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Vertical self-organization of epitaxial magnetic nanostructures
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Abstract

We report the fabrication of epitaxial nanometer-thick magnetic structures, self-organized on surface reconstructions
[Co/Au (1 1 1) pillars] and atomic step arrays [Fe/Mo (1 1 0) stripes]. Due to their high volume, these structures are

remanent at room temperature, whereas conventional self-organized flat systems obtained in the sub-monolayer
deposition range are superparamagnetic down to low temperatures. r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the last decade, it has been shown that
nanostructures can be fabricated spontaneously during

ultra-high vacuum (UHV) deposition of a fraction of, or
a few atomic layers. Although generally randomly
distributed, in a few cases the nanostructures can be

forced to nucleate in a well-ordered fashion when
deposited on a patterned template surface. The success-
ful use of several types of templates was reported for
magnetic deposits, such as arrays of atomic steps on

vicinal surfaces [1,2], arrays of overlayer [3] or buried [4]
dislocations, medium range intrinsic [5] or adsorbate-
driven [6] surface reconstructions. These processes are

often called self-organization.
Until now very few studies have been reported on the

magnetic properties of these systems, which remain in

the field of fundamental surface physics. One reason is
that self-organized magnetic systems are considered as
limited in number and not versatile. Another reason is

that these nanostructures are generally so small and thin
that they are superparamagnetic or even nonmagnetic at
room temperature. Here, we describe two attempts to
overcome these obstacles, based on self-organization on

surface reconstructions and atomic steps, successively. It

is shown how manipulation of growth can bring these

systems from surface physics to material physics by
increasing their size perpendicular to the surface, while
retaining their initial in-plane shape and order.

2. Vertical CO/AU (1 1 1) pillars

The Au (1 1 1) surface is unique: it undergoes a surface
reconstruction whose lattice parameters are well above
the atomic dimensions:B7:5� 20 nm. This template has
been used in the sub-atomic-layer range to fabricate self-
organized arrays of flat Co, Ni and Fe dots with
diameter in the range 1–5 nm and density above

1012 cm�2 (see left part of Fig. 1) [7–9]. Fe and Ni dots
are 1 atomic layer (AL) high, whereas Co dots are 2AL
high, and all dots are superparamagnetic above 10–30K.

We reported recently that the flat Co dots could be
extended vertically by sequential deposition of subAL
amounts of Au and Co under suitable conditions.
Firstly, Au atoms fill the empty space between Co dots

and smooth the surface. Then during Co deposition Co
atoms gather on top of existing Co dots, heightening
them by 1AL. Self-organized arrays of vertical Co

pillars are obtained by repetition of many similar steps
[10,11] (see right part of Fig. 1). Magnetization is
perpendicular to the surface, and the blocking tempera-

ture is higher than in conventional flat dots due to the
increased number of Co atoms per magnetic entity. To
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some extent, the diameter and the height of the pillars
can be tuned by the fraction of AL of Co deposited
during each step, and the total number of steps,

respectively, while the lateral spacing is kept fixed, as
imposed by the Au (1 1 1) reconstruction. It is the
purpose of this section to report how magnetic proper-
ties of such pillars depend on their geometry. We report

on four samples labeled A–D, whose geometrical
features are summarized in Table 1, along with magnetic
properties to be discussed below.

Fig. 2 shows the normalized polar magneto-optical
Kerr effect hysteresis loops of samples A–D measured in
situ up to 0.75T, from 60 to 300K. Remanence is weak

in all samples resulting from both thermal activation
and inter-pillar demagnetizing fields, as argued below.
Concerning thermal activation it is clear that the

blocking temperature TB increases with the mean pillar
volume, from 80K in A to above 300K in D. We first
focus on the superparamagnetic regime of pillars in A,
ranging from 80 to 300K. Our discussion below gives a

firmer basis to what had already been partly disclosed in
Ref. [11] concerning the analysis of the superparamag-
netic regime. Although each pillar holds a macroscopic

