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Self-organization at finite temperatures of the devil’s staircase in PbÕSi„111…
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~Received 19 December 2003; revised manuscript received 2 March 2004; published 8 June 2004!

The ‘‘devil’s staircase’’~DS! is one of the outstanding phase diagrams in physics because it shows a high
degree of self-organization driven by a repulsive long-range adatom interaction. An infinite number of phases
are predicted to exist which are built hierarchically with simple combinatorial rules. It was found with diffrac-
tion and scanning tunneling microscopy that a DS exists in Pb/Si~111! in the range 1.2,u,1.33 monolayers,
surprisingly at;120 K, and with phases which extend spatially over macroscopic distances (;0.5 mm). The
extraordinary amount of atom rearrangement necessary for these phases to form indicates an unexpected
degree of self-organization at low temperatures.

DOI: 10.1103/PhysRevB.69.224103 PACS number~s!: 61.14.Hg, 64.70.Rh, 68.35.Rh, 68.43.De
n
ns
na

en
y
o
e

di
c

an
a
f

bu
th

ve
xt

nt
ic

i
’’
t-
l-
te
n
on

ic
rm

te
f

ril

gt
th
t
b

se

er
on-

ases

dis-
si-

ctal-

at

hier-
ruct

ical
s
the
dif-

ases
i-

lved.
ses

ill
ve-

the

e
ded

cal
ut it

ro-
d

I. INTRODUCTION

Surface overlayers provide rich experimental realizatio
of statistical mechanical predictions related to phase tra
tions and ordering phenomena in two-dimensio
models.1–4 Temperature vs coverage (T-u) phase diagrams
are normally constructed with the use of different experim
tal techniques@diffraction, scanning tunneling microscop
~STM!, etc.# to map out regions where ordered phases
different symmetry form and to identify the nature of th
transition lines separating these regions. A typical phase
gram consists of a finite number of distinct regions for ea
of the ordered phases present. Although these phases c
highly complex with complicated multicomponent order p
rameters, they are commonly accounted for in terms o
simple Hamiltonian which includes a set of short-range
possibly competing adatom interactions. The nature of
phase transitions is identified from the temperature or co
age dependence of the order parameter describing the e
of an ordered phase.

Contrary to these expectations based on short-range i
actions, a highly unusual phase diagram has been pred
for a system with long range repulsive interactions even
one dimension~1D!, i.e., the so called ‘‘devil’s staircase
~DS! phase diagram.4–8 For example, adatoms on a 1D la
tice with coverageu and interacting with long range repu
sion, at T50 form an infinite number of commensura
phases.9–11 The coverage of each of these phases is in o
to-one correspondence with the denumerable set of rati
numbersu5p/q. The phase with coveragep/q has periodq,
with the p adatoms occupying sites in unique patterns d
tated by the energy minimization of the system. The te
‘‘devil’s staircase’’ commonly refers to theu vs Dm stability
curve relating the coverage of a phase to its chemical po
tial. The stability intervalDm depends only on the period o
the phaseq independent of the numeratorp. Since rational
numbers of arbitrary large denominator can be arbitra
close to anyu and Dm decreases withq, the ‘‘staircase’’ is
built in a piecewise fashion from segments of variable len
and has a fractal character well documented in
literature.12 It has also been shown that an equivalent way
construct the hierarchical patterns of the DS phases is
combining recursively the unit cells of two generating pha
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of coverageu1 ,u2 ~which define the coverage limitsu1,u
,u2 for the DS!. With increasing recursive stages, a larg
number of unit cells of the generating phases is used to c
struct the phase of the higher stage, so its period incre
and its stabilityDm decreases.

It has been an outstanding experimental challenge to
cover in nature physical realizations of the DS, since phy
cal phenomena are not expected to be described by fra
like nondifferentiable functions.13–17 To prove the presence
of a DS in a physical system, it is required first to show th
a large number of phases are present within a narrowDu.
Second, to show that these phases are generated in the
archical way by the same recursive rules used to const
DS phases in the theoretical models.

