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Abstract: Nanostructuring of the surface caused by adsorption of molecules or atoms and
by the reaction of surface atoms with adsorbed speasiesviewed from achemistry
viewpoint. Selfassembly ofadsorbed species is markedly influenced by weak mutual
interactiors and the local strain of the surface induced by the adsoriemostructuring
taking place on the surface is well explainedts notion of ajuastmolecule provided by

the reaction okurface atoms with adsorbed spectesifassembly of quasnolecules by
weak internal bonding provides quasimpounds on a specific surfac¥arious
nanastructuring phenomena are discussg@y selfassembly of adsorbed molecules and
atoms (ii) selfassembly of quastompounds(iii) formationof nanecomposite surfaces

(iv) controlled growth of nanematerials on composite surfaceBlancstructuring
processs are not always controlled by energetic feasibility, that is, the formation of
nanecompositesurface and the growth of naparticles on surfaces are often controlled
by the kineticsThei dea of the fAkinetic controlled
nanematerials on surfase
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1. Introduction

It is known that theruncated crystal surface is strained through several layers, and the surface
prefers tcadopt dess strained structure. Therefore, the adsorption of atoms or molecules, the geaction
of surface atoms with adsorbed species, and the array of reactiorctgrade influenced by local
strain on the surfac&@he phenomena influenced by swcburface naturareunpredictableso that the
nature of the surface was figuratively expredsgthe sayindi God made thaébDevimade k arr
t he s urhefdevebenient of various surface sensitive tools has removed the veil of the capricious
nature of surface In particular, low energy electron diffraction (LEEBasenhanced our knowledge
about theordered structure of the surfaces. In 1964, Germer [1] whatéollowing sentence in his
reviewfit hi s reconstruction of surfaces by atdesor p-
most significant result that has been obtained up to this time from low energy electron diffraction
(LEED) sHoweder, wes abuld say that the process or mechanism of the restructuring of
surface at the atomic levas still speculative.

In 1983, scanning tunneling microscopy (STM) was presented by Binnig, Rohrer, Gerber, and
Weibel [23], which enabled us to inspect thelrsurfacewith atomic resolutionThe econstruction
process of a Ni(110) surface in k¢ a good exampleErtl et al. [4,5] showed a phase change of a
Ni(110) surface depending on the coverage of Hatl80°K, a p(2x 1) Ni(110)H atgy = 1.0 and a
p(1 x 2) Ni(110)H atgy = 1.5, by the LEEDHowever, Nielseret al. [6] showed a quite different
irreversible reconstruction of a Ni(110) surface by the adsorptiory at Fbom temperature by using
STM, that is, Ni atoms released from the terrace make o8 along the [1l O] direction.The
p(2 x 1)Ni(110}H surface reconstructed at room temperature is essentially different from the
formation of reversible p( 1)Ni(110)}H surface at temperatusdelow 180°K. One can now verify
the structureon theatamic scale by using STM, but the process still remains speculative, because it is
difficult to inspect transient atoms during restructurimgat is, we can detect only stabilized atoms
and completed structureSor example, it was so often explained aadkorbed H atoms react with Ni
atoms provided on the surface by thermodynamic equilibrafiprit[is the same for the growth of
(-Cw-0O-) chains on Cu(110) surface, thatnsigrating Cu and étoms are trapped at the terminal of
(-Cu-0O-) chains.Howeve, the rate ofgrowth of (-Cu-O-) on the surface is difficult to explain by Cu
atoms ejected by a thermodynamic equilibration.A new C 0 n c e pmolecubef A
(pseudemo | ecul e) 0 wa s [8®rtogxmam e¢he rapidnreledse arkl rapid migratdn
metal atoms over the terrace in the presence 0brCH,. We supposed the -form
mol ecul eso is the dr i visfrgntHesurface thdt ig, interenkdeate speciedN i
such as (NiH)*, (NiO)*, and (CuO)* are formed by tteaction of surface atoms with adsorbed H or O
atoms.Buissetet al. [10] reported mobile -Cu-O-) chains on the Cu(110) surface at ®7, which
suggestsa highly mobile species, which might be the mobility stfme composite speciefnaybe
(CuO)¥ of the (-Cu-O-) chain. The notion of a quastmolecule explainswell an interesting
transportation of Cu atoms from a STM- coated with Cu onto Ag(110) surface in the presence of
oxygen as will be discussed belowd]. The quasimolecule is a hypothetical inteediate species
provided by the reaction of surface atoms with adsorpbed spédigisould be pointed out that
quasimo| ecul es are stabilized on a speanpdundc Isyr f
selfassemblyThe pesence of (NiH)* andNiO)* species wasonfirmedby theresuls of competitive
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adsorption of @and H on Ni(110) given by Besenbachetral.[6,12]. As discusedin this paperthe

