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Self-organization at finite temperatures of the devil’'s staircase in Pt5i(111)
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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 RiiAS) in the range 1.2 §<1.33 monolayers,
surprisingly at~120 K, and with phases which extend spatially over macroscopic distand@$ (hm). The
extraordinary amount of atom rearrangement necessary for these phases to form indicates an unexpected
degree of self-organization at low temperatures.
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I. INTRODUCTION of coveraged,, 0, (which define the coverage limit, <6
< 0, for the DS. With increasing recursive stages, a larger
Surface overlayers provide rich experimental realizationsiumber of unit cells of the generating phases is used to con-
of statistical mechanical predictions related to phase transstruct the phase of the higher stage, so its period increases
tions and ordering phenomena in two-dimensionaland its stabilityAu decreases.
models'~* Temperature vs coveragd{¢) phase diagrams It has been an outstanding experimental challenge to dis-
are normally constructed with the use of different experimen<cover in nature physical realizations of the DS, since physi-
tal techniqueddiffraction, scanning tunneling microscopy cal phenomena are not expected to be described by fractal-
(STM), etc] to map out regions where ordered phases ofike nondifferentiable function§~'" To prove the presence
different symmetry form and to identify the nature of the of a DS in a physical system, it is required first to show that
transition lines separating these regions. A typical phase dis& large number of phases are present within a naaw
gram consists of a finite number of distinct regions for eacHSecond, to show that these phases are generated in the hier-
of the ordered phases present. Although these phases canaehical way by the same recursive rules used to construct
highly complex with complicated multicomponent order pa-DS phases in the theoretical models.
rameters, they are commonly accounted for in terms of a This challenge is even more demanding when a statistical
simple Hamiltonian which includes a set of short-range bugprobe like diffraction(which probes macroscopic distanges
possibly competing adatom interactions. The nature of thés used. The identification of the specific phases from the
phase transitions is identified from the temperature or coverexpected ones based on DS phases is difficult because dif-
age dependence of the order parameter describing the extdraction spots at new locations emerge as the coveteige
of an ordered phase. changed even by minute amounts. For the numerous phases
Contrary to these expectations based on short-range intete be identified, it is necessary to prepare within the illumi-
actions, a highly unusual phase diagram has been predictested ared ~0.5 mm for spot profile analysi€SPA) low-
for a system with long range repulsive interactions even irenergy electron diffractioLEED)] only one or two DS
one dimension(1D), i.e., the so called “devil's staircase” phases, so their characteristic wavevectors can be resolved.
(DS) phase diagrarfiz® For example, adatoms on a 1D lat- The indexing of the spots of even two coexisting phases
tice with coveraged and interacting with long range repul- close in coverage is nontrivial since some of their spots will
sion, at T=0 form an infinite number of commensurate be difficult to separate. A given DS phase can be conve-
phases ! The coverage of each of these phases is in oneniently described by the paim(m) of integers which de-
to-one correspondence with the denumerable set of rationalotes the number of unit cells of the generating phases. If the
numbersd= p/qg. The phase with coverageq has periody, unit vectors of the two generating phaseslye, times the
with the p adatoms occupying sites in unique patterns dic-substrate lattice constant, then the period ofian) phase is
tated by the energy minimization of the system. The terng=nb;+mb, and its diffraction spots atp{nb;+mb,)%
“devil's staircase” commonly refers to thé vs A stability  fraction of the Brillouin zone(BZ) while a phase with
curve relating the coverage of a phase to its chemical poterslightly higher coverage n—1, m) has spots a{p’/(n
tial. The stability intervalAu depends only on the period of —1)b;+mb,]% BZ. Sincep andp’ are independent, some
the phasey independent of the numeratpr Since rational spots can be so close that higher resolving power is needed
numbers of arbitrary large denominator can be arbitrarilyto discern them.
close to anyd and Au decreases witly, the “staircase” is STM directly and unambiguously images the hierarchical
built in a piecewise fashion from segments of variable lengttDS phases constructed from the two generating phases, but it
and has a fractal character well documented in thds more difficult to assess coverage uniformity over macro-
literature!? It has also been shown that an equivalent way toscopic distances~0.5 mm. However, as demonstrated
construct the hierarchical patterns of the DS phases is blgaefore,18 a DS has been discovered in P13il) with STM
combining recursively the unit cells of two generating phasesvithin the range 1.2 #<1.333 monolayeréML). 12 atomi-
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FIG. 1. Schematic illustration of the3xv3 and 7 xv3 unit cell arrangements. Smaller circles denote Si and larger circles Pb atoms.
The rows of the 1D structures are aligned along[th#2] direction and the DS ordering is along the10] direction.

