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Abstract

We investigated to which extent a uniaxially-strained Au(111) surface, thereby
displaying linear reconstructions, may be used as a template for the growth

of elongated nanostructures. Cobalt has been used as a deposition material,

and two routes have been followed satisfactorily. The first one consists in the

control of diffusion through the temperature of deposition. The second one

consists in a first step of platinum seeding in the reconstruction, followed by

cobalt deposition with nucleation on the platinum seeds.
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1. Introduction

The ability to organize matter into objects with regular size, shape and
spacing down to the atomic scale represents a cornerstone for nanoscience
and nanotechnology. Top-down methods, mainly based on lithographic tech-
niques, are time-consuming, expensive and in most of the cases limited to
sizes above a few tens of nanometers. In this context a promising alternative,
which has attracted an increasing attention, relies on bottom-up approaches.
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These exploit diffusion and aggregation processes specific to each system, to
drive the assembly of atoms and molecules in nanostructures [1]. Such routes
are particularly interesting when using pre-existing self-organized template
surfaces [2], which guide the growth and yield ordered arrays of nanodots.
One major output of using surface templates is that the resulting nanostruc-
tures display a narrow size distribution. The guiding effect of the template
may often be applied to several materials, which otherwise would not give
rise to an organized array. For metal surfaces, a model template is provided
by the Au(111) surface. This displays a so-called herringbone reconstruction
[3] at the elbows of which many materials may nucleate and form ordered
arrays of dots [4]. The distance between nearest-neighbor dots is about 7
nm, and the metallic clusters display a nearly mono-disperse lateral size up
to a few nanometers in diameter. On the one hand this peculiarity has al-
lowed the study of fundamental physical properties (notably the magnetic
properties such as magnetic anisotropy) of low dimensional model systems
[5, 6, 7. On the other hand, the Au(111) surface lacks of versatility since
its surface pattern makes difficult to control the dots shape. In particu-
lar, the natural surface of Au(111) does not allow the versatile growth of
nanowires, because its template is two-dimensional with a rectangular unit
cell. In fact local nanowires can be achieved for certain materials in a narrow
range of coverage when percolation sets in [8] but they are not macroscop-
ically oriented along the same direction. So far, oriented nanowires have
been grown on anisotropic substrates like (110) surface of fcc metals [9, 10],
vicinal surfaces [11], molecular networks [12] or ripples obtained by etching
under kinetic limitations [13, 14]. The use of dense surface for the growth
of nanowires would be a technological improvement since they are the most
common surfaces observed during thin films growth. Au(111) appears to be
a good candidate for anisotropic dense surface as it had been shown that
when subjected to a uniaxial strain a Au(111) thin film may display a purely
linear reconstruction, instead of the usual herringbone [15]. While initially
performed in situ on a bent mica sheet, providing only a temporary control
of the strain, recently linear reconstructions on Au(111) could be stabilized
by uniaxial epitaxial strain on a body-centered cubic W(110) underlayer film
[16].

In this paper, we investigate to what extent this new reconstruction may be
used as a template for self-organizing wires or chains of dots. We successfully
produced elongated-shaped nanodots of cobalt following two routes. The first
one relies on the temperature control over the diffusion of Co adatoms while



the second one exploits the gold-platinum surface alloy to create a prepat-
terned surface with controlled nucleation sites.

2. Experimental details

The samples consist of a Au(111) [8 nm|/W(110) [10 nm] thin film epitax-
ially grown on Sapphire (1120) by pulsed-laser deposition in a first ultra-high
vacuum chamber. The base pressure is 3 x 10~ mbar and the typical de-
position rate is 1 A/s [17]. The samples were transferred through air to
another chamber for the STM studies. The base pressure is better than
10719 mbar. Here the sample is cleaned with repeated cycles of grazing-
incidence bombardment with argon ions (typically for 30 s with an incidence
angle a = 45° at an Ar pressure of 2 x 107 mbar and a voltage of 1 kV) fol-
lowed by annealing at 650 °C. Cobalt and platinum were evaporated by elec-
tron bombardment heating of high purity rods (99.99%). Typical flux rates
are 0.2 ML(monolayer)/min and 0.02 ML/min for Co and Pt respectively.
The deposition is performed on the sample placed in a Omicron Nanotech-
nology ©VT-STM (operating range from 50 K to 500 K). The cobalt and
platinum coverage (¢, and 6py) are determined on the basis of STM images,
assuming a pseudomorphic growth with the Au(111) substrate. The pressure
during deposition is always maintained below 1 x 10~!° mbar. Morphological
studies are made by in situ STM at the temperature of the deposition.

