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Short-range order in two-dimensional binary alloys
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Using variable-temperature scanning tunneling microscopy, the degree of short-range order of purely two-
dimensional~2D! binary alloys on triangular lattices@Sn(12x)2Six , Pb(12x)2Six , and Pb(12x)2Gex , all
showing theA33A3 R30 ° reconstruction onto Si~111! or Ge~111!# has been determined quantitatively via a
statistical analysis of the atomic positions. The experimental data, also in comparison with Monte Carlo
simulations, generally indicate that an effective nearest-neighbor repulsion between substitutional Si~Ge!
adatoms explains with good accuracy the short-range-order features observed. This finding implies the occur-
rence of an ordered phase of the alloys forx50.33 and, in the case of a 1:1 ratio of Sn~Pb! and Si~Ge! adatoms
on the surface (x50.5), demonstrates that the investigated alloys are very good practical realizations of a
frustrated antiferromagnetic 2D Ising system on a triangular lattice. The implications of the observed short-
range order for the electronic properties of these alloys~as a function ofx) are discussed.

DOI: 10.1103/PhysRevB.67.045401 PACS number~s!: 68.37.Ef, 61.66.Dk, 61.43.Bn, 68.35.Rh
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I. INTRODUCTION

Two-dimensional~2D! alloys of 1/3-ML group-IV metals
~Pb,Sn! and semiconductors~Si,Ge! adsorbed on Ge~111! or
Si~111! surfaces are attracting considerable renewed inte
due to their intriguing structural and electronic properties1,2

Many other systems show both bulk and surface alloy
~see Ref. 3 and references therein!, whereas these binary sys
tems are truly two dimensional, due to the negligible so
bility of Sn and Pb in the substrate Si and Ge.4 These 2D
alloys, denotedA(12x)2Bx (A5Sn or Pb andB5Si or Ge!,
show at room temperature~RT! a low-energy electron dif-
fraction ~LEED! pattern ofA33A3 R30 ° symmetry~here-
after A3 for brevity! generally in a wide range of the con
centrationx, with the adatoms located in theT4 adsorption
site.5 In the case of the Sn/Ge system the upper value ofx is
limited to 0.04,6,7 while for Sn(12x)2Six /Si(111), Pb(12x)

2Six /Si(111), and Pb(12x)2Gex /Ge(111), theA and B
species can be mixed withx varying in the range
0.0–0.5.8–12 The two limiting cases (x50) and (x50.5) are
traditionally referred to asa andg phases respectively, th
latter also being called themosaicphase. This distinction is
rather semantic, asx can be almost continuously varied
this range.2,6,11,13

There are many open issues for these 2D alloys. Mos
the defect-freea surfaces@Pb/Ge, Ref. 14 Sn/Ge, Ref. 1
and Pb/Si Ref. 16# undergo an intrinsic structural phase tra
sition to a reduced 333 symmetry at low temperature
Nonetheless, for Sn/Ge it has been clearly demonstrated
substitutional Ge adatoms atx50.04 undergo a disorder
order phase transition with the same symmetry lowerin17

This interplay of two types of phase transitions with t
same type of symmetry lowering might reasonably oc
also for the Pb/Si and Pb/Ge cases. Despite clear indicat
of a 333 ground-state symmetry,2,18 a-Sn/Si does not show
this structural transition at low temperature,18,19 so that in-
0163-1829/2003/67~4!/045401~9!/$20.00 67 0454
st

g

-

of

at

r
ns

vestigation of the defect-induced structural phase transi
is especially worthwhile for this system. For the mosa
phase (x50.5), filled-state scanning tunneling microsco
~STM! images show a characteristic short-range order~SRO!
with alternating kinked lines of the two adatom species
seems that a local 2A33A3 unit cell can be discerned. Th
local order and simple electron counting arguments~two
electrons per unit cell! lead one to expect that the surface
semiconducting.12 Also, early researchers have mention
the mosaic surface as a possible practical realization of a
antiferromagnetic Ising system on a triangular lattice,10,12but
have not developed this idea.

