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Various structures of Pb/@i11) 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-BHphase yield good agreement with the experimen-
tal results. The higher coverage range<18<4/3 ML has been controversial experimentally, especially close
to 4/3 ML with several different phases being observe8X 7, hexagonal incommensurate, striped incom-
mensurate, etg.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.
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[. INTRODUCTION phase, and a striped incommensurd®/C) phase are
observed® They are also known a& phases. The exact
The ordering of the two-dimensional epitaxial overlayerstructure of ther phase is not well understood. Upon cooling
on a substrate is an interesting problem in phy&ié©ne of  of the a phase, a low temperature phase wifBx 7 sym-
the prototype systems for studying this type of problem ismetry is observed!?*?° Except for the 1/6-ML mosaic
Pb/S{111). It is known that Pb is not reactive with Si, and phase and the 1/3-M]3 phase, there are controversies as to
that they are mutually insolubfe’ Pb/S{111) can form a the exact coverage and the corresponding structures of the
well-defined interface which is ideal for studying two- other phases.
dimensional behavior. Both Pb and Si are group IV elements The purpose of this paper is to explore the various pro-
but their lattice constants are incommensurate. It is of greaR©Sed structural models and other plausible models for Pb

interest to understand what the resultant overlayer structurg®verage between 1/6 and 4/3 ML using first-principles cal-
will be for different coverages of Pb on (SL1). culations in order to determine the energetically stable Pb

Experimentally, it turns out that the phase diagram of ppfoverage and the corresponding energetically favorable ge-

Si(111) is complicated, depending on coverage temperatureometr.ies' This paper ﬁs divided into five. sections. Section Il
and annealing historﬂ,/‘g and Fig. 1 shows tk;e different describes the theoretical tools and settings that our calcula-

hases pronosed by experiments between 1/6- and 4/3- ions are based on. Section Il describes the structures that
P prop Yy €xp e have calculated together with simulated scanning tunnel-

coverages. For a Pb coverage of 1/6 ML, s-:xpen.ments Ob|’ng microscopy(STM) images for certain structures. In Sec.
served the so-called mosaic phasey phase, in V‘ih'Ch Pb v the energetics of the structures mentioned in Sec. il will
and Si adsorb on T4 sites in equal proportldrt: As the  pg discussed, and our results will be compared with experi-
coverage increases, the adsorbed Si atoms at the T4 sites @@nts. Section V is the conclusion.

gradually replaced by Pb atoms until all the Si atoms are

replaced?? This is the phase, which has a coverage of 1/3  _go4°f ' et (1
ML. The B phase has /3% /3 symmetry with Pb atoms bRef'[ ]
adsorbed on the T4 sites. Upon cooling below room tempera el ©]

ture at 1/3-ML coverage, a33 phase is observed® The Refs. [91121L13]
exact nature of the transition from th&X /3 phase to the
(3% 3) phase is not clear, but it may be related to the chargez ~600"F - - - --
density wave instability*~1” At 2/3 ML, Le Lay et al. ob- e A N
served a stable phase, and the proposed structure has
J3% /3 symmetry with two Pb atoms adsorbed at T4 sites.
Since then, no other groups reported this particular phase
this coverage. At 1 ML, domains composed@x /3 unit ~250°f - -~~~
cells are observetf'® STM experiments observed alternat-
ing domains of trimers with quasi-(41) region in 3x3)+(J3 xI71)
between'® Two types of trimer domain are observed. The
trimers are composed of three Pb atoms at T1 sites displace
either towards H3 or T4 sites. At high temperature, a
commensurate-incommensurate transition from trimer do-
mains to the (X 1) phase is observed. For coverage be- FIG. 1. Proposed phases of Pt3il) by experiments for cov-
tween 1 and 4/3 ML, a hexagonal incommensur@diéC)  erage between 1/6 and 4/3 ML.
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(b)

FIG. 2. (a) The top view andb) side view of the 1/6-ML mosaic phase in 8/2x 2/3 unit cell. P§Si) adatoms are blackight gray).
Si atoms in the firssecond and belowayer of the Si substrate are whitgray). Only the first two layers of the Si substrate are shown for
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 shown. The
1% 1 unit cell is indicated by a dotted line, and a dashed line/x /3 unit cell. The top view and the side view are not in the same scale.

[l. CALCULATION METHOD tive bias voltages. For an empty state image with a bias of

Our first-principles calculations are based on densityo'5 VIFig. 3(0)], both Pb and Si atoms can be seen, although

functional theory under local density approximatighs. the spots corresponding to Si atoms are weaker. For voltages

Pseudopotential and plane wave bases are being used. TRROVE 0-5 VIFig. 3(d)], Pb adatoms are much brighter than
Ceperley-Alder functiondf parametrized by Perdew and > The dependence of the apparent height difference be-
Zungef® is used for the exchange-correlation energy funcWeen Si and Pb on the sample bias was studied in Ref. 10,
tional. The kinetic energy cutoff is set to be 12 Ry. The®&xperimentally. For negative bias voltages, Ref. 10 has the
Si(111) surface is modeled by a periodically repeating slabSame observatl(_)n as our calculations. For positive b|a§ volt-
which consists of six layers of Si passivated by H at the2ges, the experiment observed the same apparent height for
bottom and a vacuum space of at least 12 A. The botton?P and Si adatoms at 1.0 V. Pb adatoms look brighter than
double layer of Si atoms is kept fixed to simulate the bulkthe Si adatoms for larger bias voltages. Although the precise
environment, while all other atoms are allowed to relax untilPias voltages where Pb looks brighter than Si from the ex-
the forces are less than 0.025 eV/A. A set of 48 special IP€riment is different from our calculation results, both the
points are chosen to sample the irreducible Brillouin zone ofXPeriment and our calculations agree that there are changes

the 1x 1 unit cell. For unit cells other thanX.1, equivalent ©ON the apparent height between Pb and Si adatoms for posi-
k points have been used. tive bias voltages, but not for the negative case.

