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Atomic models, domain-wall arrangement, and electronic structure of the dense
PbÕSi„111…-A3ÃA3 phase
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~Received 3 June 2002; published 31 October 2002!

Despite extensive work in the literature, the structure of the dense Si(111)-Pb(A33A3) phase~ideal
coverageu54/3 ML) is still unknown because a variety of phases can form, within few percent coverage
variation. These phases differ in the way equivalentA33A3 domains self-organize in different patterns with
different domain-wall arrangements. With scanning tunneling microscopy and first-principles calculations we
have identified the atomic structure within domains, domain-wall arrangement, and the binding site~H3 or T4!
occupied by Pb atoms within each domain.

DOI: 10.1103/PhysRevB.66.161410 PACS number~s!: 68.55.Jk, 61.14.Hg, 68.37.Ef
t
o
it

f a
n
s
t

a
em

s
ha
t,
p

es
to
ile

ai
a
ve
itio

-

y
th
.
c

g
s

bl
se
e

all
on
xfold
ent

ered

o-
n of
een

o

rate
-
ave
sult

-

g
ins
Extensive work with several complementary techniques
identify the structure of the different low-coverage phases
Pb/Si~111! has been carried out over the last 20 years w
scanning tunneling microscopy~STM! and diffraction.1–9

Part of the motivation is to understand the formation o
variety of phases, which results in a highly complex a
poorly understood phase diagram. The origin of the phase
the elastic substrate-mediated interactions because of
large lattice mismatch~9%! between the Pb~111! and Si~111!
lattices. Such strain related interactions are long range
have been responsible for pattern formation in other syst
i.e., the herringbone Au(111)-A3322 reconstruction10 and
preferred domain selection on the reconstructed Si(100)-(2
31) ~Ref. 11!.

Fundamental questions about the nature of the phases
remain open. For example, questions about the exact p
coverage, whether the phases are commensurate or no
Pb binding sites, the arrangement of the domain walls se
rating degenerate domains, the dependence of the phas
annealing, etc., remain. It is the purpose of this work
clarify most of these questions and to present a deta
atomic model of the structure of the densea-A33A3 phase.
This can stimulate theoretical work to calculate the str
driven interactions from first principles and to use them
input in statistical mechanics models to derive the obser
phase diagram and to deduce the nature of phase trans
separating different phases.

The Pb phases observed at lower coverage~i.e., the mo-
saic phase atu51/6 ML and theb-A33A3 at u51/3 ML)
are less controversial.3 We focus this work on the clarifica
tion of the structure of the dense, weakly bounda-A33A3
phase which forms aroundu54/3 ML @unfortunately, this
nomeclature is opposite to the one used for Pb/Ge~111!#.
Because this phase is of higher density than the densit
Pb~111! the Pb film are highly compressed. For example,
ideal commensurate phaseA33A3 has 5% compression
Such compression is energetically costly and the system
gain energy by forming ‘‘light’’ domain walls~of lower den-
sity!. Different phases are realized within a narrow covera
change since the domain-wall density can vary continuou
with coverage and a variety of wall arrangements is possi

In particular, two different phases have been discus
extensively: the HIC~i.e., hexagonal incomensurate phas!
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and the SIC~i.e., striped incomensurate phase!.4 The SIC has
slightly higher Pb coverage and forms after annealing a sm
amountDu,0.02 ML deposited on the HIC phase. Based
STM images, it was suggested that these phases are si
degenerate, which implies that Pb can occupy two differ
binding sites~i.e., H3 and T4! since the symmetry of the
A33A3 unit cell is only threefold. A model for Pb/Ge~111!
based on x-ray scattering has assigned H3 and off-cent
T1 sites as the binding sites of the 4 Pb atoms in the~A3
3A3! unit cell.12 However, no atomic model has been pr
posed of the exact atom arrangement, no determinatio
the binding sites has been made, and no correlation betw
electronic and real space structure has been suggested.

Information obtained with diffraction has been difficult t
interpret since the superstructure spots related to thea-A3
3A3 phase do not appear at the expected commensu
wave vectors~1/3,1/3! and ~2/3,2/3!. This has led to the as
signment of the phases as ‘‘incommensurate’’ although w
vectors different from the commensurate ones also re
from regularity in the domain-wall distribution.4,5 At lower
temperatures a different phaseA73A3 is observed5–7 with
incompatible coverage assignments for this phaseu51 ML6

vs u51.2 ML.7 In addition, the nature of the high
temperature phase after heating toT.270 K, whether
it is the HIC ~Ref. 5! or the (131) phase,6 is still not
clear.

FIG. 1. 17.5 nm315 nm STM image of the HIC phase showin
the sixfold domain degeneracy, with alternating triangular doma
occupying different binding sites H3 vs T4.
©2002 The American Physical Society10-1
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A high-resolution spot profile analysis–low-energy ele
tron diffraction ~SPA-LEED! study of the same system atT
.300 K has suggested that the HIC and SIC phases are c
mensurate phases with large unit cellsn3A3 (n5A31 for
the HIC andn513 for the SIC phase!,8 but since the unit cell
A33A3 was assigned coverageu51 ML as in an earlier
STM study13 which has shown images with trimer structur
the domain walls are ‘‘heavy’’ and the coverage for then
513 phase is lower than the coverage of then5A31 phase.
This is very puzzling because the SIC phase forms with
addition of Pb and, therefore, has higher coverage than
HIC phase.