This challenge is even more demanding when a statist
probe like diffraction~which probes macroscopic distance!
is used. The identification of the specific phases from
expected ones based on DS phases is difficult because
fraction spots at new locations emerge as the coverageu is
changed even by minute amounts. For the numerous ph
to be identified, it is necessary to prepare within the illum
nated area@;0.5 mm for spot profile analysis~SPA! low-
energy electron diffraction~LEED!# only one or two DS
phases, so their characteristic wavevectors can be reso
The indexing of the spots of even two coexisting pha
close in coverage is nontrivial since some of their spots w
be difficult to separate. A given DS phase can be con
niently described by the pair (n,m) of integers which de-
notes the number of unit cells of the generating phases. If
unit vectors of the two generating phases areb1 ,b2 times the
substrate lattice constant, then the period of a (n,m) phase is
q5nb11mb2 and its diffraction spots at (p/nb11mb2)%
fraction of the Brillouin zone~BZ! while a phase with
slightly higher coverage (n21, m) has spots at@p8/(n
21)b11mb2#% BZ. Sincep andp8 are independent, som
spots can be so close that higher resolving power is nee
to discern them.

STM directly and unambiguously images the hierarchi
DS phases constructed from the two generating phases, b
is more difficult to assess coverage uniformity over mac
scopic distances;0.5 mm. However, as demonstrate
before,18 a DS has been discovered in Pb/Si~111! with STM
within the range 1.2,u,1.333 monolayers~ML !. 12 atomi-
©2004 The American Physical Society03-1
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FIG. 1. Schematic illustration of the)3) andA73) unit cell arrangements. Smaller circles denote Si and larger circles Pb a

The rows of the 1D structures are aligned along the@ 1̄1̄2̄# direction and the DS ordering is along the@11̄0# direction.
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cally resolved phases were identified according to the
hierarchy. The two generating phases are theA73)(u
51.2 ML) and)3)(u51.33 ML) phases.

However, since the DS phase diagram is strictly speak
valid only at T50, an interesting question is what t
expect at finite temperature.19,20 Not only are the energy
differences between the DS phases minute and for ph
with larger q less thankBT, but entropic effects should
be taken into account to determine the dependence of
free energy of a phase on temperature. It is not clear h
phases of largerq ~and lower stability! transform after an-
nealing to higher temperature. Or when the DS phases f
after deposition at constant temperature, does the numb
the observed phases decrease if higher temperatur
used? In either experiment finding out how DS pha
transform to each other can be used to deduce their rela
stability.

In addition to the question of energetic stability, the tra
sition from one DS phase to another poses questions a
the kinetics. High atom mobility is necessary for the surfa
to rearrange from the initial to the final DS pattern, but it
not clear what is the optimal kinetic pathway for the syst
to ‘‘discover’’ as many DS phases as possible? Intuitive
one expects faster diffusion at higher temperatures to
mote the DS formation, since it is easier for the Pb atom
move to locations dictated by the DS pattern. However,
shown below, quite unexpectedly a DS was discovered
low temperature;120 K with a large number (;15) of
macroscopically developed phases resolved. This indicat
still poorly understood nonthermal pathway to the high
complex self-organization required by DS. Since the
phases are close in coverage, inhomogeneities~i.e., of the
deposition rate or temperature or surface defects! can poten-
tially limit the spatial extent of the phase. The use of diffra
tion with ;0.5 mm illuminated area offers the possibility o
testing the spatial extent and coverage uniformity. If the c
erage has large spatial fluctuations, different DS phases
nucleate and their diffraction patterns will be superimpos
so the spots will smear out. To address all these quest
two complementary techniques, high-resolution electron
fraction ~SPA LEED! and STM, are employed so the pha
22410
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structure, kinetics, and spatial distribution can be exami
from the atomic to the macroscopic scale.