IIl. OPTIMIZED STRUCTURES

A. Structure of the mosaic phase at /6 ML

The 1/6-ML mosaic phase is modeled by a3x 23
unit cell. The adsorbed atoms are located at T4 sites in whick
half of them are Pb and the other half are Si, as shown in Fig.
2 Our calculations show that this is a stable structure. Pk
adatoms are higher than Si adatoms, resulting in a corruga
tion of 0.87 A. The Pb-Si bond length is 2.82 A, and the
bond length between the Si adatom and Si substrate atom i
2.44 A as shown in the figure. It should be noted that the Si
adatoms are very close to the substrate, such that the Si a® (@
oms in the substrate directly below the adatoms are beinc
pushed downwards relative to the other Si atoms in the sam
layer.

Simulated STM imagé8 of this structure are shown in
Fig. 3 The STM tip is assumed to position at a height of 2 A
above the highest atom in the structure. This assumption will
be used for the other simulated STM images. Although Pb -
adatoms are higher than Si adatoms geometrically by B
0.87 A, the apparent height between them depends on th b
applied bias voltage. For negative bias voltages, there are
only bright spots corresponding to Pb atoms. This is true for F|G. 3. Simulated STM images of the 1/6-ML mosaic phase
various bias voltages that we have tested between -0.5 and with bias voltages ofa) -1.0 V, (b) -2.0 V, (c) 0.5 V, and(d) 1.0 V.

V. Filled state images for-1 and—2 V are shown in Figs. The dashed lines indicate the sam@x y3 unit cells as in
3(a) and 3b), respectively. The situation is different for posi- Fig. 2a).
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1/3ML (b)

(a) T1 (b) H3

FIG. 5. Simulated STM images of the 1/3-M3_phase with bias
(c) T4 () T4 sideview voltages of(a) 1.0 V and(b) —1.0 V. The dashed lines indicate the
samey/3x /3 unit cells as in Fig. &).

T4 model with a 3 3 unit cell are also calculated. We found
that all the bright spots have the same brightness, which look
exactly the same as in Fig. 5. Even though>a3unit cell is
being used in the calculation, all results simply reduced to
V3% /3 symmetry both structurally and electronically.

FIG. 4. (3) T1 model,(b) H3 model,(c) T4 model, andd) side C. Structures models at 23 ML

view of the T4 model for the 1/3-ML3 phase. The top view and  por g Ph coverage of 2/3 ML, our structural models con-

S'tde view dare tlr_mo_t Onﬂ:he S.at‘mensc.al'fr'] The SChemFe_ fo;m'o””g M&ist of two Pb adatoms in @3 3 unit cell. Each Pb ada-

atoms and outlining the unit cetis 1S the same as Fg. 2. tom can be put on T1, T4, or H3 sites. Different ways of
B. Structures of the y3X /3 phase at 13 ML putting the two Pb adatoms on the three sites give six initial

Th ies based REx 3 uni I geometries. Upon relaxation, we found that when the two Pb
ree geometries based on tREx unit cell are toms are placed at different sites, they will go off-site and

a
tested for a Pb coverage of 1/3 ML. They correspond t0 @ PR arize with the other Pb atom. In particular, when Pb ada-

atom placed at the T1, H3, or T4 site, respectively, as Showf s a6 |ocated at T1 and T4 sites, the T4 Pb adatom will go
in Fig. 4 Our calculations show that these three structures arg the bridge site. The Pb dimer has a bond length of 3.19 A
all energetically stable, but the T4 structure is the most engy pp adaton.13 are located at T1 and H3 sites theIH3 P'b
ergetically favorable among the three. As one can see frorHdatom will also go to the bridge site to give the exact same

Fig. 4(d), in the T4 structure the dangling bonds of the top Sigy, 1 re as the previous case. When the Pb adatoms are put
layer of the substrate are all saturated by Pb adatoms. The

Pb-Si bond length is 2.80 A. The second layer of the Si 30
substrate is 0.62 A below the first layer, which is the same as
a relaxed Sil11) substrate, but it is not flat. Those Si atoms
which are directly below the T4 Pb adatoms are beings
pushed downwards by 0.46 A relative to the other Si atomsg
in the second layer, and their distances to the Pb adatomg
directly above is 2.93 A. Simulated STM images of thisg>§
structure are shown in Fig. 5. For both the empty state anc® 0015
occupied state images, there are bright spots correspondin§
to the T4 Pb atoms.