spin the Langevin function cannot be used to fit the
MðH;TÞ response because of the nonzero magnetic
anisotropy. Let us consider a pillar of energy E ¼
�m0MH cos y� K cos2 y: M ¼ Msv and K ¼ Kvv where
Ms and Kv are respectively, the saturation magnetization
and anisotropy per unit volume, v is the pillar volume,
and y is the angle between the magnetization vector and
the normal to the film. We also assume as a crude

approximation that the pillar macrospin follows the
Boltzmann law at equilibrium. The partition function of
the pillar can be calculated exactly:
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Fig. 1. 300� 300 nm STM image of self-organized Co/Au

(1 1 1) dots in the monolayer range (left) and after deposition

of 10 Co/Au bilayers (right, different area). Insets show

enlargements with the Au reconstruction clearly visible.

Fig. 2. Polar MOKE hysteresis loops of samples A–D. Note

that sample D could not be saturated under 0:75T below 125K,
so that the displayed loops are minor loops.

Table 1

Features of samples A–D

Pillars Diameter Height Volume TB

in sample (nm) (nm) (nm3) (K)

A 3 5.5 40 80

B 4.3 4.5 65 210

C 4.2 8 110 300

D 3.9 18 215 350
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with d ¼ bK ; h ¼ bm0MH; b ¼ 1=kBT and ErfiðxÞ ¼
ð2=

ffiffiffi
p

p
Þ
R x

0 e
t2dt is the imaginary error function. It is then

straightforward to derive the average normalized
magnetization x ¼ cos y:
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as well as the initial susceptibility x ¼ dx=dh:

x ¼ �1=2d þ expðdÞ=ð
ffiffiffiffiffiffi
pd

p
Erfi

ffiffiffi
d

p
Þ: ð3Þ

These analytical expressions valid over the entire field

range extend the initial susceptibility calculations of Ref.
[12]. In the high temperature/low anisotropy limit
Eq. (2) comes close to the Langevin function, and

xB1=3þ 4d=45: In this limit thermal activation be-
comes so high that all macrospin directions are nearly
equally probable. Numerical evaluation shows that this

approximation is very good for T > 50 TB; with
TBBK=25kB: In the low temperature/high anisotropy
limit Eq. (2) comes close to the Brillouin 12 function, and
xB1� 1=d: This approximation is very good for

To5TB; which is the case for sample A. This can be
understood as follows. Even being above TB the
macrospin remains most of the time not far from an

easy axis direction for To5TB; either up or down, and
only very rare events allow magnetization to switch in
the time scale of measurement, typically 1 s. Finally, as

in Ref. [11], H includes the external field, plus inter-
pillar dipolar fields estimated in a mean field approach:
H ¼ Hext þ aMsðm=MÞ with m ¼ M cos y; where a is a
geometrical factor. The reverse initial normalized

susceptibility is then given by

1
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dðm0HÞ
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kBT
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K
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The experimental 1=wðTÞ curve is linear within experi-
mental error (see Fig. 3b), which shows that the
pertubation term kBT=K in Eq. (4) can be neglected in

our case. The intercept with the y-axis yields
aðm0MsÞ ¼ �42mT, and the slope yields N ¼ 2800Co
atoms per pillar. These figures are in good agreement

with those estimated from the geometry of the pillars
deduced by STM: aðm0MsÞ ¼ �32mT and N ¼ 3300
atoms. This good agreement confirms the continuity of
the pillars which had been suggested in the view of STM

images, and suggests that each pillar behaves like a
single magnetic entity [11]. For samples B–D the
agreement over a is also quantitatively good, but N

(proportional to M=Ms) cannot be reliably estimated
because in Eq. (4) the term aðm0MsÞ is dominant. Finally,
note that ao0 means that inter-pillar dipolar fields are
demagnetizing as expected from neighboring spins with
perpendicular anisotropy. This might also explain why

the remanent magnetization remains moderate below TB
despite the perpendicular anisotropy.
Fig. 3a shows the normalized remanent magnetization