For binary bulk systems~with A and B atoms!, which
possess short-range but no long-range order, the determ
tion of the A-A, B-B, and A-B pair distribution functions
~PDF’s! is of primary interest. Given a referenceA ~or B)
adatom site thePAA ~or PBB or PAB) PDF gives the shell
occupancy probability of like (PAA ,PBB) or unlike (PAB)
atoms as a function of the shell coordination number~SCN!.
This information is directly accessible in 2D systems w
STM. Via a statistical analysis of the STM images, the P
can be determined for theA- and B-type adatoms of the
binary solution. To our knowledge, this type of quantitati
analysis has been attempted only for the surfaces of met
3D binary systems~see Ref. 3 and references therein!.
In combination with direct experimental investigatio
Monte Carlo~MC! stochastic computer simulations20 repre-
sent a standard powerful nonanalytical approach to study
nary alloys and the ordering phenomena occurring at th
surfaces.21

In this paper we present a quantitative determination
the Si-Si ~Ge-Ge! PDF ~determined from STM images! for
the Sn-Si, Pb-Si, and Pb-Ge 2D alloys as a function ofx and
temperature as summarized in Table I. The experime
PDF’s have been compared with those obtained from a v
simplified Monte Carlo simulation of a lattice gas model
a triangular lattice assuming only nearest-neighbor~NN! in-
©2003 The American Physical Society01-1
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teractions between substitutional adatoms. Section II of
paper briefly describes the experimental setups used; de
are given of the calculation of the PDF’s and of the Mon
Carlo simulations. In Sec. III the Si-Si~Ge-Ge! experimental
PDF’s @hereafterPSi(s) andPGe(s)] are presented and com
pared to those of reference ordered phases at correspondx
values. In Sec. IV the results of the Monte Carlo simulatio
are given and discussed in comparison with the experime
results. Finally in Sec. V the conclusions are given.

II. DETAILS OF THE EXPERIMENT, CALCULATION
OF THE PDF’S, AND MC SIMULATIONS

Details of the experimental systems used and of
sample preparation procedures are given elsewhere.2,22 In the
case of Sn/Si, the STM coverage corresponding to 1/3
was calibrated according to the work of Uhrberget al.18

Starting from the nearly perfectA3 surface we finely tuned
the surface density of substitutional Si atoms by further
nealing the samples at various temperatures up to 8702

The Pb/Si~111! mosaic phase was obtained after deposit
of 0.6 ML lead and annealing for 3 min at 500 °C. For t
experimental determination of the PDF’s, we used filled-st
STM images. These images always exhibit a strong cont
of the two adatom species when tunneling into filled sta
@about 1.5–2.0 V~Refs. 8–12 and 22!# Sn ~Si! adatoms ap-
pear bright~dark! in these images. The assignment of sub
tutional ~semiconductor! adatoms to the dark sites in th
filled-state images of these alloys~and vice versa! has been
established by quantitative comparison of STM with co
level spectroscopy data.2 In our experimental determinatio
of the functionPSi(s)@PGe(s)# for the Si@Ge# substitutional
adatoms we considered high-quality large-a
(30330 nm2) filled-state STM images~as in Fig. 1!. The
estimated concentration of vacancies~which appear dark in
both empty- and filled-state images! was very low~1%–2%!.
Their low concentration does not affect the equilibrium pro
erties of the alloys considered, but may play an import
role in the diffusion of the two adatom species.23 The scan
size has been chosen as a good compromise betwee
competing needs of atomic resolution and a sufficiently la
number of adatoms to be analyzed. In a triangular refere
system determined by the unit lattice vectors of the surfa
the position of each adatom can be stored as a pair of int
numbers (j ,k) so that its vector position isR5 j a1kb. For
statistical analysis we considered the adatoms insid
J3K supercell (J'K'30) that is a rhomboidal portion o
the overall scanned area. Accordingly, the overall numbe

TABLE I. Summary table of the observed alloys as a function
Si ~Ge! surface concentration and temperature.

Alloy Si~Ge!% RT LT

Sn-Si 14 x -
Sn-Si 30 x 100 K
Sn-Si 49 x 30 K
Pb-Si 50 x -
Pb-Ge 40 x -
04540
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FIG. 1. RT filled-state (21.5 V, 0.5 nA, 30330 nm2) STM
images of the Sn(12x)Six /Si(111) 2D alloy for ~a! x50.14,
~b! x50.30, and~c! x50.49~mosaic phase!. Sn adatoms are bright
Si are dark.
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SHORT-RANGE ORDER IN TWO-DIMENSIONAL BINARY . . . PHYSICAL REVIEW B67, 045401 ~2003!
Si adatom positions stored is sufficiently large„varying from
a minimum of about 130@14% Si# to a maximum of about
450 @50% Si#… to measure the experimentalPSi(s) @or
PGe(s)] functions with good accuracy up to the 20th coord
nation shell. This shell coordination number corresponds
distance of 46.5 Å (48.9 Å for the Ge substrate! from the
reference atom. We verified that the choice of 20 as ma
mum SCN is in general of the order of 3–4 times the high
SCN of the atoms significantly correlated with the referen
atom. It is worth noting that any type of significant ord
present in thePSi(Ge)(s) functions up to this maximum SCN
value should be evident in a LEED pattern~typical electron
coherence length of the order of 100 Å). This defines
spatial range of investigation. Figure 2 shows a diagram
the position of each coordination shell, up to the 20th. F
ther details of the determination~and corresponding erro
calculation! of the PDF’s from STM images~or MC simula-
tions! are given in the Appendix.

