 0.87 Å. The Pb-Si bond length is 2.82 Å, and t
bond length between the Si adatom and Si substrate ato
2.44 Å as shown in the figure. It should be noted that the
adatoms are very close to the substrate, such that the S
oms in the substrate directly below the adatoms are be
pushed downwards relative to the other Si atoms in the s
layer.

Simulated STM images24 of this structure are shown in
Fig. 3 The STM tip is assumed to position at a height of 2
above the highest atom in the structure. This assumption
be used for the other simulated STM images. Although
adatoms are higher than Si adatoms geometrically
0.87 Å, the apparent height between them depends on
applied bias voltage. For negative bias voltages, there
only bright spots corresponding to Pb atoms. This is true
various bias voltages that we have tested between -0.5 an
V. Filled state images for21 and22 V are shown in Figs.
3~a! and 3~b!, respectively. The situation is different for pos
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tive bias voltages. For an empty state image with a bias
0.5 V @Fig. 3~c!#, both Pb and Si atoms can be seen, althou
the spots corresponding to Si atoms are weaker. For volta
above 0.5 V@Fig. 3~d!#, Pb adatoms are much brighter tha
Si. The dependence of the apparent height difference
tween Si and Pb on the sample bias was studied in Ref.
experimentally. For negative bias voltages, Ref. 10 has
same observation as our calculations. For positive bias v
ages, the experiment observed the same apparent heigh
Pb and Si adatoms at 1.0 V. Pb adatoms look brighter t
the Si adatoms for larger bias voltages. Although the prec
bias voltages where Pb looks brighter than Si from the
periment is different from our calculation results, both t
experiment and our calculations agree that there are cha
on the apparent height between Pb and Si adatoms for p
tive bias voltages, but not for the negative case.

FIG. 3. Simulated STM images of the 1/6-ML mosaic pha
with bias voltages of~a! -1.0 V, ~b! -2.0 V, ~c! 0.5 V, and~d! 1.0 V.
The dashed lines indicate the sameA33A3 unit cells as in
Fig. 2~a!.
0-2
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B. Structures of the A3ÃA3 phase at 1Õ3 ML

Three geometries based on theA33A3 unit cell are
tested for a Pb coverage of 1/3 ML. They correspond to a
atom placed at the T1, H3, or T4 site, respectively, as sho
in Fig. 4 Our calculations show that these three structures
all energetically stable, but the T4 structure is the most
ergetically favorable among the three. As one can see f
Fig. 4~d!, in the T4 structure the dangling bonds of the top
layer of the substrate are all saturated by Pb adatoms.
Pb-Si bond length is 2.80 Å. The second layer of the
substrate is 0.62 Å below the first layer, which is the same
a relaxed Si~111! substrate, but it is not flat. Those Si atom
which are directly below the T4 Pb adatoms are be
pushed downwards by 0.46 Å relative to the other Si ato
in the second layer, and their distances to the Pb adat
directly above is 2.93 Å. Simulated STM images of th
structure are shown in Fig. 5. For both the empty state
occupied state images, there are bright spots correspon
to the T4 Pb atoms.

Since it is experimentally observed that there is a tran
tion from theb phase to a 333 phase upon lowering th
temperature, we studied the stability of the T4 structure
using a 333 unit cell, as shown in the inset of Fig. 6. Th
stability of the T4 model is tested with respect to a surfa
phonon distortion with 333 symmetry. We pick one Pb ada
tom, which is labeled A in the inset, fix its height, and all t
other atoms are free to relax. This is repeated with differ
height of the chosen Pb adatom, and the result is show
the plot of Fig. 6. If this surface phonon mode is soft, the
will be a spontaneous distortion of the originally flat Pb ov
layer. Our calculations show that the minimum in ener
corresponds to a flat Pb layer. Simulated STM images for

FIG. 4. ~a! T1 model,~b! H3 model,~c! T4 model, and~d! side
view of the T4 model for the 1/3-MLb phase. The top view and
side view are not on the same scale. The scheme for coloring
atoms and outlining the unit cells is the same as Fig. 2.
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T4 model with a 333 unit cell are also calculated. We foun
that all the bright spots have the same brightness, which l
exactly the same as in Fig. 5. Even though a 333 unit cell is
being used in the calculation, all results simply reduced
A33A3 symmetry both structurally and electronically.

