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Correlations in a one-dimensional lattice fluid on Si„111…5Ã2-Au

A. Kirakosian, R. Bennewitz,* F.J. Himpsel, and L.W. Bruch
Department of Physics, University of Wisconsin–Madison, Madison, Wisconsin 53706

~Received 10 December 2002; published 16 May 2003!

The Si~111!532 Au surface forms a chain structure with a quarter-filled lattice fluid of additional Si atoms
on top of the chains. The pair distribution functiong(r ) of these extra atoms is determined from an extensive
set of scanning tunneling microscopy data covering~;4500 adatoms! and is used to estimate the adatom-
adatom interactions. A small probability of simultaneous occupation of nearest-neighbor sites reflects a repul-
sion of 220 meV (3.6kBT). Persistent oscillations ing(r ) are fit by a periodic potential of amplitude 1.2 meV
(0.02kBT), which might arise from an incipient charge density wave. The interchain correlations are very
small. A good fit is obtained by a repulsive energy between interchain nearest neighbors of less than 12 meV
(0.2kBT), demonstrating the one-dimensional character of the lattice fluid. In addition to providing micro-
scopic data on a one-dimensional lattice fluid the results help explain the limits of data storage density due to
interactions between adjacent bits.

DOI: 10.1103/PhysRevB.67.205412 PACS number~s!: 68.37.Ef; 68.65.2k; 05.50.1q
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I. INTRODUCTION

One of the motivations for studying physics in lower d
mensions is that properties of three-dimensional exten
phases should change in a systematic fashion when the
grees of freedom are constrained. The modeling beco
more tractable and more explicit for the lower-dimensio
cases. One-dimensional systems are an extreme case of
considerations. Structures with essentially one-dimensio
correlations are realized with highly anisotropic magne
salts1 and with adsorption at nanotubes or nanotu
bundles.2,3 The present work considers chains of adatoms
a silicon surface as a well-controlled example of nearly o
dimensional~1D! correlations.

Previous work4 has demonstrated one-dimensional diff
sion along the chains. Our study finds that the interact
energy between the closest adatoms in neighboring chai
at least 10 times smaller than that along the chains, so s
that it falls close to the detection limit. The nature of t
experimental information is qualitatively different from th
available for other 1D systems. The spatial correlation fu
tion is obtained directly from the analysis of the scann
tunneling microscopy~STM! images, while for the other sys
tems, the information is mostly for the equation of state. T
silicon adatoms occupy discrete sites of the surface latt
but they have a strong short-range repulsion. Thus the co
sponding lattice gas has low probability for occupation
nearest-neighbor sites and the model is analogous to tha
an antiferromagnetic Ising chain. The quarter-filled latt
corresponds to a high applied magnetic field case, which
been studied in experiments on the quasi-one-dimensi
Ising antiferromagnet5 CsCoCl3.

There are a variety of silicon surfaces that form on
dimensional chain structures when metal atoms are adso
at submonolayer coverage.6 On Si~111!, such chain struc-
tures develop at stepped surfaces or even on flat Si~111! by
spontaneous breaking of the threefold symmetry into th
domains with an angle of 120° between the chains. Th
chains are formed by alkali metals, alkaline earths, no
metals, and even magnetic rare earths, as long as the c
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age is well below one monolayer. The Si~111!532 Au struc-
ture, for example, contains 0.4 monolayer of Au which c
responds to two gold chains per unit cell.4,7–14It is surprising
that the threefold symmetry of Si~111! is broken in all these
chain structures. Their stability might be related to the s
bility of the honeycomb chain~HCC!,15 which is a structural
element in many of them. This chain consists of a strip
graphitic,p-bonded Si. The detailed structure of Si~111!532
Au is still uncertain, although a number of structural stud
have led to specific models.4,10–12,14