The MC simulations assume an effective model inter
tion, and then the simulation proceeds according to the u
standard Metropolis criterion.20 In our case an effective NN
pairwise repulsive energy between substitutional adatomB
on a substrateA is used:

U~r 50!5`,

U~r 5r 1!5«,

U~r .r 1!50,

where r 1 is the nearest-neighbor distance in the 2D latti
According to this model the Hamiltonian of this 2D syste
is

H5
1

2
«(

i 51

N

(
j 51

6

xiyj , ~1!

wherexi , yj are equal to 1 if the sitei or j of the lattice is
occupied by an atom ofB and 0 otherwise.

FIG. 2. Triangular portion of a diagram of a surface with ato
in a triangular arrangement, reproducing the surface symmetr
the considereda surfaces. The atoms are labeled with the cor
sponding number of the coordination shell with respect to the t
most atom.
04540
a

i-
t

e

r
f

r-

-
al

.

This is a lattice gas model on a triangular lattice~six
neighbors!.

For the dynamics of the simulations, at each step
chemical identity of two~chemically different! random sites
is switched and the new configuration is accepted accord
to the Metropolis criterion.20 This type of dynamics for the
simulation has already been used to investigate the sur
short-range chemical ordering in a binary alloy.24

For a configuration ofN atoms on this lattice, the tota
energy of the system will be« times the number of neares
neighbor pairs of adatoms. The MC simulations were do
consideringN atoms in aJ3K supercell~with the repeated
supercell geometry! with N, J, and K equal to the corre-
sponding values determined experimentally at the variou
~Ge! adatom densities considered. We started from a rand
distribution of theN particles in theJ3K lattice sites. Equi-
librium was judged by monitoring the slope~calculated at
each MC step over the previous 20 MC steps! of the curve of
the average nearest-neighbor coordination number of like
oms as a function of time~MC step!. Equilibrium was con-
sidered to be reached once this slope oscillated between
andkBT/(20«). The only adjustable parameter in the sim
lations was the reduced energy«* 5«/kBT ~vice versa the
reduced temperature isT* 51/«* ). Once equilibrium was
reached~typically after 105 steps corresponding to an ave
age of 103 steps per simulated particle! the equilibrium con-
figuration ~the ensemble of coordinates of the particles! was
stored and the correspondingPSi and PGe functions were
calculated as for the experimental data.

III. THE EXPERIMENTAL PDF’S

We postulate that the PDF is characteristic of the S
and that the first few shells are similar to the long-rang
ordered phases at corresponding values ofx. To check this
we have analyzed~see Fig. 3! the ordered phases with th
lowest-size unit cells that can be generated forx50.33 and
x50.5 ~corresponding to the experimentalx values; see
Table I!. For x50.33 the lowest-size unit cell is 333 with
two bright and one dark atom per unit cell, usually referr
to as 333 hexagonal in the literature25 @see right portion of
Fig. 3~e!#. The corresponding PDF of dark atoms is given
Fig. 4 ~open triangles!. For x50.5 we have generated all o
the possible unit cells up to a cell size of 3A332A3 and
considered all possible arrangements within the unit cell t
give x50.5. As well we have considered the mixture
333 structures@Fig. 3~e!#, which also gives the correct sto
ichiometry, and some larger unit cells. The correspondin
calculated PDF’s are shown in Fig. 4.

We emphasize that, these PDF’s are calculated from
dered phases, and thus they are reported with exact va
~no error bars!. The various PDF’s forx50.5 are distinguish-
able. For example, the line phase@Fig. 3~a!# shows an in-
creased occupation probability in the third shell while th
occurs in the fourth shell for the zigzag phase@Fig. 3~b!#.
These phases are both different from those of Fig. 3@panels
~c!, ~d!, and~e!# that are qualitatively similar one another. W
use these reference PDF’s to assign the type of SRO
served experimentally.
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L. OTTAVIANO et al. PHYSICAL REVIEW B 67, 045401 ~2003!
Figure 5 shows the room-temperaturePSi(s) functions of
the Sn-Si surface as a function of the Si adatom den
~14%, 30%, and 49%!. First, in all the experimentalPSi(s) in
Fig. 5 @as well as forPSi(s) and PGe(s) in Fig. 6# the first
coordination shell always shows the most significant dev
tion from the oscillation range expected from a random d
tribution ~gray bands in Fig. 5 and Fig. 6!. This happens also
at rather low Si densities at RT@14% in Fig. 5~a! and 10%
not presented for brevity#. The deviation from the random
oscillation range ofPSi(1) is not the only significant infor-
mation in Fig. 5~a!. This PSi(s) shows that the arrangeme
of Si atoms from the second shell onward is in agreem
with a random distribution. Thus, there is a Si-Si interact
practically limited to the first shell, and, at least at RT, t
interaction energy at larger distances is negligible in co
parison with the thermal energy. This observation justifi
the model interaction energy of Sec. IV. Panel~b! of Fig. 5