Since it is experimentally observed that there is a transi-
tion from the B phase to a &3 phase upon lowering the 0.005
temperature, we studied the stability of the T4 structure by
using a 3x3 unit cell, as shown in the inset of Fig. 6. The 0.000
stability of the T4 model is tested with respect to a surface =02 LI 0.0 0.1 92

. . . ! Height of Pb adatom A (A)
phonon distortion with ¥ 3 symmetry. We pick one Pb ada-
tom, which is labeled A in the inset, fix its height, and all the G, 6. A plot of the total energy of 1/3-ML 83 distorted T4
other atoms are free to relax. This is repeated with differentnodel vs the height of the labeled Pb adatom A. The total energy is
height of the chosen Pb adatom, and the result is shown iith respect to that of the undistorted ground state structure. The
the plot of Fig. 6. If this surface phonon mode is soft, thereinset shows the T4 model of the 1/3-Mi_phase in a X 3 unit cell,
will be a spontaneous distortion of the originally flat Pb over-which is used for the calculations. The dotted line and the dashed
layer. Our calculations show that the minimum in energyline indicate the %3 and v3Xx 3 unit cells, respectively. The
corresponds to a flat Pb layer. Simulated STM images for thecheme for coloring the atoms is the same as in Fig. 2.
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2/3 ML

(b) T4-H3

FIG. 7. (&) T1-B model, (b)
T4-H3 model, (c) T4-T4 model,
(d) H3-H3 model, ande) 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.

at T4 and H3 sites, they will form a dimer with a length of the T~ model. We found that it is energetically stable for the
3.22 A. Since two of the initial structures give the same finalpp atoms to be displaced either towards the T4 or H3 site.
result, five stable structures are obtained as illustrated in Figrhe pond length between Pb atoms in a trimer is 3.68 A for
7. They are named according to where the Pb adatoms afge T+ model and 3.74 A for the T model, compared to
located. 3.84 A if the Pb atoms are located exactly at the T1 sites.
The geometries of the T1 model and the trimer models are
D. Structure models at 1 ML very similar. For both trimer models, the Pb-Si bond length
The simplest models for 1 ML are structures based orS 2-68 A, which is slightly bigger than the T1 model, and
1x 1 unit cells. Three structures are tested, in which a PBhe distance between the first and second Si layers is 0.81 A.
adatom is placed at the T1, T4, or H3 site respectively. Thé\n interesting difference between the  Tmodel and the
T1 site is the most energetically stable structure among thether two models is that the second layer of the Si substrate
three? In this T1 model, the dangling bonds of the Si atomsof the T~ model is not completely flat. For the"Tmodel, the
in the first layer of the substrate are all saturated by Pb adssecond layer Si atoms directly below the center of the Pb
toms, with the Pb-Si bond length equal to 2.66 A. The ver-trimers is 0.02 A lower than the rest of the Si atoms in the
tical distance between the first and second Si layers isecond layer.
0.81 A, which is bigger than 0.78 A for an unrelaxedi3i) Simulated STM images for the trimer models are shown
substrate. in Fig. 9 For filled state images, clear distinct bright spots
We also tested the trimer models based on {83  from Pb atoms can be observed for both ahd T~ models,
unit cell. There are two proposed structures in Ref. 18 asvhile for empty state images, the bright spots are displaced
shown in Figs. 8) and &b). Both contain Pb atoms ad- away from the H8T4) site and the intensity is low at the H3
sorbed at T1 location but displaced a little bit off-site. If the (T4) position for the T (T~) model, although the Pb ada-
Pb atoms displace towards the H3 site, we call the resultarioms are displaced towards the KIB4) site structurally. At
structure the T model. If it is towards the T4 site, it is called the same bias voltage of 1.0 V, the" Tstructure is about

(a) T* (b) T" (©

FIG. 8. The top view ofl@) 1-ML T* and(b) T~ models. Their side view diagrams look exactly the same, and are illustrafeil in
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 for coloring
the atoms and outlining the unit cells is the same as Fig. 2.
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6/5 ML

(d)

FIG. 9. Simulated STM images of the Tmodel with bias volt-
ages of(a) —1.0 V and(b) 1.0 V. Simulated STM images for the T
model is shown ir{(c) and(d) with bias voltages of-1.0 and 1.0 V
respectively. The dashed lines indicate the saf@& /3 unit cells
as in Figs. &) and &hb). (b) and(d) are plotted under the same gray
scale. The bright spots ifb) are around twice as bright as those
in (d).

twice as bright as the T structure. If T and T domains
coexist in the same structure, they can be differentiated by
their apparent height in STM empty state images.

Based on the results of Agf3ill) (Ref. 26 and
Au/Si(111),>" missing-top-layer (MTL) models for Pb/
Si(111) may be possible. MTL models are structures with the
first layer of the Si substrate removed such that each Si atom
of the top layer has three dangling bonds. Four different

MTL models are tested. The honeycomb_Chalned_mme{:ell for the 6/5-ML Pb coverage. The dotted and dashed lines indi-

(HCT) model observed in Ag/&11]) is shown in Fig. 1G). o they3x /3 and/3x /7 unit cells, respectively. The labeling
The structure consists of chained Pb trimers with the centergf the Pb adatoms for the H3 model is the same as that of Ref. 20

of the .trimers forming a honeyqomb network. ';‘5 related The Pb adatoms of the T4 model are labeled in the same way except
model is called the inequivalent-trianglET) model™ The 4t pp adatom 1 denotes the T4 Pb adatom instead of the H3 Pb
difference between HCT and IET models is that for the IET;qat0m. The dotted circles denotes Pb adatom 2 in the adajacent

model, the Pb and Si trimers are twisted such that the mirrognit cell. The scheme for coloring the atoms is the same as Fig. 2.
plane symmetry along thel12] direction is lost, while the
three fold symmetry is preserved. We found that the IE