Some of the chain structures exhibit additional atoms
top of the chains, such as Si~557! Au with 1/100 monolayer
and Si~111!532 Au with 1/40 monolayer.16 The latter has
been studied in detail,4,11,13,17and it has been found that th
extra atoms reside on a 532 lattice, but occupy only a quar
ter of the available sites@1/40 of a monolayer; see Fig. 1~a!#.
After lingering uncertainty about whether the extra atoms
Si or Au it has been demonstrated that empty sites can
filled by depositing 1/40 of a monolayer of additional Si; i.e
the adatoms are18,19 Si. The resulting half-filled 532 lattice
is only metastable and converts to the quarter-filled 532 lat-
tice above 300 °C, with excess Si moving to the nearest s
The quarter-filled lattice of Si adatoms has been used to d
onstrate an atomic-scale memory, where a bit is represe
by the presence or absence of a Si adatom.18 This memory
has served as a test bed for investigating fundamental lim
of data storage, such as density, data rate, retention, and
nal to noise. The density, in particular, lies right at the fu
damental limit where interactions between neighbor ato
cause correlations between adjacent bits. For example,
separation of two Si~111! lattice constants (2aSi57.68 Å) is
30 times less likely to occur than the next closest bit sepa
tion of 4aSi , which would make a memory with twice th
density unrealistic at this surface. The cell size of a quar
filled adatom lattice is very similar to the bit size of 53535
atoms taken by Feynman in his groundbreaking 1959 ta20

for illustrating the consequences of an atomic-scale mem
Actually, nature needs 32 atoms to store 1 bit in DNA usi
half of a base pair. Such comparisons bring up the broa
question of the smallest possible bit size in a memory, wh
©2003 The American Physical Society12-1
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is largely determined by correlations between adjacent b
In this study we determine the correlations between

extra atoms on top of the Si~111!532 Au surface and infer
the underlying interaction potential. There have been pre
ous studies of this system involving Monte Car
simulations,17 but the data sets were less complete and
surface defect density was higher. After testing a variety
interaction models we find that two ingredients are requi
to reproduce the observed pair correlation function:~1! a
strong nearest-neighbor repulsion and~2! a long-range, os-
cillatory interaction that is reminiscent of the pinning
c(432) ordering on Si~100!231 near defects.

II. EXPERIMENT

Vicinal Si~111! surfaces tilted by 1° towards the@1̄1̄2#
azimuth are used as substrates. By applying a previo
optimized annealing sequence,21 a regular pattern of straigh
steps with large domains of the 737 reconstruction is ob-
tained. The use of a slightly stepped Si~111! substrate stabi-
lizes one of the three possible Si~111!532 Au domain

FIG. 1. STM images of the Si~111!532 Au surface showing a
pair of atomic chains in~b! and extra Si atoms on top of the chain
~bright dots!. The Si adatoms are enhanced in~a! by resonant tun-
neling at 22 V sample bias@versus21.5 V in ~b!# and by an
increased contrast. Two 532 grids are outlined in~b!. The frame
size is 38338 nm2 in ~a! and 939 nm2 in ~b!.
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orientations.22 Gold is evaporated from a molybdenum wi
basket with a typical rate of 0.015 monolayers per seco
with the sample held at a temperature of 650 °C. Sub
quently, the sample is annealed to 950 °C. The sample
then be repeatedly cleaned by annealing to 850 °C. The c
erage is calibrated using low-energy electron diffracti
~LEED! and STM. At Au coverage below the optimum
patches of Si~111!737 coexist with the 532 Au structure,
while patches of the Au-richA33A3 Au structure appea
when the coverage is too high.19 All STM images are re-
cordedin situ at room temperature. An example of the ST
data is shown in Fig. 1, where the bright protrusions cor
spond to extra Si atoms on top of the chains.

In order to explore the role of defects at nonstoichiome
surfaces, i.e., gold coverage not equal to 0.4 monolayer,
analyze two sets of data, one near optimum coverage and
other with excess Au. Although the coverage of Si adatom
rather stable with respect to Au coverage, it eventually dr
with a large amount of extra Au. The stoichiometric data
contains a total of 3094 Si adatoms spread over 12 468 s
of the 532 lattice with a coverage of 0.24860.004. The
Au-rich data set contains a total of 1359 Si atoms over 72
sites of the 532 lattice at a coverage of 0.18760.005. Dis-
tinct correlation functions are obtained, as shown in Fig.
Calculation of the pair distribution functiong(r ) from STM
images involves periodic boundary conditions, so atoms
the edges of the image are included in the counting. T
procedure has very little effect on the pair distribution fun
tion for small distances (r ,15aSi). The changes are les
than 1% compared to the calculation ofg(r ) with fixed
boundary conditions when adatoms at the image edge h
neighbors only on one side. The effect is somewhat gre
for larger distances~1%—3% for 15aSi,r ,40aSi) because
of the finite image sizes. The use of periodic boundary c
ditions improves the statistics.