It is clear that important information about thea-A3
3A3 phase is missing or unclear. Since on this initial su
strate phase intriguing self-organization phenomena h
been observed with the further addition of Pb, as discus
elsewhere9 ~i.e., for Du,1 ML regular two-dimensional
cluster networks while forDu.1 ML uniform height islands
form!, it is important to clarify the open questions about t
a-A33A3 phase to attain a better understanding of the s
organization.

Figure 1 presents a high-resolution STM image of t
HIC phase with six types of triangular domains arranged
hexagons. The white ‘‘blobs’’ within the domains correspo
to the idealA33A3 unit cell. The distance between two da
vertices of the triangular domains is 4.7 nm, which is close
7A3a, i.e., seven times the side of theA33A3 unit cell.
Adjacent triangles have the high-symmetry Pb atoms in d
ferent binding sites~H3 or T4! marked in Fig. 2, which
shows the area outlined by a white rectangle in Fig. 1
comparison of the ‘‘blob’’ alignment along the@112̄# direc-
tion shows a shift of 0.1960.03 nm~half the Si lattice con-
stant 0.384 nm! in alternating triangles, which implies tha
alternating triangles occupy different sublattices~of the three
possible sublattices, indicated by the letters a, b, c in Fig
associated with a given binding site.!

In order to correlate the STM white ‘‘blobs’’ with the

FIG. 2. A Si(131) lattice overlayed on top of the area in Fig.
enclosed by the white rectangle, can be used to deduce the typ
site occupied in a given triangular domain, i.e., whether H3 or T
Figure 2~a! is the correct assignment.
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atomic positions in theA33A3 unit cell, we have performed
first-principles density-functional calculations14 to study the
structures, energies, and electronic properties of the de
a-A33A3 phase. The calculations are performed using
pseudopotential and plane-wave basis set corresponding
kinetic energy cutoff of 12 Ry. The local-density approxim
tion is used with the Ceperley-Alder exchange-correlat
functional15 parametrized by Perdew and Zunger.16 More de-
tails of the calculation will be published elsewhere.17 The
calculation results show that the low-energy structures of
a-A33A3 phase are the ones with three Pb atoms occu
ing T1 sites and a fourth Pb atom located at a high-symm
site T4 or H3. These two sites have comparable binding
ergies with the energy of the T4 slightly lower by 4 meV
atom. Since the annealing temperature for the formation
the phases is approximately 500 K, the calculation res
suggest that the two sites should have similar population
the HIC phase. As an illustration Fig. 3 shows the calcula
STM image for H3 occupied site at a voltage of11.5 V with
the brighter spots corresponding to Pb atoms at the h
symmetry positions. The other three Pb atoms~at the T1
sites! which are bonded to the atoms at the H3 sites, h
weaker intensity. The calculated result for T4 occupied s
is similar. We can therefore assign the white ‘‘blobs’’ in th
experimental STM image to Pb atoms either in the H3 or
sites. In fact, at very small positive voltageV510.1 V, the
experimental STM image reveals additional structures
lated to the three Pb atoms at the T1 sites and the Si atom
the layer below, consistent with the theoretical results. T
dependence of the imaged structures on tunneling volt
indicates that the difference between the intensity of the h
symmetry and atoms at T1 sites is electronic and not g
metric.

The separation between the ‘‘blobs’’ occupying adjace
domains can be used to identify the binding site~T4 or H3!
within a given domain as shown in Fig. 2. An overlay of th
underlaying Si(131) lattice is superimposed on top of th
image. If we assign the ‘‘blobs’’ of the middle domain to H
sites in Fig. 2~a! and to T4 in Fig. 2~b! then the ‘‘blobs’’ in
the adjacent domains are on T4 sites in Fig. 2~a! while in Fig.
2~b! they are on T1 sites. Since T1 are not the stable sites
no ‘‘blobs’’ are seen on these sites according to the theo
ical calculation, it follows that Fig. 2~a! is the correct assign
ment.

Based on these observations we have built a unique m
shown in Fig. 4 for the image of Fig. 1. The crystal@112̄#

of
.

