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Correlations in a one-dimensional lattice fluid on S{111)5X2-Au
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The S{111)5%2 Au surface forms a chain structure with a quarter-filled lattice fluid of additional Si atoms
on top of the chains. The pair distribution functigfr) of these extra atoms is determined from an extensive
set of scanning tunneling microscopy data coveringt500 adatom)sand 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 (3.83T). Persistent oscillations ig(r) are fit by a periodic potential of amplitude 1.2 meV
(0.0%gT), 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.%gT), 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.
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I. INTRODUCTION age is well below one monolayer. The(Bi1)5X2 Au struc-
ture, for example, contains 0.4 monolayer of Au which cor-
One of the motivations for studying physics in lower di- responds to two gold chains per unit cefi=**It is surprising
mensions is that properties of three-dimensional extendethat the threefold symmetry of @ill) is broken in all these
phases should change in a systematic fashion when the dehain structures. Their stability might be related to the sta-
grees of freedom are constrained. The modeling becomasility of the honeycomb chaifHCC),*® which is a structural
more tractable and more explicit for the lower-dimensionalelement in many of them. This chain consists of a strip of
cases. One-dimensional systems are an extreme case of sugaphitic, m-bonded Si. The detailed structure of Hi1)5Xx 2
considerations. Structures with essentially one-dimensionau is still uncertain, although a number of structural studies
correlations are realized with highly anisotropic magnetichave led to specific modefg?-1214
saltd and with adsorption at nanotubes or nanotube Some of the chain structures exhibit additional atoms on
bundles>® The present work considers chains of adatoms atop of the chains, such as(557) Au with 1/100 monolayer
a silicon surface as a well-controlled example of nearly oneand S{111)5X2 Au with 1/40 monolayet® The latter has
dimensional(1D) correlations. been studied in detafl***'7and it has been found that the
Previous work has demonstrated one-dimensional diffu- extra atoms reside on a® lattice, but occupy only a quar-
sion along the chains. Our study finds that the interactiorier of the available sitgsl/40 of a monolayer; see Fig(al].
energy between the closest adatoms in neighboring chains After lingering uncertainty about whether the extra atoms are
at least 10 times smaller than that along the chains, so smalli or Au it has been demonstrated that empty sites can be
that it falls close to the detection limit. The nature of thefilled by depositing 1/40 of a monolayer of additional Si; i.e.,
experimental information is qualitatively different from that the adatoms at&° Si. The resulting half-filled %2 lattice
available for other 1D systems. The spatial correlation funcis only metastable and converts to the quarter-filled®3at-
tion is obtained directly from the analysis of the scanningtice above 300 °C, with excess Si moving to the nearest step.
tunneling microscopySTM) images, while for the other sys- The quarter-filled lattice of Si adatoms has been used to dem-
tems, the information is mostly for the equation of state. Theonstrate an atomic-scale memory, where a bit is represented
silicon adatoms occupy discrete sites of the surface latticehy the presence or absence of a Si adatdifhis memory
but they have a strong short-range repulsion. Thus the corrdtas served as a test bed for investigating fundamental limits
sponding lattice gas has low probability for occupation ofof data storage, such as density, data rate, retention, and sig-
nearest-neighbor sites and the model is analogous to that foial to noise. The density, in particular, lies right at the fun-
an antiferromagnetic Ising chain. The quarter-filled latticedamental limit where interactions between neighbor atoms
corresponds to a high applied magnetic field case, which hasause correlations between adjacent bits. For example, a bit
been studied in experiments on the quasi-one-dimensionakeparation of two $111) lattice constants (&s;=7.68 A) is
Ising antiferromagnétCsCoC}. 30 times less likely to occur than the next closest bit separa-
There are a variety of silicon surfaces that form one-tion of 4ag;, which would make a memory with twice the
dimensional chain structures when metal atoms are adsorbei@nsity unrealistic at this surface. The cell size of a quarter-
at submonolayer covera§eOn Si111), such chain struc- filled adatom lattice is very similar to the bit size 0k5x5
tures develop at stepped surfaces or even on fldfl®iby  atoms taken by Feynman in his groundbreaking 195%%alk
spontaneous breaking of the threefold symmetry into threéor illustrating the consequences of an atomic-scale memory.
domains with an angle of 120° between the chains. ThesActually, nature needs 32 atoms to store 1 bit in DNA using
chains are formed by alkali metals, alkaline earths, nobléalf of a base pair. Such comparisons bring up the broader
metals, and even magnetic rare earths, as long as the coveuestion of the smallest possible bit size in a memory, which
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orientations?? Gold is evaporated from a molybdenum wire
basket with a typical rate of 0.015 monolayers per second
with the sample held at a temperature of 650°C. Subse-
quently, the sample is annealed to 950 °C. The sample can
then be repeatedly cleaned by annealing to 850 °C. The cov-
erage is calibrated using low-energy electron diffraction
(LEED) and STM. At Au coverage below the optimum,
patches of S111)7X7 coexist with the %2 Au structure,
while patches of the Au-rich/3x /3 Au structure appear
when the coverage is too highAll STM images are re-
cordedin situ at room temperature. An example of the STM
data is shown in Fig. 1, where the bright protrusions corre-
spond to extra Si atoms on top of the chains.

