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Transition from three-dimensional to two-dimensional faceting of Ag110) induced
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At submonolayer coverages Cu-phthalocyani@aPg induces faceting of misoriented A4LO) into three
coexisting orientational phases. CuPc-decorated kinks precipitate into an azimuthally rotated facet, while the
interaction of CuPc with the remaining kink-depleted steps causes step bunching in a polar transition. Local
deviations from the CuPc-induced equilibrium surface morphology are caused by kinetic constraints attributed
to the dominating interaction with kinks. At monolayer coverage a rigid molecular superstructure prevents
large scale mass transport and allows only for microfacefi®§163-182807)02803-§

The thermodynamic stability of vicinal surfaces, i.e., sur-the submonolayer coverage regime, Cu-phthalocyanine
faces with a slight misorientation with respect to a low-index(CuP9 induces faceting of slightly misoriented AdLO) into
facet is governed by the free energy of the respective lowthree coexisting orientational phases. A scanning tunneling
index facet, the step creation energy, and the free energy dficroscopy(STM) analysis reveals the strong interaction of
step-step interaction. Any change of thermodynamic varithe CuPc molecules with substrate steps as the driving force.
ables such as temperature or the chemical potential of ahhe molecule-step interaction is on one hand sufficient to
adsorbate which alters the relative contributions of these eriitabilize new facets. Yet it is weak enough to allow for the
ergetic terms may result in orientational instability of a vici- MaSS transport on a mesoscopic scale necessary for phase
nal surface. As a consequence faceting, i.e., the breakup ggParation in large parts of the surface. Local probing by
the surface into a “hill and valley” structure composed of TM nevertheless uncovers the signature of nonequilibrium

facets with different orientation can occuithe thermody- 25 @ result of the dominating molecule-kink interaction,
which lets the phase transition partially come to a dead end

tr;arrrlt\:lvc:]ies;rrl]pt\llonbof Lacetr:?gve(rjnp)k(las:izris r?tqlljlm?r:lurqll Co?d\',\'}n 2D step faceting. Deposition of a full monolayer yields a
cgsZs e(g:; tf?e?heerfnaﬁfacgtiﬁg gf ﬁﬁsorgngﬂb Svﬁéia ®Wrastically different surface morphology. The formation of a

lrcm | ' " rigid molecular superstructure on tl{@¢10) faces prevents
nals close to F100) (Ref. 3 or P{111) (Ref. 4 and the 9! u up uctu @10 prev

) . s 5 large scale mass transport between terraces and only relax-
oxygen-induced faceting of vicinal A§10.> In all of these  4iion of the steps to a more favorable orientation along mo-
cases orientational instability arises from structural changegcylar rows present on th@10 terraces occurs.