FIG. 3. Ball model images of various ground-state configu
tions for the~frustrated! antiferromagnetic Ising system on a tria
gular lattice.~a! Line phase (2A33A3, one dark and one brigh
atom per unit cell!, ~b! zigzag phase (2A333, two dark and two
bright atoms per unit cell!, ~c! comb phase (3A333, three dark and
three bright atoms per unit cell!, ~d! pinwheel phase (636, six dark
and six bright atoms per unit cell!, ~e! surface partitioned with
bright atoms arranged into a 333 (x51/3) ~left portion! and
333 (x52/3) ~right portion!, and ~f! kinked line phase~no long-
range order!.
04540
ty

-
-

nt

-
s

shows the Si-Si pair correlation function forx50.3: there is
marked SRO. The experimental points that significantly
viate from the oscillation range of the corresponding rand
distribution are those of shells 1, 2, 4, 5, and 6. Shells 1
4 are significantly depleted, shells 2, 5, and 6 are sign
cantly populated, and from the seventh shell onward the
tribution is random. Taking account of thermal disorder,
to the sixth shell this is the same behavior of the PDF of
1/9-ML 333 triangular ordered phase~Fig. 4, open tri-
angles! of this coverage. So atx50.3 there is local 333
triangular order of the Si adatoms and of the Sn adato
~2/9-ML coverage!.

The pair correlation function measured for the concen
tion valuex50.49 shows a different type of SRO@Fig. 5~c!#,
which can also be observed with similar qualitative featu
at higher ~0.54! and lower ~0.44! values of the Si adatom
concentration~data not shown for brevity!. The coordination
shells significantly outside the oscillation range for a rand

-

FIG. 4. Shell occupancy probability for the various order
phases atx50.3 andx50.5 of Fig. 3. From bottom to top:~open
triangles,n), 333 phase atx50.33 coverage,~1! line phase
(2A33A3), (1, bold! zigzag phase (2A333), ~solid triangles!
weighted average of 333 (x52/3)(weight51) and 333
(x51/3)(weight52), (3) comb phase (3A333), and ~solid
squares,j) pinwheel phase (636).
1-4
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SHORT-RANGE ORDER IN TWO-DIMENSIONAL BINARY . . . PHYSICAL REVIEW B67, 045401 ~2003!
distribution are 1, 2, 3, 4, 6, and 8. Shells 1 and 4
significantly depleted, while shells 2, 3, 6, and 8 are sign
cantly more populated. Comparison now is possible and
structive with the PDF’s of the ordered phases atx50.5 with
the smallest unit cells reported in Fig. 4. The experimen
PDF does not resemble the zigzag phase. Significant o

FIG. 5. RT Si-Si adatom correlation functions at various surfa
concentrations, 14%~a!, 30% ~b! and 49% ~c! for the
Sn(12x)Six /Si(111) 2D alloy. Open circles (s) are experimental
values from the statistical analysis of STM filled-state images~see
Fig. 1!. The shell occupancy probability is normalized to the m
tiplicity of each shell; i.e., numbers 4, 7, 9, 10, 13, 14, 16, 17, a
18 accommodate 12 atoms each and the others 6. Solid circlesd)
are the corresponding data from a MC simulation with the effec
temperature tuned in order to havePSi(1)5PMC(1). Thehorizontal
gray band corresponds to the oscillation range of the occupa
values in the hypothesis of the Si random distribution. In panel~c!
the open triangles (n) correspond to a MC simulation at highe
effective temperature (T* 52). In panel~a! two data points~experi-
mental and MC! are superimposed at the first SCN.