III. PAIR DISTRIBUTION FUNCTION
FROM STM IMAGES

Typical STM images of the Si~111!532 Au surface are
shown in Fig. 1. There are two distinct features of the s
face, bright dots and a pair of underlying chains@suppressed
by high contrast in Fig. 1~a!#. The bright protrusions corre
spond to extra Si atoms adsorbed on top of the chains. T
can be highlighted by resonant tunneling at a sample bia
22 eV @Fig. 1~a!#, indicating a characteristic occupied sta
at 2 eV below the Fermi level. The Si adatoms form a latt
fluid that is frozen in at room temperature and becomes m
bile above about 500 K according to previous hig
temperature STM studies.4 Following the choice of Hase
gawa and Hosoki4 and Yagi et al.17 we assume that the
system still maintains thermal equilibrium down to 700
and this sets the energy scale for the interactions in the m
eling.

The lattice underlying the extra Si atoms has a periodic
of five Si~111! lattice constants between the row
@5aSicos(30°)516.63 Å# and two lattice constants along th
2-2
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rows. Two different unit cells of the 532 structure are over
laid in white in Fig. 1~b!, one based on the triangular lattic
of the Si~111! surface and the other displaying the rectang
lar cell used for the modeling in Sec. IV. When moving fro
one row to the next the rectangular cell is shifted by61

4,
which corresponds to61

2 of the Si~111! lattice constant along
the chains (aSi53.84 Å). This shift breaks the mirror sym
metry about the~1 1̄0! plane and creates two mirror domain
with equal probability. As a result, the correlation functio
between adjacent chains in Fig. 3 is defined for the h

integer separations~i.e., 1
2 aSi ,

3
2 aSi , . . . , etc.!, whereas the

correlation along the same chain in Fig. 2 is for integer se
rations only.

The Si adatoms which are the subject of this study oc
only on a specific site of the 532 unit cell @see Fig. 1~b! and
high-resolution images in Ref. 11#. The fact that adatoms
along a row are also observed at separations containin
odd number ofaSi indicates that the underlying 532 lattice
between these adatoms must have slipped by 1aSi relative to
the Si~111!131 bulk lattice. The point where the slip occu
corresponds to a domain boundary and the stretches of
free 532 rows to single domains. These are particularly la

FIG. 2. The correlation function between Si adatoms along
chain obtained from STM images with excess coverage of Au~a!
and near-optimum coverage~b!. N532 is the total number of 532
sites andni50, 1 is the occupation number of sitei. Solid circles
represent the even-numbered separations, open circles the
numbered separations induced by 532 domain boundaries. The
nearest-neighbor site (k52) is strongly suppressed by a repulsi
interaction.
20541
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in our study of stoichiometric surfaces, and this enables u
extract the intrinsic behavior of a single domain.

The correlation functiong(k) between extra Si atom
along a chain is plotted in Fig. 2~a! for a gold-rich surface
and for the stoichiometric gold coverage, Fig. 2~b!. The unit
k along thex axis corresponds to a Si~111!131 lattice con-
stantaSi , i.e., half of the lattice spacing of the 532 surface
which is used as the unit in the lattice gas model in Sec.
The function g(k) is symmetricg(k)5 1

2 @g(k)1g(2k)#.
We immediately identify two common features to the data
~a! and ~b!: the absence of odd-numbered separations~open
circles! for k,10 and a very small probability@3.5% and
4.3% of the average value for~a! and ~b!, respectively# for
the first even-numbered separationk52. As explained in the
following, the odd separations correspond to defects crea
by domain boundaries, and the nearest even separatio
suppressed by strong nearest-neighbor repulsion.

The odd-numbered 531 lattice separationsk51,3,5,7,9
are empty, as expected for a perfect 532 lattice. Higher odd-
numbered separations gradually become populated due t
occurrence of domain boundaries between the two 532 do-
mains that are shifted byaSi along the rows.~Domains
shifted perpendicular to the chains are so rare in our data
they can be neglected.! The domain walls occur more fre
quently for the Au-rich surface@compare the open circles i
Figs. 2~a! and 2~b!#. This is not surprising because the inco
rect stoichiometry should lead to a high density of defe
that can pin domain walls. For comparison, the occupanc
odd-numbered separations in previous work17 was about 4
times larger than in Fig. 2~b! and 1.5 times smaller than in
Fig. 2~a!. A simple exponential fit in a formy02y1exp
(2k/k0) describes the occurrence of odd-numbered sep
tions rather well, as shown by the lines through open circ
in Fig. 2. Subtracting the same exponential from the aver
value of 1~dashed line in Fig. 2! produces a close fit to the
decaying number of even-numbered separations~solid dots!.
Such a close match indicates that the missing even-numb
entries are due to the formation of multiple domains alo
the chains.23 For normalization we divide the raw pair distr

