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Starting from the conventional self-organized arrays of flat Co dots on Au(111), we extended the
growth vertically to fabricate Co pillars. The principle is to deposit sequentialy a fraction x of an
atomic layer (AL) of Co and 1 — x AL of Au. At each step, the deposited Co atoms aggregate on
top of the previous dots, increasing their height by 1 AL. Pillars with a 2:1 vertical aspect ratio were
achieved. Because of the large number of atoms per pillar, the superparamagnetic blocking temperature
is 300 K in the pillars, whereas it is only 20 K in conventional flat dots with the same lateral density.

PACS numbers: 68.65.+9, 75.70.—i, 81.05.Zx, 81.15.—z

Thefabrication and study of magnetic ultrathin films has
been largely stimulated by new phenomena arising from
the reduction of dimensionality, from 3D in the bulk to
2D in ultrathin films. Lithography and etching techniques
are now widely used to reduce lateral dimensions as well,
to study well-defined 1D or OD structures. Self-assembly
and self-organization are a low-cost, aternative way to
fabricate materials structured down to a few nanometers
[1,2]. Theterms*assembly” and “organization” are some-
times used interchangeably in the literature. In this Letter,
we will use “self-assembly” when the deposited adatoms
cluster into randomly distributed dots (0D), and “self-
organization” when the dots form a regular array, at least
on the medium range.

However, in the case of magnetism, such materials can
not be used in devices. Indeed, self-organized dots with
a high-density packing are rather flat and of small latera
extension, so that their volume V isextremely small. This
implies that their anisotropy barrier KV is small (K is
the anisotropy constant per unit volume), so that they are
superparamagnetic [3] down to very low temperatures.
Besides, the small value of V cannot be compensated
by a high value of K, because anisotropy fields of the
order of several tens of teslas would be required to get a
blocking temperature T > 300 K. Therefore, the use of
self-assembled and self-organized dots at 300 K seems at
first sight not compatible with a high-density packing. In
fact, the only possible solution is to increase V by using
vertical pillars instead of flat dots. However, no vertica
pillars could ever be fabricated by self-assembly and self-
organization so far.

Nevertheless, fabricating vertical self-assembled struc-
turesis not a completely new idea. Some kind of vertica
structure has already been reported by Xieet al. [4]. These
authors fabricated multilayers of self-assembled quantum
dots of InAson GaAs. They observed that dots from suc-
cessive layers show a tendency to stack vertically, due to
lateral modulation of strain in the GaAs spacer layers. The
in-plane self-assembly therefore evolves progressively into
3D self-organization (Fig. 1a) [4,5].

The growth process reported in this Letter is derived
from this example. We show that, by reducing the
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spacer layer thickness, it is possible to bring the dots
from successive layersin direct vertical contact (Fig. 1b).
Vertically stacked magnetic dots are then magnetically
coupled, and behave as a single entity (a magnetic
pillar). We demonstrate the feasibility of the process
with Co on Au(111), starting from the well-known self-
organized arrays of nanosized Co dots on Au(111) [1].
We will see below that self-organization is interesting for
demonstration purposes, because the vertical replication
of the regular array, observed straightforwardly on STM
pictures, alows one to deduce that dots from successive
layers are stacked. The reader should, however, keep in
mind that the process would work as well starting from
self-assembled dots (i.e., not organized). Besides, we will
argue that the process is not specific to Co and Au, and
that it should occur for other pairs of materials.

The experiments were performed under ultrahigh
vacuum (base pressure below 5 X 107! mbar). Co
and Au were evaporated from a rod and a crucible with
deposition rates of 0.02 and 0.45 AL min~!, respectively.
STM images were recorded 30 min after deposition, to
allow the sample to cool down. Polar and longitudinal
magneto-optical Kerr effect loops were performed in situ
in the field range +0.8T.

- etc.
a InAs, GaAs Bi-layer 4
Bi-layer 3
Bi-layer 2
Bi-layer 1
GaAs substrate
b Co._ A

Au substrate

FIG. 1. Principle of multilayered systems of self-organized
dots. (@) Strain energy minimization induces vertical self-
adignment of dots from successive layers [4]. (b) Present
process. dots come in vertical vicinity or even direct contact
if the interlayer-spacer thickness is sufficiently reduced.
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We now describe the deposition process. As a first
step, 0.2 AL of Co is deposited on Au(111) at 300 K.
As dready known [1], 2 AL-high Co dots nucleate at the
periodic kinks of the large-scale 22 X +/3 Au reconstruc-
tion [6] (see Fig. 2a), resulting in self-organized parallel
rows of dots. The rows are separated by approximately
13 nm, and the dot periodicity along arow is 7.5 nm. In
this example, the dot diameter is 3 nm.

