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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 lattice§Sry; )~ Six, Pky_,—Si, and Pl _, —Geg,, all
showing the\3x /3 R30 ° reconstruction onto &i11) or Gg111)] 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 substitutigBal Si
adatoms explains with good accuracy the short-range-order features observed. This finding implies the occur-
rence of an ordered phase of the alloysxXer0.33 and, in the case of a 1:1 ratio of(Bh) and S{Ge) adatoms
on the surface X=0.5), 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 allagsa function o) are discussed.
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[. INTRODUCTION vestigation of the defect-induced structural phase transition
is especially worthwhile for this system. For the mosaic
Two-dimensional2D) alloys of 1/3-ML group-IV metals phase x=0.5), filled-state scanning tunneling microscopy
(Pb,Sn and semiconductorSi,Ge adsorbed on Gé&11) or  (STM) images show a characteristic short-range o(6&O
Si(111) surfaces are attracting considerable renewed interegyith alternating kinked lines of the two adatom species: it
due to their intriguing structural and electronic properlids. seems that a localvBx /3 unit cell can be discerned. The
Many other systems show both bulk and surface alloyindocal order and simple electron counting argume(itgo
(see Ref. 3 and references thejeinhereas these binary sys- €lectrons per unit celllead one to expect that the surface is
tems are truly two dimensional, due to the negligible solu-Semiconducting® Also, early researchers have mentioned
bility of Sn and Pb in the substrate Si and &Ehese 2D the_mosaic surfgce as a possible praqtical realization of a 2D
alloys, denotedh;_, — By (A=Sn or Pb and=Si or Ge, antiferromagnetic Ising system on a triangular latfit& but

show at room temperatur@RT) a low-energy electron dif- have not developed this idea.

. o i For binary bulk systemgwith A and B atomg, which
fraction (LEED) pattern of\/§><.\/§ R3.0 symmetry(here possess short-range but no long-range order, the determina-
after \/3 for brevity) generally in a wide range of the con-

. : . , tion of the A-A, B-B, and A-B pair distribution functions
centrationx, with the adatoms located in thk, adsorption (PDF'S) is of primary interest. Given a referende (or B)
site® In the case of the Sn/Ge system the upper valueisf

I A il adatom site théP,, (or Pgg or P,g) PDF gives the shell
limited to 0.04,"" while for Sny ) —Sk/Si(111), Py ) gccupancy probability of like Ras,Pgg) or unlike (Pag)
—Si/Si(111), and PR, —Ge/Ge(111), theA and B atoms as a function of the shell coordination NUMISEN).
species can be mixed withx varying in the range Thijs information is directly accessible in 2D systems with
0.0-0.5"**The two limiting casesX=0) and k=0.5) are  STM. Via a statistical analysis of the STM images, the PDF
traditionally referred to as and y phases respectively, the can be determined for th&- and B-type adatoms of the
latter also being called theosaicphase. This distinction is binary solution. To our knowledge, this type of quantitative
rather semantic, as can be almost continuously varied in analysis has been attempted only for the surfaces of metallic
this range>®113 3D binary systems(see Ref. 3 and references thejein
There are many open issues for these 2D alloys. Most ofn combination with direct experimental investigation,
the defect-freen surfaces[Pb/Ge, Ref. 14 Sn/Ge, Ref. 15 Monte Carlo(MC) stochastic computer simulaticfigepre-
and Pb/Si Ref. 1pundergo an intrinsic structural phase tran- sent a standard powerful nonanalytical approach to study bi-
sition to a reduced 83 symmetry at low temperature. nary alloys and the ordering phenomena occurring at their
Nonetheless, for Sn/Ge it has been clearly demonstrated thstirfaces!
substitutional Ge adatoms at=0.04 undergo a disorder- In this paper we present a quantitative determination of
order phase transition with the same symmetry loweting. the Si-Si(Ge-Gé PDF (determined from STM imagggor
This interplay of two types of phase transitions with thethe Sn-Si, Pb-Si, and Pb-Ge 2D alloys as a functior afid
same type of symmetry lowering might reasonably occutemperature as summarized in Table I. The experimental
also for the Pb/Si and Pb/Ge cases. Despite clear indicatior®DF’s have been compared with those obtained from a very
of a 3x 3 ground-state symmetf® a-Sn/Si does not show simplified Monte Carlo simulation of a lattice gas model on
this structural transition at low temperatdfe®® so that in-  a triangular lattice assuming only nearest-neightdtx) in-
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TABLE I. Summary table of the observed alloys as a function of
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 -

teractions between substitutional adatoms. Section Il of this
paper briefly describes the experimental setups used; details
are given of the calculation of the PDF's and of the Monte
Carlo simulations. In Sec. Il the Si-8Ge-Gg experimental
PDF's[hereafterPgi(s) andPg4s)] are presented and com-
pared to those of reference ordered phases at corresponding
values. In Sec. IV the results of the Monte Carlo simulations
are given and discussed in comparison with the experimental
results. Finally in Sec. V the conclusions are given.