on the respective low-index facets. The formation of the The experiments were performed in ultrahigh vacuum
(7X7) reconstruction of $111) and the surface reconstruc- with a custom-built low-temperature STMSamples were
tion by in-plane contraction of Pt00) and Pt111) drives the  prepared by thermal evaporation of CuPc onto the clean
faceting of nearby vicinals; the growth of oxygen rows onAg(110 substratgmisorientation<<0.5°) at room tempera-
(110 terraces induces orientational phase separation on migare (RT) and subsequent annealing=at500 K for 20 min.
oriented Ag110. The coverage® was determined by STM at 50 K. 1 ML is
Orientational instability can arise from preferential ad-defined here as one molecule per 15.8 substrate surface at-
sorption of an impurity on certain facets. However, for manyoms, corresponding to a dense molecular superstructure.
adsorption systems it appears questionable whether the equi- Figure Xa) displays a representative STM image of the
librium theory can be applied. Three-dimensio(@D) face-  clean Ad110 surface at 300 K. The curved steps are irregu-
ting to a “hill and valley” surface structure requires signifi- larly spaced and appear raggéahfter adsorption of 0.6 ML
cant mass transport and, therefore, is often kineticallfcuPC and annealing a drastic change in the morphology of
hindered. At present, there is only limited knowledge abouth€ surface occurigig. 1(b)]. Extended areas are comprised
the mechanism, how kinetic phenomena determine chang®¥ (110 terraces which are separated by bunches of regularly
in surface morphology on an atomic scalit.has been ar- spaced steps alor{d 10]. These bunches are thus depleted
gued that adsorbate-induced structures may frequently repréf kinks and can be described an(21, 2n+1, 1) vicinals,
sent metastable states rather than true equilibriunwith n=3 at®=0.6 ML. No molecules are resolved in these
configurationd. Considerably less mass transport is in-areas at RT. Deposition of a full monolayer CuPc results in a
volved, e.g., in adsorbate-induced two-dimensiq@al) step ~ strikingly different step arrangemefFig. 1(c)]. The step
faceting (microfaceting, where certain step orientations are orientations and spacings match the adsorbate-induced struc-
stabilized without major mass transfer between terrdfes. ture on the(110 facet via preferential alignment along mo-
Here we report the observation of a transition betweerecular rows parallel tg111] and no (h+1, 2n+1, 1)
equilibrium faceting and an irreversible change of surfacevicinals are found.
morphology upon chemisorption. We demonstrate how the The step configuration @ <1 ML cannot be deduced
very same interaction mechanism that stabilizes new facetfsom the molecular arrangement observed on (thE)) ter-
can inhibit mass transport and prevent phase separation. haces at monolayer coverage. In the following, submonolayer
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FIG. 1. (a) Clean Ad110 surface at 300 K(b) 3D faceted surface after deposition of 0.6 ML CuB60 K). (c) 2D step faceting after
deposition of 1 ML CuP¢300 K).

faceting will be analyzed in more detail, focusing on two The average step spacing within the step bunche® at
questions which arise from Fig.(). First, where are the =0.3 ML (=23 A) is wider than for the vicinal areas ob-
CuPc molecules and second, where are the kinks which wetgined at 0.6 ML[ ~16 A in Fig. 1(b)]. Within bunches the
expelled from these areas? density of molecules is larger than on neaifiyl0) facets

At 0.3 ML CuPc[Fig. 2a)] the steps are mainly parallel [0.38 ML on the(11, 11, 2 vicinal compared to 0.28 ML in
to [110] over large surface areas and their raggedness asig. 2(b)], which is consistent with the proposed increased
well as mobility is decreased compared to the clean surfacénteraction with steps. Although the molecules along the step
On the (110 terraces no molecules are resolved at 300 Kedges have the same orientation relative to the substrate as
However, below these steps a faint row with a width corre-found on the(110) terraces, the narrow step spacing on the
sponding to the size of CuPc moleculék3.7 A van der (11, 11, 1 vicinal prevents the ordering in molecular chains
Waals radiu$)) can be discernefinset Fig. 2a)]. This sug-  with the same geometry as on the open terraces; rather, a less
gests that at submonolayer coverages weakly bound CuPc é@mpact arrangement along the steps is established. This in-
mobile on the(110) terraces at RT. An increased interaction dicates that a loss in intermolecular interaction energy is
with the steps parallel t§110] allows for detection with overcompensated by the adsorption energy at ledge sites.
STM.!?2 STM at cryogenic temperatures, where the mobility CuPc molecules attached to occasionally appearing kinks
of the molecules is decreased, confirms this interpretatiorwithin the (2n+1, 2n+ 1, 1) vicinals result in bright protru-
For the same coverage as in Figa)2molecules are resolved sions[arrows in Fig. Zc)], possibly due to a bending of the
on the (110 terraces at 50 KFig. 2(b)]. Two adsorption molecules across the step edge.
geometries of the individual molecules yield two different  Figure 3 provides the solution to the question on the lo-
orientations of molecular chains, rotated35° with respect cation of the kinks. The extended kink-depleted areas are
to [110]. These chains constitute the main structural elecomplemented by arrangements of steps with regularly
ments of the ordered structure formed at monolayer coveraggpaced bright protrusions on their upper side and a chain of
[Fig. 1(c)]. Adjacent to thg110) terraceq11, 11, 3 vicinals  molecules on the lowefiFig. 3@)]. From the 19° inclination
are found from which Fig. @) reproduces a small section. of these steps away frofl10] and a 12.3 A spacing be-