cally resolved phases were identified according to the DStructure, kinetics, and spatial distribution can be examined
hierarchy. The two generating phases are tfexv3(¢#  from the atomic to the macroscopic scale.
=1.2 ML) andv3Xxv3(6#=1.33 ML) phases.

However, since the DS phase diagram is strictly speaking
valid only at T=0, an interesting question is what to
expect at finite temperatut&?® Not only are the energy A schematic model of the two generating phasés,
differences between the DS phases minute and for phasesv3 and+/7xv3 is shown in Fig. 1. Smaller circles denote
with larger g less thankgT, but entropic effects should top layer Si atoms, and larger circles denote Pb atoms. The
be taken into account to determine the dependence of thanit cell of thev3Xxv3 phase has four Pb atoms, three of
free energy of a phase on temperature. It is not clear howhem are at off-centeredl sites and one atom at the high-
phases of largeq (and lower stability transform after an- symmetryH3 site. The unit cell of the/7 X v3 phase has six
nealing to higher temperature. Or when the DS phases forratoms; five of them are at off-centerdd sites and one at
after deposition at constant temperature, does the number #fe high-symmetryH3 site. The coordinates of atoms are
the observed phases decrease if higher temperature @tained from x-ray diffraction experimefitsand were veri-
used? In either experiment finding out how DS phasedied with first principles calculatior®. Although the long-
transform to each other can be used to deduce their relatiy@nge stress-driven interaction involves all the Pb atoms
stability. within the unit cell, it is a reasonable approximation to as-

In addition to the question of energetic stability, the tran-SUme that an effective interaction exists only between the

sition from one DS phase to another poses questions abo[{9n-Symmetry atoms. The contribution of the Pb atoms at
the kinetics. High atom mobility is necessary for the surfacdN€ Off-Symmetry sites simply renormalizes the strength of

to rearrange from the initial to the final DS pattern, but it is
not clear what is the optimal kinetic pathway for the system
to “discover” as many DS phases as possible? Intuitively,
one expects faster diffusion at higher temperatures to pro-
mote the DS formation, since it is easier for the Pb atoms to
move to locations dictated by the DS pattern. However, as
shown below, quite unexpectedly a DS was discovered at
low temperature~120 K with a large number~15) of
macroscopically developed phases resolved. This indicates a
still poorly understood nonthermal pathway to the highly
complex self-organization required by DS. Since the DS
phases are close in coverage, inhomogeneities of the
deposition rate or temperature or surface dejeds poten-
tially limit the spatial extent of the phase. The use of diffrac-
tion with ~0.5 mm illuminated area offers the possibility of
testing the spatial extent and coverage uniformity. If the cov- FIG. 2. Schematic representation of tiéxv3 diffraction pat-
erage has large spatial fluctuations, different DS phases witern. Characteristic spots are observed at multiples of 1/5 the diag-
nucleate and their diffraction patterns will be superimposedpnal connecting thg00) and (11) spots. Because of the three
so the spots will smear out. To address all these questionsguivalen{ 110] directions which intersect at th&/3,1/3 position

two complementary techniques, high-resolution electron difthe six spots are arranged in triangular pattern. The triangle height
fraction (SPA LEED and STM, are employed so the phaseH equals thes-function separation for this phase.