Il. DETAILS OF THE EXPERIMENT, CALCULATION
OF THE PDF'S, AND MC SIMULATIONS

Details of the experimental systems used and of the
sample preparation procedures are given elsewttérie. the
case of Sn/Si, the STM coverage corresponding to 1/3 ML
was calibrated according to the work of Uhrbezgall®
Starting from the nearly perfecf3 surface we finely tuned
the surface density of substitutional Si atoms by further an-
nealing the samples at various temperatures up to 870 °C.
The Pb/S[111) mosaic phase was obtained after deposition
of 0.6 ML lead and annealing for 3 min at 500 °C. For the
experimental determination of the PDF’s, we used filled-state
STM images. These images always exhibit a strong contrast
of the two adatom species when tunneling into filled states
[about 1.5—-2.0 MRefs. 8—12 and 22 Sn (Si) adatoms ap-
pear bright(dark) in these images. The assignment of substi-
tutional (semiconductgr adatoms to the dark sites in the
filled-state images of these alloyand vice versphas been
established by quantitative comparison of STM with core-
level spectroscopy dafaln our experimental determination
of the functionPg(s)[ Pgd(s)] for the Si[Ge] substitutional
adatoms we  considered high-quality  large-area
(30x 30 nnt) filled-state STM imagesas in Fig. 2. The
estimated concentration of vacancigghich appear dark in
both empty- and filled-state imagesas very low(1%—2%).
Their low concentration does not affect the equilibrium prop-
erties of the alloys considered, but may play an important
role in the diffusion of the two adatom specfésThe scan
size has been chosen as a good compromise between the
competing needs of atomic resolution and a sufficiently large
number of adatoms to be analyzed. In a triangular reference
system determined by the unit lattice vectors of the surface,
the position of each adatom can be stored as a pair of integer
numbers {,k) so that its vector position iR=ja+kb. For FIG. 1. RT filled-state £ 1.5V, 0.5 nA, 30<30 nnf) STM
statistical analysis we considered the adatoms inside inages of the Sa_,Si/Si(111) 2D alloy for (8) x=0.14,
JXK supercell (~=K=30) that is a rhomboidal portion of (b) x=0.30, andc) x=0.49(mosaic phase Sn adatoms are bright;
the overall scanned area. Accordingly, the overall number o§i are dark.
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This is a lattice gas model on a triangular lattitsix
neighbors.

For the dynamics of the simulations, at each step the
chemical identity of twalchemically different random sites
is switched and the new configuration is accepted according
to the Metropolis criterioR? This type of dynamics for the
simulation has already been used to investigate the surface
short-range chemical ordering in a binary alf8y.

For a configuration oN atoms on this lattice, the total

11 1(.) 9390311 energy of the system will be times the number of nearest-

, \ neighbor pairs of adatoms. The MC simulations were done
‘F ‘E’ "E’ ‘E‘ ‘E* ‘E‘ ‘E consideringN atoms in al X K supercell(with the repeated
,1. 18 ‘D ‘E ‘E ‘D ‘B’ ,I.\ supercell geometjywith N, J, and K equal to the corre-

sponding values determined experimentally at the various Si
. . . . (Ge) adatom densities considered. We started from a random
FIG. 2. Triangular portion of a diagram of a surface with atoms istribution of theN particles in thel X K lattice sites. Equi-

in a triangular arrangement, reproducing the surface symmetry Olq . . P N - B4

the consideredr surfaces. The atoms are labeled with the corre- lbrium was judged by mon_ltorlng the sloffealculated at
sponding number of the coordination shell with respect to the top-each MC step over the PreV'OUS 20 MC _sDetpisthe curve (_)f

most atom. the average nearest-neighbor coordination number of like at-
oms as a function of timéMC step. Equilibrium was con-
sidered to be reached once this slope oscillated between zero
andkgT/(20e). The only adjustable parameter in the simu-
lations was the reduced energy =e/kgT (vice versa the
reduced temperature i§* =1/e*). Once equilibrium was
5eached(typically after 10 steps corresponding to an aver-

