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Abstract

Adsorption of submonolayer amounts of Ag on vicinal Cu(1 1 1) induces periodic faceting. The equilibrium structure
is characterized by Ag-covered facets that alternate with clean Cu stripes. In the atomic scale, the driving force is the
matching of Ag(1 1 1)-like packed rows with Cu(111) terraces underneath. This determines the preference for the facet
orientation and the evolution of different phases as a function of coverage. Both Cu and Ag stripe widths can be varied
smoothly in the 3-30 nm range by tuning Ag coverage, allowing to test theoretical predictions of elastic theories.
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Self-organization on crystal surfaces is a pro-
mising alternative for growing uniform nano-
structures with regular sizes and spacings [1,2]. In
the case of one-dimensional nanostructures one
can use the regular step arrays of vicinal surfaces
as templates. Ideally atomic steps are preferential
adsorption sites, and wires and stripes can be
grown by step-flow. However, if the terrace width
increases to a few nanometers, single steps tend to
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meander and their spacing becomes irregular. Yet
vicinal surfaces offer another alternative at this
mesoscopic scale, i.e., using adsorbates to induce
the formation of periodic facets, which are much
stiffer than individual steps. In this case the miscut
angle as well as the adatom concentration can be
tuned to obtain a variety of stripe patterns that
are potential templates for further nanostructure
growth [3-7]. The fundamental problem is con-
trolling this complex process in order to predict
and obtain useful template structures. Therefore
it is important to understand the microscopic
mechanisms that determine the stripe pattern for-
mation.

In lattice-matched systems, adsorbates can in-
duce faceting into crystal planes with particularly
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low surface free energy [8]. But generally also the
lateral dimensions have to be considered and the
driving force is stress relieve reached by lattice
matching of the adsorbate layer with a particular
substrate orientation. The high step density of the
vicinal surface facilitates the step bunching and the
formation of facets with better lattice matching in
the direction perpendicular to the steps. Thus at a
temperature where both adatom and surface step
mobilities are high enough the system breaks up
into two phases, namely well-matched adsorbate-
covered facets and adsorbate-free stepped stripes.
A widely studied case is Au on vicinal Si (v-Si).
Here a variety of overlayer reconstructions match
to different Si crystal planes, leading to a family of
striped patterns made of low symmetry facets and
wide (111) or (100) terraces with different Au
concentrations [3-5]. The final morphology de-
pends on the total amount of Au deposited, the
temperature and the vicinal angle of the clean
surface. Furthermore, one can tune miscut angle
and Au coverage to obtain a well-matched single
phase system [4]. More recently adsorbate-induced
faceting and nanostructuration has been obser-
ved for Ag and NaCl on v-Cu(111) [6,7]. In
these cases the lattice matching is good between
Ag(111)and Na(100) packed layers and Cu(112)
and Cu(223) planes, respectively. This induces
stripe patterns of covered and uncovered facets, as
well as changes in the facet orientation as a func-
tion of coverage.

The important question concerns the meso-
scopic scale, i.e. the nanostructure periodicity.
Using the elastic theory of continuous media for
two-phase systems Marchenko has shown that the
difference in stress energy between the two phases
produces long-range interactions, leading to peri-
odic domain patterns [9]. Although this theory
explains well the spontaneous faceting of clean
surfaces [10] or the coverage-dependent periodicity
of adsorbate patterns on flat surfaces [11], it is an
open question whether it can be applied for ad-
sorbate-induced faceting. On the one hand, be-
cause the growth of strained layers might bring in
other types of elastic relaxations, thereby sup-
pressing the characteristic wavelength [12]. On the
other hand, the adsorbate-induced faceting is a
more complex process that involves huge mass
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transport and restructuration of two different
chemical species, and hence it is more likely to be
kinetically restricted. This is the case of Au/v-
Si(100) and NaCl/v-Cu(111) [7,13]. Here we an-
alyze the Ag-induced faceting of v-Cu(111). We
show that this self-assembled striped structure can
be tuned in the 3-30 nm range by simply con-
trolling Ag coverage. ' The morphology of the
system is stable over a wide temperature range. At
the atomic scale we show that faceting is driven
by the tendency of Ag to form (11 1)-like packed
layers with minimum strain. At the mesoscopic
scale we are able of proving, for the first time in
adsorbate-induced faceting, the coverage-depen-
dent periodicity predicted by the continuum elastic
theory at thermal equilibrium.