: As a second step, the Co dots are covered with the
e LS rmasen ; amount of Au necessary to fill the space between the
22 2 : dots, and to complete up to the fourth Au atomic layer

: : - ALV L above the substrate. The temperature is raised from 425
to 475 K during deposition [7]. As Co atomic layers are
dlightly thinner than Au atomic layers, the buried array
appears now as an array of hollows (Fig. 2b). This had
already been noticed by other authors [8].

Asathird step, 0.2 AL of Coisdeposited at 500 K. This
is the amount of Co that would be needed to increase the
height of the previous Co dots by 2 AL, provided that the
newly deposited Co atoms go on top of the buried dots.
Thisisindeed what happens, as can beinferred from STM
images(Fig. 2c). Thearray now displays both hollowsand
isands. Cross-section views of the STM images reveal
that the hollows are ~0.12 nm deep, i.e., 4 timesthe height
difference between a Au and a Co atomic layer. This
suggests that a double-layer place-exchange mechanism
took place between incoming Co atoms and Au atoms
covering the buried Co dots from the previous layer. This
mechanism is different from that occurring in step 1.
Indeed, a close examination of Fig. 2b reveds that the
kinks of the Au reconstructions are often displaced away
from the dots after the Au deposition (step 2), and are no
more regularly spaced. It can therefore be ruled out that
the growth during step 3 (i.e., Co nucleation above the
previous dots) is governed by the partial dislocation kinks.
The place-exchange mechanism must rather be driven by
surface energy and parameter misfit effects [9], which
015,510 15 20 nm favor Co clustering. As for the idands, they are about

0.23 nm higher than the hollows, suggesting a decoration

FIG. 2. The pillar-growth process illustrated by STM views
of the top surface. For steps (a)—(c), a cross-section view of
real data is provided, aong with a schematic view. (a) After
deposition of a nominal thickness of 0.2 AL of Co on Au(111)
at 300 K. The main STM image is 300 X 300 nm. The cross
section reveals that the dots are 2 AL high. (b) After deposition
of Au up to the completion of the fourth atomic layer (step 2
in the text). The STM image is 60 X 35 nm. The hollows are
about 0.06 nm deep, which is consistent with twice the height
difference between a bulk hcp Co(0001) AL (0.205 nm) and
an fcc Au(111) AL (0.235 nm). (c) After deposition of the
second layer of Co dots (step 3 in the text). The STM image
is 65 X 25 nm. The hollows are about 0.12 nm deep, i.e,
4 times the height difference between a Co and a Au atomic
layer, suggesting that the dots are now 4 AL high. (d) After
20 AL of Co have been stacked (300 X 300 nm STM image).
A self-organized array of pillars of nearly pure Co has been
formed, with pillars 3 nm in diameter and 5.5 nm high.
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effect of some hollows by Au atoms expelled during the
place-exchange mechanism. We add finally that no Co
atoms were found at step edges either. This point is of
great importance for the process, as the organization would
be largely disturbed if new lines of randomly aggregated
Co dots were nucleated at each step of the process.

As a fourth step, the amount of Au required to com-
plete a smooth fifth layer is deposited at 500 K. The
situation is then similar to that after step 2, but with
0.12 nm deep hollows. Starting from this point and
maintaining the temperature at 500 K, we repeated many
times a sequence where Co and Au are deposited alter-
natively with nominal thicknesses of 0.1 and 0.9 AL, re-
spectively. Repeating the type of observations discussed
above, we deduced after each sequence that the newly de-
posited Co atoms aggregate on top of the previous Co
dots, via a single-layer place-exchange mechanism with
Au atoms. The organization is mainly undisturbed after
16 cycles (Fig. 2d). From this we believe to have fab-
ricated continuous pillars of nearly pure Co on Au(111),
with a vertical aspect ratio (height over diameter) of
about 2:1.

We show in the following that the continuity of the
pillars is confirmed by magnetic measurements. Two
samples are examined. Sample A is the one depicted in
Fig. 2. The pillars are ~3 nm in diameter and 5.5 nm
high. Sample B contains pillars ~4.2 nm in diameter and
8 nm high. The volume of each pillar, as well as the
estimated interpillar dipolar interactions, are expected to
be about 3 times larger for sample B than for sample A.
Besides, as both samples exhibit perpendicular magneti-
zation, each pillar can be viewed as an Ising macrospin,
either pointing up or down [10].