II. ATOM ARRANGEMENT IN THE DS PHASES

A schematic model of the two generating phases,)
3) andA73) is shown in Fig. 1. Smaller circles deno
top layer Si atoms, and larger circles denote Pb atoms.
unit cell of the)3) phase has four Pb atoms, three
them are at off-centeredT1 sites and one atom at the high
symmetryH3 site. The unit cell of theA73) phase has six
atoms; five of them are at off-centeredT1 sites and one a
the high-symmetryH3 site. The coordinates of atoms a
obtained from x-ray diffraction experiments21 and were veri-
fied with first principles calculations.22 Although the long-
range stress-driven interaction involves all the Pb ato
within the unit cell, it is a reasonable approximation to a
sume that an effective interaction exists only between
high-symmetry atoms. The contribution of the Pb atoms
the off-symmetry sites simply renormalizes the strength

FIG. 2. Schematic representation of theA73) diffraction pat-
tern. Characteristic spots are observed at multiples of 1/5 the d
onal connecting the~00! and ~11! spots. Because of the thre

equivalent@11̄0# directions which intersect at the~1/3,1/3! position
the six spots are arranged in triangular pattern. The triangle he
H equals thed-function separation for this phase.
3-2



SELF-ORGANIZATION AT FINITE TEMPERATURES OF . . . PHYSICAL REVIEW B 69, 224103 ~2004!
FIG. 3. ~a! Schematic representation of the~2,1! phase with the high-symmetry Pb atoms atH3-H3 positions~b!. Kinematically
calculated diffraction pattern for the~2,1! phase with only the high-symmetry Pb atoms contributing~c!. Experimental pattern for the~2,1!
phase showing agreement with the calculated one~except the missing spot at the top vertex of the triangle!.
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the interaction, but without changing its dependence onr ,
i.e., the separation between the two interacting atoms.
cause of this reason in the kinematic calculations of the
fraction pattern discussed below, only the high-symmetry
oms are assumed in the unit cells.

The diffraction pattern expected for the ideal)3) has
superstructure spots located at the~1/3, 1/3! and ~2/3, 2/3!
positions. The pattern of theA73) phase shown in Fig. 2
has two sets of six superstructure spots arranged on two e
lateral triangles centered at the~1/3, 1/3! and ~2/3, 2/3! po-
sitions. Three of the six spots are at the triangle corners
three are at the center of the opposite sides. The tria
height is 1/5 the separation 4p/a0 of the ~00! and~11! spots
~with a0 the Si lattice constant!. The origin of the triangular
spot arrangement is related to the threefold symmetry
shown schematically in Fig. 2 becauseA73) domains can
grow in three equivalent directions. The center of the trian
is ~1/3,1/3! the intersection of the three equivalent@11̄0#
directions.

An (n,m) DS phase in Pb/Si~111! has unit cell vectors
b25)a0yW , b15)a0/2yW1@(m1n)a0/2#xW ~if m1n is odd!
and b15@(m1n)a0/2#xW ~if m1n is even! with period q
55n13m in units of a0/2. The diffraction pattern resulting
from such a phase also has threefold symmetry. It can
expressed as the product of two terms, i.e., the scatte
factor within a single (n,m) unit cell Funit cell times the re-
22410
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ciprocal lattice ofd functions originating from long-range
order

I total~kx ,ky!5UFunit cell (
l ,s

Nx ,Ny

exp~ ikx • lb11ky •sb2!U2

.

The d functions are separated in the@ 1̄ 1̄0# direction byd
54p/a0 /(5n13m). To calculateFunit cell only the high-
symmetry Pb atoms at positionsr s are included

Funit cell5 (
s51

s5n1m

exp~ ikx •r s!.

The displacement vector between two neighboring hi
symmetry atoms at H3-H3 sites is Ds112s
5(3a0/2,)a0/2) for neighboring )3) and Ds112s

5(5a0/2,)a0/2) for neighboringA73) unit cells. If
there is a shift from anH3 to T4 position then the secon
component ofDs112s is 1/3 of the previous shift)a0/6.
Such a small shift can be detected from the ‘‘flipping’’ o
the triangular pattern and it is related to the formati
of other phases~‘‘HIC’’, ‘‘SIC’’ ! at higher temperatures no
predicted for the DS model and will be discussed in a for
coming publication.23