The substrate is v-Cu(111) with 11.8° miscut
about the [112] direction, close to Cu(22 3) which
has nominally a 11.4° miscut. The surface prepa-
ration is described elsewhere [6]. Ag deposition
was done with the substrate held at 300 K. The
regular stripe structure is produced after subse-
quent annealing to 420 K. Further annealing to
700 K does not produce any appreciable change in
scanning tunneling microscopy (STM) images or
low energy electron diffraction (LEED) patterns,
strongly suggesting thermal equilibrium. In order
to have a continuous variation of the coverage, Ag
is deposited as a wedge. The coverage is calculated
from STM images using 3000 A? frames and as-
suming that Ag covered areas consist of packed,
1 monolayer (ML) thick patches. Such assumption
is consistent with the structural analysis of Ag-
covered areas and also with Auger electron spec-
trocopy measurements [6].

In Fig. 1(a)—(e) we study the morphology of the
system as a function of Ag coverage by means of
STM and LEED. Fig. 2 schematically depicts the
side view of the faceted structure deduced from the
analysis. The clean surface shows a regular array
of monoatomic, {100}-like steps along the [110]
direction, giving rise to the characteristic spot
splitting in LEED [14]. The average terrace width
measured with both LEED and STM is d = 10.2

! This makes Ag/Cu system very attractive to tailor surface
states [15].
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Fig. 1. (a)~(d) STM images and (e) (0, 0) LEED spot measured at different coverages for Ag-induced faceting in vicinal Cu(111). Up
to 0.6 ML, the system displays periodic, two-phase separation of Ag-covered (1 12) facets and clean Cu stepped stripes. Both give
distinct LEED structures in (), i.e., spot splitting for Cu stripes (marked by the dotted lines) and Moiree pattern spots for Ag facets
(indicated by rhombuses). As the Ag coverage increases from (a) to (c), steps from Cu stripes incorporate in Ag facets, such that Cu
terraces become wider. This is proved by the splitting reduction in (e). (33 5) facets like those in (d) develop beyond 0.6 ML.

/OX, i.e., the surface mostly shows (223)-like ter- a few (33 5)-like terraces (3% atomic rows, d = 8.4
races (4% atomic rows per terrace, d = 10.5 A) with A). As shown in Fig. 1(b)-(d), upon Ag adsorption
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Fig. 2. Schematic evolution of the periodic faceting induced by
Ag on vicinal Cu(1 1 1) with 11.8° miscut, as deduced from the
STM-LEED analysis in Fig. 1.

the system undergoes faceting. Below 1 ML we
distinguish three different regimes, which differ on
the crystallographic orientation of the Ag-covered
facet. These are the A-regime up to ~0.52 ML, the
B-regime between ~0.52 and ~0.76 ML, and the
C-regime from ~0.76 to 1 ML.

Fig. 1(b) and (c) correspond to the A-regime,
which is characterized by a fairly regular hill-and-
valley structure of Ag-covered facets oriented in
the (112) direction and clean Cu stepped areas.
The inset of Fig. 1(b) shows a closer view of the
surface, where we can observe the Moire pattern in
the Ag-covered facet, and monoatomic steps at
clean Cu stripes with their typical frizzy edges. In
the LEED pattern we have both the spot structure
from the Ag Moire and the splitting from the step
array in the Cu stripe. As observed in Fig. 2(b) and
(c) and depicted in Fig. 2, increasing the Ag cov-
erage in A-regime results in a higher density of Ag-
covered stripes and a reduction of the step density
at clean Cu bands. The latter is due to the fact that
Cu(112) facets (d =6.25 A, 2% atomic rows per
terrace) have higher step density than the average
surface, thus their relative growth requires addi-
tional steps from Cu stripes. Such effective step
removal from Cu stripes is nicely followed in the
LEED pattern in Fig. 1(e). The Cu splitting
smoothly shrinks as a function of Ag coverage,
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and both spots merge into a single one with 0.52
ML, when A-regime saturates. 2