FIG. 6. Same as Fig. 5 for~a! Pb0.6Ge0.4/Ge(111) and~b!
Pb0.5Si0.5/Si(111) at RT.
04540
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pation of shell 2 is observed for the PDF of the weight
333 ~or 3A333 comb or 636 pinwheel! phase, but sig-
nificant occupation of shells 3, 6, and 8, no significant o
cupation of shell 5, and significant depletion of shell 4 a
unique features of the 2A33A3 ~line! type short-range or-
der.

This is not observed for the mosaic Pb/Si and Pb/
phases. ThePSi(s) andPGe(s) functions of Fig. 6 have been
calculated from the statistical analysis ofg-Pb/Si ~STM im-
ages reported elsewhere26! and of published data ofg-Pb/Ge
@namely, Fig. 3~a! in Ref. 12#. These two surfaces show
significant difference of the type of SRO observed for t
Sn/Si mosaic phase andPSi(Ge)(3),PSi(Ge)(2). Surprisingly
there is no sign in thesePSi(s) and PGe(s) functions of the
line type SRO often claimed as a qualitative feature ‘‘visib
at first glance’’ in these systems, as there is no resembla
at a qualitative level of the measured PDF’s with the orde
2A33A3 phase. Indeed, it is easy to recognize also for th
surfaces at this high concentration of substrate adatoms
the type of SRO is still consistent with the PDF of th
weighted 333 ~or 3A333 or 636) phase. In particular, the
333 type SRO ing-Pb/Si is substantially limited to the NN
and next NN~NNN! atoms, while in the case ofg-Pb/Ge this
type of SRO extends a little further up to the fifth shell.

The same type of SRO observed forg-Pb/Si andg-Pb/Ge
at RT is observed forg-Sn/Si at reduced temperature~30 K!
as shown in Fig. 7 where, as for the otherg phases consid-
ered at RT, one hasPSi(3),PSi(2). This is an important
finding because it implies that Sn-Si rearrangement must
cur when the temperature is reduced. There is no direct
perimental evidence to indicate the mechanism of suc
rearrangement, but it is plausible that it takes place thro
vacancy-assisted hopping of the adatoms.23 In summary, as
far as the SRO features are concerned,g-Pb/Si andg-Pb/Ge
are like one another at RT and similar to LTg-Sn/Si.

IV. MONTE CARLO SIMULATIONS AND DISCUSSION

The choice of Eq.~1! for the effective Hamiltonian of the
system is a simplification which we justify as follows. Firs

e

d

e

cy

FIG. 7. Si-Si PDF calculated from a filled-state STM image
the Sn/Si~111! mosaic phase~49% Si! at 30 K .
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L. OTTAVIANO et al. PHYSICAL REVIEW B 67, 045401 ~2003!
the experimental PDF’s clearly suggest an effective repuls
between substitutional adatoms. Furthermore, Ortegaet al.27

have demonstrated that for Sn/Ge, adsorption of Ge adat
on neighboringT4 sites is not energetically favored and th
second NN site is preferred. The presence of a substituti
adatom produces a very localized lattice distortion t
moves the Sn NN adatoms upward and effectively rep
other substitutional adatoms. The energy gain is calculate
be 160 meV,27 and due to the very localized structural di
tortion, no further gain in energy is obtained if the substi
tional adatom is placed further away. Sn and Pb show theA3
reconstruction both on Si~111! and Ge~111! and this repul-
sive effective interaction does not appear to exist for th
adatoms. Thus while in MC simulations of these alloys o
should in principle account for the Sn-Sn~Pb-Pb!, Sn-Si,
Pb-Ge, and Si-Si~Ge-Ge! interactions, the proposed mod
interaction can be expected to work by only considering
interactions of the substitutional adatoms. For the same
sons we have calculated and reported only the Si-Si~Ge-Ge!
experimental PDF’s in Figs. 5, 6, and 7. The results p
sented in the following section demonstrate the ability of t
effective interaction to reproduce the SRO features obse
experimentally. Thus, our choice for the model interaction
is substantially justifieda posteriori.

The calculated PDF’s from the MC simulations for th
various substitutional adatom densities determined exp
mentally are reported~solid circles! in Figs. 5 and 6. Since
the effective NN interaction energy« is unknowna priori,
the reduced energy«* for each simulation has been adjust
so thatPSi(Ge)(1)5PMC(1). As theexperimental PDF’s have
been determined from STM images at RT (kBT.26 meV),
this gives an absolute estimate of«. This value is 32.0
60.5 meV both forg-Pb/Si andg-Pb/Ge, while forg-Sn/Si
it is 1062 meV ~independent of the concentration!. The
stronger effective interaction strength measured in the c
of the alloys with Pb adatoms with respect to Sn can
traced back to the different atomic radii of these adato
(1.80 Å and 1.45 Å for Pb and Sn, respectively!. Pb pro-
trudes outward more than Sn from the Si~Ge!~111! substrate
plane. The further outward it protrudes, the more effective
the dehybridization of the Pb dangling bond state that
quiress character,28 and the more effective is the comple
filling of this state. We conjecture that this dehybridizati
can be even more significant for Pb when there is a Si~or
Ge! neighbor at the surface.