3. Results and discussion

3.1. Au(111) with unidirectional reconstruction

The driving force for Au(111) surface reconstruction is the surface tensile
stress that would occur at the surface of Au(111), if it were unreconstructed.
In response to this stress the surface layer spontaneously densifies along the
(110) directions, adding one extra atom every 22 atoms of the underlying
layer with bulk lattice parameters, giving rise to the 22 x v/3 reconstruction
[18, 19]. Inside the unit cell the atoms are arranged in fcc and hep-type
stacking domains separated by two stacking fault lines (or discommensuration
lines). At larger scale a so-called herringbone reconstruction is observed: the
22 x v/3 domains bend of 120° and form a mesoscopically ordered pattern
with a typical period of 25 nm [3]. This secondary superstructure arises from
more delicate long-range elastic interactions mediated by the substrate, to
relax a compression otherwise unidirectional [20]. Because of such central



role played in the reconstruction, it is clear that stress is a key parameter to
handle if one wishes to guide the surface towards new arrangements.

To this purpose we used a multilayer sample (schematically shown in Fig. 1)
in which a uniaxial in-plane strain is imposed through the epitaxial relation
with an underlayer with a crystalline uniaxial symmetry [16].

In short, the substrate we choose for our sample is Sapphire (1120) sur-
face, over which a very thin film (0.7 nm) of Mo and a thicker one (10 nm) of
W are grown and annealed such as to yield a single-crystalline body-centered
layer with an atomically-smooth surface, with terraces of width several hun-
dreds of nanometers [17]. Both Mo and W are bcc metals that during the
growth expose the (110) surface characterized by a centered rectangular bidi-
mensional lattice. Due to its anisotropy this layer induces a uniaxial strain in
the Au layer (deposited at room temperature and annealed at 400 °C), lifting
the original three-fold symmetry and inducing a preferential orientation of
the compressed [110] direction [16]. The initial thickness of the Au layer is
8 nm.

In Fig. 2a an image of the uniaxial Au(111) surface is reported. The
brighter lines are the discommensuration lines that run along the [112] di-
rection, while in the close-packed [110] direction hep and fee atomic stacking
regularly alternate. As can be clearly seen, the herringbone reconstruction
is suppressed and the purely linear reconstruction is stable over the whole
sample surface. The stacking faults lines are characterized by a corrugation
height of 0.1740.02 A while the distance between two adjacent maxima is
close to 57 A, in contrast from the value observed for the reconstruction of
Au(111) single-crystal surface. Indeed, the supercell that can be identified

Au(111) & m

W(110) minm

Mo(110)
Sapphire(1120)

Figure 1: Schematic structure of the multilayer sample employed. The thickness of the
Mo layer is 0.7 nm.



Figure 2: (a) Room temperature STM image showing the unidirectional reconstruction
of the stressed Au(111) surface (85 x 85 nm?). (b) Drift compensated atomic resolution
STM image, with the unit cell highlighted (15 x 8 nm?).

in Fig. 2b shows that the periodicity is drifted to 20 atomic positions.

At larger scale (Fig. 3a) some defects of the reconstruction also appear,
mainly due to surface morphology. The most visible signatures in STM im-
ages comes from screw dislocations that appear as emerging steps. Edge
dislocations leave weaker footprints on the morphology, but are responsi-
ble for important deviations from the purely linear reconstruction. At the
surface, edge dislocations split into two partial dislocations that elastically
repel each other and form a stacking fault ribbon that appear like a short
step segment high one third of the full step height. These defects have been
seldomly seen on single crystal Au(111) surface [21]. More particularly, on
the present sample these stacking fault ribbons are commonly arranged in
sequences, like shown in Fig. 3b, probably arising from grain boundaries.



Figure 3: STM images of the Au(111) thin film surface (a) Large scale showing the presence
of different defects (360 x 360 nm?). (b) Effect of a sequence of stacking fault ribbons
on Au(111) reconstruction (130 x 60 nm?). (c) The reconstruction deviates from its
unidimensional character and turns of 120° as in the herringbone reconstruction (60 x
30 nm?).



When the reconstruction deviates from its unidimensional character, it turns
of 120° as in the herringbone reconstruction (Fig. 3c). Naturally, the re-
construction elbows constitute the main trap for adatoms and represent the
principal difficulty to overcome in order to obtain a homogeneous growth.