FIG. 2. (a) Step configuration at 0.3 ML CuPc coverage at 300 K. Inset: area marked by an arrow reproduced with increased contrast. In
(b) and(c) different areas of the same surface are imaged at 5®KCuPc on thg110) terraces. Arrows mark individual molecules with
different orientation and relate them to the respective CuPc ch@n€&uPc on a(11, 11, 1 facet. Arrows mark molecules adsorbed at
occasionally appearing kinks.



1386 BRIEF REPORTS 55

with steps parallel t§110] undergo a further, polar transi-
tion to step bunches separated by lat@&0 terraces. The
energy scale of step bunching is set by the step-step interac-
tion energy. On clean AG10) the interaction between steps

is predominantly repulsiv&® step wandering creates con-
figurational entropy which is larger for equally spaced steps
than for step bunches. The above azimuthal transition re-
moves kinks which exist on the surface due to the azimuthal
miscut. A strong interaction of CuPc with the remaining
straight steps renders thermal excitation of kinks difficult. As
a consequence, step propagation is diminished and the en-
tropic repulsion between steps is decreased. The preferential
adsorption of CuPc at ledge sites furthermore reduces the
free energy per surface area more rapidly for facets with high
step density. In combination with the decreased step repul-
sion this stabilizes step bunches.

The above interpretation of the CuPc-induced faceting of
Ag(110 at submonolayer coverages in terms of a qualitative
thermodynamic model can be further justified. The high mo-
bility of steps on clean A@10 even at 300 K allows the
equilibrium surface morphology of the clean substrate to be
attained® Therefore, the possibility that faceting results from
adsorbate promoted surface diffusidbwhich allows a meta-
stable surface to relax to its equilibrium state can be ex-
cluded. A discontinuous change of the CuPc coverage be-
tween the different coexisting phases manifests the active
role of CuPc in stabilizing the newly appearing facets. Note-
worthy, the(771) is the (n+1, 2n+1, 1) vicinal with the
smallest step spacing stabilized by CuPc. On this facet the

FIG. 3. (@ 1D arrangement of CuPc-decorated kinks in stepsterrace width(14.3 A) matches well to the van der Waals
parallel to[221] (0.5 ML CuPc, 300 K (b) 2D arrangement of radius of CuPd13.7 A).

CuPc-decorated kinks in@3, 24, 2 facet(0.8 ML CuPc, 300 K. Nevertheless, there exist distinct deviations from the pre-
dictions of equilibrium thermodynamics. No clear threshold
tween the bright features a model is derived where CuPdn the CuPc coverage for the onset of faceting can be dis-
decorated kinks are located every forth atom along the stegerned and phase separation is not complete. The departure
edge, corresponding to steps paralle|2@1]. At 300 K this from equilibrium arises_from the stron_g interaction between
structure is found to be more stable in repeated scans thdauPc molecules and kinks. The stability of CuPc-decorated
steps on the clean surface. At higher coverages regular 26teps parallel tqg221] [Fig. 3@] renders the crossing of
arrangements of CuPc-decorated kinkg28, 24, 3 facets = Symmetry-equivalent steps with different orientatigaral-
exist, again with the 19° rotation of rows and the 12.3 Alel to[221] or[221]) difficult and immobilizes them in the
distance between corrugation maxifitdg. 3(b)]. From im-  triangular features visible in Fig(d. Kinetic hindrance thus
ages not shown here we infer a CuPc configuration on thenakes the transition partly come to a dead end in 2D step
(23, 24, 2 faces identical to the one in the microfacets offaceting. This interpretation gains further support from the
Fig. 3a). observation that exclusively 2D step faceting occurs when