In the case ofg-Pb/Si~Ge! ~Fig. 6! the results of the MC
simulated PDF’s are in excellent agreement with the co
sponding experimental functions. The agreement betw
the model MC simulations and the experimental PDF’s i
bit less satisfactory in the case of the Sn-Si binary alloy~Fig.
5!. For x50.3 the calculated SCN’s 5 and 6 are not w
reproduced and the real alloy has more extended 333 SRO
than the simulated alloy at the corresponding Si adatom c
centration and temperature. For the mosaic phase@Fig. 5~c!#
in contrast with the experimental results, the MC simulat
yields PMC(3),PMC(2) ~as in Fig. 6!. Nonetheless, if the
constraintPSi(1)5PMC(1) is relaxed and the MC simulatio
is performed at higher temperature, the experimentally
served features of the PDF of theg-Sn/Si can be quite wel
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qualitatively reproduced@triangles in Fig. 5~c!#. In particular,
the SRO featurePSi(3).PSi(2) observed experimentally
can be qualitatively reproduced. Both MC and the estim
of the effective interaction energy forg-Sn/Si indicate that
this 2D alloy at RT can be considered as a system like
similar g-Pb/Si(Ge) ones but at higher temperature. As
general rule, the MC simulations based on only the Si
~Ge-Ge! NN repulsive interaction can describe with goo
accuracy the structural features of this class of binary allo
Due to the crude approximation of the model interacti
used@with no Sn-Sn~or Pb-Pb! adatom interaction and with
the Si-Si ~Ge-Ge! effective interaction truncated at the fir
neighbors#, what is surprising is the excellent agreement
simulation and experiment in Fig. 6, and not their slight d
crepancies in Fig. 5.

From the preceding, whenx50.33 an ordered 333 phase
~with two Sn and one Si per unit cell! should be observed a
reduced temperature for the Sn/Si interface~there is already
333 SRO atx50.3 at RT, and the general validity of th
NN model interaction implies such an ordered ground st
at x50.33). Moreover, we have demonstrated that Si a
toms rearrange with temperature, as in the MC simulati
due to this effective interaction. Figure 8 shows that forx
50.30 andT520 K, one obtains a MC-simulated STM im
age where the black and white adatoms are ordered
333 unit cells over domains of the order of five to six ce
in diameter. In a real experiment on the Sn/Si surface
would correspond to domains of the order of 1003100 Å2,
sufficiently large to produce sharp 333 spots in a LEED
pattern. Indeed, Fig. 9 provides some experimental sup
for this prediction. The figure presents the 100 K LEED p
tern of a 1/3-ML Sn0.7Si0.3/Si(111) surface. There is a clea
333 modulation of the background of theA3 pattern. A spot
profile analysis of the nascent 333 spots~inset in Fig. 9!
indicates that the size of the 333 islands is about 20–30 Å
This type of 333 background at reduced temperature is n
ther observed for lower (x,0.25) nor for higher (x.0.35)
values of the Si adatom concentration, so it is related to S
ordering. Our results provide a simple explanation for t
lack of observations of this phase transition at 100 K. T
interaction energy we find for Sn/Si is 10 meV, a factor
about 3 lower than for Pb/Si and Pb/Ge. The critical te
peratures for the 333 phase transition in these cases are
K and 210 K, so we expect the critical temperature in t

FIG. 8. Left: simulation of the STM images of a 2D solid sol
tion on a triangular lattice for 30% surface concentration of d
~substitutional! atoms atT* 50.1. Right: corresponding PDF.
1-6
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Sn/Si case to be roughly a factor of 3 lower—that is, 20 to
K. However, at these low temperatures, diffusion is likely
be very slow, and it is likely that equilibrium cannot b
achieved in reasonable experimental times.