FIG. 3. First-principles calculation of the STM image of th
a-A33A3 for H3 site occupation withV511.5 V.
0-2
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FIG. 4. ~Color! Atomic model of the HIC phase shown in Fig. 1.
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direction in Fig. 1 is essential for defining the model and
obtained experimentally from the direction of the faulted v
sus unfaulted (737) subcells on the clean surface. Each
the three@112̄# row directions within a given triangle is
aligned with a different direction of the three sublattices
the other binding site. Choosing one of the@112̄# directions
within a triangle~not parallel to the domain wall separatin
the chosen triangle from a neighboring triangle! the occupied
sublattice within the neighboring triangle is fully determin
from the width of the domain wall~i.e., the displacemen
vector of the domain wall has components 5/2a units parallel
to anda/A3 normal to the@11̄0# direction!. Starting with a
triangle of H3 sites colored ‘‘yellow’’ the type T4 sublattic
occupied in the three neighboring triangles colored ‘‘gree
is uniquely defined. The@112̄# direction parallel to the do-
main wall separating the neighboring triangles determi
the row within the ‘‘green’’ triangle to be used to select t
H3 sublattice within the adjacent ‘‘yellow’’ site triangle. Th
same domain-wall width is used to determine which of
three ‘‘yellow’’ H3 sublattices is occupied next. Continuin
the same procedure across the boundary between all adj
triangles fully specifies the binding sites in all six domai
around a common vertex. The selection of the domain-w
16141
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width defines a 2.53A3 unit cell outlined in the figure.
The larger white-lined rhombus is the unit supercell

this structure. The side of this supercell is off the@112̄# di-
rection by an anglef defined by tanf51/7A3 ~or f
55.2°). The ‘‘light’’ wall 2.53A3 ‘‘unit cell’’ is almost
identical to theA73A3 ~i.e., 2.643A3) unit cell ~the small
difference is related to the smaller shifta/A3 normal to the
@11̄0# direction from H3 to T4 sites versusaA3/2 shift for the
A73A3 phase!. The supercell can be thought as a combin
tion of the idealA33A3 in the domain interior and an al
mostA73A3 phase at the domain walls.

The diffraction pattern expected from the structure sho
in Fig. 4, in general, will include additional closely space
diffraction spots related to the larger size 7A3a of the super-
cell at positions other than the commensurate spot posit
as observed with reflection high-energy electron diffract
and SPA-LEED. The location of the spots and their intens
level depends on the relative phase shift between the
adjacent triangles occupying different binding sites. We c
estimate the domain-wall density as 0.28 wa21 for the HIC
phase of Fig. 4 as the ratio of the area covered by the dom
wall 337A3aw @w is the width of the domain wall and a th
0-3
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Si~111! lattice constant# to the area of the superce
(7A3a)2(A3/2).

It is interesting to ask how the HIC structure~with
u51.25 ML in Fig. 4! develops out of theA73A3 phase
(u51.2 ML). Fig. 5 shows one of the structures form
prior to the formation of the HIC phase at slightly low
coverage. Such structure is an intermediate phase betw
the idealA73A3 and the HIC phase built from a superp
sition of an integer number ofn A73A3 andmA33A3 unit
cells. The idealA73A3 structure, withu51.2 ML corre-
sponds to n5`, m50 while the ideal A33A3 with
u54/3 ML corresponds tom5`, n50. The phase in Fig. 5
has n54, m51 with u51.217 ML and unit cell A3
3A133 shown as a white parallelogram. Other intermed
phases with 1.2,u,1.33 ML are built from specific pairs
~n,m! as a result of long-range stress related interactions18 to
be discussed elsewhere.19

If a small Pb amountDu.0.02 ML is added on the HIC
phase, the HIC phase converts to the SIC phase. The

FIG. 5. 23 nm320 nm STM image of then(A73A3)1m(A3
3A3) intermediate phase withn54 andm51, which forms with
coverage between the ideal (A73A3) (u51.2 ML) and HlC phase
~u501.25 ML!.
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phase still has sixfold degenerate domains separated by
same 2.5a3A3 domain walls as in the HIC phase, but d
main walls meander irregularly and their density is contin
ously lowered to accommodate the increasing coverage.

The domain-wall arrangement we propose and the in
mediate~m, n! phases we discovered in the range 1.2,u
,1.33 ML can explain the conflicting literature results di
cussed earlier. For example, theA313A3 phase identified in
Ref. 8 to be the HIC phase corresponds instead to an in
mediate phase withn51, m52 @i.e., 1 unit cell of theA7
3A3 and 2 unit cells of theA33A3 phase with the super
structure unit cell side $„(5/2)12(3/2)…21(A3/2)2%0.5

5A31] while the 133A3 phase identified as the SIC pha
possibly corresponds to then51 andm57 phase. As will be
discussed in Ref. 19, ifm1n is odd the side of the super
structure unit cell is an irrational number while if it is eve
the side is an integer number. This assignment explains
the coverage of theA313A3 phase is lower than the cove
age of the 133A3 phase~while in the proposed model o
Ref. 8 the coverage is higher!. In addition, our results settle
the disagreement about theA73A3 coverage since they sug
gest thatu51.2 ML as in Ref. 7.

In summary, based on STM measurements and fi
principles calculations we have determined the atom
model and domain-wall arrangement of the den
Pb/Si(111)-aA33A3 phase. Two different sites H3 and T
of comparable binding energies are occupied and resu
the formation of sixfold degenerate domains for the HIC a
SIC phases. Prior to the formation of these phases, o
intermediate phases form by combining integer number
A73A3 andA33A3 unit cells which can explain the com
plex ~and seemingly conflicting! diffraction patterns ob-
served within a small coverage variation.
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