In order to explore the role of defects at nonstoichiometric
surfaces, i.e., gold coverage not equal to 0.4 monolayer, we
analyze two sets of data, one near optimum coverage and the
other with excess Au. Although the coverage of Si adatoms is
rather stable with respect to Au coverage, it eventually drops
with a large amount of extra Au. The stoichiometric data set
contains a total of 3094 Si adatoms spread over 12 468 sites
of the 5x2 lattice with a coverage of 0.248).004. The
Au-rich data set contains a total of 1359 Si atoms over 7260
sites of the X2 lattice at a coverage of 0.18D.005. Dis-
tinct correlation functions are obtained, as shown in Fig. 2.
Calculation of the pair distribution functiog(r) from STM
images involves periodic boundary conditions, so atoms at
the edges of the image are included in the counting. This
procedure has very little effect on the pair distribution func-
tion for small distancesr<15ag;). The changes are less
than 1% compared to the calculation gfr) with fixed

FIG. 1. STM images of the §i11)5X2 Au surface showing a boundary conditions when adatoms at the image edge have
pair of atomic chains irfb) and extra Si atoms on top of the chains neighbors only on one side. The effect is somewhat greater
(bright dots. The Si adatoms are enhanced(@ by resonant tun- 4, larger distance$1%—3% for 1%;<r<40ag) because

neling at—2 V sample biagversus—1.5 V in (b)] and by an  of the finite image sizes. The use of periodic boundary con-
increased contrast. TwoX® grids are outlined ir(b). The frame ditions improves the statistics

size is 3% 38 nnt in (a) and 9<9 nn? in (b).