In the case ofx50.5, by using a little algebra it can b
demonstrated that, apart from constant terms, the effec
HamiltonianH of Eq. ~1! coincides with the antiferromag
netic Ising model on a triangular lattice.29 This system is
highly frustrated because a single atom would ideally m
mize its energy by being surrounded by six atoms of oppo
type. However, the surrounding atoms cannot in turn m
mize their energy, as they each necessarily have at leas
like neighbors. This is in contrast to Ising systems on squ
and rectangular lattices, where minimization can
achieved. In the ground state of this model, the average
ordination is four atoms of opposite and two atoms of
same spin~chemical identity in this case!. There is an infinite
number of ordered and disordered ground states for this
tem. The ordered phase shown in Figs. 3~a!, 3~b!, 3~c!, and
3~d! all correspond to possible ground states of the Is
system~they all have two out of six like NN; see Fig. 4!.
Evidently there is an infinite number of other ordered pha
with larger unit cells and we show only those with smal
unit cells ~for instance, in a 3A333 or 636 unit cell a
different choice of the position of the bright and dark ato
produces other ordered phases!. Note that kinks in the chains
of Fig. 3~a! do not raise the energy as all atoms retain
same coordination number@see Fig. 3~f!#. Thus, any kinked
structure is also in the ground state. In an infinite system,
number of permutations for arranging the kinks is also
limited and so the system is infinitely degenerate. Finally
333 ordered ground state may also exist for the Ising mo
as visualized in Fig. 3~e!. The left-hand portion of the surfac
is 333 (x51/3, 2/3 bright and 1/3 dark atoms!, and the
right-hand one is 333 (x52/3, 1/3 bright and 2/3 dark!.
The overall bright to dark ratio is 1:1, the average coordi
tion number of like atoms is 2, and it can be easily sho

FIG. 9. 3D representation~and intensity profile drawn betwee
the 131 spots labeledA andB) of the LEED pattern~46 eV beam
energy! of the 1/3-ML Sn0.70Si0.30/Si(111)A33A3 surface at
100 K. 333 spots are visible above the background.
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that the domain wall does not cost additional energy, so
is also a ground state. Inspection of all these phases sh
that while the nearest-neighbor coordination number is w
defined, the coordination number in the second and hig
shells varies according to the particular model~see Fig. 4!.
The real coordination number for SCN’s higher than 1 c
only be estimated from a statistical average of all poss
configurations. Average functions calculated from MC calc
lations give an idea of the occupation probability of high
shells.

Thus, on the one hand, our results, indicating that th
alloys with x50.5 are very good practical realizations of a
antiferromagnetic Ising system on a 2D triangular lattic
quantitatively confirm previous speculations made in Re
10 and 12. On the other hand, we have illustrated that
line phase of Fig. 3~a! is just one of an infinite number o
ground states for an Ising system and that investigation
the occupancy probabilities of SCN higher than 2 in the P
of like atoms provides insight into the SRO.

Figure 10 ~left! shows the appearance of the triangu
Ising system after a MC simulation at very low reduced te
perature (T* 50.01) based on the interaction energy found
this work. Figure 10~right! reports the corresponding PD
~for the dark atoms!. The occupancy probability of the firs
shell is indeed close to 0.33, so this is a typical Ising grou
state. There is significantly increased occupancy of shells
5, 6, 10, and 12, while shells 3, 4, 7, 8, 9, and 11 a
significantly depleted. These SRO features are in disag
ment with those of the line and zigzag phases represente
Fig. 3 @panels~a! and~b!#, whose PDF’s are reported in Fig
4. The pinwheel phase@see Fig. 3~d!# predicts 0.5 occupation
probability of the third shell~topmost graph in Fig. 4!, while
it is observed to be significantly depleted in Fig. 8, so
should be also ruled out. Instead, there is good qualita
agreement with the PDF’s typical of the comb 3A333 phase
and the weighted average of the 333 phases@see Figs. 3~c!
and 3~e! and Fig. 4, second and third graphs from the to#.
We therefore conclude that there is significant short-ra
order with threefold periodicity. Since the PDF does not g
angular information, we cannot say much about what a u
cell might be, but the smallest appears to be (333).

The results obtained by the MC simulations and t
analysis of the STM images provide insight into the ele
tronic structure of the mosaic phase. There is experime