A typical kinematic calculation of the pattern is shown
Fig. 3 for the~2,1! phase with onlyH3-H3 high-symmetry
3-3
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M. YAKES, V. YEH, M. HUPALO, AND M. C. TRINGIDES PHYSICAL REVIEW B69, 224103 ~2004!
sites occupied. At the top the real space~2,1! unit cell is
shown schematically, i.e., twoA73) rows separated by
one)3) row. The calculated diffraction pattern is show
to the bottom left and the observed pattern to the bott
right. Spots are expected at 4pp/a0(5n13m)5pd with p
an integer. However not all spots have the same inten
The d-function spots closer to the spot of the idealA73)
and the ideal)3) are expected to be the strongest. Th
suggests that the easiest way to identify an (n,m) phase is to
use the triangle heightH ~i.e., the separation between th
most intense spots along@11̄0#). More detailed identifica-
tion of the phases present can be deduced from 1D scan
determining the integersp, n, m so all spots are matched t
4pp/a0(5n13m).

Next we show howH is related to the phase period for th
(n,1) and (1,m) phases, which are the ones observed in
stepwise deposition experiments. For largen the strongest
surviving d-function spots@for the triangle centered at~1/3,
1/3!# are the ones closest to the superstructure spots w
are at 1/5 and 2/5, of the diagonal~i.e., 4p/a05173% BZ
where 100% corresponds to the BZ along the@112̄# direc-
tion!. This is becauseFunit cell, which includes mostlyA7
3) unit cells, has broadened superstructure spots at t
positions. Asu increases andn decreases, the spacing b
tween thed-function spots 1/(5n13) increases and they in
tercept the broadened superstructure spots due toFunit cell
further away from the ideal 1/5 and 2/5 positions. These t
intersections form the triangle vertex and the spot at
middle of the opposite side. Their separation is the trian
heightH. Since these spots are separated by an integer
tiple of thed-function spacing and are the closest spots to
1/5 and 2/5 locations of the 173% BZ diagonal,H is the
largest possible integer multiple of thed-function separation
which is less than 1/5. This multiple is justn since

H/@1/~5n13!#5 intH 1/5

1/~5n13! J 5 int$n13/5%5n,

where int$ % denotes the integer part of a number.
For the (1,m) phases intense superstructure spots du

Funit cell are expected closer to the 1/3, 2/3~in units of the
diagonal 4p/a0 since the (1,m) unit cell has a majority of
)3) thanA73) unit cells! and should become sharp
as m increases. Asm decreases thed-function separation
1/(3m15) is less than 1/3 the separation of the superstr
ture spots, so the most intense spots closest to the 1/3
are simply separated by 1/(3m15) in % BZ which can be
used to determine the value ofm and identify unambiguously
the phase present.

III. FORMATION OF THE DS AT LOW TEMPERATURES

The diffraction experiments were carried out in an UH
system equipped with a SPA LEED diffractometer, an Aug
spectrometer, and a mass spectrometer. As described
where, flux calibration was deduced from the Auger bre
at room temperature and low temperatures;120 K after
monolayer completion.24 In addition, the DS itself provides a
fine flux calibration from the relation between the periodq of
22410
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a phase and its coverageu(q). The STM experiments were
carried in a different UHV system, but under similar prep
ration conditions~of u andT).

Different kinetic pathways to prepare the ideal DS we
explored. The starting point was a perfectA73) at T
5120 K. A Pb amountDu,0.1 ML was added on theA7
3) followed by thermal annealing; or a larger Pb amou
was depositedDu.0.2 ML and desorbed by heating pro
gressively to higher temperature;500 K; or the deposition
was on a hot surfaceT;500 K and at a higher flux rate, s
finer coverage control can be obtained when dynamic e
librium is established between the incident and desorb
atoms. All these recipes rely on the thermal energy of
atoms to generate via diffusion the different (n,m) phases.
Although new phases were produced in such thermal pre
rations with new diffraction spots observed, these were
practically all cases spots corresponding to the most st
DS phases@i.e., the ones with the smaller periodA73)
~2,1! ~1,2! etc.!#.