is largely determined by correlations between adjacent bits.
In this study we determine the correlations between the
extra atoms on top of the @il1)5X2 Au surface and infer
the underlying interaction potential. There have been previ- Typical STM images of the §111)5X2 Au surface are
ous studies of this system involving Monte Carlo shown in Fig. 1. There are two distinct features of the sur-
simulations}’ but the data sets were less complete and theace, bright dots and a pair of underlying chajsappressed
surface defect density was higher. After testing a variety oby high contrast in Fig. (8)]. The bright protrusions corre-
interaction models we find that two ingredients are requiredpond to extra Si atoms adsorbed on top of the chains. They
to reproduce the observed pair correlation functi@): a  can be highlighted by resonant tunneling at a sample bias of
strong nearest-neighbor repulsion ai@l a long-range, os- —2 eV [Fig. 1(a)], indicating a characteristic occupied state
cillatory interaction that is reminiscent of the pinning of at 2 eV below the Fermi level. The Si adatoms form a lattice
c(4x2) ordering on SiL002X 1 near defects. fluid that is frozen in at room temperature and becomes mo-
bile above about 500 K according to previous high-
temperature STM studiésFollowing the choice of Hase-
o gawa and HosoRiand Yagietall” we assume that the
Vicinal Si(111) surfaces tilted by 1° towards tHe12] system still maintains thermal equilibrium down to 700 K
azimuth are used as substrates. By applying a previouslgnd this sets the energy scale for the interactions in the mod-
optimized annealing sequentea regular pattern of straight eling.
steps with large domains of thex7 reconstruction is ob- The lattice underlying the extra Si atoms has a periodicity
tained. The use of a slightly steppedil) substrate stabi- of five Si111) lattice constants between the rows
lizes one of the three possible (811)5xX2 Au domain [5agcos(30°)=16.63 A] and two lattice constants along the

Ill. PAIR DISTRIBUTION FUNCTION
FROM STM IMAGES

II. EXPERIMENT
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% < 12 adjacent chaing and 8 showing weak interchain coupling with a
c B 19 slight repulsion of nearest neighbors. Data points are defined only
-% for half-integer values ok due to the offset in the rectangular unit
= 08 . cells[see Fig. 1b)].
't s} ]
S ' Si(111)5x2-Au in our study of stoichiometric surfaces, and this enables us to
g 04} near optimum . extract the intrinsic behavior of a single domain.
E The correlation functiong(k) between extra Si atoms
o 02 B “1 - - . - .
o ° along a chain is plotted in Fig.(@ for a gold-rich surface
0.0 W¥otosat bt and for the stoichiometric gold coverage, Figb2 The unit
0 4 8 1216 20 24 28 32 36 40 k along thex axis corresponds to a (@il1)1X1 lattice con-
Spacing along the Chain k [a5=3.84A] stantag;, i.e., half of the lattice spacing of the<® surface

) ) ) which is used as the unit in the lattice gas model in Sec. IV.
FIG. 2. The correlation function between Si adatoms along the]-he function g(k) is symmetricg(k) = %[g(k)+g(—k)].
chain obtained from STM images with excess coverage of@u  \ye immediately identify two common features to the data in
and near-optimum coveradb). N5y, is the total number of 82 (a) and (b): the absence of odd-numbered separati@pen

sites andh;=0, 1 is the occupation num_ber of srteSoI_ld circles dc'rcles for k<10 and a very small probabilitj3.5% and
represent the even-numbered separations, open circles the o &)

o :
numbered separations induced b2 domain boundaries. The 3% of the average value foa) and (b), respectively for

nearest-neighbor sitek&2) is strongly suppressed by a repulsive the first even-numbered sgparatk)ﬁz. As explained in the
interaction. following, the odd separations correspond to defects created

by domain boundaries, and the nearest even separation is
) ) suppressed by strong nearest-neighbor repulsion.

rows. Two different unit cells of the>$2 structure are over- The odd-numbered 61 lattice separationg=1,3,5,7,9
laid in white in Fig. 1b), one based on the triangular lattice are empty, as expected for a perfestSlattice. Higher odd-
of the S{111) surface and the other displaying the rectangunymbered separations gradually become populated due to the
lar cell used for the modeling in Sec. IV. When moving from gccurrence of domain boundaries between the tw@ Blo-
one row to the next the rectangular cell is shifted DY,  mains that are shifted by, along the rows.(Domains
which corresponds ta ; of the S{111) lattice constant along  ghifted perpendicular to the chains are so rare in our data that
the chains §s;=3.84 A). This shift breaks the mirror sym- they can be neglectedThe domain walls occur more fre-
metry about th¢1l 10) plane and creates two mirror domains quently for the Au-rich surfaccompare the open circles in
with equal probability. As a regult, the correlation function Figs. 2a) and 2b)]. This is not surprising because the incor-
between adjacent chains in Fig. 3 is defined for the halfyect stoichiometry should lead to a high density of defects

integer separation§.e., 3ag;,3asg;, . . . , €tc), whereas the that can pin domain walls. For comparison, the occupancy of
correlation along the same chain in Fig. 2 is for integer sepaedd-numbered separations in previous wonkas about 4
rations only. times larger than in Fig. (®) and 1.5 times smaller than in