These STM results are consistent with the following hier-submonolayer coverages are deposited at 300 K without sub-
archy of interaction strengths between CuPc and Ag subsequent annealing at 500 K. Another example of incomplete
strate. CuPc attached to kinks constitute the most stable cophase separation is shown in Fig(b} where CuPc-
figuration, followed by CuPc at ledge sites and finally decorated kinkgarrows are trapped within &772) vicinal.
molecules on the barél10) surface. Accordingly, distinct These observations indicate that 3D faceting would be inhib-
differences in the adsorption of CuPc are expected for facetsed completely if the molecule-kink interaction strength
with different densities of kinks and ledge sites. Preferentialvere slightly larger. Thus the same type of interaction that
adsorption of CuPc changes the orientational dependence ofi one hand stabilizes newly appearing facets can on the
the surface free enerdy and causes an instability of the other hand prevent the surface to relax to its equilibrium
initial irregularly stepped surface. For simplicity, the ob- shape. In fact, after adsorption of benzoic acid or(1@0)
served faceting will be discussed in terms of two successiveolely 2D microfaceting was observ@dvhich may be in-
transitions, an azimuthal and a polar one. The azimuthal trardicative of a molecule-kink interaction too strong to allow
sition which extracts kinks from large surface areas and ador 3D faceting.
sembles them in thé3, 24, 3 facet is driven by the strong In contrast to the systems discussed in the Refs. 2-5, in
interaction of CuPc with kinks and the interaction among thethe submonolayer regime of AYlL0:CuPc an anisotropic
CuPc-decorated kinks. The remaining kink-free surface areashange of the surface free energy arises from structural
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Ag(110:CuPc is due to the decreased step-step repulsion
after CuPc adsorption at ledge sites and an increased adsorp-
tion energy on facets with high step density. The growth of
(instablg CuPc chains on th¢l10) terraces[Fig. 2(b)] is
supposed to play only a subordinate role in the polar transi-
tion. In Ag(110):0, on the other hand, the steps are pushed
together by stable oxygen chains growing on th&0 ter-
races. The microscopic origin of partial irreversibility in
Ag(110:CuPc may provide a general explanation scheme of
why reversible faceting is observed mainly in adsorbate sys-
tems where the prevailing change of the surface free energy
occurs on the low-index facet. Steps play a crucial role in
surface mass transport as sinks and sources of atoms. For a
dominating interaction of the adsorbate with steps the ex-
change of atoms may be blocked and the surface trapped in a
metastable structure.

2D faceting at monolayer coverage results in a step ori-
entation completely different from the one observed at sub-
monolayer coverages. The CuPc-induced{Z, 2n+1, 1)
vicinals are stable for coverages close to the full monolayer
[0.8—0.9 ML in Fig. 4b)]. We conclude that even @& =1
the 3D faceted surface is thermodynamically stable. How-
ever, the rigid molecular superstructure prevents a major re-
arrangement of stegdsf. Fig. 1(a) and Fig. 1c)] and a gain
in energy can be attained only by accommodation of their
orientation to the reconstruction on tkEL0) terraces.

In summary, we have observed on (A0 the transition
from mainly thermodynamically controlled 3D faceting at
submonolayer CuPc coverages to a kinetically dominated 2D

J step faceting at full monolayer coverage. Orientational insta-
FIG. 4. Effect of kinetic restrictions #<1 ML: (a) 2D step ~ Pility at ©<1 ML is caused by preferential adsorption of the
faceting.(b) CuPc-decorated kink@rrows trapped in a771) vici- ~ Molecules at steps. The observation of partially incomplete
nal. phase separation at submonolayer coverages indicates that

3D faceting would be inhibited for a slightly larger

modifications at the steps. The precipitation of kinks into amolecule—step interaction strength and manifests how kinetic

(23, 24, 2 facet is the direct consequence of the increase&ons”aims can result in a drastically different surface mor-

stability of this facet after CuPc adsorption. On the contrary,phomgy'

the assemblage of kinks during thermal faceting dqfLEl) We acknowledge valuable discussions with E. L. Bul-
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