C. Structures models at 2Õ3 ML

For a Pb coverage of 2/3 ML, our structural models co
sist of two Pb adatoms in aA33A3 unit cell. Each Pb ada
tom can be put on T1, T4, or H3 sites. Different ways
putting the two Pb adatoms on the three sites give six ini
geometries. Upon relaxation, we found that when the two
atoms are placed at different sites, they will go off-site a
dimerize with the other Pb atom. In particular, when Pb a
toms are located at T1 and T4 sites, the T4 Pb adatom wil
to the bridge site. The Pb dimer has a bond length of 3.19
When Pb adatoms are located at T1 and H3 sites, the H3
adatom will also go to the bridge site to give the exact sa
structure as the previous case. When the Pb adatoms ar

he

FIG. 5. Simulated STM images of the 1/3-MLb phase with bias
voltages of~a! 1.0 V and~b! 21.0 V. The dashed lines indicate th
sameA33A3 unit cells as in Fig. 4~c!.

FIG. 6. A plot of the total energy of 1/3-ML 333 distorted T4
model vs the height of the labeled Pb adatom A. The total energ
with respect to that of the undistorted ground state structure.
inset shows the T4 model of the 1/3-MLb phase in a 333 unit cell,
which is used for the calculations. The dotted line and the das
line indicate the 333 and A33A3 unit cells, respectively. The
scheme for coloring the atoms is the same as in Fig. 2.
0-3
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FIG. 7. ~a! T1-B model, ~b!
T4-H3 model, ~c! T4-T4 model,
~d! H3-H3 model, and~e! T1-T1
model for 2/3-ML Pb coverage
The scheme for coloring the at
oms and outlining the unit cells is
the same as in Fig. 2.
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at T4 and H3 sites, they will form a dimer with a length
3.22 Å. Since two of the initial structures give the same fi
result, five stable structures are obtained as illustrated in
7. They are named according to where the Pb adatoms
located.

D. Structure models at 1 ML

The simplest models for 1 ML are structures based
131 unit cells. Three structures are tested, in which a
adatom is placed at the T1, T4, or H3 site respectively. T
T1 site is the most energetically stable structure among
three.25 In this T1 model, the dangling bonds of the Si atom
in the first layer of the substrate are all saturated by Pb a
toms, with the Pb-Si bond length equal to 2.66 Å. The v
tical distance between the first and second Si layers
0.81 Å, which is bigger than 0.78 Å for an unrelaxed Si~111!
substrate.

We also tested the trimer models based on theA33A3
unit cell. There are two proposed structures in Ref. 18
shown in Figs. 8~a! and 8~b!. Both contain Pb atoms ad
sorbed at T1 location but displaced a little bit off-site. If th
Pb atoms displace towards the H3 site, we call the resul
structure the T1 model. If it is towards the T4 site, it is calle
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the T2 model. We found that it is energetically stable for th
Pb atoms to be displaced either towards the T4 or H3 s
The bond length between Pb atoms in a trimer is 3.68 Å
the T1 model and 3.74 Å for the T2 model, compared to
3.84 Å if the Pb atoms are located exactly at the T1 sit
The geometries of the T1 model and the trimer models
very similar. For both trimer models, the Pb-Si bond leng
is 2.68 Å, which is slightly bigger than the T1 model, an
the distance between the first and second Si layers is 0.8
An interesting difference between the T2 model and the
other two models is that the second layer of the Si subst
of the T2 model is not completely flat. For the T2 model, the
second layer Si atoms directly below the center of the
trimers is 0.02 Å lower than the rest of the Si atoms in t
second layer.

Simulated STM images for the trimer models are sho
in Fig. 9 For filled state images, clear distinct bright spo
from Pb atoms can be observed for both T1 and T2 models,
while for empty state images, the bright spots are displa
away from the H3~T4! site and the intensity is low at the H
~T4! position for the T1 (T2) model, although the Pb ada
toms are displaced towards the H3~T4! site structurally. At
the same bias voltage of 1.0 V, the T1 structure is about
for coloring

FIG. 8. The top view of~a! 1-ML T1 and ~b! T2 models. Their side view diagrams look exactly the same, and are illustrated in~c!.

Please refer to the text for the subtle difference between them. The top view and side view are not on the same scale. The scheme
the atoms and outlining the unit cells is the same as Fig. 2.
0-4
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twice as bright as the T2 structure. If T1 and T2 domains
coexist in the same structure, they can be differentiated
their apparent height in STM empty state images.

Based on the results of Ag/Si~111! ~Ref. 26! and
Au/Si~111!,27 missing-top-layer ~MTL ! models for Pb/
Si~111! may be possible. MTL models are structures with t
first layer of the Si substrate removed such that each Si a
of the top layer has three dangling bonds. Four differ
MTL models are tested. The honeycomb-chained-trim
~HCT! model observed in Ag/Si~111! is shown in Fig. 10~a!.
The structure consists of chained Pb trimers with the cen
of the trimers forming a honeycomb network. A relat
model is called the inequivalent-triangle~IET! model.28 The
difference between HCT and IET models is that for the I
model, the Pb and Si trimers are twisted such that the mi
plane symmetry along the@112̄# direction is lost, while the
three fold symmetry is preserved. We found that the I

FIG. 9. Simulated STM images of the T1 model with bias volt-
ages of~a! 21.0 V and~b! 1.0 V. Simulated STM images for the T2

model is shown in~c! and~d! with bias voltages of21.0 and 1.0 V
respectively. The dashed lines indicate the sameA33A3 unit cells
as in Figs. 8~a! and 8~b!. ~b! and~d! are plotted under the same gra
scale. The bright spots in~b! are around twice as bright as thos
in ~d!.