FIG. 11. (a) H3 model, andb) T4 model based og/3 X 7 unit

Tmodel is not energetically stable and it relaxed to the model
HCT. Another related structure is the conjugate-HCT
(CHCT) model?’ Instead of Pb atoms forming chained trim-
ers, the CHCT model has the top layer of Si forming chained

(a) HCT (b) MTLs trimers instead. Our calculations found that the model CHCT

is not energetically stable and reduced to the model HCT

upon relaxation. The fourth MTL model that we considered
is the substitution modelMTLs). We start with a Sil11)
substrate with a top double layer. Then the first Si layer is
replaced by Pb atoms such that the bonds of the second Si
layer are all saturated. We found that the model MTLs is
energetically stable and it is shown in Fig.(t0

FIG. 10. (@ HCT model and(b) MTL model for the 1-MLa E. Structure models at G5 ML
phase. The scheme for coloring the atoms and outlining the unit At low temperature and with a Pb coverage of 6/5 ML, a
cells is the same as Fig. 2. J3x \[7 phase have been observed. In our present calcula-
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(@ (b)

FIG. 12. Simulated STM im-
ages of the 6/5-ML H3 model
with bias voltages ofa) 1.5V, (b)
—-0.35 V, and(c) —1.0 V. The
dashed lines indicate the same
V3% /7 unit cells as in Fig. 11.
The triangle in(b) denotes a trim-
erlike feature that can be observed
in the filled states image.

tions, we adopted the structure from the x-ray diffractionanother equilibrium position. For the T4 model, we can make
experimen%0 as shown in Fig. 1®). There are six Pb atoms similar observations that the bond lengths between the T4 Pb
in a unit cell, one of them is at H3 site, the others are at Tladatom and the other Pb adatoms are close to the Pb-Pb
site or off-centered T1 site. We called this structure the Hovalent bond length, while the other Pb-Pb bond lengths are
model. As we will show later in this paper when we comparemore metallic. The corrugation of the Pb overlayer in the T4
the energetics of different structures, the energy differencenodel is 0.13 A.

between placing a Pb adatom at the H3 or T4 site is very Simulated STM images for the H3 model are shown in
small when the Pb coverage is above 1 ML; therefore werig. 12. For empty state imaddig. 12a)], a bright spot
tested a competitive model in which the H3 Pb adatom isorresponding to the H3 Pb adatom and a weaker spot cor-
placed at the T4 site instead. The resultant structure is calle@gsponding to an off-site T1 Pb atom can be seen. For filled
the T4 model and is shown in Fig. . Both structures are state image$Figs. 12b) and 12c)], five spots which seem
energetically stable. A detailed description of the structure ofo come from T1 position can be found in a unit cell. The
H3 model can be found in Ref. 20 and theoretical studies omelative brightness of these spots depend on the bias voltage.
this structure have been done as vi&We repeat this cal- For the—0.35 V filled state image in Fig. 18), a trimerlike
culation together with our newly proposed T4 model. Fromfeature is observed, which is highlighted in the figure. We
our calculations, the bond lengths between the H3 Pb adatoaiso calculated the simulated STM images for the T4 model,
with the other Pb adatoms are 3.01 and 3.04 A, which isas shown in Fig. 13. As in the H3 model, a bright spot cor-
close to the Pb-Pb covalent bond length of 2.94 A. The otheresponding to the T4 Pb adatom can be observed in the
Pb-Pb bond lengths not involving the H3 Pb adatom areempty state image. For the filled state image, spots corre-
greater than 3.2 A, which is closer to the metallic Pb bondsponding to the other T1 Pb adatoms can be seen and their
length of 3.50 A. The corrugation of the Pb overlayer isrelative brightness also depend on the bias voltage, as shown
0.14 A. Our result is consistent with the previous theoreticain Figs. 13b) and 13c). We again noticed a trimerlike fea-
study?® and experimental observations in Ref. 20, which alscture when the bias voltage is -0.35 V, but the orientation is
observed that there may be more than one equilibrium heightifferent from that of the H3 model. Therefore, both H3 and
for the H3 Pb adatom. We did calculations to search for othef4 models should produce very similar features in STM im-
possible heights for the H3 Pb adatom, but we cannot finciges, and they can only be differentiated by the registry of

(@ (b)