Il. ATOM ARRANGEMENT IN THE DS PHASES
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FIG. 3. () Schematic representation of tli2,1) phase with the high-symmetry Pb atomsHi8-H3 positions(b). Kinematically
calculated diffraction pattern for th@,1) phase with only the high-symmetry Pb atoms contributitig Experimental pattern for the,1)
phase showing agreement with the calculated @xeept the missing spot at the top vertex of the triangle

the interaction, but without changing its dependencer pn ciprocal lattice of§ functions originating from long-range
i.e., the separation between the two interacting atoms. Besrder

cause of this reason in the kinematic calculations of the dif-
fraction pattern discussed below, only the high-symmetry at-
oms are assumed in the unit cells.

The diffraction pattern expected for the ide@xX v3 has
superstructure spots located at i¢3, 1/3 and (2/3, 2/3  The § functions are separated in the 10] direction by &
positions. The pattern of th¢7xv3 phase shown in Fig. 2 =47/ay/(5n+3m). To calculateF i cen ONly the high-
has two sets of six superstructure spots arranged on two equymmetry Pb atoms at positions are included
lateral triangles centered at tli&/3, 1/3 and (2/3, 2/3 po-

Ny Ny 2
iotal(K:Ky) = | Fuit cot 25 @xpliky - 1b3+Ky by)|

sitions. Three of the six spots are at the triangle corners and s=n+m

three are at the center of the opposite sides. The triangle Funit cel™ > expiky - rs).

height is 1/5 the separationma, of the (00) and(11) spots -

(W|th a.o the Si lattice ConStahtThe Ol‘igin of the triangular The disp'acement vector between two neighboring h|gh_
spot arrangement is related to the threefold symmetry agymmetry atoms at H3-H3 sites is Agiq s

shown schematically in Fig. 2 becaugéxv3 domains can =(3ay/2,V3ay2) for neighboring v3xv3 and Ag,;_s
grow in three equivalent directions. The center of the triangle= (54,/2, v3a,/2) for neighboring y7xv3 unit cells. If
is (1/3,1/3 the intersection of the three equivaldrt10]

directions.

An (n,m) DS phase in Pb/§l11) has unit cell vectors
b,=v3ayy, by =v3ay/2y+[(m+n)ay/2]X (if m+n is odd
and b;=[(m+n)ay/2]X (if m+n is even with period q

there is a shift from a3 to T4 position then the second
component ofAg, ;_¢ is 1/3 of the previous shift’3ay/6.
Such a small shift can be detected from the “flipping” of
the triangular pattern and it is related to the formation
of other phase$*HIC”, “SIC” ) at higher temperatures not

=5n+3m in units of ay/2. The diffraction pattern resulting predicted for the DS model and will be discussed in a forth-
from such a phase also has threefold symmetry. It can beoming publicatiorf>
expressed as the product of two terms, i.e., the scattering A typical kinematic calculation of the pattern is shown in