Si adatom positions stored is sufficiently largarying from

a minimum of about 13(014% Sij to a maximum of about
450 [50% Si) to measure the experimentddg(s) [or
Pzd(s)] functions with good accuracy up to the 20th coordi-

nation shell. This shell coordination number corresponds to . . -
age of 18 steps per simulated partiglehe equilibrium con-

distance of 46.5 A (48.9 A for the Ge substpafeom the e ionth ble of di f th lerm.
reference atom. We verified that the choice of 20 as maxi_lgurann(t e ensemble of coordinates of the partighess

mum SCN is in general of the order of 3—4 times the highesftor€d and the correspondirigs; and P, functions were
SCN of the atoms significantly correlated with the referencec"“lcuIate(j as for the experimental data.

atom. It is worth noting that any type of significant order

present in thePg;e((S) functions up to this maximum SCN Ill. THE EXPERIMENTAL PDF'S

value should be evident in a LEED pattgiyipical electron . -
coherence length of the order of 100 A). This defines our Wwe postula‘ge that the PDF is c_ha_racterlstlc of the SRO
nd that the first few shells are similar to the long-range-

spatial range of investigation. Figure 2 shows a diagram o dered ph di | o check thi
the position of each coordination shell, up to the 20th. FyrOrdered phases at corresponding values:.ofo check this

ther details of the determinatiofand corresponding error we have analyzedsee Fig. 3 the ordered phases with the

calculation of the PDF’s from STM imagefor MC simula- lowest-size unit cells that can be generatedxer0.33 and
tions) are given in the Appendix. x=0.5 (corresponding to the experimental values; see

The MC simulations assume an effective model interac-1@Pl€ ). Forx=0.33 the lowest-size unit cell is>83 with

tion, and then the simulation proceeds according to the usud{’© Pright and one dark atom peru?%nit cell, usually referred
standard Metropolis criteriof?. In our case an effective NN 1O @8 3<3 hexagonal in the literature[see right portion of

pairwise repulsive energy between substitutional adatms F'9- 3€]. The corresponding PDF of dark atoms is given in
on a substratd is used: Fig. 4 (open triangles For x=0.5 we have generated all of

the possible unit cells up to a cell size of/3x23 and

U(r=0)=, considered all possible arrangements within the unit cell that
give x=0.5. As well we have considered the mixture of
U(r=r;)=¢e, 3% 3 structuregFig. 3(e)], which also gives the correct sto-
ichiometry, and some larger unit cells. The correspondingly
U(r>r,)=0, calculated PDF’s are shown in Fig. 4.

. _ _ _ _ We emphasize that, these PDF’s are calculated from or-
where ryis the _nearest-nelghbor _dlstgnce in t_he 2D latticedered phases, and thus they are reported with exact values
Accordlng to this model the Hamiltonian of this 2D system (no error bars The various PDF'’s fox=0.5 are distinguish-

IS able. For example, the line phapeig. 3(@] shows an in-
N6 creased occupation probability in the third shell while this

1 occurs in the fourth shell for the zigzag phd$eg. 3(b)].

H= 58; 121 XiYjs D These phases are both different from those of Figpahels

(c), (d), and(e)] that are qualitatively similar one another. We
wherex;, y; are equal to 1 if the siteor j of the lattice is  use these reference PDF's to assign the type of SRO ob-
occupied by an atom d and 0 otherwise. served experimentally.
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FIG. 3. Ball model images of various ground-state configura- Shell Coordination Number

tions for the(frustrated antiferromagnetic Ising system on a trian-

gular lattice.(a) Line phase (2/§>< J3, one dark and one bright FIG. 4. Shell occupancy probability for the various ordered
atom per unit cell (b) zigzag phase (Z3x 3, two dark and two phases ak=0.3 andx=0.5 of Fig. 3. From bottom tq topopen
bright atoms per unit cell (c) comb phase (33 3, three dark and ~ tiangles, &), 3x3 phase ax=0.33 coverage(+) line phase
three bright atoms per unit cgl(d) pinwheel phase (8 6, six dark (2\/§x V3), (+, bold zigzag phase (’25?(3)1 (solid triangles
and six bright atoms per unit cgll(e) surface partitioned with Weighted —average of 33 (x=2/3)(weight=1) and 3x3
bright atoms arranged into ax& (x=1/3) (left portion) and  (X=1/3)(weight=2), (x) comb phase (33x3), and (solid
3% 3 (x=2/3) (right portion, and (f) kinked line phasdno long- ~ SquaresM) pinwheel phase (86).

range order.