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) —1.0 V. The
dashed lines indicate the same
V3% /7 unit cells as in Fig. 11.
The triangle in(b) denotes a trim-
erlike feature that can be observed
in the filled state image. Note that
it is pointing in the opposite direc-
tion when compared to Fig. 1.
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first structure is called the H3 model, in which one Pb atom
is located at the H3 site and the other three at the off-
centered T1 location forming a trimer. It is energetically
stable and is shown in Fig. 15. The Pb overlayers essentially
form a flat surface, which is about 2.6 A above the Si sub-
strate. The vertical distance between the first and second
layer Si substrates is 0.82 A. The H3 Pb adatom has a bond
length of 3.03 A with its nearest Pb adatoms. The trimers
formed by the off-centered T1 Pb adatoms have a length of
3.38 A. By replacing the H3 Pb atom by a Pb atom on the T4
site, we obtain another model called the T4 model. It is also
energetically stable and is shown in Fig. 16. The Pb over-
layer is again very flat, with a corrugation of 0.23 A, and
about 2.6 A above the Si substrate. The vertical distance be-
tween the first and second layers of Si substrate is 0.86 A,
with the second layer Si atoms which are directly below the
T4 Pb adatoms 0.1 A higher than the rest of Si atoms in the
FIG. 14. S{111) lattice and Pb adatoms overlaid on top(afa ~ same layer. The T4 Pb adatom has a bond length of 3.09 A
high-resolution STM image of thg3x \/7 phase with a bias volt- Wwith its nearest Pb adatoms. The trimers has a length of
age of 1.3 V, andb) a simulated STM image of the H3 model at the 3.45 A for this case.
same bias voltage. The small spheres represents th&lSlattice Simulated STM images are shown in Figs(a#17(d).
and the big spheres are the Pb adatoms. Bonds are drawn in bEmpty state images show bright spots corresponding to H3
tween the H3 Pb adatoms and their adajacent T1 Pb adatoms, whe®4) Pb atom for the H3T4) model. From Fig. 17, we can
the bond lengths are approximately 3 A. see that the H3 model gives brighter spots than the T4 model.
If a H3 domain and a T4 domain coexist on the same struc-
ture, they can be differentiated by their apparent height in
STM. For occupied states images, bright spots corresponding

erimental and theoretical data. Figurddresents a high- to the other three Pb atoms on the T1 sites can be seen for
P -9 9 both models. But the occupied state image of the H3 model

resolution STM image of thg3x |7 phase at a bias voltage has a substantial intensity at the H3 positions, while very

of 1.3 V. Bright Spots can he observed.bet_ween H3 .Pb adql’ttle intensity is seen at the T4 positions in the T4 model.
toms and the adjacent T1 Pb adatoms; this feature is repro- We also found another energetically stable structure

duced accurate!y by our calculation, as ShOW.” in FigbjL4 which is neither H3 nor T4, but looks similar to them. It has
Ifthe T4 model is the correct structure, the bright spots mens, oy, a40m at an off-site T4 location and another at off-site
tioned above would have to shift along the (}1direction  H3 |ocation, as shown in Fig. 18. The Pb adatoms form
by approximately half of the/3 lattice constant. This illus- o ain jike structures along tHel12] direction. We call this
trates unambiguously that the H3 model fits the experimentaly,,cture the intermediatént) phase, as it looks like a tran-
STM results better than the T4 model. It can be noted thagiiqn, state between the H3 and T4 models. The Pb overlayer
there are other bright spots corresponding to T1 Pb adatong,q 5 corrugation of 0.15 A and it is around 2.58 A above
in the experimental STM image, which are absent in thes gj gypstrate. As shown in Fig. (88 the bond length is
theoretical calculation. However, these extra spots are als§_20 A between Pb-1 and Pb-2. 3.19 A between Pb-2 and
absent in a recent STM experiment of thi8x |7 phase? Pb-3, and 2.94 A between Pb-3 and Pb-1. The vertical dis-
The reason for the difference between the results of the tw@, o petween the first two layers of the Si substrate is
STM experiments is not clear. 0.81 A. The Si atoms in the second layer of the substrate
below Pb-1 are slightly higher than the rest of the Si atoms in
F. Structures of y3X /3 H3 and T4 models at 43 ML the same layer by 0.1 A

For 4/3 ML coverage, we consider structures based on Simulated STM images of the Int phase are shown in

V3% /3 unit cells with four Pb atoms in each unit cell. The Figs. 17e) and 17f). One bright spot and one weaker spot

(@ (b)

the bright spots with respect to the underlying1%il) sub-
strate. In Fig. 14, the §i11) lattice(small sphergsand the
Pb adatomiig spheresare overlaid on top of both the ex-

(@) (b) FIG. 15. (a) The top view andb) side view of

the 4/3-ML H3 model. The gray-bordered tri-
angle in(a) illustrates the trimers formed by the
off-centered T1 Pb adatoms as mentioned in the
text. The side view illustrates the Pb adatom at
H3 positior(the labeled Pb adatgnand its near-
est Pb adatoms. The top view and the side view
are not in the same scale. The scheme for color-
ing the atoms and outlining the unit cells is the
same as Fig. 2.
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3.454 (b) FIG. 16. (a) The top view andb) side view of

the 4/3-ML T4 model. The gray-bordered triangle
in (a) illustrates the trimers formed by the off-
centered T1 Pb adatoms as mentioned in the text.
The side view illustrates the Pb adatom at T4
positior(the labeled Pb adatgnand its nearest
Pb adatoms. The top view and the side view are
not in the same scale. The scheme for coloring
the atoms and outlining the unit cells is the same
as Fig. 2.

-—
3.094

can be found in a unit cell in the empty state image. Thehe stability of a structure with respect to a clearil$l)
brighter spots come from the off-site T4 Pb atom and thesubstrate and with Pb and Si adatoms in their respective bulk
weaker spots come from the off-site H3 Pb atoms. The fillecenvironment. If the formation energy is negative, it is ener-
state image gives three spots in a unit cell: two bright spotgetically favorable to form that particular structure.
and a weaker elongated spot. The weaker spots come from For structures based on MTL models, their formation en-
the off-site H3 Pb atom and extend to the T1 site towards thergies are not obtained from EL). Since the Si111) sub-
off-site T4 Pb atom, which does not give a bright spot in thestrate with a missing top layer has three dangling bonds per
filled state image. The two bright spots come from the othesurface atom, it has a much higher energy than a substrate
two Pb atoms located near the T1 sites in the unit cell. with a top double layer. A direct application of Efl) to