The B-regime from 0.52 to 0.76 ML is charac-
terized by a smooth transition in the Ag-covered
facet orientation from (1 12) to (335). The latter is
closer to the surface normal, allowing a higher Ag
saturation. (33 5)-covered areas develop directly
from the center of preexisting (1 12) facets or arise
by melting two contiguous (112) facets. In both
cases, the (3 35) orientation characterizes the cen-
ter of the Ag-covered stripes, whereas the bound-
aries preserve the (1 12) orientation. For 0.72 ML
in Fig. 1(d) the B-regime is almost saturated, i.e.,
we have flat Cu(111) terraces and mostly (3 3 5)-
oriented Ag stripes, also displaying a Moire struc-
ture. During the C-regime, from 0.76 to 1 ML,
(223) facets develop. With 1 ML we observe a
close-packed Ag layer wetting a random distribu-
tion of (335)- and (223)-like terraces with the
same step density as the starting surface.

In the atomic scale, the driving force for the Ag-
induced faceting of the stepped Cu surface is the
matching between Ag(111)-like packed rows
along the parallel direction of the steps and the Cu
facet underneath. Lattice-matching, which lowers
the strain contribution to the stress energy [2], has
been also proposed as the microscopic mechanism
for the NaCl-induced faceting of Cu(1 12) [7]. Our
system generally displays a clear tendency to avoid
adsorption on wide (111) terraces, which leads to
a large mismatch [16]. On the other hand, as de-
duced from Figs. 1 and 2, there is a preference for
(112)-oriented facets at low coverages, in spite
that this requires a larger mass transport. This can
be naively explained from the width of the Cu
terrace required for a good matching in the per-
pendicular direction. Five Ag packed rows (2.498
A wide each) fit to two 6.25 A wide terraces in
Cu(112) with only 0.12% mismatch in the direc-
tion perpendicular to the steps, whereas Cu(335)
requires two 8.37 A wide terraces to accommodate
seven Ag rows with 4.47% mismatch. This prefer-

2 A-regime ideally saturates at 0.61 ML, when Cu stripes
become flat (111) terraces [6]. However some steps appear
pinned by defects within Cu stripes, such that the effective
saturation coverage is lower.
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Fig. 3. Left, detailed STM view of the Moiree patterns for (1 12) and (33 5) Ag-covered facets. Right, two-dimensional atomic models
that reproduce the Moirees in the left. The small filled circles indicate the step edge Cu atom positions underneath. Open circles
represent Ag atoms and shaded regions indicate “on-top” positions. The fit requires the indicated compressions and azimuthal ro-

tations of the Ag packed layer.

ence for (112) facets is also supported by the mi-
croscopic analysis of (112) and (335) stripes
shown in Fig. 3. The atomic models in the right
panels of Fig. 3 reproduce the Moire patterns of
the left panels in the simplest way. The open circles
represent Ag-close packed layers, the small dots
the Cu(112) and Cu(335) unit cell underneath,
and the shades the “on-top” positions. Thus, in
this simple approach the step corrugation is being
disregarded. We use the smallest compressions and
azimuthal rotations of the Ag(111) adlayer to
obtain the Moires that fit to the STM observa-
tions. For both (112)- and (3 3 5)-oriented layers
the Ag layer rotation is the same 5.2°, allowing the
smooth transition from (112) to (335) facets ob-

served beyond 0.52 ML. For (112) facets the Ag
adlayer is compressed by 0.5% and 7.8% in the
direction perpendicular and parallel to the rows,
respectively. For (335) facets the perpendicular
and parallel compressions are 6.2% and 7.8%,
respectively. Thus, the (3 3 5)-oriented layer accu-
mulates much more strain, explaining the prefe-
rence to form (1 12)-oriented stripes.