idea of quasmolecules and quascompound is quite valuable to understand various phenomena
taking place on the surfacA.typical example ighe sequential change of p(nx1)Ag(110)surface

(n = 7, 6,---, 2) depending on oxygen coverage on Ag(110), which is explainable by a
self-organization ofa (AgO)* quasimolecule over the surfaced4, but is difficult to explain by
ordered adsorption of oxygen aton#s.self-assembled array of quasbmpounds occurs by weak
interaction, which is different from the growth of stable compounds on the suKaceiscussed
below, the surface providestwo dimensional reactive space as wellaasvo dimensional periodic
space for selbssembly.Therefore, we can prepare new materials having controlled configurations
given by thermodynamics fsibility or kinetic preference.

2. SelfAssemblyof Adsorbed Moleales and Atoms

An anisotropic or isotropic crystalline structure influences not only on the array of surface atoms
but al so the array of adsorbed atoms and mol
Au(111) surface is quite unique, because shisace is formed by anisotropic shortening of theAAu
distance alonghe [1-1 O] direction by ca. 4%, as shown inFigure 1. A selfassembled array of
alkanes or alcohols reflects the attractive or the repulsive weak interaction on the anisotfaec sur

Figure 1. A model of the reconstructed Au(111) surface. About 4.2% of anisotropic
shortening of the AWAu distance occurs along the 110] direction.

Uosaki et al. [15] reported a two dimensional crystalline molecubade by selfassembly of
alkenes by using scanning tunneling microscopy (STBystematic studies were carried out by
Xie et al.[16,17], thatclarified the crystallizing mechanism by the anisotropic interactiomalkane
molecules (GHzn+2) 0On a reconstructed Au(111) surfadesimilar phenomenorwas also shown in
aqueous solution by Het al.[18]. Although Marchenkeet al.[19,20] proposed an endn adsorption
model ofparaffins (carbon number = 16) on a Au(111) surface, it wasidentlycontradicted by a
co-adsorption oh-C;7Hss and GgH74 [16] and a systematic experimenith n-CyHan.2 (n = 14 38) [17]
proved the sid®n adsorption of alkanes on reconstedl Au(111) surface About 4.26 anisotropic
lattice shortening occurs along theJ D] direction, which results in ke distancsof 0.50 nm along



Materials201Q 3 4521

the [ 1-1 2] direction and 0.48 nm along the2[1 1] or [22 1] direction. No adsorption of small
molecules is observed on a reconstructed hetvorge Au(111) surface, buathera well ordered
self-assembled adsorption layer is formed by attractive inierae@mong the longr-alkane chains.
This reconstructed Au(111) surface has a lattice distance of 0.48 nm toward thel| direction,
which is very close to the molecuteolecule distance of crystallimeCseH74. Therefore, the mutual
attractive intera@bn of n-alkane molecules on the herribgne Au(111) surface is optimized by
aligning along the [0-1] direction, and the array ofC,sHs, andn-C,gHsg molecules occurs as shown
in Figures 2(a) and (b) [8].