factor within a single ,m) unit cell F,; cen times the re-

224

Fig. 3 for the(2,1) phase with onlyH3-H3 high-symmetry
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sites occupied. At the top the real spa@1l unit cell is a phase and its coveraggq). The STM experiments were
shown schematically, i.e., twQ7Xxv3 rows separated by carried in a different UHV system, but under similar prepa-
onev3Xv3 row. The calculated diffraction pattern is shown ration conditiongof 6 andT).
to the bottom left and the observed pattern to the bottom Different kinetic pathways to prepare the ideal DS were
right. Spots are expected atrp/ay(5n+3m)=ps with p explored. The starting point was a perfed?xv3 at T
an integer. However not all spots have the same intensity=120 K. A Pb amountA #<0.1 ML was added on the7
The &function spots closer to the spot of the idgdl X v3 X V3 followed by thermal annealing; or a larger Pb amount
and the ideaV3xXv3 are expected to be the strongest. Thiswas deposited\ §>0.2 ML and desorbed by heating pro-
suggests that the easiest way to identify amf) phase isto  gressively to higher temperature500 K; or the deposition
use the triangle heightl (i.e., the separation between the was on a hot surfac&~500 K and at a higher flux rate, so
most intense spots alorfd 10]). More detailed identifica- finer coverage control can be obtained when dynamic equi-
tion of the phases present can be deduced from 1D scans bprium is established between the incident and desorbing
determining the integens, n, m so all spots are matched to atoms. All these recipes rely on the thermal energy of the
47plag(5n+3m). atoms to generate via diffusion the differemt,in) phases.
Next we show hovH is related to the phase period for the Although new phases were produced in such thermal prepa-
(n,1) and (1m) phases, which are the ones observed in théations with new diffraction spots observed, these were in
stepwise deposition experiments. For lamehe strongest Practically all cases spots corresponding to the most stable
surviving &-function spotgfor the triangle centered 41/3, DS phasedi.e., the ones with the smaller period7 xv3
1/3)] are the ones closest to the superstructure spots whid,1 (1,2) etc)].
are at 1/5 and 2/5, of the diagon@le., 4w/ay,=173% BZ It was surprising that a DS, shown in Fig. 4, with distinct
where 100% corresponds to the BZ along Eﬂﬂf] direc-  Phases(clearly identified from their 1D profiles along the

tion). This is becausé ,,; e, Which includes mostlyy/7 ~ [110] direction, was prepared at low temperaturel 20 K

Xv3 unit cells, has broadened superstructure spots at thesdthout thermal annealing. THeL 10] direction contains the
positions. As# increases anah decreases, the spacing be- information about DS phases because it corresponds to the
tween thes-function spots 1/(+3) increases and they in- direction of ordering of the unit cell§7xv3 andv3xv3 of
tercept the broadened superstructure spots duE i@ .oy  the generating phases. Each DS phase is prepared after step-
further away from the ideal 1/5 and 2/5 positions. These twavise deposition of onlyA #~0.006 ML starting initially with
intersections form the triangle vertex and the spot at thehe \/7xv3 phase on the surface. All 15 phases were ob-
middle of the opposite side. Their separation is the triangl&erved within~0.1 ML additional coverage.

heightH. Since these spots are separated by an integer mul- A typical 2D pattern is shown in Fig. Gottom righ} for

tiple of the &function spacing and are the closest spots to thehe (2,1) phase to be compared to the calculated @rodtom

1/5 and 2/5 locations of the 173% BZ diagonHl,is the left). The spots are arranged in triangular pattern around the
largest possible integer multiple of tl&function separation (1/3,1/3 (and the equivalent2/3,2/3 positions as expected

which is less than 1/5. This multiple is justsince from the kinematic calculation described in Sec. Il. We
15 mostly discuss the_ trianglg around the/311/3) 'spot

H/[l/(5n+3)]=int( }:int{n+3/5}=n, becguse of.bett(.ar Ilnear!ty in the SPA' LEED optics. The

1/(5n+3) outlined white triangle highlights the triangular pattern of

where inf} denotes the integer part of a number. the ideal7xv3 phase and is used to focus on new spot

For the (1m) phases intense superstructure spots due tBOSitions as new DS phases form. One of the six spots in the
Funit o @T€ expected closer to the 1/3, I8 units of the triangle is missing e_lt the part|cular.enelrgy 80 eV. It is not
diagonal 4r/a, since the (Im) unit cell has a majority of clear why the spot is absent; possibly it can be due to the
V3IxV3 than \/7><\/§ unit cell§ and should become sharper dependence of the scattering factor on incident energy or

as m increases. Aan decreases thé-function separation More complex dynamic effects but since it does not affect the