As for 1 ML, we also consider the possibility of MTL
models. A simple extension from the 1-ML MTL models to (@)
4/3-ML structures is obtained by adding one extra Pb adatorr
to the \3x /3 unit cell. In this way, we obtained energeti-
cally stable HCT-adatom modelHCTal, HCTa2 and
MTL-substitution-adatom model@MTLsa-H3, MTLsa-T4,
as shown in Fig. 19. Since these four models are obtained b
putting an additional Pb adatom on top of the existing 1ML
MTL models, the Pb overlayer has a large corrugation. Struc-
tural models with small corrugations of the Pb overlayer are
also constructed by simply removing the first Si layer in the
Si(111) substrate of the 4/3-ML H3 and T4 models. The Pb (c)
overlayer from the H3 and T4 models are lowered to a rea-
sonable height and laterally displaced as a whole with re-
spect to the missing-top-layer substrate. Since it is not obvi-
ous what lateral displacement will give the lowest energy
structure, we generated mag@x 3 MTL models with flat
Pb overlayers and the only difference between them is tha
the Pb overlayer is laterally displaced as a whole with respec
to the MTL substrate. Among the flat MTL models that we
have generated in the above manner, the most energeticall
favorable one after optimization is shown in Fig.(49 ©
which we call the MTL1 model. Finally, we consider the H3
and T4 models with stacking fauliH3sf, T4sj on the
Si(111) substrate. The relative energetics of these structure:
will be considered in the following section.

IV. RELATIVE STABILITIES

We have calculated the formation energies of the struc-
tures discussed in Sec. Il in order to compare their relative

stabilities. The formation energy is defined as FIG. 17. Simulated STM images of the 4/3-ML H3 model with

bias voltages ofl@ 1.5 V and(b) —1.5 V. For the 4/3-ML T4

E=(E—Equ,— NppX Epp,— NSiXEg)/A, (1) model, the simulated STM images are showr(anfor 1.5 V and

] ) (d) for —1.5 V. While for the 4/3-ML Int model, it ige) and(f) for
wherekE is the total energy of the structur,y, is the total 2 0 and—1.5 V, respectively. The dashed lines indicate the same
energy of the Si11) substrateNp,(Ns)) is the number of /3% /3 unit cells as in Fig. 15 for the H3 model, Fig. 16 for the T4
Ph(Si) adatoms in a unit celEp,(Eg)) is the total energy of model, and Fig. 18 for the Int model. It should be noted thaand
a bulk Pb(Si) atom in a fcc(diamond structure, and\is the  (c) are plotted under the same gray scale. We can see that the H3
surface area of the @il1) substrate. This formula measures spots are brighter than the T4 spots.
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(a) (b)

FIG. 18.(a) The top view andb) side view of
the 4/3-ML Int model. The top view and side
view are not on the same scale. The scheme for
coloring the atoms and outlining the unit cells is
the same as in Fig. 2.

MTL models does not allow a fair comparison with other models are the lowest energy structures and they are degen-
models. We use an indirect method to infer the formatiorerate in energy. If a stable phase at 2/3 ML can be observed,
energies of MTL models. For a given MTL model, a corre-T1-B model is a possible candidate apart from the T4-T4
sponding structure with inversion symmetry is generatedmodel proposed by Le Lagt al’ For 1 ML, the T1 model
such that hydrogen passivation at the bottom of the substratghd the trimer models (T,T7) are the most favorable and

is not necessary. Then we pick another non-MTL structure ahey are degenerate in energy. Contrary to AG/ED) and

the same Pb coverage and generate a structure with inversioQ/sj(111), MTL models are not as favorable in this case.
symmetry. These two structures with inversion symmetryrq g/5 ML, the H3 model is slightly lower in energy than
should have the same number of Pb and Si atoms in & Unjf,e T4 model by 0.01 eV per:1 unit cell. Experimentally,

cell, such that the total energies can be directly comparec nly the H3 model is observed. Despite the similarity be-
Since the formation energy of the other chosen structure is

known from Eq.(1), the formation energy of the MTL model ween the adsorption energies at H:.g and T4 sites ofie .
can be inferred from the total energy difference. For MTL X V7 Phase, only domains with H3 sites are observed both in

models to be formed, the top layer of thg13il) has to be XY and STM ex_periments. However, as we have shown in
removed when Pb is deposited. The physical interpretation G recent publication for the HIC structdfewhich has 6
the formation energy for MTL models is that the removed=1.25 ML (built with 3% /3 unit cells in the domain in-
top Si atoms are assumed to go to a bulk diamond Si enviterior and essentially the/3x 7 phase in the domain
ronment. walls), both H3 and T4 sites are observed. It is still not clear
The formation energies of all the structures mentioned invhy the binding site of the/3% \/7 phase is only H3 while
Sec. Il are summarized in Table | and illustrated in Fig. 20.for the HIC phase, which easily evolves from thiBx \7
For 1/6 ML, the mosaic phase has a negative formation enphase with the addition of few monolayer percent of Pb, both
ergy, therefore it is energetically favorable to form this struc-sites are occupied.
ture. For 1/3 ML, the T4 model has the lowest formation For 4/3 ML, the T4, H3, and Int models are the lowest
energy, which is 0.14 eV lower than the H3 model. The Tlenergy structures, and they are nearly degenerate in energy.
model is not energetically favorable. This agrees with theThere are a few interesting implications from our results for
experimental observations that ti#e phase consists of Pb 4/3 ML. The first point is that although for a clean(Bil)
atoms adsorbed at T4 sites. For 2/3 ML, the coexistencélx 1) surface, the energy for a stacking fault is 0.04 eV, as
between theB phase and the/3x 7 phase is observed shown in Table I, the Pb overlayer seems to stabilize the
experimentally. From our calculations, the T1-B and T4-T4stacking fault. The energies of T4sf and H3sf models are