Figure 2. Two dimensional crystallization @fCysHs, andn-CygHsg by selfassembly on a
reconstructed Au(111) surfacBhe domairboundary is perpendicular in the array of an odd
carbon alkanentC,sHs,), whereas iis ca. 120 with respect to the molecular axis in the
array of an even carbon alla-CzsHsg) by sliding the molecules along the axi§,[II7].
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The contacting part of the alkane chains is maximized when the domain boundary becomes
perpendicular to the molecular axis. In this case, however, the repulsive interaction of &@tibal
groups will be at a maximum. However, the repulsive interactiorCéf; groups will be different
when alkane molecules have odd or even numbers of carbon atoms because of their zigzag structure
as illustrated in Figure 3(a). In fact, the angle of the mddecxis to domain boundary depends on
both the chain length and the number of odd or even carbon atoms, that is, the rivalry in the attractive
interaction of molecular chains and the repulsive interactions of the terminal methyl groups.

Systematic experients by Xieet al. [16,17] showed that the domain boundary becomes right
angled to the alkane molecules when the carbon number isng@i@Hs, and n-Cs3Hes [17]). On the
other hand, in the case @®{C,gHsg, the domain boundary lies at about 120 (or 6@)ekes with respect to
the alkane molecules by a parallel sliding of the alkane molecules in their array, as shown in Figure 2(b).

The dbomain boundary prefers to be perpendicular to the molecular axis when the alkane molecule is
larger than 28 carben(n > 28), even if the carbon number is even/]lthat is, the attractive
interaction exceeds the repulsion of th@&Hs groups. However, coadsorption of an even number
alkane (-Cs¢Hvz4) and a short odd number alkamed;;Hsg) on the reconstructed Au(111l) sacé
makes an interesting eutectic phaase shown in Figure 3 1. The eutectic nanorystal phase is
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composed oh-C;7H36 andn-CzgH74 having their molecular &s tilted to the domain boundary, that is,
the repulsive interaction e€Hjs is influential inthe eutectic nanorystal phase.

Figure 3. Two dimensional eutectic narwystal phase ofi-Cy7H3zs andn-CzgH74 (70:30)
on a reconstructed Au(111) surface formed in a saturated solutie@H74 in N-Ci7Hz6
[13]; (a) Models of the array of odd and ewvecarbon alkanes by forming either
perpendicular or tilted domain boundary to the molecular, &)sA model of an eutectic
phase of two alkanes with twice different chain length.
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When a molecule adsorbs weakly on a surface, the surface wolhlpeslightly strained by the
adsorption, so that the mutual interactioetweenadsorbed molecules more effectivehfluences
thar selfassembly.On the other hand, when adsorbed atoms or molecules have strong adsorption
bonds with the surface atoms, the suréalattice will be strainedn this case, the surfa@elopts dess
strained and lower total energy structure. Accordingly, when the lattice distortion exceeds a critical
level, the surface undergoes reconstruction by changing the array of atoms octing ejarface
atoms. If the strain induced by the adsorption is increasedimearly asthe adsorption increasebe
adsorption prefers to make small domains. Hadsorption of oxygen on &u(100) surface is a
good example.

Lee and Farnsworth2]l] obse ved f i r st asnp ol u sLuEaEID fpfacturer n
coverage on a Cu(100) surfacmusediy the adsorption of which was not the expected {22)-O
structure. On the other hand, formation of 8(2)-O structure on a Cu(100) surface was regubiiy
Sotto 2] at low temperature (22350 K ), and the formatiorof a ( 2 & A 2 ) Rreddnstructed
surface atnoxygen coverage of 0.5 was reported by many investigat8y24]2and its structure was
well solved. However, the question of thdransfer of the fouspot Cu(1000 surface to the
( 2 &4 2 ) R@ surface byncreasing oxygen coverage was unsoliggcalmost 30 years although
it was studied using various new tools such as high resolution electron energy loss spectroscopy
(HREELS) [5,26, X-ray diffraction (XRD) [Z], and scanning tunneling microscopy (STMB,].
Formation of disordered phases and disordered growth of one dimengtar@t) chains on the Cu(100)
surface was speculated 8]2 The results of surfaeextended xay absorption fine structure
(SEXAFS) B0,31], high-resolution electron energgss spectroscopy (HREELS) 326, and X-ray
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photoemission spectroscop§2] suggested a local disordered adsorption of oxygen or the adsorption
of oxygen atoms on different sites.