It was surprising that a DS, shown in Fig. 4, with distin
phases~clearly identified from their 1D profiles along th

@11̄0# direction!, was prepared at low temperature;120 K
without thermal annealing. The@11̄0# direction contains the
information about DS phases because it corresponds to
direction of ordering of the unit cellsA73) and)3) of
the generating phases. Each DS phase is prepared after
wise deposition of onlyDu;0.006 ML starting initially with
the A73) phase on the surface. All 15 phases were o
served within;0.1 ML additional coverage.

A typical 2D pattern is shown in Fig. 3~bottom right! for
the ~2,1! phase to be compared to the calculated one~bottom
left!. The spots are arranged in triangular pattern around
~1/3,1/3! ~and the equivalent~2/3,2/3! positions! as expected
from the kinematic calculation described in Sec. II. W
mostly discuss the triangle around the (1/̄3,1̄/3) spot
because of better linearity in the SPA LEED optics. T
outlined white triangle highlights the triangular pattern
the idealA73) phase and is used to focus on new sp
positions as new DS phases form. One of the six spots in
triangle is missing at the particular energy 80 eV. It is n
clear why the spot is absent; possibly it can be due to
dependence of the scattering factor on incident energy
more complex dynamic effects but since it does not affect
identification of the DS phases, this question has not b
investigated further.

The 2D patterns for the other DS phases were omit
because of space limitations and because the exact spo
sitions and wave vector shifts can be measured with be
accuracy from the 1D scans along the@11̄0# direction shown
in Fig. 4. Before discussing how the spots were indexed
the DS phases identified, it is easily seen that changes in
pattern occur and new spots at different wave vectors em
after each 0.006 ML~except the last profile which result
after overnight annealing experiment to be discussed belo!.
Numerous phase within narrowDu is one of the necessar
conditions to realize experimentally a DS. The dotted lin
show the wave vectors where the spots of the genera
phases are expected as fractions of the diagonal, i.e.
3-4
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SELF-ORGANIZATION AT FINITE TEMPERATURES OF . . . PHYSICAL REVIEW B 69, 224103 ~2004!
FIG. 4. 1D scans of the low-temperature DS phases formed after stepwise deposition on top of theA73) at 120 K approximately
an amountDu;0.006 ML after each deposition. The phase identified and the average coverage are shown to the left top corner. T

lines are at spot positions expected for the idealA73) @multiples of 1/5 the length of the diagonal~00! and (1̄1̄)] and the ideal)
3) phase~at multiples of 1/3 the diagonal length!. The spot position is converted into a fractional ratio which is used to identify the
phases. For example, 15/38 indicates the presence of the~7,1! phase, 11/28 indicates the presence of the~5,1! phase, etc. Phases withu
.1.25 ML have 1/2 the expected triangle heightH which indicates thatH3 andT4 sites are occupied. The profilep is obtained after
overnight annealing of the~1,7! phaseu51.315 ML indicating that a single~1,3! phaseu51.286 ML occupies the area;0.5 mm illumi-
nated by the electron beam.
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length is 173% BZ54p/a0) at 1/5~34.6%!, 2/5 ~69.3%! for
the A73), and at 1/3 ~57.3%! for the
)3) phase. The shown range in reciprocal space is l
ited from 25% to 80% of the BZ.

To identify the~DS! phases we first use the height of th
triangle H ~i.e., the separation between the most inten
spots in the 1D scan!. In addition we index all the spot
which have intensity above twice the background. So
spots overlap either because two majority phases adjace
coverage cover the illuminated area or because adjaced
functions of a single phase are within the diffuse spots g
erated byFunit cell. Both effects result in broader, ‘‘streakie
spots’’ but clearly the maxima due to the separate com
nents can be resolved and unique wave vectors can be
signed to them. Above a major spot we denote its position
a fraction of the@11̄0# BZ. For example profilef in Fig.
4~a! has wave vectors at 66.4%, 57.5%, 52.9%, 39.7%,
38.4%. We search for the fraction closer to the ratio of th
wavevectors to the width of the BZ~173%! to assign 5/13,
22410
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6/18, 4/13, 3/13, 4/18 to the above wave vectors. This co
sponds respectively to the~2,1!, ~3,1!, ~2,1!, ~2,1!, and~3,1!,
phases with~2,1! and ~3,1! the main ones. The coverage o
an (n,m) phase isu511@(m1n)/(5n13m)#. We estimate
the coverage on the surface for profilef u51.232 ML from
the fractional occupation of the two phases~deduced from
their peak intensity! and the additional deposited amou
Du;0.006 ML The profileg in Fig. 4~a! obtained after the
next deposition has spots at 66.2%, 65.2%, 57.5%, 52.
49.7%, 42.7%, 39.7% which are identified as 5/13, 3
7/21, 4/13, 6/21, 2/8, 3/13, respectively. The two phases
responding to the main spots are the~2,1! and ~1,1! with
average coverage 1.237 ML. In a similar way all the ma
DS phases and the average coverage have been identifie
all 16 profiles of Fig. 4 and are shown to the left corner
each profile.