1/(3m+5) is less than 1/3 the separation of the superstruci—dentiﬁcaﬂon of the DS phases, this question has not been

ture spots, so the most intense spots closest to the 1/3 Spl&yesngated further. .
are simply separated by 1/8+5) in % BZ which can be ) The 2Dfpattern? f(_)tr tt.he oth%r tI)DS phast(;s weretomlt:ed ]
used to determine the value mfand identify unambiguously ecause ot space limitations and because the exact Spot po
the phase present. sitions and wave vector shifts can be measured with better
accuracy from the 1D scans along {H€10] direction shown
in Fig. 4. Before discussing how the spots were indexed and
the DS phases identified, it is easily seen that changes in the
The diffraction experiments were carried out in an UHV pattern occur and new spots at different wave vectors emerge
system equipped with a SPA LEED diffractometer, an Augerafter each 0.006 ML(except the last profile which results
spectrometer, and a mass spectrometer. As described elsdter overnight annealing experiment to be discussed helow
where, flux calibration was deduced from the Auger breakdNumerous phase within narrowé is one of the necessary
at room temperature and low temperature$20 K after  conditions to realize experimentally a DS. The dotted lines
monolayer completioA? In addition, the DS itself provides a show the wave vectors where the spots of the generating
fine flux calibration from the relation between the peripdf ~ phases are expected as fractions of the diagonal, i.e., its

IIl. FORMATION OF THE DS AT LOW TEMPERATURES
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FIG. 4. 1D scans of the low-temperature DS phases formed after stepwise deposition on top/iktﬁ?z at 120 K approximately
an amount #~0.006 ML after each deposition. The phase identified and the average coverage are shown to the left top corner. The dotted
lines are at spot positions expected for the idgalk v3 [multiples of 1/5 the length of the diagoné0) and (11)] and the idealv/3
Xv3 phase(at multiples of 1/3 the diagonal lengthThe spot position is converted into a fractional ratio which is used to identify the DS
phases. For example, 15/38 indicates the presence df7thephase, 11/28 indicates the presence of (&) phase, etc. Phases with
>1.25 ML have 1/2 the expected triangle heidghtwhich indicates thaH3 and T4 sites are occupied. The profiteis obtained after
overnight annealing of thél,7) phased=1.315 ML indicating that a singlél,3) phased=1.286 ML occupies the area 0.5 mm illumi-
nated by the electron beam.

length is 173% BZ 4x/a0) at 1/5(34.6%9, 2/5(69.3% for 6/18, 4/13, 3/13, 4/18 to the above wave vectors. This corre-
the 7xv3, and at 1/3 (57.3% for the sponds respectively to th&,1), (3,1, (2,1, (2,1), and(3,1),
V33 phase. The shown range in reciprocal space is limphases with2,1) and (3,1 the main ones. The coverage of
ited from 25% to 80% of the BZ. an (n,m) phase i#=1+[(m+n)/(5n+3m)]. We estimate

To identify the(DS) phases we first use the height of the the coverage on the surface for profflé=1.232 ML from
triangle H (i.e., the separation between the most intensehe fractional occupation of the two phaseeduced from
spots in the 1D scanIn addition we index all the spots their peak intensity and the additional deposited amount
which have intensity above twice the background. Some\ §~0.006 ML The profileg in Fig. 4(a) obtained after the
spots overlap either because two majority phases adjacent fiext deposition has spots at 66.2%, 65.2%, 57.5%, 52.9%,
coverage cover the illuminated area or because adjagent49.79%, 42.7%, 39.7% which are identified as 5/13, 3/8,
functions of a single phase are within the diffuse spots geny/21, 4/13, 6/21, 2/8, 3/13, respectively. The two phases cor-
erated byF n; ceii- Both effects result in broader, “streakier responding to the main spots are tt21) and (1,1) with
spots” but clearly the maxima due to the separate compoaverage coverage 1.237 ML. In a similar way all the major
nents can be resolved and unique wave vectors can be 89S phases and the average coverage have been identified for
signed to them. Above a major spot we denote its position agj| 16 profiles of Fig. 4 and are shown to the left corner of
a fraction of the[110] BZ. For example profilef in Fig. each profile.
4(a) has wave vectors at 66.4%, 57.5%, 52.9%, 39.7%, and It is remarkable that in practically all cases only two
38.4%. We search for the fraction closer to the ratio of thesg@hases are sufficient to cover more than 95% of the illumi-
wavevectors to the width of the BEL73% to assign 5/13, nated area of-0.5 mm. However in a few cases, some spots
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phases can be eithel3 or T4 sites, which causes a doubling
of the period of an 1f,m) phase to 2(&+3m). This in