Sample A is superparamagnetic down to Tg = 90 K.
The (reversible) perpendicular magnetization loops were
analyzed using the S = 1/2 Brillouin function [11].
Dipolar fields coming from neighboring pillars were
taken into account as an effective field, whose value was
calculated self-consistently in a mean-field framework.
Finally, we used to first approximation the Co bulk
magnetization value. From this analysis of the data, we
conclude that each independent magnetic entity holds an
average of 2800 Co atoms, and that the interentity dipo-
lar fields are demagnetizing and have a magnitude of
40 mT. These figures are in good agreement with those,
calculated from the geometry of the pillars as determined
by STM: 3300 Co atoms per pillar and 32 mT interpillar
demagnetizing dipolar fields. This confirms that each
pillar behaves as a single magnetic entity. Finaly,
the analysis of the remanent magnetization in sample
B shows that T ~ 300 K (Fig. 3). The rise of Tp in
sample B as compared to sample A (T ~ 90 K), and
to the conventional flat Co dots (7T ~ 20 K [12), is
ascribed to the increased pillar volume [3]. Note that
none of the hysteretic curves were found to be dependent
on the sweeping velocity of the magnetic field (in the
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FIG. 3. Remanence versus temperature for Co pillars 4.2 nm
in diameter and 8 nm high. The remanence was normalized
by the saturation magnetization, so that M, = 1 means full re-
manence. The vanishing of remanence defines the blocking
temperature, T ~ 300 K [3]. In this sample the remanence
remains smaller than 1 even at low temperature, because inter-
pillar dipolar coupling within a chain favors antiferromagnetic
alignment between neighbors.
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range 0.01 to 0.5 Ts™!'. Besides, we checked that the
time constants of the measuring devices that we used
did induce no artificial hysteresis on the magnetization
CUrves.

As the Co/Au samples exhibit promising magnetic
properties, it is interesting to discuss the versatility of
the pillar growth process, in view of applying it to other
materials. As Co and Au are immiscible in the bulk,
the place-exchange mechanism must be driven by Au/Co
parameter misfit and surface energy difference. This
suggests that pillar growth should occur for other pairs
of elements as well, with suitable parameter misfit and/or
surface energy difference. Reports of Co self-burrowing
on Au, Cu and Ag support this idea [13—15]. Besides,
the process does not require self-organization to occur in
the first layer; self-assembly is sufficient. This implies
nearly no restriction on the materials, as self-assembly
nearly aways occurs in the submonolayer range of
epitaxial growth, at least in a suitable temperature range.
Moreover, the geometry of the pillars can, in principle, be
fully tailored: the lateral density of pillars is determined
by the island density in the submonolayer nucleation stage
(play on temperature or deposition technique, like pulsed-
laser deposition or molecular-beam epitaxy [16]), the
width of the pillars by the amount of materia deposited
during each step, and their height by the number of
stacked layers. These remarks open the way to the
exciting concept of 3D self-engineering: in favorable
cases, one might be able to design 3D nanostructures by
stacking self-assembled and self-organized 2D structures
step by step, in a way similar to the layer-by-layer
tailoring of multilayered structures, designed to display
specific properties.

Finally, the dramatic rise of blocking temperature
achievable through pillar growth raises hope that high-
density self-assembled media could one day be used in
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commercial devices. Let us briefly discuss potentia
applications. Even when the pillars are caled self-
organized, as is the case of Co on Au(111), the latera
range of the order isat most some hundreds of nanometers.
Naturally self-organized samples are therefore unsuitable
for applications requiring a long-range order, such as
recording media with one bit per pillar. With this respect,
however, a promising technology for the future is the
combination of lithography or nanoimprint to pattern a
nucleation array, followed by self-assembly [17,18]. This
would alow one to fabricate regular arrays of nearly
monodisperse pillars with high-quality interfaces, and a
high vertical aspect ratio. In the nearest future, the pillar
growth process may find applications when the film as a
whole (pillars plus matrix) is considered as a new artificia
material with specific properties. Such a material might
be used as a substitute for granular materials displaying
giant magnetoresistance (GMR). The GMR magnitude
may be enhanced as more independent parameters are
available, and even more interestingly for devices, one
could tune the interpillar dipolar coupling to decrease the
saturation field, which in granular materiasistoo high for
most devices [19].

In conclusion, we demonstrated that it is possible to
grow nanometer-sized vertical pillars of one element into
the surface of another element. The growth process is
based on aternative depositions of each element, which
alow oneto replicate vertically the flat island pattern from
the submonolayer range. We demonstrated the process
with Co/Au, but it should also occur for other combina-
tions, provided that the two elements show a significant
difference of lattice mismatch or surface energy, and are
not too much miscible. The processis of particular inter-
est for magnetic systems, as it alows the superparamag-
netic blocking temperature to be raised considerably, while
keeping the lateral density of the dots unchanged.
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