The Si adatoms which are the subject of this study occuFig. 2(a). A simple exponential fit in a formyy—y;exp
only on a specific site of the>82 unit cell[see Fig. 1b) and  (—k/ky) describes the occurrence of odd-numbered separa-
high-resolution images in Ref. 11The fact that adatoms tions rather well, as shown by the lines through open circles
along a row are also observed at separations containing an Fig. 2. Subtracting the same exponential from the average
odd number ofag; indicates that the underlying® lattice  value of 1(dashed line in Fig. Pproduces a close fit to the
between these adatoms must have slippeddy telative to  decaying number of even-numbered separatisngd dots.
the S{112)1x 1 bulk lattice. The point where the slip occurs Such a close match indicates that the missing even-numbered
corresponds to a domain boundary and the stretches of sligntries are due to the formation of multiple domains along
free 5x2 rows to single domains. These are particularly largethe chaing? For normalization we divide the raw pair distri-
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0 2 4 6 8 10 12 14 tion for k=4 is excluded by explicit modeling described in
LT ] Sec. V.
g L % a The g(k) in Fig. 2(b) (stoichiometric surfagehas an os-
& 12 I . cillatory behavior that persists for values lohigher than 6.
S ol P s 3 As discussed in Sec. V, this behavior is indicative of a long-
<g ’ i 2l T 3 range interaction along the one-dimensional chains. The
o 08 - presence of a large number of defects on the Au-rich surface
& 0.6 destroys these correlations and gives rise to a monotonic de-
T H . | cay of the correlation function in Fig.(®. The correlation
€ o4l / Nearest-neighbor | function drops much below the random average of 1 and for
S ; largek is approaching the asymptotic vafi®.5.
~ 0.2 / T In order to complete the survey of interatomic interactions
-% 0.0 [ = , , , 6 4 e s on the S{111)5X2 Au we plot the correlation functioh(k)
5 ’ between adjacent chains in Fig. 3. As explained at the begin-
o q44f T T T T T T ] ning of this sectionh(Kk) is defined for half-integer values of
& f % b k due to the offset between the rectangular unit cells that are
g 1.2} ; - used to define the correlation functipiig. 1(b)]. All values
T 0' N A & of the h'(k). in'Fig. 3 lie very close.to the random average
s [ B e ¥ T value, indicating that the correlation across the chains is
2 o8l H ] weak. In fact, the average value shown as a dotted line lies
5 ] H within the statistical error bars for all the points with the
'-'C- 06F Nearest-neighbor T exception of the first onekE 3). The occupation of nearest-
S o4 [ + oscillatory term ] neighbor sites in adjacent chains appears to be slightly sup-
&8 : Y pressed by a weak repulsion, which we estimate in Sec. V by
2 o2} { 1 using the model HamiltoniaR'' defined in Eq.(3).
8 0.0 + . . ) o The dotted line in Fig. 3 again represents the random
0 2 4 6 8 10 12 14 occupation of pairs of sites, which is defined the same way as
) ) for g(k) in Fig. 2. We find that within statistical uncertainty
Spacing along the Chain k [a5=3.84A] a shift of 3ag; (to the righ} is as probable as a shift of