It is remarkable that in practically all cases only tw
phases are sufficient to cover more than 95% of the illu
nated area of;0.5 mm. However in a few cases, some sp
3-5
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M. YAKES, V. YEH, M. HUPALO, AND M. C. TRINGIDES PHYSICAL REVIEW B69, 224103 ~2004!
which correspond to other phases besides the two major
are present like spots 57.5% and 49.7% at profileh in Fig.
4~a!. These spots are accounted for by a second genera
phase~3,2! with period 21 @~3,2! should be written more
accurately as~1,1,2,1!, i.e., oneA73), one)3), two
A73), one)3) with u526/21 slightly less thanu
510/8, the coverage of the~1,1! phase#.

For phases with coverageu.1.25, the observed spots a
indexed with height, half the one expected for an (n,m)
phase, and the triangularly arranged spots ‘‘flip.’’ This ind
cates that the binding site in the unit cells of the genera

FIG. 5. STM image 18.5313.5 nm2 indicating the formation of
a 1D phase~1,2,1,3! u532/25 ML after deposition of 0.07 ML on
top of theA73) at low temperatureT540 K.
22410
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phases can be eitherH3 or T4 sites, which causes a doublin
of the period of an (n,m) phase to 2(5n13m). This in

turn implies that the spacing of thed functions in the@11̄0#
direction is half the spacing for the same (n,m) phase
with only H3-H3 sites occupied. In addition, as mention
before the shift)a0/6 between H3 and T4 sites in
the @112̄# direction is 1/3 the shift between theH3 andH3
sites. This additional symmetry breaking implies th
even fundamental spots (kl) will show satellite spots when
ever mod3(k2 l )Þ0. For example, the~00! and ~11! spots
do not show satellite spots while the~01! and~10! do. These
observations, to be discussed in more detail in the futur23

suggest that the onset of theH3-T4 occupation is the
~1,1! phase.

Phases with higher periodq and lower stability, which are
not easily observed after thermal annealing, are observed
ter low-temperature deposition. It is not yet clear why th
mal annealing does not lead to these less probable pha
since atom diffusion is faster at higher temperature. Ho
ever, since the changes of the patterns shown in Fig. 4
observed immediately after the deposition ofDu, some type
of mass transport must be operating very efficiently even
low temperatures, leading to this unusual self-organization
is intriguing that the readjustment to the next DS phase a
a-

e

FIG. 6. Stepwise deposition
experiments at constant temper
ture T5169 K with Du
;0.01 ML showing the formation
of 1D phases as expected from th
DS hierarchy. In the coverage
range 1.23,u,1.27 ML phases
of hexagonal symmetry ‘‘HIC’’
form.
3-6
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SELF-ORGANIZATION AT FINITE TEMPERATURES OF . . . PHYSICAL REVIEW B 69, 224103 ~2004!
FIG. 7. Thermal annealing of a
surface prepared initially in the
~2,1! phaseu51.231 ML at 136 K
showing the progressive evolutio
to the ‘‘HICA’’ phase ~186 K!, to
the disordered ‘‘liquidlike’’ phase
and finally to the (131) disor-
dered phase. Cooling the surfac
back to 136 K recovers the~2,1!
phase.
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Du deposition is very fast (;few seconds! over the whole
macroscopic surface. This is evident from the continuo
decrease of the triangle heightH with u seen in the 2D
patterns with naked eye and correspondingly in the 1D sc
of Fig. 4. The degree of self-organization and highly cor
lated atom movement which is needed to change at 120 K
initial (n11,1) to a final (n,1) phase is extensive@since after
depositingDu;0.006 ML the average distance between t
arriving atoms is (Du)21/2;26a0 so atoms need to diffuse a
least over this distance to reach their final well-defined po
tions within the (n,1) unit cell#. The long-range strain inter
action between the Pb atoms, which is induced by the un
lying substrate, provides the necessary energy for the m
transport over large distances.