e

dd-

FIG. 3. Experimental correlation function between Si atoms
adjacent chainsa andb showing weak interchain coupling with
slight repulsion of nearest neighbors. Data points are defined
for half-integer values ofk due to the offset in the rectangular un
cells @see Fig. 1~b!#.
2-3
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KIRAKOSIAN, BENNEWITZ, HIMPSEL, AND BRUCH PHYSICAL REVIEW B67, 205412 ~2003!
bution function, the total number of pairs at separationk, by
the random number of pairsNR5N532^ni&

2, whereN532 is
the total number of 532 sites and̂ni& is the average density
For the Au-rich surface in Fig. 2~a!, NR572603(0.187)2

5254 and parameter values for the fits arey050.369, y1
51.147, andk058.59. For the stoichiometric surface in Fi
2~b! the values are NR512 4683(0.248)25767, y0
50.119, y150.178, andk0522.60. The comparison with
theory forg(k) in Fig. 4 covers only the low-k region where
the effect of domain boundaries is negligible.

The effect of short-range repulsion can be seen cle
from the low probability of only 3.5% and 4.3% for th
smallest allowed separation 2aSi @Figs. 2~a! and 2~b!, respec-
tively#, normalized to the random probability for the numb
of pairs at separationk. This can be seen already from Fi
1~a!, where the occurrence of two Si adatoms separated
2aSi is very rare. Two such objects can be seen near
middle of the second row from the bottom.

A consequence of the highly suppressedk52 separation
is that there is a pile up of the displaced atoms at the n
even-numbered separationk54. This feature is common
to the correlation functions for both surfaces in Fig. 2. A
alternative explanation of the peak by an attractive inter

FIG. 4. Comparison of the experimental correlation functi
along the chains~circles! with the result from two models~dashed
lines!. Nearest-neighbor repulsion alone can describe the supp
sion at thek52 separation and the resulting pileup atk54 ~a!, but
an extra oscillatory interaction is required to explain the subseq
oscillations fork.6 ~b!.
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tion for k54 is excluded by explicit modeling described
Sec. V.

The g(k) in Fig. 2~b! ~stoichiometric surface! has an os-
cillatory behavior that persists for values ofk higher than 6.
As discussed in Sec. V, this behavior is indicative of a lon
range interaction along the one-dimensional chains. T
presence of a large number of defects on the Au-rich surf
destroys these correlations and gives rise to a monotonic
cay of the correlation function in Fig. 2~a!. The correlation
function drops much below the random average of 1 and
largek is approaching the asymptotic value23 0.5.

In order to complete the survey of interatomic interactio
on the Si~111!532 Au we plot the correlation functionh(k)
between adjacent chains in Fig. 3. As explained at the be
ning of this section,h(k) is defined for half-integer values o
k due to the offset between the rectangular unit cells that
used to define the correlation function@Fig. 1~b!#. All values
of the h(k) in Fig. 3 lie very close to the random averag
value, indicating that the correlation across the chains
weak. In fact, the average value shown as a dotted line
within the statistical error bars for all the points with th
exception of the first one (k5 1

2 ). The occupation of nearest
neighbor sites in adjacent chains appears to be slightly s
pressed by a weak repulsion, which we estimate in Sec. V
using the model HamiltonianHII defined in Eq.~3!.

The dotted line in Fig. 3 again represents the rand
occupation of pairs of sites, which is defined the same wa
for g(k) in Fig. 2. We find that within statistical uncertaint
a shift of 1

2 aSi ~to the right! is as probable as a shift of
2 1

2 aSi ~to the left!, as expected from the mirror symmetry o
the underlying Si~111! lattice. The same is true fork values
of 63

2,6
5
2, . . . , etc. Our finding differs from Ref. 17 wher

different probabilities are found for positive and negati
shifts, possibly due to insufficient statistics. Since we do
find any differences between6k, we take the sumh(k)
1h(2k) in Fig. 3 and plot it for positivek only.