FIG. 10. ~a! HCT model and~b! MTL model for the 1-MLa
phase. The scheme for coloring the atoms and outlining the
cells is the same as Fig. 2.
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model is not energetically stable and it relaxed to the mo
HCT. Another related structure is the conjugate-HC
~CHCT! model.27 Instead of Pb atoms forming chained trim
ers, the CHCT model has the top layer of Si forming chain
trimers instead. Our calculations found that the model CH
is not energetically stable and reduced to the model H
upon relaxation. The fourth MTL model that we consider
is the substitution model~MTLs!. We start with a Si~111!
substrate with a top double layer. Then the first Si layer
replaced by Pb atoms such that the bonds of the secon
layer are all saturated. We found that the model MTLs
energetically stable and it is shown in Fig. 10~b!.

E. Structure models at 6Õ5 ML

At low temperature and with a Pb coverage of 6/5 ML
A33A7 phase have been observed. In our present calc
it

FIG. 11. ~a! H3 model, and~b! T4 model based onA33A7 unit
cell for the 6/5-ML Pb coverage. The dotted and dashed lines in
cate theA33A3 andA33A7 unit cells, respectively. The labelin
of the Pb adatoms for the H3 model is the same as that of Ref.
The Pb adatoms of the T4 model are labeled in the same way ex
that Pb adatom 1 denotes the T4 Pb adatom instead of the H
adatom. The dotted circles denotes Pb adatom 2 in the adaja
unit cell. The scheme for coloring the atoms is the same as Fig
0-5
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FIG. 12. Simulated STM im-
ages of the 6/5-ML H3 mode
with bias voltages of~a! 1.5 V, ~b!
20.35 V, and ~c! 21.0 V. The
dashed lines indicate the sam
A33A7 unit cells as in Fig. 11.
The triangle in~b! denotes a trim-
erlike feature that can be observe
in the filled states image.
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tions, we adopted the structure from the x-ray diffracti
experiment20 as shown in Fig. 11~a!. There are six Pb atom
in a unit cell, one of them is at H3 site, the others are at
site or off-centered T1 site. We called this structure the
model. As we will show later in this paper when we compa
the energetics of different structures, the energy differe
between placing a Pb adatom at the H3 or T4 site is v
small when the Pb coverage is above 1 ML; therefore
tested a competitive model in which the H3 Pb adatom
placed at the T4 site instead. The resultant structure is ca
the T4 model and is shown in Fig. 11~b!. Both structures are
energetically stable. A detailed description of the structure
H3 model can be found in Ref. 20 and theoretical studies
this structure have been done as well.29 We repeat this cal-
culation together with our newly proposed T4 model. Fro
our calculations, the bond lengths between the H3 Pb ada
with the other Pb adatoms are 3.01 and 3.04 Å, which
close to the Pb-Pb covalent bond length of 2.94 Å. The ot
Pb-Pb bond lengths not involving the H3 Pb adatom
greater than 3.2 Å, which is closer to the metallic Pb bo
length of 3.50 Å. The corrugation of the Pb overlayer
0.14 Å. Our result is consistent with the previous theoreti
study29 and experimental observations in Ref. 20, which a
observed that there may be more than one equilibrium he
for the H3 Pb adatom. We did calculations to search for ot
possible heights for the H3 Pb adatom, but we cannot
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another equilibrium position. For the T4 model, we can ma
similar observations that the bond lengths between the T4
adatom and the other Pb adatoms are close to the P
covalent bond length, while the other Pb-Pb bond lengths
more metallic. The corrugation of the Pb overlayer in the
model is 0.13 Å.