3.2. Growth of Co on Au(111)

Fig. 4 shows STM images of the Au(111) surface with unidirectional re-
construction onto which Co was deposited at low coverage (6¢,) in a wide
range of temperatures (50 K < 7" < 300 K). When the deposition of 0.25 ML
of Co is carried out at room temperature (Fig. 4a) the diffusion channels are
clearly activated along all directions and thus the diffusion of adatoms is es-
sentially isotropic. Due to the long diffusion length at this temperature, the
adatoms are eventually pinched at defects of the surface. These are mainly
dislocations or random atomic impurities; their role must be underlined in
the present case because of the thinness of the Au layer that requires reduced
time of Ar sputtering as compared to a single crystal. As a consequence, the
Co growth proceeds very differently compared to the growth on herringbone
reconstruction [22]. While the profile analysis indicates that the dots retain
the usual bilayer height, the absence of periodic elbows in the reconstruction
makes the dots loose both their regular spacing and their narrow size distri-
bution.

To obtain an anisotropic diffusion we have reduced the temperature of the
substrate at 105 K for the deposition. the temperature of deposition is not
very critical, as the processes described below were found to be identical at
135 K. As can be seen in Fig. 4b, Co (fc, = 0.15 ML) forms dots elongated
along the reconstruction direction, long up to 20 nm and with a mean aspect
ratio equal to 5. The nucleation of this kind of dots takes place on the fcc
zone of the reconstruction. From these observations we can deduce that at
this temperature the diffusion is anisotropic, with the path of adatoms along
a direction parallel to the discommensuration lines being favored. The dis-
commensuration lines seem to act as energy barrier, repelling the diffusion of
Co adatoms as observed for Al [23]. This contrasts with molecular dynam-
ics simulations, which predicted a more favorable diffusion perpendicularly
to the discommensuration lines, followed by slower diffusion on the top and
along the discommensurations [24]. They act as attractors and constitute
a favored path to kink sites, where Co nucleates and grows [25]. However,
the sites along the sides of the discommensuration are found to show higher
adsorption energies then fce and hep sites and thus could explain their repul-
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Figure 4: STM images of Co deposited at different temperatures on Au(111) with uni-
directional reconstruction (90 x 90 nm?). All the images are recorded at the deposition
temperature. (a) T = 296 K, 0c, = 0.25 ML, isotropic diffusion; this image has been
treated in order to enhance the contrast on the substrate. (b) 7'= 105 K, ¢, = 0.15 ML,
anisotropic diffusion that leads to elongated dots. (¢) T = 50 K, ¢, = 0.15 ML, post-
nucleation regime.

sive character with respect to diffusing Co adatoms [26]. Due to the reduced
mobility of adatoms, impurities and reconstruction defects constitute even
more efficient traps than at room temperature. As a result, besides elongated
dots also very small clusters of Co nucleate, leading to a wide distribution of
dot size and shape. It is the same type of defects, including impurities, that
are the source of nucleation at 300 K (Fig. 4). We believe that impurities
are not only intrinsic, but are also due to the fact that the same template
has been used several times to perform experiments at various temperatures.
The etching procedure applied between each deposition to sputter away the
Co atoms, was minimized so that the entire Au film (total initial thickness
8 nm) is not fully etched away. Probably this leaves Co impurities at the
surface, which upon annealing are known to embed themselves in the upper-
most plane of Au atoms, creating nucleations sites for the next deposition
[27]. Tt is therefore likely that deposition at 105 K on a fresh template would
yield a more homogeneous growth of elongated dots.

As expected, if we further decrease the temperature of deposition down
to 50 K (0o = 0.15 ML), the diffusion of adatoms is essentially completely
frozen and a post nucleation regime is observed, giving rise to frozen disorder.
As shown in Fig. 4c¢, monolayer-thick dots with lateral size of few Angstroms
nucleate at spatially random locations with a high density, in a rather similar
way than on Au(111) surface with herringbone reconstruction [28].