In the following we analyze the long range pe-
riodicity of the Ag-induced faceting of Fig. 1. Data
points in Fig. 4 represent the nanostructure period
L and the Ag stripe width w,, measured from the
STM images as a function of coverage 0 from 0.1
to 0.9 ML. The periodicity is poorly defined above
0.52 ML, and in this case we consider the average
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Fig. 4. Nanostructure periodicity (filled squares) and Ag-cov-
ered stripe width (open circles) as a function of Ag coverage.
Vertical lines distinguish the 4-, B- and C-regimes, which differ
on the type of the growing Ag-covered facet. The thick solid
lines are fit to the data in the two-phase A-regime using the
continuum elastic theory of Marchenko et al. [9]. A continua-
tion in the B- and C-regimes is represented by the thin dotted
line. The thin solid lines do fit separately data points in the B-
and C-regimes. The inset shows the surface stress vectors in a
faceted structure (see the text).

value (L), defined as (L) = (wa,) + (wcu), Where
(wag) and (wcy), respectively, are the average
widths of Ag-covered facets and Cu stripes. Data
points at regime transitions display a clear dis-
continuity. Microscopically, this appears related to
the way the new facets develop, i.e., by melting two
contiguous Ag-stripes in the previous regime.
Both Cu and Ag stripe widths can be varied
smoothly in the 3-30 nm range by tuning Ag
coverage. This makes the Ag/Cu(22 3) system par-
ticularly interesting for a quantitative test of the-
oretical faceting models. In the simplest approach,
the coverage dependent long range periodicity can
be explained within Marchenko’s elastic theory [9].
The lines in Fig. 4 are fit to the data using
Marchenko’s model, where the superlattice peri-
odicity L and the stripe width wa, are given by

K K0
L(H):m% WAg(H):W7 (1)

k is the only adjustable parameter. Restricting the
fit to the A-regime we obtain x, = 91 = 6 A. The fit
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is excellent, demonstrating that inside this regime
the value for « appears not to depend appreciably
on coverage. This gives the evidence that the
elastic theory for continuous media is applicable
here. As indicated by the dashed lines in Fig. 4,
data points at higher coverage regimes cannot be
fitted with x,. By changing in Eq. (1) to xz =
110 + 8 A and k¢ = 141 £8 A both (wa,(0)) and
(L(0)) in B- and C-regimes one can still obtain a
good agreement with Marchenko’s model. We
conclude that this simple theory is applicable in
this system, but with different values of x in each
facet-type regime.

In Marchenko’s approach « is related to elastic
constants via:

k = 2ma x exp(1 + C,/C,), (2)

where a is a characteristic microscopic cut-off of
the order of atomic distances and C; is the free
energy of the phase boundary per unit length [9]. If
we assume that work function variations between
Cu and Ag phases are relatively small [11], C, has
only elastic nature and reflects the stress difference
between phases [9]: C; = ((1 —v?)/zE)|F|* where
E and v, respectively, are the shear modulus and
the Poisson ratio for Cu. In this formula

IF|> = (Gag — Fcu)’ = Gig — 20740 COS P + 0,

is the force exerted at facet edges due to the dif-
ference in surface stress ¢ between Ag-covered
facets and Cu stripes and ¢ stands for the angle
between adjacent facets, as shown in the inset of
Fig. 4. Therefore « is related to three independent,
unknown constants a, C;, C,, which in turn cannot
be determined from the experiment. Literature
values are not available with sufficient accuracy for
such complex systems.

Nonetheless it is interesting to discuss the po-
tential influence of the three parameters a, C|, C,
on the characteristic lengths assuming the elastic
model of Egs. (1) and (2). First we note that the
good fit of Eq. (1) to data points in the A-regime
discards any remarkable coverage-dependence in
k. Such coverage-dependence is indeed expected
for C, via changes in 6¢, (changes in cos ¢ are too
small). In Au(l11) vicinals [10], the intrinsically
stressed (111) plane is relaxed in the presence of
steps, such that ¢ decreases as a function of tan ¢,



A.R. Bachmann et al. | Surface Science 526 (2003) L143-L150

where ¢ is the local miscut with respect to the
(111) surface. Assuming the same behavior for
Cu(l111), we expect an increase of oc, of about
20% as a function of Ag coverage in A-regime. In
contrast, the structure of the Ag-stripes remains
unchanged and hence o4, stays constant for A4-
regime. Thus the absence of a coverage depen-
dence suggests the dominant effect of o5, (Gag >
ocu) In Cy. According to our model in Fig. 3, there
is indeed a high stress energy in the Ag-covered
facets due to strain, particularly in the direction
parallel to the steps where the Ag layer is largely
compressed.