Simulated STM images for the H3 model are shown
Fig. 12. For empty state image@Fig. 12~a!#, a bright spot
corresponding to the H3 Pb adatom and a weaker spot
responding to an off-site T1 Pb atom can be seen. For fi
state images@Figs. 12~b! and 12~c!#, five spots which seem
to come from T1 position can be found in a unit cell. Th
relative brightness of these spots depend on the bias volt
For the20.35 V filled state image in Fig. 12~b!, a trimerlike
feature is observed, which is highlighted in the figure. W
also calculated the simulated STM images for the T4 mod
as shown in Fig. 13. As in the H3 model, a bright spot c
responding to the T4 Pb adatom can be observed in
empty state image. For the filled state image, spots co
sponding to the other T1 Pb adatoms can be seen and
relative brightness also depend on the bias voltage, as sh
in Figs. 13~b! and 13~c!. We again noticed a trimerlike fea
ture when the bias voltage is -0.35 V, but the orientation
different from that of the H3 model. Therefore, both H3 a
T4 models should produce very similar features in STM i
ages, and they can only be differentiated by the registry
e

d
t

FIG. 13. Simulated STM im-
ages of the 6/5-ML T4 model with
bias voltages of~a! 1.5 V, ~b!
-0.35 V, and ~c! 21.0 V. The
dashed lines indicate the sam
A33A7 unit cells as in Fig. 11.
The triangle in~b! denotes a trim-
erlike feature that can be observe
in the filled state image. Note tha
it is pointing in the opposite direc-
tion when compared to Fig. 12~b!.
0-6
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the bright spots with respect to the underlying Si~111! sub-
strate. In Fig. 14, the Si~111! lattice~small spheres! and the
Pb adatoms~big spheres! are overlaid on top of both the ex
perimental and theoretical data. Figure 14~a! presents a high-
resolution STM image of theA33A7 phase at a bias voltag
of 1.3 V. Bright spots can be observed between H3 Pb a
toms and the adjacent T1 Pb adatoms; this feature is re
duced accurately by our calculation, as shown in Fig. 14~b!.
If the T4 model is the correct structure, the bright spots m
tioned above would have to shift along the (112)̄ direction
by approximately half of theA3 lattice constant. This illus-
trates unambiguously that the H3 model fits the experime
STM results better than the T4 model. It can be noted t
there are other bright spots corresponding to T1 Pb adat
in the experimental STM image, which are absent in
theoretical calculation. However, these extra spots are
absent in a recent STM experiment of theA33A7 phase.29

The reason for the difference between the results of the
STM experiments is not clear.

F. Structures of A3ÃA3 H3 and T4 models at 4Õ3 ML

For 4/3 ML coverage, we consider structures based
A33A3 unit cells with four Pb atoms in each unit cell. Th

FIG. 14. Si~111! lattice and Pb adatoms overlaid on top of~a! a
high-resolution STM image of theA33A7 phase with a bias volt-
age of 1.3 V, and~b! a simulated STM image of the H3 model at th
same bias voltage. The small spheres represents the Si~111! lattice
and the big spheres are the Pb adatoms. Bonds are drawn i
tween the H3 Pb adatoms and their adajacent T1 Pb adatoms, w
the bond lengths are approximately 3 Å.
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first structure is called the H3 model, in which one Pb ato
is located at the H3 site and the other three at the
centered T1 location forming a trimer. It is energetica
stable and is shown in Fig. 15. The Pb overlayers essent
form a flat surface, which is about 2.6 Å above the Si su
strate. The vertical distance between the first and sec
layer Si substrates is 0.82 Å. The H3 Pb adatom has a b
length of 3.03 Å with its nearest Pb adatoms. The trim
formed by the off-centered T1 Pb adatoms have a length
3.38 Å. By replacing the H3 Pb atom by a Pb atom on the
site, we obtain another model called the T4 model. It is a
energetically stable and is shown in Fig. 16. The Pb ov
layer is again very flat, with a corrugation of 0.23 Å, an
about 2.6 Å above the Si substrate. The vertical distance
tween the first and second layers of Si substrate is 0.86
with the second layer Si atoms which are directly below
T4 Pb adatoms 0.1 Å higher than the rest of Si atoms in
same layer. The T4 Pb adatom has a bond length of 3.0
with its nearest Pb adatoms. The trimers has a length
3.45 Å for this case.

Simulated STM images are shown in Figs. 17~a!–17~d!.
Empty state images show bright spots corresponding to
~T4! Pb atom for the H3~T4! model. From Fig. 17, we can
see that the H3 model gives brighter spots than the T4 mo
If a H3 domain and a T4 domain coexist on the same str
ture, they can be differentiated by their apparent heigh
STM. For occupied states images, bright spots correspon
to the other three Pb atoms on the T1 sites can be seen
both models. But the occupied state image of the H3 mo
has a substantial intensity at the H3 positions, while v
little intensity is seen at the T4 positions in the T4 model

We also found another energetically stable struct
which is neither H3 nor T4, but looks similar to them. It h
a Pb atom at an off-site T4 location and another at off-s
H3 location, as shown in Fig. 18. The Pb adatoms fo
chain-like structures along the@112̄# direction. We call this
structure the intermediate~Int! phase, as it looks like a tran
sition state between the H3 and T4 models. The Pb overla
has a corrugation of 0.15 Å and it is around 2.58 Å abo
the Si substrate. As shown in Fig. 18~a!, the bond length is
3.20 Å between Pb-1 and Pb-2, 3.19 Å between Pb-2
Pb-3, and 2.94 Å between Pb-3 and Pb-1. The vertical
tance between the first two layers of the Si substrate
0.81 Å. The Si atoms in the second layer of the substr
below Pb-1 are slightly higher than the rest of the Si atoms
the same layer by 0.1 Å.