It is worth mentioning that the statistical error bars f
the interchain correlationh(k) are larger than for the intra
chain correlationg(k) @compare Figs. 3 and 2~b!#. While the
g(k) have a Poisson distribution with an uncertainty eq
to Ag(k)/NR, the uncertainty of theh(k) is given by
Ah(k)^Na&/NR, where^Na& is the average number of atom
per chain uninterrupted by a domain wall or by the fin
image size. For the set of data with optimum Au covera
^Na& is 11.8. Since the number of dislocations for this s
face is relatively small, the value of is dominated mostly
the total number of chains in all the STM images.

IV. MODEL HAMILTONIANS

The goal of the modeling is to reproduce, with rather fe
parameters, the spatial correlation function constructed fr
the STM images. In enumerating the sites, we use the sur
lattice of the reconstructed surface as basis, which co
sponds to a 532 cell of the truncated bulk structure. Ther
fore, the unit along the rows in the modeling is 2aSi , twice
the spacing of the 531 cell used in Sec. III in the analysis o
the images to include adatom pairs in different domains. T

s-

nt
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is, the indexK57 in the modeling corresponds tok514 in
the images. As in a previous analysis,17 the system is mod-
eled as a lattice gas with strong nearest-neighbor repul
J1. With this parameter and a chemical potentialm set by the
fractional coverage, the short-range correlations forK
51 – 3 are readily reproduced. The main new feature of
modeling is to introduce a rather long-range oscillatory
teraction to fit the persistent correlations forK5427.

The main results of this work are obtained for the mo
HamiltonianH:

H5(
i

(
K

JKnini 1K2m(
i

ni1H1[H01H1 . ~1!

The occupation numberni for site i has value 0 or 1 andJ1
and J2 are the nearest-neighbor and next-nearest-neigh
interactions, at separations 2aSi and 4aSi , respectively. The
third term on the right-hand side represents a long-ra
substrate-mediated oscillatory interaction, perhaps aris
from charge-density waves. It is a sum over adatom pair

H15A(
j , i

cos~p@ i 2 j # !exp~2eu i 2 j u!ninj , ~2!

where the damping factor withe→01 is introduced for con-
vergence of the sums on an infinite chain.24 The chemical
potential termm actually includes the interaction energy
one adatom with the substrate. A slight variant ofH0 is to
introduce different site energies for the sites with even a
odd index; the model then has two chemical potentialsm1
and m2 and different average occupationsn̄i for even and
odd i.

A second Hamiltonian with a simplified version of inte
chain interactions is defined for use in analyzing the int
chain correlation in order to estimate the orders of magnit
of those interactions. Let there be adjacent chainsa and b
and retain strong nearest-neighbor intrachain repulsionsJ1

and interactionsJ2
II and J3

II for the nearest-neighbors an
next-nearest-neighbors between chains. ThenHII is

HII 52(
i

m@ni~a!1ni~b!#1J1(
i

@ni~a!ni 11~a!

1ni~b!ni 11~b!#1J2
II (

i
ni~a!ni~b!

1J3
II (

i
@ni~a!ni 11~b!1ni~b!ni 11~a!#. ~3!

Thermal averages for Eq.~1! with A50 and for Eq.~3!
can be evaluated in a straightforward manner using tran
matrix techniques.25 In fact, even the calculations forHII

reduce to manipulations with 434 matrices and thus most o
the algebraic reduction is done analytically.

The effect of the long-range interactionH1 is evaluated
with first-order perturbation theory. The correlation functi
g(K) for sites i , j separated byK5u i 2 j u is defined, with
thermal averageŝ̄ & for HamiltonianH,

g~K !5^nini 1K&/^ni&^ni 1K&, ~4!
20541
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and the perturbation theory has, denoting thermal avera
with H0 by ^¯&0,

^ni&.^ni&02b@^H1ni&02^ni&0^H1&0#, ~5!

^nini 1K&.^nini 1K&02b@^H1nini 1K&02^nini 1K&0^H1&0#.
~6!

The correlation function can be given in quite explicit for
for the nearest-neighbor case (J250, J1[J) of H0. Then
the eigenvalues of the transfer matrix are

l65 1
2 @11expb~m2J!#

6 1
2 A@12expb~m2J!#214 exp~bm, ~7!

and the fractional occupation of a site is

n̄05~12l1!2exp~2bm!/@11~12l1!2exp~2bm!#.
~8!

Then, withL[l2 /l1 , the correlation function is

g~K !5g0~K !2bAg1~K !, ~9!

g0~K !511
~12n̄0!

n̄0

LK, ~10!

g1~K !.~2 !K~12n̄0!2~12L!2/~11L!2. ~11!