shows the Si-Si pair correlation function fee=0.3: there is

Figure 5 shows the room-temperatig(s) functions of marked SRO. The experimental points that significantly de-
the Sn-Si surface as a function of the Si adatom densityiate from the oscillation range of the corresponding random
(14%, 30%, and 499 First, in all the experimentdtg(s) in  distribution are those of shells 1, 2, 4, 5, and 6. Shells 1 and
Fig. 5[as well as forPg(s) and Pg4s) in Fig. 6] the first 4 are significantly depleted, shells 2, 5, and 6 are signifi-
coordination shell always shows the most significant deviacantly populated, and from the seventh shell onward the dis-
tion from the oscillation range expected from a random dis4ribution is random. Taking account of thermal disorder, up
tribution (gray bands in Fig. 5 and Fig).6This happens also to the sixth shell this is the same behavior of the PDF of the
at rather low Si densities at RTLl4% in Fig. 3a) and 10%  1/9-ML 3X 3 triangular ordered phasgrig. 4, open tri-
not presented for brevity The deviation from the random angles of this coverage. So at=0.3 there is local 3
oscillation range ofPgi(1) is not the only significant infor- triangular order of the Si adatoms and of the Sn adatoms
mation in Fig. %a). This Pgi(s) shows that the arrangement (2/9-ML coverage
of Si atoms from the second shell onward is in agreement The pair correlation function measured for the concentra-
with a random distribution. Thus, there is a Si-Si interactiontion valuex=0.49 shows a different type of SR®ig. 5(c)],
practically limited to the first shell, and, at least at RT, thewhich can also be observed with similar qualitative features
interaction energy at larger distances is negligible in comat higher(0.54 and lower(0.44 values of the Si adatom
parison with the thermal energy. This observation justifiesconcentratior{data not shown for brevijy The coordination
the model interaction energy of Sec. IV. Pafiel of Fig. 5  shells significantly outside the oscillation range for a random
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FIG. 5. RT Si-Si adatom correlation functions at various surfacethe Sn/Si111) mosaic phase49% S) at 30 K .

concentrations, 14%(a), 30% (b) and 49% (c) for the  pation of shell 2 is observed for the PDF of the weighted
Sn1-»Sik/Si(111) 2D alloy. Open circles(t) are experimental 3y 3 (or 3y/3%x3 comb or 6x6 pinwheel phase, but sig-

values from the statistical analysis of STM filled-state ima@e®  nificant occupation of shells 3, 6, and 8, no significant oc-
Fig. 1). The shell occupancy probability is normalized to the mul- cupation of shell 5, and significant depletion of shell 4 are

tiplicity of each shell; i.e., numbers 4, 7, 9, 10, 13, 14, 16, 17, an nigue features of the B X 3 (line) tvpe short-range or-
18 accommodate 12 atoms each and the others 6. Solid ci@Ies ( a \ﬁ \/— (line) typ 9

are the corresponding data from a MC simulation with the effective 'i'his is not observed for the mosaic Pb/Si and Pb/Ge
temperature tuned in order to hakg(1)=Pyc(1). Thehorizontal hases. Th@(s) andPs) functions of Fig. 6 have been
gray band corresponds to the oscillation range of the OCCUpancgalculated frorln the statistical analysis pfPb/Si(STM im-
values in the hypothesis of the Si random distribution. In p&oiel ages reported elsewhéfeand of published data of-Pb/Ge
the open trianglesA) correspond to a MC simulation at higher [namely, Fig. 8) in Ref. 1. These two surfaces show a
effective temperatureT(*:g). In panel(@ two data pointgexperi- significa,nt difference of the type of SRO observed for the
mental and M are superimposed at the first SCN. Sn/Si mosaic phase aerSi(Ge)(3)< PSi(Ge)(z)- Surprisingly
o there is no sign in thesBg;(s) and Pg«s) functions of the
distribution are 1, 2, 3, 4, 6, and 8. Shells 1 and 4 argjne type SRO often claimed as a qualitative feature “visible
significantly depleted, while shells 2, 3, 6, and 8 are signifi-y first glance” in these systems, as there is no resemblance
cantly more populated. Comparison now is possible and inat 5 qualitative level of the measured PDF's with the ordered
structive with the PDF's of the ordered phasezal0.5 with 5 /3 /3 phase. Indeed, it is easy to recognize also for these
the smallest unit cells reported in Fig. 4. The experimental,ifaces at this high concentration of substrate adatoms that
PDF does not resemble the zigzag phase. Significant ocCyre type of SRO is still consistent with the PDF of the