Simulated STM images of the Int phase are shown
Figs. 17~e! and 17~f!. One bright spot and one weaker sp
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FIG. 15. ~a! The top view and~b! side view of
the 4/3-ML H3 model. The gray-bordered tr
angle in~a! illustrates the trimers formed by th
off-centered T1 Pb adatoms as mentioned in
text. The side view illustrates the Pb adatom
H3 position~the labeled Pb adatom! and its near-
est Pb adatoms. The top view and the side vi
are not in the same scale. The scheme for co
ing the atoms and outlining the unit cells is th
same as Fig. 2.
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FIG. 16. ~a! The top view and~b! side view of
the 4/3-ML T4 model. The gray-bordered triang
in ~a! illustrates the trimers formed by the off
centered T1 Pb adatoms as mentioned in the te
The side view illustrates the Pb adatom at T
position~the labeled Pb adatom! and its nearest
Pb adatoms. The top view and the side view a
not in the same scale. The scheme for colori
the atoms and outlining the unit cells is the sam
as Fig. 2.
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can be found in a unit cell in the empty state image. T
brighter spots come from the off-site T4 Pb atom and
weaker spots come from the off-site H3 Pb atoms. The fil
state image gives three spots in a unit cell: two bright sp
and a weaker elongated spot. The weaker spots come
the off-site H3 Pb atom and extend to the T1 site towards
off-site T4 Pb atom, which does not give a bright spot in t
filled state image. The two bright spots come from the ot
two Pb atoms located near the T1 sites in the unit cell.

As for 1 ML, we also consider the possibility of MTL
models. A simple extension from the 1-ML MTL models
4/3-ML structures is obtained by adding one extra Pb ada
to theA33A3 unit cell. In this way, we obtained energe
cally stable HCT-adatom models~HCTa1, HCTa2! and
MTL-substitution-adatom models~MTLsa-H3, MTLsa-T4!,
as shown in Fig. 19. Since these four models are obtaine
putting an additional Pb adatom on top of the existing 1M
MTL models, the Pb overlayer has a large corrugation. Str
tural models with small corrugations of the Pb overlayer
also constructed by simply removing the first Si layer in t
Si~111! substrate of the 4/3-ML H3 and T4 models. The
overlayer from the H3 and T4 models are lowered to a r
sonable height and laterally displaced as a whole with
spect to the missing-top-layer substrate. Since it is not o
ous what lateral displacement will give the lowest ene
structure, we generated manyA33A3 MTL models with flat
Pb overlayers and the only difference between them is
the Pb overlayer is laterally displaced as a whole with resp
to the MTL substrate. Among the flat MTL models that w
have generated in the above manner, the most energeti
favorable one after optimization is shown in Fig. 19~a!,
which we call the MTL1 model. Finally, we consider the H
and T4 models with stacking fault~H3sf, T4sf! on the
Si~111! substrate. The relative energetics of these structu
will be considered in the following section.

IV. RELATIVE STABILITIES

We have calculated the formation energies of the str
tures discussed in Sec. III in order to compare their rela
stabilities. The formation energy is defined as

Es5~E2Esub2NPb3EPb2Nsi3Esi!/A, ~1!

whereE is the total energy of the structure,Esub is the total
energy of the Si~111! substrate,NPb(NSi) is the number of
Pb~Si! adatoms in a unit cell,EPb(ESi) is the total energy of
a bulk Pb~Si! atom in a fcc~diamond! structure, andA is the
surface area of the Si~111! substrate. This formula measure
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the stability of a structure with respect to a clean Si~111!
substrate and with Pb and Si adatoms in their respective
environment. If the formation energy is negative, it is en
getically favorable to form that particular structure.