The origin of the fouspot Cu(100)0 surface and its transformation to tHe § 2 42 ) R4 5
structure were finally clarified by oun-situ STM studies 33,34]. The STM images of the Cu(100)
surfaces with different oxygen coverage are showfigare4. The dark dents observed in the images
(a) and (b) are the oxygen atoms adsordrethe fourfold hollow sites in a small ¢( 2) domains as
illustratedwith marksin Figure4(a). Thesurface inmage (b)showsthe fourspot LEED pattern, and
the bright zigzag lines of image (b) are the phase boundaries of the(2an@)-O domains.

Figure 4. STM images of the Cu(100) surface with different oxygen coveraje&;léan

Cu(100) (b) Four spots surface at 0.81L oxygen coverage (exposed to for ca. 8 L

(107 Torr x 80 s) attained at ca. 430 ), and €) ( 2 &2 2 ) Rsuace at ca. 0.5 ML

coverage, and their model structur€rat om mi ssi ng dixtAch KA 50f t
surface can change the orientation of a ditch from the [001] to [010] or vice versa by
shifting Cu atoms to an equivalent neighboesiB3,34].

0 ML 0.31 ML 0.5 ML
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<>
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As shown in Figure5(a) and (b), domain boundaries move with time at room temperature, which
proves migration of oxygen atoms from a nano c(2 »O2domain to an adjacent c(2 x-B)
nanadomain. It should be emphasized thaatdms move Wbt the c(2 x 2)-O nanedomain does not
increasedn size, that is, the surface covered with naf® x 2)-O domains is a stable state. From this
dynamic behavior of the adsorbedafdms on the surface, the origin of the fgpot is the two
out-phase nana(2 x2)-O domains array regulated by local strain on the Cu(100) surface, which may
increase notinearly with the size of ¢(2 x2D domain. Therefore, @toms migrate to keep the total
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energylower, which is the origin of fluctuation of the domain boands with time. When oxygen
coverage is increased, the ¢(2 xQ)domains should be in larger size, and a c(2-®2Jomain grows
in a critical size lower the strain by mining @toms along the [001] or [010] directions, which is the
mechanism of the fanat i on of (° Z&ID0OYO stréctary &4siBown in Figure 5(c). When

the coverage reaches 0.5 ML, the Cu(100)° sur:
structure as shown in Figure 4(8Bi{36] . The ( 2°5CR(100)0 &uFFgceRigt compmed of the
two domains according to the missing direction ofaCu 0 ms and the °tomans ( 2a:

undergo rapid internal conversion by moving the Cu atoms from one site to an adjacent site within the Cu
atoms missed ditches along [010] or [001¢diion as illustrated by dotted circles in Figure 4.

Figure 5. (a) STM image of a Cu(100) surface with 0.3 ML oxygen coverage, [@nihe¢

STM image of the same area after few minutes at room tempergéh#rdine drown in the

image indicates the domain unadaries moved with timgc) When a c(2x 2)-O domain
exceeds a critical si ze, the surkazpepR45 71 el
structure is establishe@4].

It is evident that adsorbed-@oms are mobile othe four spots Cu(100D surface. Therefore, if
Cu atoms deposit on aur spots Cu(106p surface, the adsorbeddms play ssurfactantrole for
the growth otthedeposited Cu layer. As shown in Figure 6(a), rectanlyutdnape islands are formed
by a surfactant growth of Cu layer, that isa@ms make the growth of isids in a strain released
(242 1 c°&tudtureRIA Bontrast, when 4dtoms were deposited on a four spots Cu(mDO)
surface, growth of shapeless one atomic height Ni islands takes place as shown in Figure 6(b), where
oxygen atoms on the four spots Cu(100) surface move ontdi tager surface by forming c(2 x2p
Ni (100) . However, t he Ni a t° Cul®0)Ql sunfacesgrow endhan@ n ¢
Ni-wires along the Cu missed trenchas shown in Figure 6 (c)4836].
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Figure 6. Surfactant growth of one atomic heigt&) Cu layer and k) Ni layer on a
nanoc(2 x 2)-O Cu(100) surfacef34,36]. The islands have rectangular shape ofl@er
with  Cu(100}( 2 8822 ) R 5Sstruicture and  nowriented  Nilayer  with
Ni(100)-c(2 % 2)-O structure on a nang(2 x 2)-O Cu(100) sudce (c) Deposited Ni on on
a Cu(100)}( 2 &2 2 ) FXasbirface grows in naneidth Ni-wires along the Cu atom
missed ditches.