weighted 3< 3 (or 3y/3x 3 or 6x6) phase. In particular, the

a) 3% 3 type SRO iny-Pb/Si is substantially limited to the NN
2> 05- 8 and next NN(NNN) atoms, while in the case af-Pb/Ge this
%‘ [ s Gs0.p - type of SRO extends a little further up to the fifth shell.
s 04F @ g B 393252850331 The same type of SRO observed fpiPb/Si andy-Pb/Ge
S T at RT is observed foty-Sn/Si at reduced temperatui@0 K)
AL 03f Pb/Ge 40% as shown in Fig. 7 where, as for the othephases consid-
oy ? RSP AP PR BV RPN PR B B ered at RT, one haPg(3)<Pg(2). This is an important
g 06F b) finding because it implies that Sn-Si rearrangement must oc-
g‘ | @ cur when the temperature is reduced. There is no direct ex-
3] perimental evidence to indicate the mechanism of such a
O 05 R o8 380 $o9ago g8y rearrangement, but it is plausible that it takes place through
E i ) vacancy-assisted hopping of the adatdmm summary, as
¥ 0413 Pb/Si 50% far as the SRO features are concerngd®b/Si andy-Pb/Ge

[P B P are like one another at RT and similar to kFSn/Si.

M I I O I |
1 3 6§ 7 9 11 13 15 17 19

Shell Coordination Number IV. MONTE CARLO SIMULATIONS AND DISCUSSION
FIG. 6. Same as Fig. 5 fofa) PhyGe,,/Ge(111) and(b) The choice of Eq(1) for the effective Hamiltonian of the
Phy sSip5/Si(111) at RT. system is a simplification which we justify as follows. First,
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the experimental PDF’s clearly suggest an effective repulsion
between substitutional adatoms. Furthermore, Oregga?’ :
have demonstrated that for Sn/Ge, adsorption of Ge adatoms
on neighboringT, sites is not energetically favored and the |
second NN site is preferred. The presence of a substitutional
adatom produces a very localized lattice distortion that
moves the Sn NN adatoms upward and effectively repels
other substitutional adatoms. The energy gain is calculated to | <
be 160 me\#’ and due to the very localized structural dis-
tortion, no further gain in energy is obtained if the substitu-
tional adatom is placed further away. Sn and Pb show/Be
reconstruction both on &i11) and G¢111) and this repul- FIG. 8. Left: simulation of the STM images of a 2D solid solu-
sive effective interaction does not appear to exist for theséon on a triangular lattice for 30% surface concentration of dark
adatoms. Thus while in MC simulations of these alloys one(substitutional atoms aff* =0.1. Right: corresponding PDF.
should in principle account for the Sn-SRb-PH, Sn-Si,
Pb-Ge, and Si-SiGe-G8 interactions, the proposed model qualitatively reproduceftriangles in Fig. §)]. In particular,
interaction can be expected to work by only considering théhe SRO featurePg(3)>Pgi(2) observed experimentally
interactions of the substitutional adatoms. For the same re&an be qualitatively reproduced. Both MC and the estimate
sons we have calculated and reported only the $G8+Ge  of the effective interaction energy for-Sn/Si indicate that
experimental PDF’s in Figs. 5, 6, and 7. The results prethis 2D alloy at RT can be considered as a system like the
sented in the following section demonstrate the ability of thissimilar y-Pb/Si(Ge) ones but at higher temperature. As a
effective interaction to reproduce the SRO features observedeneral rule, the MC simulations based on only the Si-Si
experimentally. Thus, our choice for the model interaction 1(Ge-Ge NN repulsive interaction can describe with good
is substantially justifieé posteriori accuracy the structural features of this class of binary alloys.
The calculated PDF's from the MC simulations for the Due to the crude approximation of the model interaction
various substitutional adatom densities determined experised[with no Sn-Sn(or Pb-Ph adatom interaction and with