Equation ~11! is the limiting behavior for largeK and is
accurate to 2% atK.4 for the parameters used in th
present modeling. The calculations actually use the comp
expression obtained from the first-order perturbation theo
Eq. ~6!, and extend fromK51 to K57 (k52214 in the
531 units used in the analysis of the STM images!.

V. INTERACTIONS IN A ONE-DIMENSIONAL
LATTICE FLUID

Even before getting into quantitative models one c
make a few qualitative observations about the relative s
of the interactions governing the motion of the Si adatom
There is a strong attraction of the extra Si atoms to the s
face that immobilizes them at room temperature. From
mobility onset above4 500 K an activation energy of 1.2 eV
has been estimated for diffusion along the rows.18 The ab-
sence of any observed diffusion across the rows, even4 at 800
K, shows the activation energy in that direction to be ev
larger ~greater than about 2 eV!. Of the adatom-adatom in
teractions, the largest term is a strong nearest-neighbor re
sion that almost completely excludes simultaneous occu
tion of the nearest-neighbor sites of the 532 lattice~Fig. 2!.
This is a conspicuous feature of the raw image data. T
atoms missing from the nearest-neighbor separation 2aSi
seem to pile up at the next separation at 4aSi . Upon closer
inspection of the image we can see extended chains o
atoms with this spacing. Most of these chains contain 3–6
2-5
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atoms, but some have as many as 16, such as the one de
by the arrow in Fig. 1~a!. Such long chains, especially whe
numerous, are evidence for a long-range, intrachain inte
tion that enhances the values ofg(k) for k54m, m
51,2,3, . . . . In fact this effect is seen in Fig. 4 where th
g(k) at k54,8,12 is at least 10% larger than theg(k) at k
56,10,14. The weakest interaction is across the cha
where we find a slight repulsion of the nearest neighbo
The barrier to motion between chains is so large and
correlation of positions of neighbor chains is so weak that
can focus our models exclusively on one-dimensional in
actions along the chains.

We tested the ability of four models to reproduce the
trachain correlations, with parameters optimized by lea
squares fits. These are~1! H0 containing a nearest-neighbo
repulsionJ1, ~2! model 1 expanded by a second-neighb
interactionJ2, ~3! model 1 with two site energies, and~4!
model 1 with the nearest-neighbor repulsion augmented
an oscillatory couplingH1. A fifth model usingHII intro-
duces interchain correlations that might also mediate an
fective longer-range intrachain correlation. Results for
two most successful models~1! and~4! are shown in Fig. 4.

Figure 4~a! shows that the first three experimental poin
can be fit very well by the theoretical correlation function f
the nearest-neighbor repulsion model. For larger valuesk
(k.6, K.3), however, the calculated correlation ve
quickly approaches the random value of 1. The parametem
and J1 obtained from the fit are20.348kBT (221.0 meV
for T5700 K) and 3.63kBT ~219 meV!, respectively. They
give n̄050.248, L520.313, and substitution in Eq.~10!
shows explicitly the rapid decay. The exponential decay
the correlation is a general feature of one-dimensional m
els with short-range interactions, but we try other models
see whether minor changes would lead to correlations
persist beyondk56.

Including a second-nearest-neighbor interactionJ2 in H0
produces a fit which is almost identical to the neare
neighbor result and therefore is not plotted. The parame
obtained arem520.327kBT(219.7 meV), J153.64kBT
~220 meV!, and J250.000 61kBT ~0.037 meV!. The ratio
J1 /J256000 means that the second-nearest-neighbor in
action along the chain can be effectively neglected. The s
ation is similar for the model with interchain interaction
Eq. ~3!. With parametersm520.290kBT(217.5 meV), J1

53.63kBT ~219 meV!, J2
II 50.213kBT ~12.9 meV!, and J3

II

520.010kBT(20.60 meV), the fit to the experimental in
trachain correlation function is visually undistinguishab
from the one in Fig. 4~a! and therefore is not plotted. A mor
significant analysis is to useHII to obtain the theoretica
interchain correlation function. A least-squares fit to the
perimental interchain correlation functionh(k) in Fig. 3 at
k5 1

2 , 3
2 gives an approximate value of the nearest-neigh

interchain repulsionJ2
II 50.2kBT ~12 meV!. Even with a

large uncertainty of more than 25%,J2
II is more than 10

times smaller than the intrachain repulsionJ1.
The persistence of correlations fork56 – 14 can be repro

duced in two ways. The first is to useH0 with two types of
adsorption sites. Then the least-squares fit givesm15
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20.268kBT, m2520.576kBT, andJ153.43kBT. However,
this leads26 to significantly different average site occupatio
^ni&150.296 and^ni&250.192. This is not evident in the
experimental STM images, and there is no other STM e
dence for the existence of a 534 reconstruction with two
inequivalent 532 sites.