4000x1000 A”

3. SeltAssemblyof QuastCompounds

Adsorptioninduced restructurindgnas beernwidely studied on various single crystal surfatgs
using various methods, but thlestructuringprocess is still not cleatmportant worksproviding
insight into the restructuring processrepresented by Ergt al.[4,5] on an adsorption of oxygen on
a Cu(110) surface, and by Besenbaadtierl. [37] on a ceadsorption of Hand Q on a Ni(110)
surface. They showed release of surface metal atoms and their rearrangement with adsorbed O or |
atoms over the terrace in the presence pOH,, and p(2x 1)Cu(110)O, p(3 x 1)Ni(110), and
p(2 x 1)Ni(110)O surfaces are formed by trapping Cu or Ni atoms aratods at the terminal of
(-Cu-O-) and €Ni-O-) chains. To explain the growth ofQu-O-) or (-Ni-O-) chains, it is often
explained as if migrating metal atom react wittatorns at the terminal of-Cu-O-) or (-Ni-O-) chains
or on the terrace/[8]. This explanation may be sound. The driving force for the release of metal atoms
is a chemical reaction forming quamblecules such as (CuO)* and (NiO)*. Quasblecules are
stabilized by forming quasiompounds of (-Cu-O-) and ¢Ni-O-) strings by weak internal bonding on
the surface and the salfsembly of the quasompounds forms p(2 1)Cu(110)O, p(3x 1)Ni(110)
and p(2x 1)Ni(110)O surfaces. This process is essentially different from the formatiof2 of 2)-O
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structure by adsorbed-&oms on Ni(100) and the formation of nag(@ x 2)-O domains on the
Cu(100) surface and the formation ofi(2x & 2 ) Rgtracture of Cu(100D surface by missing
Cu atoms.

The idea of the formation of quasdmpound or pseudemolecules was first proposed by
Tanaka 7,10 to explain the growth and array ofN§-O-) and ¢Cu-O-) on Ni(110) and Cu(110)
surfacesand especiallyhe (n x 1) array of {Ag-O-) strings on Ag(110) surface. Now we have ample
evidence for theexistence ofguasicompounds, and we could design various new materialfien t
surfaceusingthis concept [8,39].