mentally are reportegsolid circles in Figs. 5 and 6. Since the Si-Si(Ge-Gg effective interaction truncated at the first
the effective NN interaction energy is unknowna priori, neighborg, what is surprising is the excellent agreement of
the reduced energy* for each simulation has been adjusted simulation and experiment in Fig. 6, and not their slight dis-
s0 thatPg;gef(1)= Puc(1). As theexperimental PDF's have crepancies in Fig. 5.
been determined from STM images at RigT=26 meV), From the preceding, wher=0.33 an ordered 3 3 phase
this gives an absolute estimate ef This value is 32.0 (with two Sn and one Si per unit cghould be observed at
+0.5 meV both fory-Pb/Si andy-Pb/Ge, while fory-Sn/Si  reduced temperature for the Sn/Si interfdtteere is already
it is 102 meV (independent of the concentratioriThe 3%X3 SRO atx=0.3 at RT, and the general validity of the
stronger effective interaction strength measured in the caddN model interaction implies such an ordered ground state
of the alloys with Pb adatoms with respect to Sn can beat x=0.33). Moreover, we have demonstrated that Si ada-
traced back to the different atomic radii of these adatomgoms rearrange with temperature, as in the MC simulations
(1.80 A and 1.45 A for Pb and Sn, respectivelpb pro- due to this effective interaction. Figure 8 shows that xtor
trudes outward more than Sn from thé@#)(111) substrate =0.30 andT =20 K, one obtains a MC-simulated STM im-
plane. The further outward it protrudes, the more effective igge where the black and white adatoms are ordered in
the dehybridization of the Pb dangling bond state that ac3<3 unit cells over domains of the order of five to six cells
quiress charactef® and the more effective is the complete in diameter. In a real experiment on the Sn/Si surface this
filing of this state. We conjecture that this dehybridizationwould correspond to domains of the order of ¥Qm0 A?,
can be even more significant for Pb when there is @o8i sufficiently large to produce sharpx3 spots in a LEED
Ge) neighbor at the surface. pattern. Indeed, Fig. 9 provides some experimental support
In the case ofy-Pb/Si(Ge) (Fig. 6) the results of the MC for this prediction. The figure presents the 100 K LEED pat-
simulated PDF’s are in excellent agreement with the corretern of a 1/3-ML SgSiy 3/Si(111) surface. There is a clear
sponding experimental functions. The agreement betweeBx 3 modulation of the background of th& pattern. A spot
the model MC simulations and the experimental PDF’s is gprofile analysis of the nascent<3 spots(inset in Fig. 9
bit less satisfactory in the case of the Sn-Si binary allig.  indicates that the size of the<3 islands is about 20-30 A.
5). For x=0.3 the calculated SCN's 5 and 6 are not well This type of 3x 3 background at reduced temperature is nei-
reproduced and the real alloy has more extendg® 3RO  ther observed for lowerx<0.25) nor for higher x> 0.35)
than the simulated alloy at the corresponding Si adatom conralues of the Si adatom concentration, so it is related to Si-Si
centration and temperature. For the mosaic pfieege 5(c)]  ordering. Our results provide a simple explanation for the
in contrast with the experimental results, the MC simulationlack of observations of this phase transition at 100 K. The
yields Pyc(3)<Punc(2) (as in Fig. 6. Nonetheless, if the interaction energy we find for Sn/Si is 10 meV, a factor of
constraintPgi(1)=Pyc(1) is relaxed and the MC simulation about 3 lower than for Pb/Si and Pb/Ge. The critical tem-
is performed at higher temperature, the experimentally obperatures for the 8 3 phase transition in these cases are 60
served features of the PDF of theSn/Si can be quite well K and 210 K, so we expect the critical temperature in the