The most viable model includes the oscillatory long-ran
term H1 in the Hamiltonian and gives the good fit shown
Fig. 4~b!. The theoretical correlation function does not a
proach 1 for higherk, but keeps oscillating around 1 with a
amplitude of 0.05 through data with statistical uncertain
0.03. For even values ofk,15 plotted in Fig. 4~b!, the the-
oretical correlation function matches quite well with the e
periment. The parameters obtained arem520.404kBT
(224.4 meV), J153.59kBT ~217 meV!, and A5
20.0208kBT(21.26 meV). That is, the parameters ofH0
are not much shifted and even the coherent energy effectA
for chains of ten atoms with spacing 4aSi would be small
compared tokBT.

As discussed in Sec. III, fork.15 all even-indexed points
of the experimental correlation function start to drop belo
the average value due to the defect induced domain bou
aries. As shown in Fig. 2~b!, the amount of this drop can b
quantified by two solid fit lines drawn separately through t
data points with even and oddk. If we add the values of the
fit curve for oddk to the values of experimental correlatio
function for evenk, the model correlation function maintain
a rather good match with the experiment beyondk515.
However, this construction needs to be validated by a
tailed analysis of domain boundaries and their effect on
system.

VI. SUMMARY

In summary, we have obtained high-quality Si~111!532
Au surfaces which consist of large domains with long, on
dimensional chains. Extra silicon atoms on top of the cha
provide a well-controlled test bed for studying interactions
a one-dimensional lattice fluid. Five model Hamiltonians a
developed for analyzing the high-statistics data on the co
lations between the Si adatoms along and across the ch
The best description of the data is obtained by combinin
strong nearest-neighbor repulsion with an oscillatory lon
range interaction.

The interaction coefficients that are obtained in the m
eling give information about the character of the adato
adatom interactions along the chain. It is not a dipole rep
sion, because that would giveJ2 /J151/8 and the fit gave
1/6000. The scale ofJ1 about 0.2 eV and the very sho
range of the repulsion are more consistent with a non-p
additive interaction of two adatoms with a substrate
chemisorption.

While the nearest-neighbor repulsion might be expec
for steric reasons, the necessity of including long-range
cillations is unusual. It might indicate an incipient reco
struction that would freeze in at lower temperatures if th
mal equilibrium could be obtained. Actually, the presence
long-range commensurate 43‘‘2’’ charge density waves has
been found on Si~111!431 In at low temperature,27 and a
2-6
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c(432) ordering of the dimer chains occurs on Si~100!231.
Above the ordering temperature, ac(432) structure is still
observed in the neighborhood of defects. For Si~111!532 Au
we find that 532 reconstruction is better resolved next to t
Si adatoms and becomes less sharp away from them@third
row from the top in Fig. 1~b!#. This may be an indication tha
again a low-temperature reconstruction might be pinned
defects~Si adatoms! at high temperature. We have observ
such an effect for a variety of chain structures induced by
on stepped Si~111! surfaces. It would be interesting to pursu
the role of electron or phonon instabilities in triggering lon
range adatom correlations. For example, photoemission f
this surface shows a nearly one-dimensional band struc
near the Fermi level with a small electron pocket centere
k53/2p/aSi.

16,28 Its diameter is consistent with a period
instability at 4aSi.

Correlations between surface atoms have a comple
different relevance, too: The extra atoms on Si~111!532 Au
have been used to build a prototype memory that stores
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by the presence or absence of a single Si atom.18 Such de-
vices explore the atomic limit to density for storing data. T
density limit is determined by the interaction between ad
cent bits in this case, as well as in many other memory str
tures. Despite the fact that a bit was represented by a si
atom, a unit cell of 534520 atoms was required to keep th
atoms spaced apart far enough to prevent interaction.
demonstrated by our correlation data, the smaller 532 unit
cell would have suffered severely by the strong anticorre
tion between adjacent 532 sites.
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