It was well known that the LHE pattern of Ag(110) surface exposed tp dbanged sequentially
from p(7x 1) to p(2x 1) according to the oxygen coverage. This LEED pattern change was explained
by the array of @toms on the Ag(110) surfacé(. However, the STM study proved it was ré
ordered adsorption of O atoms but the growth in tAg-O-) strings along the [001] directioVhen
the oxygen coverage was low, thattsalow concentration of-Ag-O-) chains, the-Ag-O-) strings
are difficult to keepn a straight line, but athe (Ag-O-) stringsincreasethey undergo sefissembly
in the (nx 1) periodicity on the Ag(110) surfac®,10,11,13]. Fluctuation of {Ag-O-) strings suggest
their weak internal bondingAs the population of the-Ag-O-) strings on the terradacreags they
form anordered array in (nx1) structures and the valu@nofdecreases sequentially from 7 to 2 as the
population of {Ag-O-) stringsincreasesIn contrast to the-Ag-O-) on Ag(110) surface, when a
Cu(110) surface is exposed to,, Ghe (CuO)* quastmolecules grow in a quasbmpound of
(-Cu-0O-) strings along the [001] direction, and the attractive interaction of 4Be-@-) strings
undergoes formation of the 1) array on the Cu(110) surfadsccordingly, (Cu-O-) strings make
(2 x 1) islands on the Cu(110) surface, wherea&d-O-) strings disperse in (nx1) structures as shown
in Figure 7 11,1314. The (5x 1) domain of the -Ag-O-) strings in this figure is composed of
(2 x 1) + (3 x 1) phase, which d a higher density than that dfet (4 x 1) and (3% 1) phases.
Dispersion of {Ag-O-) strings in the [11 0] direction by making (x 1) may be caused by the lattice
strain induced by the arrangement of th&gfO-) strings, which is similar to the strain induced by a
large c(2x 2)-O damain on Cu(100) surfacéAnother remarkable feature is the fluctuation of a
(-Ag-0O-) string along the antiphase domain boundary of the I3 phaseAs shown in a model, two
energetic degenerate sites appear in the phase boundariesavehesponsibldor the fluctuation of
a (Ag-O-) string along the boundaryhis phenomenon also suggests weak internal bonding of the
(-Ag-O-) chain, but it camaintaina straight line in selassembled ordered phase dormsain
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Figure 7. Self-assembly of{Ag-O-) strings on a Ag(110) susrface make (n x 1) structure.

A (-Ag-O-) chain along the phase bounday of the (3 x 1) domains undergoes fluctuation
between the two energetically equivalent sites, which indicates weak internal bonding of
(-Ag-O-) strings #1].
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The idea of quastompounds suggests the possibility for new materials on specific surfaces
[341 36,38,39]. In this respect, Besenbachet al. [12] found an interesting phenomenam the
competitive growth of-Ni-O-) and ¢Ni-H-) on a Ni(110) surfacegn which (3x 1) (-Ni-O-) strings
was compressed to 1) array by the adsorption of;Ht room temperatur@s shown in Figure 8.
This phenomenon is difficult to explain by the traditional idea of the adsorption of O and H
(adsorption of O is far stronger tinghat of H), but is well explained by the competitive adsorption of
guastmolecules of (NiH)* and (ND)* and the growth (NH)* in the (-Ni-H-) strings, which is a
driving force to compress the 31) (-Ni-O-) strings to the (% 1) arrangement.

Figure 8. STM image indicating compression of X31) (-Ni-O-) phase by the adsorption
of H, on the Ni(110) surface at room temperatu@ A p(3 x 1) Ni(110)O phase
(0o = 0.31mL) on a Ni(110)0; (b) The (3% 1) (-Ni-O-) phase is compressed to X21)
(-Ni-O-) phase by the growth ofNi-H-) strings along the [001] directiot].
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It is noteworthythat the oxygemdsorbedn the Cu(100) surfacactsas a surfactant in the growth
of monaatomic layes of Cu or Ni as shown in Figure 6, but the growth e€¢O-) chain on
Cu(110), ¢Ni-O-) chain on Ni(110), and Ag-O-) chain on the Ag(110) surface are evidently
different from the surfactant growth of metal layers on the 1@ 2)-O Cu(100) surfacelhe idea
of quasicompounds is quite valuable toicatalize various phenomena taking place on the surface.
Growth of ¢Cu-O-) strings on a Ag(110) surface is a typical examyben Cu atorsdeposit on a
Ag(110) fully covered by-Ag-O-) strings in the ( 1), the LEED pattern changes from p(2) to
(2 x 2)-p2mg. The STM image proves a dramatic construction of the surface by deposited Cu atoms
as shown in Figuse9(a) to (d). That is, the reaction of Cu atoms witAg-O-) strings createsCu-O-)
strings along th¢l-1 0] direction on the terrace (gnd (ii), and on a newly formed terrace (iii) by
released Ag atoms 2444]. This result suggests the formation (@uO)* quasimolecules by the
reaction of(-Ag-O-) strings with Cu atoms, an€¢O)* growthin (-Cu-O-) strings.It is notevorthy
that the edgs of the terrace (i), (ii) and (iii) run straight along the [001] [@ndl O] directions, which
suggests the setfssembly of the-Cu-O-) strings provided by the reaction of thé\d-O-) with
Cu atoms.