— 3ag; (to the lef), as expected from the mirror symmetry of

FIG. 4. Comparison of the experimental correlation function . . - .
o . the underlying Sil11) lattice. The same is true fdevalues
along the chaingcircleg with the result from two modelgdashed +3+5 . etc. Our finding differs from Ref. 17 where

lines). Nearest-neighbor repulsion alone can describe the suppreg-_ﬁ_i’iz’ ’ babiliti f d f . d .
sion at thek=2 separation and the resulting pileupkat 4 (a), but liferent probabilities are found for positive and negative

an extra oscillatory interaction is required to explain the subsequerﬁhifts* possibly due to insufficient statistics. Since we do not

oscillations fork>6 (b). find any differences betweertk, we take the sunh(k)
_ _ . . +h(—=k) in Fig. 3 and plot it for positivek only.
bution function, the total number of pairs at separatiphy It is worth mentioning that the statistical error bars for

the random number of paifdg =N, »(n;)%, whereNs., is  the interchain correlatioh(k) are larger than for the intra-
the total number of 52 sites andn;) is the average density. chain correlatiory(k) [compare Figs. 3 and8)]. While the
For the Au-rich surface in Fig.(d), Ng=7260x(0.187}  g(k) have a Poisson distribution with an uncertainty equal
=254 and parameter values for the fits 3x=0.369,y:1  to \/g(k)/Ng, the uncertainty of theh(k) is given by
=1.147, ancky,=8.59. For the stoichiometric surface in Fig. /h(k)(Na>/NR, where(N,) is the average number of atoms
2(b) the values are Ng=12468x(0.248f=767, Yo  per chain uninterrupted by a domain wall or by the finite
=0.119,y,=0.178, andk,=22.60. The comparison with image size. For the set of data with optimum Au coverage
theory forg(k) in Fig. 4 covers only the lovkregion where  (N_) is 11.8. Since the number of dislocations for this sur-
the effect of domain boundaries is negligible. face is relatively small, the value of is dominated mostly by

The effect of short-range repulsion can be seen clearlyhe total number of chains in all the STM images.
from the low probability of only 3.5% and 4.3% for the

smallest allowed separatiorag; [Figs. 4a) and 2b), respec-

tlvelyj, normalized to the random probability for the number IV. MODEL HAMILTONIANS

of pairs at separatiok. This can be seen already from Fig.

1(a), where the occurrence of two Si adatoms separated by The goal of the modeling is to reproduce, with rather few

2ag; is very rare. Two such objects can be seen near thparameters, the spatial correlation function constructed from

middle of the second row from the bottom. the STM images. In enumerating the sites, we use the surface
A consequence of the highly suppressed?2 separation lattice of the reconstructed surface as basis, which corre-

is that there is a pile up of the displaced atoms at the nex¢ponds to a 82 cell of the truncated bulk structure. There-

even-numbered separatido=4. This feature is common fore, the unit along the rows in the modeling iag, twice

to the correlation functions for both surfaces in Fig. 2. Anthe spacing of the 81 cell used in Sec. Il in the analysis of

alternative explanation of the peak by an attractive interacthe images to include adatom pairs in different domains. That
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is, the indexK =7 in the modeling corresponds k=14 in  and the perturbation theory has, denoting thermal averages
the images. As in a previous analy$ighe system is mod- with Hg by (- -+)q,
eled as a lattice gas with strong nearest-neighbor repulsion
J;. With this parameter and a chemical potentiaet by the (niy=(n)o— BL{HNi)o—{(Ni)o(H1)ol, (5
fractional coverage, the short-range correlations for
=1-3 are readily reproduced. The main new feature of the(mn; . ) =(nin;. )o— BL(H1MiM; 4 ko~ (MiNi ko H1)o]:
modeling is to introduce a rather long-range oscillatory in-
teraction to fit the persistent correlations #0=4—7.