The temperature control over the diffusion barrier is an elegant way to drive



the self-assembly of nanostructures, and we successfully employed it to grow
elongated dots also in the present case. However the high density of intrinsic
and extrinsic defects on the surface disturbs the diffusion of Co adatoms,
preventing a homogeneous growth. In order to have a better control on the
number of nucleation centers on the surface, Pt seeding appears to be a suit-
able candidate to elaborate a prepattening of the surface [29]. Pt is miscible
with Au and previous studies showed that when deposited at room temper-
ature on Au(111), Pt substitute Au atoms in the surface layer [30]. Since at
room temperature the Au(111) surface could host a maximum of 0.03 ML of
Pt, we increased the substrate temperature to 400 K to favor the exchange
of Pt with Au atoms. Fig. 5a shows a room temperature STM image of
0.05 ML of Pt deposited on Au(111) at 400 K. The embedded Pt atoms
are seen darker than the surrounding Au atoms, with an apparent height
different of 0.2 A with respect to the mean surface level. As a detrimen-
tal consequence of the alloying, Au atoms are ejected from the surface and
forms dots of 2.35 A high that may perturb the regularity of the reconstruc-
tion. More importantly, Pt atoms alloying does not occur randomly on the
surface but takes place preferentially in the discommensuration regions (See
inset of Fig. 5a). Thus the surface alloy could be regarded as a patterned
surface in which Pt atoms constitute trapping sites that may permit to trig-
ger the nucleation of Co. The ability of a seed layer to guide the growth of
materials that otherwise do not show any order has been shown also for Pd
on NizgAl(111) [31] or Ir on graphene/Ir(111) [32] This is confirmed in Fig.
5b, where 0.15 ML of Co where deposited at room temperature on Au(111)
seeded with Pt. Since the diffusion of adatoms is quenched by the presence
of Pt atoms, Co dots nucleate with a high density in the form of monolayer
dots with a mean lateral dimension of 1 nm. In the case of such small dots it
has been shown that it is energetically more favorable to adopt a monolayer
rather than a bilayer height in order to maximize the atomic coordination
[33]. The Co follows the order imposed by the previous Pt deposition and
forms hemispherical dots aligned along the reconstruction lines and not on
the fcc stacking regions as we observed in the low-temperature growth. In
particular Co nucleates alternatively in one over two discommensuration re-
gions and thus the distance between neighbor nanodots is 7 nm. This is due
to the fact that preferentially the alloying of Pt with Au takes place alter-
natively in one single discommensuration lines of the reconstruction, as can
be seen also in Fig. 5a. When 6, is increased, dots grow first vertically,
adopting the usual bilayer height, and then laterally (Fig. 5c¢). During this
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Figure 5: (a) STM image of Pt (6p; = 0.05 ML) deposited at 400 K on Au(111) with unidi-
rectional reconstruction; the Pt is embedded in the surface and follows the reconstruction
lines. In inset, zoom (32 x 32 nm?) showing dark patches corresponding to Pt inserted
atoms. (b) (fco = 0.15 ML) and (¢) (6co = 1.1 ML), STM images of Co deposited on
Pt/Au(111): Pt acts like preferential nucleation sites for Co that forms small and sepa-
rated dots at low Co coverage (b), that coalesce when the Co coverage is increased (c).
All the images are 100 x 100 nm? and recorded at room temperature.

process the clusters percolate and, thanks to the small distance between dots
on the same reconstruction line, form dots often very elongated along the
reconstruction direction, with an aspect ratio up to 8. In some other cases
even if two dots come very close together, the percolation does not take place
probably due to an incommensurate growth of the dots [34]. This is observed
even more systematically on Au(111) with herringbone reconstruction, and it
is why the magnetic transition of Co nanodots to ferromagnetic films happen
only at 1.5 ML. The problem of incommensurate growth in this case seems
to be less stringent and several dots can coalesce together, as can be seen in
Fig. 5c. Another relevant difference with Au(111) with herringbone is that
the coalesce takes place in the same direction also at a macroscopic scale.
This is due to the fact that the direction of the reconstruction is maintained
fixed all over the sample, if surface defects are neglected. As an important
consequence, the nanodots are preferentially elongated along the same axis.
Significantly, this should permit to macroscopically measure the properties of
such anisotropic objects along different directions. When applied to freshly
re-prepared samples of uniaxial Au(111) reconstruction, the two procedures
applied above (low temperature deposition or Pt seeding) are expected to
provide a much cleaner template, efficient to fabricate uniaxial nanostruc-
tures of various materials on a macroscopic scale. It is important to stress
that no self-organized linear template with such a large period is currently
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available starting from nominally-flat surfaces, i.e. compatible with a stan-
dard wafer technology. This may open the way to the use of such templates
for the investigation of physical properties of nanowires in a yet unexplored
range of width.

4. Conclusions

In this work we employ a uniaxially strained Au(111) surface, whose re-
construction is lifted to purely linear thanks to the epitaxial constraints of an
underlying multilayer sample. We investigated the capability of this surface
to act as a template to obtain unidimensional nanostructures. To achieve
this, we focalized our attention on the growth of cobalt in submonolayer cov-
erages. Elongated dots with an aspect ratio up to 8 were successfully obtained
by following two different routes. In the first one we use the temperature to
control the diffusion of adatoms across the surface. Below about 150 K the
diffusion channel across the reconstruction is blocked and the anisotropic
diffusion results in an elongated growth. Alternatively, we have successfully
imposed order nucleation sites. This was done with the predeposition of a
seed layer of Pt that forms a surface alloy with Au preferentially on the dis-
commensuration lines. We believe that both these routes may be used to
realize elongated nanodots of various materials (Mn, Fe, Ni, Pd, Pt...). The
ability to control the diffusion and aggregation of adatoms combined with
the skill to tailor a given surface structure is a powerful way to control the
growth of metal nanostructures. This objective is of high importance in order
to understand and exploit their physical properties.
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