While the ¢Cu-O-) chain runs straight on Cu(11Q)réace along the [001] direction, theC(+O-)
strings grown on the Ag(110) surfabavea zigzag structure as shown by a high resolution STM
image. The LEED pattern of (2 2)-p2 mg is well explained by the iphase zigzag structure when
they are arrangeit (1 x 2) as shown in Figure 9(c). However, the zigzag structure is difficult to keep
in-phase when the-Qu-O-) strings are arranged in the ¥13) structure. This is an orddisorder
change caused @weak mutual interaction B5].

We can expectew properties of the Cu-O-) strings formed on the Ag(110) surface. As a matter
fact, the {Cu-O-) strings formed on Ag(110) readily decompose at low temperatures such as ca. 500 K,
and uniformsized square shape dots are formed, as shown in Fig(ag Which is a remarkable
contrast to the stability of theQu-O-) chains on Cu(110). An interesting feature observed on the
decomposition of the (1 x 3)-Cu-O-) strings on the Ag(110) surface is that the decomposition
proceedgreferentially along a doain boundary in the (1 x 3) phase, which has a four lattice spacing.
The decomposition of aGu-O-) string produces uniforreized square shape dots in a 7 lattice spacing
(3 + 4)along the [11 O] direction. The decomposition ofJu-O-) strings was copiete in about 5 min
at 570 K, which gave an ordered arrangement of unifaiged square shape @ots on the Ag(110)
surface, as shown in Figure 10(b). Inset images in Figure 10(b) show the fine structure of the square
shaped dots seen by the STM, wisciggests the (Gl structure ( a fragmentary €is also seen).

When the (Cg)s dots on a Ag(110) surface are exposed 10(@u-O-) strings sprout from a corner
of the square (G)s dots as shown in Figure 10(c). The decomposition of-the-Q-) strings to (Cuy)s
dots and the regeneration e€(+O-) strings from the (Ci); dots are schematically shown in Figure
10(d), which explains well the preferential decomposition eCarQO-) string in the (Cg)s dots along
the phase boundary with a seven latipace. That is, the (@y dots stay in a six lattice spacing when
they are formed by the decomposition of-@UO-) string inside the (1 x 3) phase. The udot
formed in the seven lattice space takes an equal distance fror€th®-] strings of eah side, but the
(Cw)s dot formed in the six lattice space takes different distances fromQueOt) strings of each
side. This result is an interesting piece of evidence showing that different reaction spaces give different
reactivity, that is, the resion spacing is responsible for the preferential decompositiorCof@-)



Materials201Q 3 452¢

strings along the phase boundary of the (1 x 3) domains. It might be a similar effect observed in
Figure 2, where the mutual distance of {8&1; groups in the domain boundariedgluences the array
of molecules.

Figure 9. (a) A Ag(110) surface covered with the (2 x 2AQ-O-) strings (b) Depositing

Cu atoms on a (2 x 1)-Ag-O-) Ag(110) surface,-Cu-O-) strings are formed by the
reaction with {Ag-O-) strings, Cu +{Ag-O-) Y A-Gu-O49, arid the {Cu-O-) strings
grow by making a (1 x2) structure. Released Ag atoms make a new t@ifacehich is