For structures based on MTL models, their formation e
ergies are not obtained from Eq.~1!. Since the Si~111! sub-
strate with a missing top layer has three dangling bonds
surface atom, it has a much higher energy than a subs
with a top double layer. A direct application of Eq.~1! to

FIG. 17. Simulated STM images of the 4/3-ML H3 model wi
bias voltages of~a! 1.5 V and ~b! 21.5 V. For the 4/3-ML T4
model, the simulated STM images are shown in~c! for 1.5 V and
~d! for 21.5 V. While for the 4/3-ML Int model, it is~e! and~f! for
2.0 and21.5 V, respectively. The dashed lines indicate the sa
A33A3 unit cells as in Fig. 15 for the H3 model, Fig. 16 for the T
model, and Fig. 18 for the Int model. It should be noted that~a! and
~c! are plotted under the same gray scale. We can see that th
spots are brighter than the T4 spots.
0-8



e
for
is

FIRST-PRINCIPLES STUDIES OF STRUCTURES AND . . . PHYSICAL REVIEW B68, 045410 ~2003!
FIG. 18. ~a! The top view and~b! side view of
the 4/3-ML Int model. The top view and sid
view are not on the same scale. The scheme
coloring the atoms and outlining the unit cells
the same as in Fig. 2.
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MTL models does not allow a fair comparison with oth
models. We use an indirect method to infer the format
energies of MTL models. For a given MTL model, a corr
sponding structure with inversion symmetry is generat
such that hydrogen passivation at the bottom of the subs
is not necessary. Then we pick another non-MTL structur
the same Pb coverage and generate a structure with inve
symmetry. These two structures with inversion symme
should have the same number of Pb and Si atoms in a
cell, such that the total energies can be directly compa
Since the formation energy of the other chosen structur
known from Eq.~1!, the formation energy of the MTL mode
can be inferred from the total energy difference. For M
models to be formed, the top layer of the Si~111! has to be
removed when Pb is deposited. The physical interpretatio
the formation energy for MTL models is that the remov
top Si atoms are assumed to go to a bulk diamond Si e
ronment.

The formation energies of all the structures mentioned
Sec. III are summarized in Table I and illustrated in Fig. 2
For 1/6 ML, the mosaic phase has a negative formation
ergy, therefore it is energetically favorable to form this stru
ture. For 1/3 ML, the T4 model has the lowest formati
energy, which is 0.14 eV lower than the H3 model. The
model is not energetically favorable. This agrees with
experimental observations that theb phase consists of P
atoms adsorbed at T4 sites. For 2/3 ML, the coexiste
between theb phase and theA33A7 phase is observe
experimentally. From our calculations, the T1-B and T4-
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models are the lowest energy structures and they are de
erate in energy. If a stable phase at 2/3 ML can be obser
T1-B model is a possible candidate apart from the T4-
model proposed by Le Layet al.7 For 1 ML, the T1 model
and the trimer models (T1,T2) are the most favorable an
they are degenerate in energy. Contrary to Ag/Si~111! and
Au/Si~111!, MTL models are not as favorable in this cas
For 6/5 ML, the H3 model is slightly lower in energy tha
the T4 model by 0.01 eV per 131 unit cell. Experimentally,
only the H3 model is observed. Despite the similarity b
tween the adsorption energies at H3 and T4 sites of theA3
3A7 phase, only domains with H3 sites are observed bot
x-ray and STM experiments. However, as we have shown
a recent publication for the HIC structure30 which hasu
51.25 ML ~built with A33A3 unit cells in the domain in-
terior and essentially theA33A7 phase in the domain
walls!, both H3 and T4 sites are observed. It is still not cle
why the binding site of theA33A7 phase is only H3 while
for the HIC phase, which easily evolves from theA33A7
phase with the addition of few monolayer percent of Pb, b
sites are occupied.

For 4/3 ML, the T4, H3, and Int models are the lowe
energy structures, and they are nearly degenerate in en
There are a few interesting implications from our results
4/3 ML. The first point is that although for a clean Si~111!
(131) surface, the energy for a stacking fault is 0.04 eV,
shown in Table I, the Pb overlayer seems to stabilize
stacking fault. The energies of T4sf and H3sf models
g
t

FIG. 19. ~a! MTL1 model, ~b!
HCTa1 model,~c! HCTa2 model,
~d! MTLsa-H3 model, and~e!
MTLsa-T4 model for the 4/3 ML
a phase. The scheme for colorin
the atoms and outlining the uni
cells is the same as in Fig. 2.
0-9
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only 0.01 eV higher than their unfaulted counterpart. It
generally believed that when Pb is deposited on Si~111! 7
37, stacking fault will be removed. Our calculations sho
that this might not be the case. The second point is the
parent height difference between the H3 and T4 model
the STM empty state image, and their degeneracy in en
can be used to explain the features observed in the
phase. The HIC phase is believed to be composed of a
nating domains of H3 and T4 models. This will be furth
discussed elsewhere.30 Finally, the Int model bears a clos
resemblance to the T4 and H3 models as described in
III. In addition, its energy is nearly degenerate with the
and H3 models. The Int model may act as a bridge betw
T4 domains and H3 domains. In particular, the Int mo
may be related to the domain wall structure of the H
phase.