turn implies that the spacing of thfunctions in thg 110]
direction is half the spacing for the sama,ifn) phase
with only H3-H3 sites occupied. In addition, as mentioned
before the shiftv3ay/6 betweenH3 and T4 sites in

the[112] direction is 1/3 the shift between thé3 andH3

sites. This additional symmetry breaking implies that

_ o _ even fundamental spot&l) will show satellite spots when-
FIG. 5. STM image 18.5813.5 nn? |nd|cat|r_19 the formation of ever mog(k—1)+#0. For example, thé00) and (11) spots

a 1D phas@1,2,1,3 §=32/25 ML after deposition of 0.07 ML on 4, ot show satellite spots while tii@1) and(10) do. These

top of the/7>v3 at low temperaturd =40 K. observations, to be discussed in more detail in the fifftire,

suggest that the onset of thHd3-T4 occupation is the

which correspond to other phases besides the two major ones 1) phase.

are present like spots 57.5% and 49.7% at prdfiie Fig. Phases with higher periagland lower stability, which are

4(a). These spots are accounted for by a second generatigibt easily observed after thermal annealing, are observed af-

phase(3,2) with period 21[(3,2 should be written more ter Jow-temperature deposition. It is not yet clear why ther-

accurately ag1,1,2,3, i.e., one\7xv3, onev3Xv3, two  mal annealing does not lead to these less probable phases,

J7xV3, onev3xv3 with §=26/21 slightly less thard  since atom diffusion is faster at higher temperature. How-

=10/8, the coverage of thd,1) phasé. ever, since the changes of the patterns shown in Fig. 4 are
For phases with coverage>1.25, the observed spots are observed immediately after the deposition/dd, some type

indexed with height, half the one expected for amn{) of mass transport must be operating very efficiently even at

phase, and the triangularly arranged spots “flip.” This indi- low temperatures, leading to this unusual self-organization. It

cates that the binding site in the unit cells of the generatings intriguing that the readjustment to the next DS phase after

(@)

(6,1)+(5,1)

4
\ \

FIG. 6. Stepwise deposition
experiments at constant tempera-
ture T=169K with A@
~0.01 ML showing the formation
of 1D phases as expected from the
DS hierarchy. In the coverage
range 1.230<1.27 ML phases
of hexagonal symmetry “HIC”
form.

(1,3)+(1,4)

(1’,4)+(1,5)
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FIG. 7. Thermal annealing of a
surface prepared initially in the
(2,1) phase¥=1.231 ML at 136 K
showing the progressive evolution
to the “HICA” phase (186 K), to
the disordered “liquidlike” phase
and finally to the (X 1) disor-
dered phase. Cooling the surface
back to 136 K recovers the,1)
phase.

A6 deposition is very fast+{few secondsover the whole results that a high-quality DS can be prepared at low
macroscopic surface. This is evident from the continuougemperature.

decrease of the triangle height with 6 seen in the 2D
patterns with naked eye and correspondingly in the 1D scans
of Fig. 4. The degree of self-organization and highly corre-
lated atom movement which is needed to change at 120 K an We would like to address briefly the second question
initial (n+1,1) to a final 1,1) phase is extensiysince after  raised in the introduction, i.e., what is the role of the finite
depositingA §~0.006 ML the average distance between the
arriving atoms is 4 6) ~ Y2~ 26a, so atoms need to diffuse at
least over this distance to reach their final well-defined posi-
tions within the @,1) unit celll. The long-range strain inter-
action between the Pb atoms, which is induced by the under-
lying substrate, provides the necessary energy for the mass
transport over large distances.