The phase obtained after overnight slow annealing
room temperature phase (o) in Fig. 4~b! ~prepared at 120 K
with u51.315 ML! is ~1,3! of lower coverage (u
51.286 ML) as shown in profilep of Fig. 4~b!. The pattern
is extremely sharp with the observed spots accounted
exclusively from the~1,3! phase and with instrumentally lim
ited full widths at half maximum. Some Pb must have be
removed from the system@most likely to steps or to form
very few two-layer Pb~111! islands24# since the coverage o
the ~1,3! phase is lower~and the triangle heightH is 7%
which is larger than the height of phaseo). It is extraordi-
nary that a single~1,3! phase covers the surface over mac
scopic distances which requires even higher coverage un
mity than when two DS phases are present.

The low-temperature transformation from a lower- to
higher-coverage phase according to the DS phase diag
is also seen with STM. Figure 5~a! shows a 13.5
318.5 nm2 image with the surface prepared in theA73)
phase. After depositing an amount ofDu;0.07 ML Fig.
5~b! shows a dramatic change of the surface morphol
with the ~2,5!, i.e., ~1,2,1,3!, similar to the ones shown in
profile k in Fig. 4~b!, thus confirming the diffraction
22410
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results that a high-quality DS can be prepared at l
temperature.

IV. FINITE TEMPERATURE EFFECTS IN DS

We would like to address briefly the second quest
raised in the introduction, i.e., what is the role of the fin

FIG. 8. STM image over a scale 38350 nm2 showing the coex-
istence of a 1D~1,2! phase with ‘‘HICC’’ phase as shown in th
diffraction patterns of Fig. 6.
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temperature in the formation of the DS phases since stri
speaking a DS is possible only atT50? To answer the ques
tion we performed two types of experiments, first to depo
in a stepwise fashion~as in the experiment of Fig. 4! but at
higher constant temperatureT.120 K and, second, to anne
at constantu to higher temperatures an initial DS pha
formed at low temperature.

Figure 6 shows the results of the first type of experim
with Pb deposited atT5169 K and with larger coverage in
crementsDu;0.01 ML ~than in the 120 K experiment!. We
observe again the same progression to (n,1) phases with in-
creasingly smallern and higher coverage@the first stable
phases resolved are~6,1! and ~5,1! with u51.21 ML. How-
ever, within the range 1.23,u,1.27 ML instead of observ-
ing only 1D DS phases, a new phase of hexagonal symm
the ‘‘HICA’’ phase, is found to coexist with the~2,1! phase.
A model of the ‘‘HICA’’ phase has been proposed in Ref. 2
It was identified as a commensurate phase of hexagon
arranged)3) triangular domains phase separated by lig
‘‘almost A73) ’’ domain walls ~this phase is slightly differ-
ent from the idealA73) phase because adjacent@11̄2#
rows have Pb atoms onH3 andT4 sites occupied instead o
only H3 sites!. Such ‘‘HICA’’ phase is easily distinguished
with diffraction, because it gives rise to hexagonally
ranged spots around~1̄/3,1̄/3) rather than the triangular pa
terns of Fig. 3. A pair of spots is aligned along the@112̄#
direction resulting in the characteristic ‘‘horizontal splitting
described in earlier reflection high-energy electron diffra
tion and LEED studies.26–28The separation of the spot from
the ~1̄/3,1̄/3) position can be used to deduce the dom
size 4.7 nm for the HICA phase, consistent with the mo
proposed in Ref. 25 with STM. With further deposition
;0.01 ML new types of ‘‘HICA’’ phases form~denoted as
‘‘HICB’’ and ‘‘HICC’’ ! with slightly higher coverage, i.e.
larger)3) triangular domains, since the size of the o
served hexagon decreases with increasing coverage. De
about the structure of these new ‘‘HIC’’ phases will be d
scribed in a future publication. For higher coverageu
.1.27 ML 1D phases (1,m) form, similar to the low-
temperatureT5120 K deposition experiments.