The third point is that the MTL models are not as en
getically favorable as the other models as in 1 ML. T

TABLE I. Formation energies of the energetically stable stru
tures from 1/6 to 4/3 ML. The formation energy of the stacki
fault is included as a reference.

Coverage Unit cell Name of structureEs ~eV per 131 unit ce

0 131 stacking fault 0.04

1/6 2A332A3 mosaic 20.43

1/3 A33A3 T4 20.51
H3 20.37
T1 0.16

2/3 A33A3 T1-B 20.34
T4-T4 20.34
H3-H3 20.26
T4-H3 20.23
T1-T1 20.06

1 131 T1 20.47
H3 20.21
T4 20.20

A33A3 T1 20.47
T2 20.47

HCT 20.39
MTLs 20.14

6/5 A33A7 H3 20.70
T4 20.69

4/3 A33A3 T4 20.76
H3 20.75
Int 20.76

T4sf 20.75
H3sf 20.74

HCTa1 20.23
HCTa2 20.17

MTLsa-H3 0.01
MTLsa-T4 20.06

MTL1 20.40
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lowest energy structure among the MTL models is the MT
model. One of the differences between MTL1 and oth
MTL models is that the Pb overlayer in MTL1 has a smal
corrugation, while the others are highly corrugated as m
tioned in Sec. III. This feature is shared by the H3, T4, I
and stacking faults models, in which the corrugation of t
Pb overlayer is less than 0.25 Å. These structures may c
prise the wetting layer on which three-dimensional Pb
lands can grow. The flatness may provide low diffusion b
rier which facilitates the growth of 3D islands.31–33 Fig. 21
shows a STM image of the SIC phase which consists
A33A3 domains separated by meandering domain wa
which are essentiallyA33A7 unit cells.33 The coverage is
slightly above 4/3 ML. The smoothness of this image is co
sistent with the above calculated value. Growth of additio
Pb on top of this phase at even lower temperatures, 100,T

-

FIG. 20. A plot of the formation energies of various mode
against Pb coverage on Si~111!. A linear interpolation is done be
tween certain lowest energy structures with different coverages
explanation for the interpolation can be found in the text.

FIG. 21. Different domains ofA33A3 separated by meanderin
domain walls which are essentiallyA33A7 unit cells. The corru-
gation of the phase is 0.05 nm, in good agreement with the ca
lation.
0-10



ar
e

al

ht
2

us
o
is

al

v
g
n

n
x
in
b

be
ar
su
n
f

ta
th
bl

a
l
on
r
th
th
th

un

T
r it

he
ts is

sed
gy
ld

ich
ted
x-
age.
e
ity
ce.

L
e
nge
e
of
g
ov-

e

of

hat
be-
on-

ns

nly
ns

is
ge
stic

unt
re,

asing

ML
uc-

ding
e
4/3

he
her

a

FIRST-PRINCIPLES STUDIES OF STRUCTURES AND . . . PHYSICAL REVIEW B68, 045410 ~2003!
,240 K, results in the formation of well-ordered regul
structures extending up to 100 nm in linear size. First, n
works of planar triangular Pb clusters will form when sm
extra amount of Pb is deposited (Du,1 ML). For larger
amount of Pb deposited (Du.1 ML) with increasing tem-
perature,~111!-oriented Pb islands grow by bilayer heig
increments as a result of quantum-size effects. Figure
shows the result of the growth after depositing;2.5 ML of
Pb on top of the well-annealeda phase at 150 K. A 2-step
film grows first, extending over the whole 147395-nm2 im-
age, with the next four-step layer forming on top of it, th
providing experimental evidence for the low corrugation
theA33A3a phase and also the low diffusion barrier of th
phase. The modulation observed on top of the islands is
electronic effect related to variations at the met
semiconductor interface discussed elsewhere.34

Up till now, we compared structures with the same co
erage. A comparison of structures with different covera
can be done as follows. From Fig. 20, the points correspo
ing to the lowest energy structures of 1/6, 1/3, and 4/3 M
are linearly interpolated. The interpolation between 1/3 a
4/3 ML, for example, represents domains with 1/3 ML coe
isting with domains with 4/3 ML. If we assume the doma
wall density is low, the energy associated with them can
neglected. This justifies the use of a linear interpolation
tween structures. The structures with 2/3, 1, and 6/5 ML
above the interpolated curves. This implies that they are
ceptible to segregation into domains of 4/3 and 1/3 ML, a
therefore, they are not stable coverage. The conclusion
2/3 ML agrees with the fact that nearly all experimen
groups did not observe a stable 2/3-ML phase. Although
1-ML phase is observed experimentally, it is not a sta
coverage according to our analysis. This discrepancy m
be due to the fact that our energetics are based on locaA3
3A3 or 131 geometries, assuming a negligible contributi
from domain walls. This may not be applicable to the expe
mentally observed 1-ML phase. It is also possible that
observed 1-ML phase is metastable. Our results show
the 6/5-ML models are not stable, this is contradictory to
experimental fact that theA33A7 H3 model is observed
upon cooling at a Pb coverage between 1/3 ML and aro
1.2 ML. A reversible phase transition atT;270 K has