The phase obtained after overnight slow annealing to
room temperature phase)(in Fig. 4b) (prepared at 120 K
with #=1.315ML) is (1,3 of lower coverage 4
=1.286 ML) as shown in profile of Fig. 4(b). The pattern
is extremely sharp with the observed spots accounted for
exclusively from thg1,3) phase and with instrumentally lim-
ited full widths at half maximum. Some Pb must have been
removed from the systerfmost likely to steps or to form
very few two-layer PHL11) island$?] since the coverage of
the (1,3) phase is lowerand the triangle heighil is 7%
which is larger than the height of phasg. It is extraordi-
nary that a singlé1,3) phase covers the surface over macro-
scopic distances which requires even higher coverage unifor-
mity than when two DS phases are present.

The low-temperature transformation from a lower- to a
higher-coverage phase according to the DS phase diagram
is also seen with STM. Figure (& shows a 13.5
X 18.5 nnf image with the surface prepared in th&xv3
phase. After depositing an amount af6~0.07 ML Fig.

5(b) shows a dramatic change of the surface morphology FIG. 8. STM image over a scale 850 nnf showing the coex-
with the (2,5, i.e., (1,2,1,3, similar to the ones shown in istence of a 1D(1,2) phase with “HICC” phase as shown in the
profile k in Fig. 4(b), thus confirming the diffraction diffraction patterns of Fig. 6.

IV. FINITE TEMPERATURE EFFECTS IN DS

:
1]
' f
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temperature in the formation of the DS phases since strictlyo what extent they are reversible or not, will be discussed in

speaking a DS is possible only &t=07? To answer the ques- the future.

tion we performed two types of experiments, first to deposit With coveraged approaching 4/3 ML the thermally an-

in a stepwise fashiofas in the experiment of Fig.)4ut at nealed phases give rise to the “SIC” phase, a phase consist-

higher constant temperatufe> 120 K and, second, to anneal ing of v3Xv3 domains separated by meandering “almost

at constantd to higher temperatures an initial DS phase J7xv3" domain walls. The walls do not have the regular

formed at low temperature. hexagonal arrangement as in the “HIC" phagEig. 8).
Figure 6 shows the results of the first type of experimenfThey have shorter length per unit area than the hexagonally

with Pb deposited af =169 K and with larger coverage in- arranged domain walls, so higher coverage can be accommo-

crementsA 6~0.01 ML (than in the 120 K experimentWe  dated. No evidence for this “SIC” phase is found after

observe again the same progressionrtd) phases with in- deposition at low temperatures. The corresponding 1D scans

creasingly smallen and higher coveraggthe first stable for Fig. 4b) show that the characteristic triangle height

phases resolved aré,1) and(5,1) with §=1.21 ML. How-  H continuously decreases and falls below the instrumental

ever, within the range 1.230<1.27 ML instead of observ- resolution which indicates the formation of larg8 xv3

ing only 1D DS phases, a new phase of hexagonal symmetrdomains with possibly extremely low/7xv3 domain

the “HICA" phase, is found to coexist with th€,1) phase. wall density which cannot be resolved in the diffraction

A model of the “HICA” phase has been proposed in Ref. 25. patterns.