The main results of this work are obtained for the modelThe correlation function can be given in quite explicit form
HamiltonianH: for the nearest-neighbor casd,&0, J;=J) of Hy. Then

the eigenvalues of the transfer matrix are
H—Ei ; Jnin: ¢ “2. n+H;=Ho+H,. (1) Ny = [1+expB(u—D)]

The occupation number, for sitei has value 0 or 1 and, + 2 [ 1—expB(n—J)]?+4 exp Bu, (7)
and J, are the nearest-neighbor and next-nearest-neighbor
interactions, at separationgg and 4ag;, respectively. The and the fractional occupation of a site is
third term on the right-hand side represents a long-range
substrate-mediated oscillatory interaction, perhaps arising No=(1— N )%exp(— Bu)/[1+(1—X,)%exp(— Bu)].
from charge-density waves. It is a sum over adatom pairs:

Then, withA=\_/\ ., the correlation function is

Hi=A2 cogali-jDexp—eli=ihnn;. @
: . . 9(K)=go(K) = BAg1(K), 9
where the damping factor with— 0™ is introduced for con-
vergence of the sums on an infinite ch&tiThe chemical 1-m
potential termu actually includes the interaction energy of go(K)=1+ (_—nO)AK, (10)
one adatom with the substrate. A slight variantHyf is to Ng
introduce different site energies for the sites with even and
odd index; the model then has two chemical potentig)s e (VK12 1= AV (14 A)2
and u, and different average occupations for even and 91(K)=(=)"(1=no)" (1= A)Y(1+A)% (D
oddi. Equation (11) is the limiting behavior for largeK and is

A second Hamiltonian with a simplified version of inter- ccyrate to 2% ak>4 for the parameters used in the
chain interactions is defined for use in analyzing the intery esent modeling. The calculations actually use the complete

chain correlation in order to estimate the orders of magnitudgypression obtained from the first-order perturbation theory,
of those interactions. Let there be adjacent chairend 8 Eq. (6), and extend fromK=1 to K=7 (k=2—14 in the

and retain strong nearest-neighbor intrachain repulslans 51 units used in the analysis of the STM images
and interactions), and J} for the nearest-neighbors and

next-nearest-neighbors between chains. THENs
V. INTERACTIONS IN A ONE-DIMENSIONAL

LATTICE FLUID
H''= =2 ulni(a)+ni(B)]+31 2 [ni(a)n;;i(@)
' ' Even before getting into quantitative models one can
" make a few qualitative observations about the relative sizes
+”i(ﬁ)”i+1(ﬂ)]+‘122i ni(a)ni(B) of the interactions governing the motion of the Si adatoms.
There is a strong attraction of the extra Si atoms to the sur-
0 face that immobilizes them at room temperature. From the
+332i [niCe)n;+a(B)+ni(BInisa(a)]. (3 mobility onset abovk500 K an activation energy of 1.2 eV
has been estimated for diffusion along the rdft3he ab-
Thermal averages for Eql) with A=0 and for Eq.(3) sence of any observed diffusion across the rows, tae800

can be evaluated in a straightforward manner using transfef, shows the activation energy in that direction to be even

matrix technique$® In fact, even the calculations fad'!!  larger (greater than about 2 ¢VOf the adatom-adatom in-
reduce to manipulations with># matrices and thus most of teractions, the largest term is a strong nearest-neighbor repul-
the algebraic reduction is done analytically. sion that almost completely excludes simultaneous occupa-

The effect of the long-range interactidth, is evaluated tion of the nearest-neighbor sites of the % lattice (Fig. 2).
with first-order perturbation theory. The correlation function This is a conspicuous feature of the raw image data. The

g(K) for sitesi,j separated by<=|i—j| is defined, with atoms missing from the nearest-neighbor separatiag; 2
thermal averageé--) for HamiltonianH, seem to pile up at the next separation a4 Upon closer
inspection of the image we can see extended chains of Si
g(K)=(nin; . )/{ni}{n;, ), (4) atoms with this spacing. Most of these chains contain 3—6 Si
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atoms, but some have as many as 16, such as the one denoted.26&gT, u,=—0.57&gT, andJ;=3.4XgT. However,

by the arrow in Fig. (a). Such long chains, especially when this lead$® to significantly different average site occupations
numerous, are evidence for a long-range, intrachain interadn;);=0.296 and(n;),=0.192. This is not evident in the
tion that enhances the values @fi(k) for k=4m, m  experimental STM images, and there is no other STM evi-
=1,2,3... . Infact this effect is seen in Fig. 4 where the dence for the existence of ax@ reconstruction with two

g(k) atk=4,8,12 is at least 10% larger than thek) atk  inequivalent X2 sites. .