FIG. 22. 147395-nm2 STM image showing the formation of
long flat 2-step film with few 4-step islands on top atT5160 K and
u54 ML ~including the amount of Pb in theA33A3a phase!. This
is an indication of the high Pb mobility on thea phase.
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been found with several techniques~X-ray and STM! with
A33A7 being the stable phase at 6/5 ML and T,270 K. It
is still not clear what the high temperature phase for
.270 K and the nature of the phase transition is, whethe
is the HIC ~Ref. 9! or the disordered 131 phase.12 In addi-
tion, in the range of 1/3,u,6/5 ML, experimentally there
is coexistence between the 1/3-ML 333 phase and the
A33A7 phase at low temperature. One possibility for t
discrepancy between experimental and theoretical resul
that there is a different structure for theA33A7 phase than
the one we have used in the calculation, i.e., the one ba
on the H3 binding site and 6/5 ML is not the lowest ener
structure. Although our calculations for this model yie
good agreement with both x-ray and STM experiments,29 it
is possible that another lower energy structure exists wh
can produce similar diffraction and STM results. We adop
the proposed structure directly from Ref. 20 without an e
tensive search for other possible geometries at this cover
Since theA33A7 phase is only about 20 meV above th
interpolated curve, it is also possible that the local dens
approximation cannot resolve such a small energy differen
Yet another clue as to why in the calculation theA33A7
phase is above the interpolated energy between the 1/3-Mb
phase and the 4/3-MLa phase can be obtained from th
recent discovery of numerous ordered phases in the ra
1.2,u,1.33 ML, differing by minute amounts in coverag
and built hierarchically according to the formation rules
the ‘‘devil’s staircase.’’35 Such phases are built by combinin
integral numbers n, m of the two generating phases of c
eragesu1 andu2, i.e., theA33A7 phase withu151.2 ML
and the A33A3a phase with u251.33 ML. Any such
phases will have coverageu511@(n1m)/(5n13m)#
within the range 1.2,u,1.33. Twelve such phases hav
been resolved by STM withinDu;0.1 ML, one of the best
realizations of the ‘‘devil’s staircase’’ so far. More details
how the phases are constructed can be found elsewhere,35 but
the important observation for our current discussion is t
these phases result from long range elastic interactions
cause of the large mismatch between Pb and Si lattice c
stants (;9%). Theenergy due to these elastic interactio
falls off with distanceJ(r );1/r 2, and it is not included in
our calculated energy of the structures, which extends o
up to one unit cell with the periodic boundary conditio
being imposed. This missing part of the elastic energy
repulsive and favors larger unit cells with a larger avera
separation between the atoms. The contribution of the ela
energy will raise the energy of a structure by an amo
which increases with the nominal coverage of the structu
since the average atom separation decreases with incre
nominal coverage, i.e., the energy of the 4/3-MLA33A3
structures will increase more than the energy of the 6/5-
A33A7 structures. The repulsive elastic energy of the str
ture with coverageu2 being higher than that withu1 is a
necessary condition for the numerous phases correspon
to the ‘‘devil’s staircase’’ to form. The net result is to reduc
the slope of the coexistence straight line between 1/3 and
ML. This will therefore raise the energy corresponding to t
phase with the 1/3- and 4/3-ML structures coexisting hig
0-11
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CHAN, WANG, HUPALO, TRINGIDES, LU, AND HO PHYSICAL REVIEW B68, 045410 ~2003!
than the energy of theA33A7 H3 structure. In addition, a
discussed before, the region 6/5,u,4/3 ML is not simply
phases of coexisting regions between theA33A7 and
A33A3a phases, but an infinite number of phases with c
erages equal to any rational number betweenu1 and u2.
Because the system experiences long range interactions
energy of the system is lowered if the separation between
unit cells of the two generating phases are arranged in w
defined patterns, i.e., the separation between the unit cel
one type is as uniform as possible for a given coverage. T
will be discussed in detail elsewhere.35,36

V. CONCLUSION

By using first-principles calculations, various models
Pb/Si~111! from 1/6 to 4/3 ML are studied, including existin
proposed models, MTL models, and models with stack
faults. Our theoretical results have good agreement for b
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