In Au(111) faceting a variety of periodicities
are found as a consequence of the delicate balance
between the (constant) boundary energy C; and
the facet-type-dependent C, [10]. The boundary
energy in that case is of the order of the step en-
ergy, which displays minor variations for all noble
metal surfaces [18]. In our Ag-induced faceting, C,
can be assumed to be the energy needed to add or
remove a Ag(111) atomic row, i.e., also of the
order of the Ag(111) step energy. But in our case,
since C, appears to be determined by a high g,
the boundary energy will surely be unbalanced by
the stress constant C,. Therefore, despite that the
stress situation must be different for all three re-
gimes, we expect C;/C, ~ 0 in the whole coverage
range due to the high stress of the Ag-covered
facets.

Note that if C,/C, ~ 0 in Fig. 4, the changes in
k at different regimes must be mostly explained by
changes in the cut-off length a. The physical nature
of a is not clear in elastic theory. Although it ap-
pears as an artificial way of avoiding divergence in
energy integrals [9], it should be understood as the
minimum size of the domains, from which one has
to integrate [11]. For clean, non-reconstructed
surfaces the natural choice of a is thus the atomic
row distance in terraces [10]. In vicinal Si(1 1 1) the
facet width is a multiple of the (7 x 7) unit cell,
which thereby defines the cut-off length [17].

Following these arguments, in Ag/Cu faceting
one can take the cut-off length as the minimum size
of the (growing) Ag-covered facet, i.e., the terrace
width underneath. This is indeed supported by a
close evaluation of STM topographs, which clearly
show Ag-stripes growing laterally by multiples of

the terrace width d of the underlying Cu-facet, i.e.,
d112—625A d}35—84A dndd223— IOSAdt
A-, B- and C-regimes, respectively. Assuming
C,/C, = 01in Eq. (2) and using the different values
of x obtained in the separate fits in Fig. 4, we
Obtall’l a2 =53 A asss —64A and ar3 =8.3
A. The order of magnitude and the growing trend
is correct, although the absolute numbers still fall
15-25% short with respect to the terrace width.

On the other hand, assuming a constant cut-off
length of the order of the atomic distances in the
whole coverage, the discontinuities of Fig. 4 would
indicate that C;/C, increases from 4- to B- and C-
regimes. This is unlikely. The boundary energy C|
must be very similar in the three regimes, because
the atomic structure at facet edges, as observed in
the STM figures or deduced from the Moire
analysis in Fig. 3, is the same. Thus the different «
values in the separate fits would indicate that
' > 9 5 Y in contrast with the ob-
servation of a preferred (less stressed) (1 1 2)-fac-
eting at early coverage.

Note that the C,/C, ~0 case leads to the
shortest possible superlattice period in Ag/v-
Cu(111). This contrasts with the long superlattice
periods observed at high temperatures in NaCl/v-
Cu(111) [7]. Long periods are only possible if
C,/C, > 1, which in the latter case could be due to
a more efficient interface relaxation, favored by a
large adsorbate-surface charge transfer that weak-
ens Cu—Cu bonds.

In summary, the driving forces for Ag induces
periodic faceting of v-Cu(111) have been studied
with STM. At the atomic scale, this phenomenon
is explained by lattice matching Ag packed rows
with different Cu facets. In the mesoscopic scale,
despite the general complexity of the system, the
characteristic lengths are well explained using
Marchenko’s elastic theory at thermal equilibrium.
We observe coverage-dependent discontinuities of
the faceting periodicity related to the successive
appearance of different Ag-covered facet orienta-
tions. A semi-quantitative analysis within March-
enko’s model indicates a high stress energy in
Ag-covered facets and a different cut-off length at
different facet-type regimes. The latter appears as
an interesting issue that deserves a more refined
microscopic model.
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