=6,10,14. The weakest interaction is across the chains The mostviable model includes the oscillatory long-range
where we find a slight repulsion of the nearest neighborst€™M Hj in the Hamiltonian and gives the good fit shown in
The barrier to motion between chains is so large and th&!9- 4b). The theoretical correlation function does not ap-

correlation of positions of neighbor chains is so weak that Weproach 1 for highek, but keeps oscillating around 1 with an

can focus our models exclusively on one-dimensional interff;lmplitUde of 0.05 through data with_sta.tistical uncertainty
actions along the chains 0.03. For even values &< 15 plotted in Fig. 4b), the the-

We tested the ability of four models to reproduce the in_ore’ucal correlation function matches quite well with the ex-

trachain correlations, with parameters optimized by Ieastp eriment. The parameters obtained gue=-—0.40&gT

) . ; —24.4 meV), J;=35%zT (217 , d A=
squares fits. These af&) H, containing a nearest-neighbor ( mev) ! B ( mey, an

; 4 —0.020&gT(—1.26 meV). That is, the parameters f
repulsionJ;, (2) model 1 expanded by a second-neighbor, e ot mych shifted and even the coherent energy effekt of

interactionJ,, (3) model 1 with two site energies, and) o chains of ten atoms with spacingad would be small

model 1 with the nearest-neighbor repulsion augmented b¥ompared tckgT.

an oscillatory couplingH;. A fifth model usingH'" intro- As discussed in Sec. Ill, fde> 15 all even-indexed points

duces interchain correlations that might also mediate an {5t \he experimental correlation function start to drop below

fective longer-range intrachain correlation. Results for thgpq average value due to the defect induced domain bound-

two most successful mode($) and(4) are shown in Fig. 4. grie5 As shown in Fig. ®), the amount of this drop can be
Figure 4a) shows that the first three experimental points 4 anified by two solid fit lines drawn separately through the

can be fit very well by the theoretical correlation function for y5¢4 points with even and odd If we add the values of the

the nearest-neighbor repulsion model. For larger valugs of fit cyrve for oddk to the values of experimental correlation

(k>6, K>3), however, the calculated correlation Very fnction for everk, the model correlation function maintains

quickly apprloaches the random value of 1. The parameters 5 rather good match with the experiment beydae 15.

and J; obtained from the fit are-0.34&gT (—21.0 meV  yoyever, this construction needs to be validated by a de-

for T=700 K) and 3.6BgT (219 meV, respectively. They  4iled analysis of domain boundaries and their effect on the

give nyg=0.248, A=-0.313, and substitution in Eq10) system.

shows explicitly the rapid decay. The exponential decay of

the correlation is a general feature of one-dimensional mod-

els with short-range interactions, but we try other models to VI. SUMMARY

see whether minor changes would lead to correlations that

persist beyonk=6. Au surfaces which consist of large domains with long, one-

Including a.seco.nd—qearest—nelghbor. interaconn Ho  gimensional chains. Extra silicon atoms on top of the chains
produces a fit which is almost identical to the nearest-

iahb it and therefore i lotted. Th Iprovide a well-controlled test bed for studying interactions in
neighbor result and therefore is not plotted. The parameters ;e _gimensional lattice fluid. Five model Hamiltonians are
obtained areu=—0.32kgT(—19.7 meV), J;=3.6&gT