(a) MTLI1

FIG. 19. (a) MTL1 model, (b)
HCTal model,(c) HCTa2 model,
(d) MTLsa-H3 model, and(e)
MTLsa-T4 model for the 4/3 ML
«a phase. The scheme for coloring
() MTLsa—T4 the atoms and outlining the unit

cells is the same as in Fig. 2.

d) MTLsa—H3
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TABLE |. Formation energies of the energetically stable struc- 0.2 . T T T .
tures from 1/6 to 4/3 ML. The formation energy of the stacking -
fault is included as a reference. 1 stacking fault
0.0 clean Si(111) MTLsa-H3— 4
Coverage Unit cell Name of structurEg (eV per X1 unit cel) _ - MILsaT4=
° — MTLs
0 1x1 stacking fault 0.04 = -02¢ e = .
]
1/6 2\3%243 mosaic -0.43 %
1/3 3X\3 T4 -0.51 ?'i o4
H3 -0.37 W
T1 0.16 -0.6
2/3 V3% 3 T1-B —-0.34
Ta-T4 ~0.34 0800 025  o0s0 o075 100 125 150
H3-H3 —0.26 Coverage (ML)
T4-H3 -0.23
T1-T1 —0.06 FIG. 20. A plot of the formation energies of various models
against Pb coverage on($11). A linear interpolation is done be-
1 1x1 Tl —0.47 tween certain lowest energy structures with different coverages. An
H3 —0.21 explanation for the interpolation can be found in the text.
T4 —0.20
V3x\3 T —0.47 lowest energy structure among the MTL models is the MTL1
T —0.47 model. One of the differences between MTL1 and other
HCT —0.39 MTL models is that the Pb overlayer in MTL1 has a smaller
MTLs -0.14 corrugation, while the others are highly corrugated as men-
tioned in Sec. lll. This feature is shared by the H3, T4, Int,
6/5 3x\7 H3 —0.70 and stacking faults models, in which the corrugation of the
T4 —0.69 Pb overlayer is less than 0.25 A. These structures may com-
4/3 J3x\3 T4 —0.76 prise the wetting layer on which three-dimensional Pb is-
H3 075 lands can grow. The flatness may provide low diffusion bar-
Int —0.76 rier which facilitates the growth of 3D islands:** Fig. 21
Tasf _0.75 shows a STM image of the SIC phase which consists of
Hasf 074 V3% /3 domains separated by meandering domain walls,
HCTal —0.23 which are essentially/3x \/7 unit cells®® The coverage is
HCTa2 017 s!ightly apove 4/3 ML. The smoothness of this image is_ con-
MTLsa-H3 0.01 sistent with the above calculated value. Growth of additional
MTLsa-T4 —0.06 Pb on top of this phase at even lower temperaturess<I00
MTL1 —0.40

only 0.01 eV higher than their unfaulted counterpart. It is
generally believed that when Pb is deposited ofiX) 7

X7, stacking fault will be removed. Our calculations show
that this might not be the case. The second point is the ap-
parent height difference between the H3 and T4 models in
the STM empty state image, and their degeneracy in energy
can be used to explain the features observed in the HIC
phase. The HIC phase is believed to be composed of alter-
nating domains of H3 and T4 models. This will be further
discussed elsewhet8.Finally, the Int model bears a close
resemblance to the T4 and H3 models as described in Sec.
[ll. In addition, its energy is nearly degenerate with the T4
and H3 models. The Int model may act as a bridge between
T4 domains and H3 domains. In particular, the Int model
may be related to the domain wall structure of the HIC FIG. 21. Different domains of/§><\/§separated by meandering

phase. _ o domain walls which are essentiallydx \/7 unit cells. The corru-
The third point is that the MTL models are not as ener-gation of the phase is 0.05 nm, in good agreement with the calcu-

getically favorable as the other models as in 1 ML. Thelation.
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been found with several techniqu¥sray and STM with

V3% \[7 being the stable phase at 6/5 ML anet 270 K. It

is still not clear what the high temperature phase for T
>270 K and the nature of the phase transition is, whether it
is the HIC (Ref. 9 or the disordered % 1 phasé? In addi-

tion, in the range of 1/8 #<6/5 ML, experimentally there

is coexistence between the 1/3-MLX3 phase and the
V3% /7 phase at low temperature. One possibility for the
discrepancy between experimental and theoretical results is
that there is a different structure for th&x \/7 phase than

the one we have used in the calculation, i.e., the one based

FIG. 22. 14 95-nn? STM image showing the formation of a 0on the H3 binding site and 6/5 ML is not the lowest energy
long flat 2-step film with few 4-step islands on toplat 160 K and  structure. Although our calculations for this model yield
6=4 ML (including the amount of Pb in th¢3x \3a phase. This  good agreement with both x-ray and STM experiménis,
is an indication of the high Pb mobility on the phase. is possible that another lower energy structure exists which