also covered with-Cu-O-) strings (¢) A high resolution STM image proves zgg
structure of the -Cu-O-) strings on the Ag(100) surface, which is expressed by the
(2 x2)2 mq [43,45]; (d) lllustration of the reaction of theAg-O-) strings with Cu atoms.
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Another interestingexampleis the reaction of-Ag-O-) strings with CO,. When (3% 1) (-Ag-O-)
Ag(110) surface is exposed to @ Ag-O-) reacts with CQandforms\ Ag-CO; dots, and the dots
compresse the (8 1) (-Ag-O-) phaseto (2 x 1)(-Ag-O-) phaseas shown in Figre 11(a), that is, a
reaction of {Ag-O-) + CO, Y  AQO; compresses the arramgentof (-Ag-O-) [46]. Interestingly,
when Cu atoms deposit on the composite surface of 12 (-Ag-O-) strings and AgCe@dots, Cu
atans reactselectively with the remaining (-Ag-O-) strings and Cu-O-) strings grow along the
[1-1 O] direction. As (-Cu-O-) strings grow in perpendicular to theA¢-O-) strings, the {Cu-0O-)
strings make the AgC{Xotsredistributeon the surface as shawn Figure 11(b). When this newly
formed composite surface ofQu-O-) strings and AgCO; dots was scanned by a-iip contaminated
with Cuatoms, AgCO; dots reaatd with the Cu atoms from the Wp but (Cu-O-) strings do not
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react. The dserved curiousselective reaction of Cu atom with quasimpounds is described
as follows

1) (83x1)(-Ag-O-)+ CO(g) Y (2x 1)(-Ag-O-) + AgCOs

2) 2x1)(-Ag-O-) + G@UOY+Ag

3) AQCOs;+ CuMEt i p(-C¥O-) + Ag+ CO,

whereunderline indicates the compouals formed on the Ag(110) surface.

Figure 10. (a) The (1 x 3) (-CuO-) strings arrayed on a Ag(110) surface undergo
decomposition along the phase boundary hawegenlattice spacing at 570K, and
(Cw)s dots are formed43]; (b) An ordered array of (Gl dots formed by complete
decomposition of -Cu-O-) strings on a Ag(110) surface. A high resolution inset STM
image suggests a structure of fflguand a lone Cuis also seen(c) Reverse change of
(Cuwy)3 dots to {Cu-O-) strings occurs by exposing te @& room temperaturéd) A model
suggesting preferential decomposition ofC§O-) strings to (Cp)s along the
phase boundary.

It is clear that deposited Cu atoms react witkg(O-) butareinactive to AGCOs dots. In contrast,
Cu atoms provided frorthe Wip react selectively with AGCO; dots as shown in Figusdl1(c) and
(d) [9]. Different selectivity between the deposited Cu atoms and the Cu @awisied from the
W-tip might be due to the local potential given by the STM tip. Different reactnfi Cu atoms is
illustrated in the following reaction scheme.
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Scheme 1Reaction scheme of quastmpounds Reaction Cu atoms withrAg-O-) and
Ag-CO; on Ag(110) is quite different by the deposition way of Cu atoms. Cu atoms
deposited by vaporizationaet selectively with-Ag-O-) strings but Cu atoms transferred
from a CuW-tip reacts selectively with AgC{but not with {Ag-O-).

Deposited Cu-atom wW

(o) CO
O '/(:u from W-tip
{CuOy* l
068 o)

OoCee «—O» OOL. 070 )
{Cu-04) (-AgO-} (AgCOs) (-Cu-0-)

Figure 11. Selective reaction of-Ag-O-) strings on the Ag(110) surfgcéa) When a

(3 x1) (-Ag-O-) Ag(110) is exposetb CO,, the (3 x1)fAg-O-) phase is compressed to a
(2 x1) phase by forming AgO; dots (b) Cu atoms deposited on a composite Ag(110)
surface of {Ag-O-) strings and AgCOs; dots undergo selective reaction with thag-O-)
strings to form {Cu-O-); (c) By scanning a composite Ag(110) surface by a Gtip/vthe

Cu atoms transferred from the-iip react selectively with AgC£ots to form {Cu-O-)
strings. The first sweep of the surface by a Gaifwshows in (c) and after the ten times
sweep in ca. 2 miis shown in ¢) [38,46,9].

4. Formation of Nano-Composite Surfaces

Patterning by the sedssembly of adsorbed atoms, molecules, and -@oagpounds has been
discussed above. As discussed in this section, stable compounds formed on the surfacghgive an
type of patterning.

The methanatiomeaction, CO + 3 HY C;H Hy0, is catalyzed by Ni catalystThe catalytic
activity of Ni is known to be structure insensitive, that is, the turnover frequency of the formation of