o
o0

=
o

=
o

Occupancy probability
=}
N

0.0 *— — ‘
0 10 20 30 40
Coordination Shell #

045401-6



SHORT-RANGE ORDER IN TWO-DIMENSIONAL BINARY . .. PHYSICAL REVIEW B57, 045401 (2003

0.7
E _
'§0.6:
£0.5
g ,
0.4
g
Q
03+
0 4 8 12 16 20
Coordination Shell #

FIG. 10. Left: simulated STM image from a MC simulation of a
2D solid solution on a triangular lattice for 50% surface concentra-
tion of dark atoms(antiferromagnetic Ising limjtat T*=0.01.
Right: corresponding PDF.

that the domain wall does not cost additional energy, so this
is also a ground state. Inspection of all these phases shows
that while the nearest-neighbor coordination number is well
defined, the coordination number in the second and higher
shells varies according to the particular mo¢sde Fig. 4.
The real coordination number for SCN’s higher than 1 can
only be estimated from a statistical average of all possible
Sn/Si case to be roughly a factor of 3 lower—that is, 20 to 7Cconfigurations. Average functions calculated from MC calcu-
K. However, at these low temperatures, diffusion is likely tolations give an idea of the occupation probability of higher
be very slow, and it is likely that equilibrium cannot be shells.
achieved in reasonable experimental times. Thus, on the one hand, our results, indicating that these
In the case ok=0.5, by using a little algebra it can be alloys withx=0.5 are very good practical realizations of an
demonstrated that, apart from constant terms, the effectivantiferromagnetic Ising system on a 2D triangular lattice,
HamiltonianH of Eq. (1) coincides with the antiferromag- quantitatively confirm previous speculations made in Refs.
netic Ising model on a triangular lattié®.This system is 10 and 12. On the other hand, we have illustrated that the
highly frustrated because a single atom would ideally mini-line phase of Fig. @ is just one of an infinite number of
mize its energy by being surrounded by six atoms of oppositground states for an Ising system and that investigation of
type. However, the surrounding atoms cannot in turn minithe occupancy probabilities of SCN higher than 2 in the PDF
mize their energy, as they each necessarily have at least twi like atoms provides insight into the SRO.
like neighbors. This is in contrast to Ising systems on square Figure 10 (left) shows the appearance of the triangular
and rectangular lattices, where minimization can belsing system after a MC simulation at very low reduced tem-
achieved. In the ground state of this model, the average cgeerature T* =0.01) based on the interaction energy found in
ordination is four atoms of opposite and two atoms of thethis work. Figure 10Q(right) reports the corresponding PDF
same spirichemical identity in this cageThere is an infinite  (for the dark atoms The occupancy probability of the first
number of ordered and disordered ground states for this syshell is indeed close to 0.33, so this is a typical Ising ground
tem. The ordered phase shown in Fig&)33(b), 3(c), and state. There is significantly increased occupancy of shells 2,
3(d) all correspond to possible ground states of the Ising, 6, 10, and 12, while shells 3, 4, 7, 8, 9, and 11 are
system(they all have two out of six like NN; see Fig).4 significantly depleted. These SRO features are in disagree-
Evidently there is an infinite number of other ordered phasesnent with those of the line and zigzag phases represented in
with larger unit cells and we show only those with smallerFig. 3[panels(a) and(b)], whose PDF’s are reported in Fig.
unit cells (for instance, in a 33x3 or 6x6 unit cell a 4. The pinwheel phagsee Fig. &l)] predicts 0.5 occupation
different choice of the position of the bright and dark atomsprobability of the third shel{topmost graph in Fig. ¥ while
produces other ordered phasdsote that kinks in the chains it is observed to be significantly depleted in Fig. 8, so it
of Fig. 3@ do not raise the energy as all atoms retain theshould be also ruled out. Instead, there is good qualitative
same coordination numbégsee Fig. &)]. Thus, any kinked agreement with the PDF's typical of the comk3x 3 phase
structure is also in the ground state. In an infinite system, thand the weighted average of thx3 phasegsee Figs. &)
number of permutations for arranging the kinks is also un-and 3e) and Fig. 4, second and third graphs from the]top
limited and so the system is infinitely degenerate. Finally, aVe therefore conclude that there is significant short-range
3% 3 ordered ground state may also exist for the Ising modebrder with threefold periodicity. Since the PDF does not give
as visualized in Fig. @). The left-hand portion of the surface angular information, we cannot say much about what a unit
is 3X3 (x=1/3, 2/3 bright and 1/3 dark atomsand the cell might be, but the smallest appears to b .
right-hand one is &3 (x=2/3, 1/3 bright and 2/3 dajk The results obtained by the MC simulations and the
The overall bright to dark ratio is 1:1, the average coordinaanalysis of the STM images provide insight into the elec-
tion number of like atoms is 2, and it can be easily showntronic structure of the mosaic phase. There is experimental

FIG. 9. 3D representatiofand intensity profile drawn between
the 1X 1 spots labeled\ andB) of the LEED patterr(46 eV beam
energy of the 1/3-ML SR -oSins0/Si(111)/3% 3 surface at
100 K. 3X 3 spots are visible above the background.
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evidence that they phase of these systems is semiconductthan the other surfaces. The very localized nature of the ef-
ing, from angle-resolved ultraviolet photoemissoin fective NN Si-Si(Ge-G¢ interaction with negligible contri-
spectroscop (ARUPS and STM-STS! experiments for butions from second NN remains to be explained hopefully
y-Pb/Si and from STM-STS experimehfsr y-Sn/Si. Inthe  with more fundamental theoretical work.

case of the Pb/Ge mosaic phase, Carpinellal!? have

clear_ly demo'nstrated the open?ng of a 0.37—e\_/ gap. This is ACKNOWLEDGMENTS
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onstrated that this type of SRO can certainly be excluded foFinancial support of the Czech Grant Agency is acknowl-
y-Pb/Si(Ge) at RT and-Sn/Si at low temperature, so the edged(Grant No. 202/98/K00R

semiconducting nature of these surfaces requires a more so-

phisticated explanation. Apart from-Sn/Si at RT, we have APPENDIX
demonstrated that the SRO features of the mosaic phases are ) ) .
consistent with those of a weighted average of 3(x In general, folN adatoms oB type (B either Si or Ggin