can produce similar diffraction and STM results. We adopted
<240 K, results in the formation of well-ordered regular the proposed structure directly from Ref. 20 without an ex-
structures extending up to 100 nm in linear size. First, nette€nsive search for other possible geometries at this coverage.
works of planar triangular Pb clusters will form when small Since the\3x 7 phase is only about 20 meV above the
extra amount of Pb is depositech §<1 ML). For larger interpolated curve, it is also possible that the local density
amount of Pb depositedA\(¢>>1 ML) with increasing tem- approximation cannot resolve such a small energy difference.
perature,(111)-oriented Pb islands grow by bilayer height Yet another clue as to why in the calculation tki@x 7
increments as a result of quantum-size effects. Figure 2phase is above the interpolated energy between the 1/3ML
shows the result of the growth after depositin@.5 ML of  phase and the 4/3-Mlx phase can be obtained from the
Pb on top of the well-annealed phase at 150 K. A 2-step recent discovery of numerous ordered phases in the range
film grows first, extending over the whole 24B5-nnf im-  1.2<#<1.33 ML, differing by minute amounts in coverage
age, with the next four-step layer forming on top of it, thusand built hierarchically according to the formation rules of
providing experimental evidence for the low corrugation ofthe “devil’s staircase.®® Such phases are built by combining
the \3x /3« phase and also the low diffusion barrier of this integral numbers n, m of the two generating phases of cov-
phase. The modulation observed on top of the islands is a@ragesf; and 6, i.e., the 3% \/7 phase withg;=1.2 ML
electronic effect related to variations at the metal/and the \3x\3a phase with ,=1.33 ML. Any such
semiconductor interface discussed elsewfiére. phases will have coveragg#=1+[(n+m)/(5n+3m)]

Up till now, we compared structures with the same cov-within the range 1.2 §<1.33. Twelve such phases have
erage. A comparison of structures with different coveragebeen resolved by STM withid 6~0.1 ML, one of the best
can be done as follows. From Fig. 20, the points correspondealizations of the “devil’s staircase” so far. More details of
ing to the lowest energy structures of 1/6, 1/3, and 4/3 MLhow the phases are constructed can be found elsevitiene,
are linearly interpolated. The interpolation between 1/3 andhe important observation for our current discussion is that
4/3 ML, for example, represents domains with 1/3 ML coex-these phases result from long range elastic interactions be-
isting with domains with 4/3 ML. If we assume the domain cause of the large mismatch between Pb and Si lattice con-
wall density is low, the energy associated with them can b&tants (-9%). Theenergy due to these elastic interactions
neglected. This justifies the use of a linear interpolation befalls off with distanceJ(r)~ 1/r?, and it is not included in
tween structures. The structures with 2/3, 1, and 6/5 ML areur calculated energy of the structures, which extends only
above the interpolated curves. This implies that they are sustp to one unit cell with the periodic boundary conditions
ceptible to segregation into domains of 4/3 and 1/3 ML, antbeing imposed. This missing part of the elastic energy is
therefore, they are not stable coverage. The conclusion fakpulsive and favors larger unit cells with a larger average
2/3 ML agrees with the fact that nearly all experimentalseparation between the atoms. The contribution of the elastic
groups did not observe a stable 2/3-ML phase. Although thenergy will raise the energy of a structure by an amount
1-ML phase is observed experimentally, it is not a stablewvhich increases with the nominal coverage of the structure,
coverage according to our analysis. This discrepancy magince the average atom separation decreases with increasing
be due to the fact that our energetics are based on k&al nominal coverage, i.e., the energy of the 4/3-MBx 3
X \/3 or 1X 1 geometries, assuming a negligible contributionstructures will increase more than the energy of the 6/5-ML
from domain walls. This may not be applicable to the experi-\/3x \/7 structures. The repulsive elastic energy of the struc-
mentally observed 1-ML phase. It is also possible that theure with coveragef, being higher than that witl9, is a
observed 1-ML phase is metastable. Our results show thatecessary condition for the numerous phases corresponding
the 6/5-ML models are not stable, this is contradictory to theo the “devil’s staircase” to form. The net result is to reduce
experimental fact that the/3x 7 H3 model is observed the slope of the coexistence straight line between 1/3 and 4/3
upon cooling at a Pb coverage between 1/3 ML and arountL. This will therefore raise the energy corresponding to the
1.2 ML. A reversible phase transition &t~270 K has phase with the 1/3- and 4/3-ML structures coexisting higher
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than the energy of thg3x \/7 H3 structure. In addition, as 1/6 and 1/3 ML. We successfully predict that 1/6 and 1/3 ML
discussed before, the region 6/9<4/3 ML is not simply  are stable Pb coverages while 2/3 ML is not. Between 1 and
phases of coexisting regions between th8x\7 and  4/3 ML, our calculations indicate that energetically favorable
V3% \3a phases, but an infinite number of phases with cov-structures consist of very flat Pb overlayer, missing-top-layer
erages equal to any rational number betwegnand 6. models are not likely, and models with stacking faults may
Because the system experiences long range interactions, the possible. Further studies with a more extensive search of
energy of the system is lowered if the separation between thgossible structures at these coverage are required.
unit cells of the two generating phases are arranged in well-
defined patterns, i.e., the separation between the unit cells of
one type is as uniform as possible for a given coverage. This ACKNOWLEDGMENTS
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