FIG. 10. Left: simulated STM image from a MC simulation of
2D solid solution on a triangular lattice for 50% surface concen
tion of dark atoms~antiferromagnetic Ising limit! at T* 50.01.
Right: corresponding PDF.
1-7
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evidence that theg phase of these systems is semicondu
ing, from angle-resolved ultraviolet photoemisso
spectroscopy30 ~ARUPS! and STM-STS31 experiments for
g-Pb/Si and from STM-STS experiments1 for g-Sn/Si. In the
case of the Pb/Ge mosaic phase, Carpinelliet al.12 have
clearly demonstrated the opening of a 0.37-eV gap. Thi
consistent with electron counting arguments if the sing
particle band structure theory is assumed to be valid and
2A33A3 unit cell is adopted as a reference system~with
one Si and one Sn in the basis!. The present work has dem
onstrated that this type of SRO can certainly be excluded
g-Pb/Si(Ge) at RT andg-Sn/Si at low temperature, so th
semiconducting nature of these surfaces requires a more
phisticated explanation. Apart fromg-Sn/Si at RT, we have
demonstrated that the SRO features of the mosaic phase
consistent with those of a weighted average of 333 (x
51/3) and 333 (x52/3) phases~or phases with larger uni
cell like the 3A333 and the 636). The 2A33A3 approxi-
mation is too simple, and band broadening due to Si-Si
Sn-Sn interactions in a larger unit cell could modify subst
tially the electronic properties of the surface. For examp
there should be, respectively, 6 and 12 surface bands if
more realistic 3A333 and 636 phases are considere
Moreover, we have demonstrated that partitioning of the m
saic surface into 333 islands with 33% and 66% coverag
respectively, also produces a possible ground state of
mosaic surfaces, and this is consistent with the obser
SRO features. Thus, a 1:1 ratio of the metal and semicon
tor surface adatoms in the mosaic surfaces is not sufficien
excludea priori their metallic nature. Evidently there is sti
insufficient experimental spectroscopic information and
thorough reinvestigation of the electronic structure of th
alloys using STS with atomic resolution and first-principl
calculations would be worthwhile. With regard to the ele
tronic properties, we will present a fuller discussio
elsewhere.32

V. CONCLUSION

The SRO features of purely two-dimensional binary
loys ~Sn-Si, Pb-Si, and Pb-Ge! have been determined qua
titatively ~up to the 20th SCN! by means of statistical analy
sis of filled-state STM images. A threefold translation
symmetry governs the mutual arrangement of the subs
tional adatoms~Si and Ge! regardless of their density. MC
simulations show that the SRO features observed in th
alloys can be reproduced if a simple effective NN repuls
is assumed only between substitutional adatoms.
strength of this effective repulsion is 30 meV for the Pb
and Pb-Ge alloys and 10 meV for Sn-Si. Atx50.33 a
(333) order-disorder transition is predicted, and experim
tal indications are given of its possible onset. Full ordering
low temperature appears to be kinetically limited by the d
fusion process. In the limit of 1:1 ratio of the two adato
species in the case ofg-Pb/Si(Ge) these systems are a pra
tical realization of a 2D antiferromagnetic Ising system on
triangular lattice.

In general, our results are in agreement with the theor
cal and experimental view that Sn/Si is more complica
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than the other surfaces. The very localized nature of the
fective NN Si-Si~Ge-Ge! interaction with negligible contri-
butions from second NN remains to be explained hopefu
with more fundamental theoretical work.
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APPENDIX

In general, forN adatoms ofB type (B either Si or Ge! in
the supercell, one calculates all theN(N21)/2 independent
values of theB-B distances. If (j1 ,h1) and (j2 ,h2) are the
coordinates of two adatoms in the triangular reference s
tem of the supercell, then it can be easily shown that th
distanced satisfies the following relation:

d25Dj21Dh21DjDh,

where

Dj5j12j2

and

Dh5h12h2.

There is a one-to-one correspondence between the va
of d2 and the SCNs. Thus, counting the number of indepe
dent couples of adatoms that give the same value of
square distanced2 will give the number of independen
couples of adatoms that aresth neighbors of one anothe
Renormalizing this number by the total possible number os
neighboring lattice sites within the supercell will finally yiel
the probabilityPB(s) of the occupation of thes SCN. In our
experimental determination of thePB(s) functions we did
not adopt the repeated supercell geometry in the statis
analysis code, and the truncation effects due to the finite
of the supercell are accounted for in the renormalization p
cedure~counting of the site-dependent neighboring latti
sites of thesth shell! of the observed experimental freque
cies. SincePB(s) is the estimate of the occupation probab
ity of the sth shell, 12PB(s) is the probability of nonoccu-
pation. Thus, given a referenceB adatom, the probability of
finding an atomB in thesth shell obeys a binomial distribu
tion probability with mean valuePB(s) and variance
PB(s)@12PB(s)#ns (ns being the measured experiment
frequency of thesth shell!. Accordingly the error in the es
timate ofPB(s) will be

s~s!5$PB~s!@12PB~s!#/ns%
1/2.
1-8
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The error bars reported for the experimental values of
PB(s) are calculated from the above formula. If there is
correlation at all, for a surface concentrationx of the chosen
adatom species,

PB~s!5x

and

s~s!5s5@x~12x!/ns#
1/2.
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