Mr of samples A–D as a function of temperature. From

these curves, we estimated TB for each sample by
measuring or extrapolating the cancellation temperature
of Mr: TB is found to increase with the mean pillar

volume v (see inset), with a tendency towards saturation
for large pillars. As the anisotropy barrier preventing
magnetization reversal is K ¼ Kvv; this suggests that the
effective magnetic anisotropy per unit volume Kv is only

weakly dependent on the pillar size and geometry.
Let us finally comment on the moderate increase of

Mr below TB; whereas a sharp rise is expected for a
single domain isolated superparamagnetic pillar. One
reason for a moderate Mr just below TB is demagnetiz-
ing inter-pillar dipolar fields. This is confirmed by the

fact that remanence is lower in samples A and C than in
samples B and D, which is correlated to the fact that the
lateral order of the pillars is more altered during the

course of vertical growth in samples B and D (to be
reported elsewhere), yielding weaker inter-pillar demag-
netizing fields. However, Mr should in both cases
dramatically increase towards 1 well below TB; as the
demagnetizing fields magnitude is much smaller than the
anisotropy fields. This suggests that other effects occur,
such as a broad anisotropy field distribution and/or

slightly canted magnetization.

3. Multilayered FE (1 1 0)/MO (1 1 0) atomic step

decoration

Ultrathin Fe deposits on W (1 1 0) [13], and to a less
extent on Mo (1 1 0) [14,15], have been much studied as a

Fig. 3. (a) Polar remanence for samples A–D (b) Inverse

susceptibility of sample A.
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model system due to perfect wetting of the Fe monolayer
and absence of intermixing. For high thickness ran-

domly distributed three-dimensional (3D) Fe islands are
known to grow on top of the monolayer at high
temperature [16,17], whereas the fabrication of contin-

uous films requires moderate temperature or tempera-
ture-gradient deposition [18,17]. By following a suitable
mixture of the two procedures, we could produce

nanometer-thick self-organized Fe(1 1 0)/Mo(1 1 0)
structures, as reported below.
Our deposition technique in this case is pulsed laser

deposition, performed under UHV on a flat and
perfectly single crystalline 10 nm thick Mo (1 1 0) buffer
layer on Al2O3ð1 1 %2 0Þ [16]. Fig. 4a shows an ex situ
AFM image after deposition of a nominal thickness of

2 nm Fe at 425K and subsequent 1 h annealing at 725K,
resulting in stripe-shaped Fe dots with a mean height of
6 nm. A close examination of Fig. 4a and comparison

with in situ STM images reveal that the stripes are
parallel to the atomic steps of the Mo (1 1 0) surface,
each step being decorated by one chain of stripes.

The period (B200 nm) and stripe direction (B½0 0 1�) of
the array are directly related to the slight miscut of
the Al2O3 substrate, estimated at 0.051 along ½1 %1 0�: The
mechanisms underlying the growth of rather thick

stripes in a self-organized step-decoration fashion lies

outside the scope of this paper, and will be reported
elsewhere.

On this wafer, shape and magnetocrystalline aniso-
tropy [15] both favor magnetization alignment along
½0 0 1�, as confirmed by vibrating sample magnetometry
hysteresis loops (see Fig. 4b). The high remanence along
½0 0 1� at 300K is a direct consequence of the vertical
growth of the wires, and thus of their large volume. This
contrasts with conventional step decorated ultra-flat

stripes grown in the monolayer range, that may even not
be ferromagnetic at 300K [1].
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Fig. 4. (a) Ex situ 10� 10 mm AFM image of Fe/Mo (1 1 0)

step-decorated stripes. (b) Room temperature VSM in-plane

hysteresis loops of the stripes.
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