=1/3) and 3<3 (x=2/3) phasegor phases with larger unit the supercell, one _calculates all thNéN—1)/2 independent
cell like the 3y3x 3 and the 6<6). The 2y3x /3 approxi- values of theB-B distances. If {;,7,) and (,7,) are the
mation is too simple, and band broadening due to Si-Si angoordinates of two adatomg in the trlangular reference sys-
Sn-Sn interactions in a larger unit cell could modify substanie€m of the supercell, then it can be easily shown that their
tially the electronic properties of the surface. For exampledistanced satisfies the following relation:
there should be, respectively, 6 and 12 surface bands if the
more realistic 3/3X3 and 66 phases are considered. d2=AE+Ap’+AEA D,
Moreover, we have demonstrated that partitioning of the mo-
saic surface into & 3 islands with 33% and 66% coverage,
respectively, also produces a possible ground state of the
mosaic surfaces, and this is consistent with the observed
SRO features. Thus, a 1:1 ratio of the metal and semiconduc- Aé=¢— &
tor surface adatoms in the mosaic surfaces is not sufficient to
excludea priori their metallic nature. Evidently there is still d
insufficient experimental spectroscopic information and a
thorough reinvestigation of the electronic structure of these
alloys using STS with atomic resolution and first-principles An=mn,— .
calculations would be worthwhile. With regard to the elec-
tronic properties, we will present a fuller discussion  There is a one-to-one correspondence between the values
elsewheré. of d® and the SCNs. Thus, counting the number of indepen-
dent couples of adatoms that give the same value of the
V. CONCLUSION square distanca? will give the number of independent
) ) ) couples of adatoms that asth neighbors of one another.
The SRO features of purely two-dimensional binary al-Renormalizing this number by the total possible numbes of
loys (Sn-Si, Pb-Si, and Pb-Géave been determined quan- neighboring lattice sites within the supercell will finally yield
titatively (up to the 20th SCNby means of statistical analy- pe probabilityPg(s) of the occupation of the SCN. In our
sis of filled-state STM images. A threefold translationgl experimental determination of theg(s) functions we did
symmetry governs the mutual arrangement of the substityso; adopt the repeated supercell geometry in the statistical
tional adatomsSi and G¢ regardless of their density. MC  44)vsis code, and the truncation effects due to the finite size
simulations show that the SRO features observed in thesgs ihe supercell are accounted for in the renormalization pro-
alloys can be reproduced if a simple effective NN repulsionceqyre (counting of the site-dependent neighboring lattice
is assumed only Dbetween substitutional adatoms. Thgjies of thesth shel) of the observed experimental frequen-
strength of this effective repulsion is 30 mgV for the Pb-Sijeq. SincePg(s) is the estimate of the occupation probabil-
and Pb-Ge alloys and 10 meV for Sn-Si. A&=0.33 @ ity of the sth shell, 1- Pg(s) is the probability of nonoccu-
(3X3) order-disorder transition is predicted, and experimenz ation. Thus, given a referen@adatom, the probability of
tal indications are given of its possible onset. Full ordering a inding an atorB in the sth shell obeys a binomial distribu-
low temperature appears to be kinetically limited by the dif-;,, probability with mean valuePg(s) and variance

fusio_n process. In the Iimit_of 1:1 ratio of the two adatom Pa(s)[1— Pg(s)]ve (v, being the measured experimental
species in the case gFPb/Si(Ge) these systems are a praC-equency of thesth shel). Accordingly the error in the es-

here

tical realization of a 2D antiferromagnetic Ising system on &imate of Pg(s) will be
triangular lattice.
In general, our results are in agreement with the theoreti-
cal and experimental view that Sn/Si is more complicated a(s)={Pg(s)[1—Pg(s)]/vs:*.
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The error bars reported for the experimental values of the In the graphs reporting the experimen®g(s) or Pg«(S)
Pg(s) are calculated from the above formula. If there is nofunctions (Figs. 5 and § there is a horizontal gray band
correlation at all, for a surface concentratioof the chosen  covering the intervak+ o. If the Si(Ge) substitutional ada-

adatom species, toms are randomly distributetho correlation, then their
Pg(s)=x shell occupancy probability must be shell independent and,
and given N adatoms, it will lie within the gray band. Thus, all
the experimental points of the measureg(s) and Pgd(S)
a(s)=o=[x(1—x)/vs]*2 falling outside the band indicate significant correlations.
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