It was identified as a commensurate phase of hexagonally A different issue is related to the type of binding site the

arranged/3 X v3 triangular domains phase separated by lighthigh-symmetry Pb atoms occupy in the unit cells of the gen-

“almost \/7><f3" domain walls (this phase is slightly differ- erating phases. It has been observed in STM images

ent from the idealy7xv3 phase because adjacd1?] and supported with first-principles calculations that the

rows have Pb atoms dd3 andT4 sites occupied instead of triangular domains of the HIC alternate between the Pb
only H3 sites. Such “HICA’ phase is easily distinguished atoms occupyingd 3 vs T4 because these sites have approxi-

with diffraction, because it gives rise to hexagonally ar—'T]lattily t.:e sla\/n%e (‘a/r;er@g.On the g/tg?\;l_ha':]d' tht‘; strr]qctr]ure

Fia ] . of the ideal y7X ase (= as the -
ranged spots arour(d/3,1/3) rather than the trlangular_pat- symmetlry Pb atoms oEIy d|=l3esites. It is)interesting tolgask
terns .Of Fig. 3. A pair of spots |s_al_|gned _along t[ﬂalZ] whether the 1D 1§,m) phases have onlig3 sites occupied
direction resulting in the characteristic “horizontal splitting”

. i 4 ; ; . or at some coverage there is a transition with eitH&r or
described in earlier reflection high-energy electron diffrac-1, qjtas occupied As mentioned before, we observe such a
tion and LEED studie$®~?8The separation of the spot from ;

gl - _transition close to#=1.25 ML the coverage of th¢l,1)
the (1/3,1/3) position can be used to deduce the domairphase(the coverage of the “HICA” phase although such a
size 4.7 nm for the HICA phase, consistent with the mode hase did not form at the low temperature deposition

proposed in Ref. 25 with STM. With further deposition of —120 K of Fig. 4.

~0.01 ML new types of “HICA’" phases formdenoted as

“HICB” and “HICC” ) with slightly higher coverage, i.e.,

largerv3Xv3 triangular domains, since the size of the ob- V. SUMMARY

served hexagon decreases with increasing coverage. Details . )
about the structure of these new “HIC” phases will be de-. N Summary we have shown that DS phases in Rb13)

scribed in a future publication. For higher coverage N the range 6/5:6<4/3 ML can be prepared after growth at
>1.27ML 1D phases (i) form, similar to the low- low temperature without the need of thermal annealing. Only

temperaturél = 120 K deposition experiments. 1D phases are observed after stepwise deposition of small
The “HIC” phases also form after heating to higher COVerage amounta #~0.006 ML at 120 K and without the

temperature a surface which is initially covered with HIC” phase which appears after thermal annealing or dur-
1D phase. The transition temperattfg from a 1D to the ing deposition at r_]!gher temperature. Phases of larger periods
“HIC” phase depends on the coverage of the 1D pheEe (and smaller stability rangean be prepared at low tempera-

for the (1,1) phase with 6=1.25ML has the lowesfT, tures rather than after thermal annealing. It is possible to

~130 K with all the other 1D phases undergoing the transi Ve’ macroscopic distancé&5 mm the size of the incident

fi t higherT.1. Tvpical It h in Fia. 7 with electron beamwith predor.n.inantly twp or even a single 1D
lon at higherT]. Typical resilts are shown in Fig. 7 wi S}ohase by stepwise deposition 8. This unexpected forma-

tion of the DS at low temperature demonstrates that self-
organization is possible, due to still unclear but very effec-
tive kinetic mechanisms.

evident from the size of the triangle height=26.6% BZ.

At 202 K the (2,1) coexists with the “HICA” phase. With
annealing the pattern of the “HICA” phase reaches maxi-
mum intensity at 216 K but with further heating this phase
gradually disorders, as seen from the lower intensity, until at
362 K only a (IX 1) pattern is present. Cooling the surface
back to 136 K restores th@,1) but at slightly reduced in- Ames Laboratory is operated by the U.S. Department of
tensity, indicating that possibly some Pb has diffused irreEnergy by lowa State University under Contract No.
versibly to the steps. These thermally or coverage inducetlV-7405-Eng-82. This work was supported by the Director
transformations of then;m) phases to the “HIC” phase and for Energy Research Office of Basic Energy Sciences.
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