The ‘‘HIC’’ phases also form after heating to highe
temperature a surface which is initially covered w
1D phase. The transition temperatureTc from a 1D to the
‘‘HIC’’ phase depends on the coverage of the 1D phase@Tc
for the ~1,1! phase withu51.25 ML has the lowestTc
;130 K with all the other 1D phases undergoing the tran
tion at higherTc]. Typical results are shown in Fig. 7 wit
the ~2,1! phase prepared initially on the surface at 136 K
evident from the size of the triangle heightH526.6% BZ.
At 202 K the ~2,1! coexists with the ‘‘HICA’’ phase. With
annealing the pattern of the ‘‘HICA’’ phase reaches ma
mum intensity at 216 K but with further heating this pha
gradually disorders, as seen from the lower intensity, unt
362 K only a (131) pattern is present. Cooling the surfa
back to 136 K restores the~2,1! but at slightly reduced in-
tensity, indicating that possibly some Pb has diffused ir
versibly to the steps. These thermally or coverage indu
transformations of the (n,m) phases to the ‘‘HIC’’ phase and
22410
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to what extent they are reversible or not, will be discussed
the future.

With coverageu approaching 4/3 ML the thermally an
nealed phases give rise to the ‘‘SIC’’ phase, a phase con
ing of )3) domains separated by meandering ‘‘almo
A73) ’’ domain walls. The walls do not have the regula
hexagonal arrangement as in the ‘‘HIC’’ phase~Fig. 8!.
They have shorter length per unit area than the hexagon
arranged domain walls, so higher coverage can be accom
dated. No evidence for this ‘‘SIC’’ phase is found aft
deposition at low temperatures. The corresponding 1D sc
for Fig. 4~b! show that the characteristic triangle heig
H continuously decreases and falls below the instrume
resolution which indicates the formation of large)3)
domains with possibly extremely lowA73) domain
wall density which cannot be resolved in the diffractio
patterns.

A different issue is related to the type of binding site t
high-symmetry Pb atoms occupy in the unit cells of the g
erating phases. It has been observed in STM ima
and supported with first-principles calculations that t
triangular domains of the HIC alternate between the
atoms occupyingH3 vsT4 because these sites have appro
mately the same energy.22 On the other hand, the structur
of the ideal A73) phase (u56/5 ML) has the high-
symmetry Pb atoms only onH3 sites. It is interesting to ask
whether the 1D (n,m) phases have onlyH3 sites occupied
or at some coverage there is a transition with eitherH3 or
T4 sites occupied!. As mentioned before, we observe such
transition close tou51.25 ML the coverage of the~1,1!
phase~the coverage of the ‘‘HICA’’ phase although such
phase did not form at the low temperature deposit
;120 K of Fig. 4!.

V. SUMMARY

In summary we have shown that DS phases in Pb/Si~111!
in the range 6/5,u,4/3 ML can be prepared after growth a
low temperature without the need of thermal annealing. O
1D phases are observed after stepwise deposition of s
coverage amountsDu;0.006 ML at 120 K and without the
‘‘HIC’’ phase which appears after thermal annealing or du
ing deposition at higher temperature. Phases of larger per
~and smaller stability range! can be prepared at low temper
tures rather than after thermal annealing. It is possible
cover macroscopic distances~0.5 mm the size of the inciden
electron beam! with predominantly two or even a single 1D
phase by stepwise deposition ofDu. This unexpected forma
tion of the DS at low temperature demonstrates that s
organization is possible, due to still unclear but very effe
tive kinetic mechanisms.
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