) developed for analyzing the high-statistics data on the corre-

(220 meV, and J,=0.0006%gT (0.037 meV. The ratio |4ions hetween the Si adatoms along and across the chains.
J1/J,=6000 means that the second-nearest-neighbor intefrpe pest description of the data is obtained by combining a
action along the chain can be effectively neglected. The Situgirong nearest-neighbor repulsion with an oscillatory long-
ation is similar for the model with interchain interactions, range interaction.
Eq. (3). With parameterlslu: —0.29kgT(—17.5 meV),JHI The interaction coefficients that are obtained in the mod-
=3.6KgT (219 meV), J; =0.21KgT (12.9 meV,, andJ;  gling give information about the character of the adatom-
=—0.01kgT(—0.60 meV), the fit to the experimental in- adatom interactions along the chain. It is not a dipole repul-
trachain correlation function is visually undistinguishable sjon, pecause that would gl /J,=1/8 and the fit gave
from the one in Fig. &) and therefore is not plotted. Amore 1/6000. The scale o8, about 0.2 eV and the very short
Signiﬂcant ana|ySiS iS to USH” to Obtain the theoretical range of the repu'sion are more Consistent W|th a non_pair-
interchain correlation function. A least-squares fit to the ex4zqditive interaction of two adatoms with a substrate in
perimental interchain correlation functidi(k) in Fig. 3 at chemisorption.
k=3, 3 gives an approximate value of the nearest-neighbor \while the nearest-neighbor repulsion might be expected
interchain repulsion); =0.%kgT (12 meV). Even with a  for steric reasons, the necessity of including long-range os-
large uncertainty of more than 25% is more than 10 cillations is unusual. It might indicate an incipient recon-
times smaller than the intrachain repulsidn struction that would freeze in at lower temperatures if ther-

The persistence of correlations for=-6—14 can be repro- mal equilibrium could be obtained. Actually, the presence of
duced in two ways. The first is to us¢, with two types of  long-range commensurate<42” charge density waves has
adsorption sites. Then the least-squares fit giyes= been found on $111)4X1 In at low temperaturé, and a

In summary, we have obtained high-quality(19i1)5x 2
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c(4x2) ordering of the dimer chains occurs of18i02x1. by the presence or absence of a single Si afbuch de-
Above the ordering temperature cé4x 2) structure is still vices explore the atomic limit to density for storing data. The
observed in the neighborhood of defects. F@is)5x2 Au  density limit is determined by the interaction between adja-
we find that 5<2 reconstruction is better resolved next to thecent bits in this case, as well as in many other memory struc-
Si adatoms and becomes less sharp away from flieind  tures. Despite the fact that a bit was represented by a single
row from the top in Fig. (b)]. This may be an indication that atom, a unit cell of X4=20 atoms was required to keep the
again a low-temperature reconstruction might be pinned bytoms spaced apart far enough to prevent interaction. As
defects(Si adatomsat high temperature. We have observeddemonstrated by our correlation data, the smalle® Sunit

such an effect for a variety of chain structures induced by Agell would have suffered severely by the strong anticorrela-
on stepped $111) surfaces. It would be interesting to pursue tjon petween adjacent& sites.
the role of electron or phonon instabilities in triggering long-
range adatom correlations. For example, photoemission from
this surface shows a nearly one-dimensional band structure
near the Fermi level with a small electron pocket centered at
k=3/2mlag;.1®?8 Its diameter is consistent with a periodic ~ The advice of S.N. Coppersmith, D.L. Huber, and M.B.
instability at 4ag;. Webb and experimental help from J.-L. Lin, J.N. Crain, and
Correlations between surface atoms have a completely.L. McChesney are gratefully acknowledged. This work was
different relevance, too: The extra atoms ofl$1)5x2 Au  supported by the NSF under Grant Nos. DMR-9815416,
have been used to build a prototype memory that stores 1 bbMR-0079983, and DMR-0104300.
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