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Abstract. Growth, structural and magnetic properties of cobalt island structures grown by molecular beam
epitaxy on 4 nm thick island shaped Ru buffers are studied. The islands are characterized by a narrow
distribution of sizes, and are separated on average by spacing of around one hundred nanometers. Growth
of the islands into continuous films is found to proceed in three well defined stages, and corresponding
magnetic behaviors are identified. The particles formed in the first stage of growth appear to be similar
in shape and size, and their magnetic behavior suggest the presence of superparamagnetism. Particles in
the second stage of growth are ferromagnetic and display a reorientation transition of their magnetization
out of the film plane, consistent with that seen in patterned magnetic dot arrays. Particles coalesce in the
last stage of growth and magnetic properties of continuous films are observed.

PACS. 75.50.Tt Fine-particle systems; nanocrystalline materials — 75.30.Gw Magnetic anisotropy —
75.60-d Domain effects, magnetization curves, and hysteresis

1 Introduction

Nanometer structured magnetic materials are of great in-
terest for studies of mesoscopic magnetism and also for
their potential technological applications as high-density
magnetic storage media. In those systems, the key pa-
rameter is the exchange length, Ley, which is typically
of the order of ten nanometers. Reducing the lateral size
of dots to Leyx has a strong influence on the micromag-
netic domain configuration and can lead to single domain
particles suitable to storage media. However, reducing di-
mensions to submicron scale with a high reproducibility
and well defined shapes is a technical challenge and there-
fore several fabrication methods have been proposed. Most
current preparation techniques are mainly based on costly
and complex lithographic processes usually combined with
etching and lift-off techniques [1-3]. Thus, techniques al-
lowing the direct growth of nanostructures have been de-
veloped. It is possible to fabricate arrays of nanometric
structures grown on vicinal surfaces [4,5], dislocation net-
works [6], or reconstructed surfaces [7,8]. Other alterna-
tive techniques have also been developed, as for example
electrochemically grown wires in pore of membranes [9],
and self-organized islands and line networks grown wia
a patterned template [10]. The growth of magnetic par-
ticles deposited on a non metallic structured substrate
have been reported previously by Ohnuma et al. [11]. This
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method uses a sputter etched polymer substrate to pro-
vide an islanding-shape buffer which supports magnetic
particle growth.

In this paper, a method is examined for producing ar-
rays of magnetic particles based on island growth on a sub-
strate. The arrays considered here are Co islands grown
by molecular beam epitaxy on an island shaped Ru buffer
layer. An optimized Ru thickness was found that resulted
in a structured buffer layer that forced subsequent Co film
deposition to form separated small particles. By increas-
ing the Co nominal deposited thickness, a thin Co film
forms covered by Co islands with a narrow distribution
of size. Finally, for very thick films, a transition between
a columnar structure and a negative columnar structure
(i.e. a continuous film pierced by holes) was observed [12].
The ability to vary the roughness is useful in order to
study how film roughness affects magnetic properties and
the exploration of the relationship between roughness and
magnetic properties is the main topic of this work. We
concentrate here on the early stages of Co island growth
and on their magnetic properties which differs consider-
ably from the one observed for flat or rough thick layers
obtained after island coalescence [12,14].

The key point to understand this process is to try
to establish correlations between the growth modes (con-
tinuous layer or formation of islands) and the magnetic
properties of the samples. To address this question we
studied the film structure as a function of thickness using
Atomic Force Microscopy (AFM). Then we tried to cor-
relate these results with microscopic magnetic properties
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measured using Magnetic Force Microscopy (MFM), and
with macroscopic magnetic properties using Alternating
Gradient Field Magnetometry (AGFM). In addition, mea-
surements of magnetic anisotropy were also performed by
using a variable temperature torque magnetometer. The
paper is organized as follows. In Section 2 the growth and
structure of the films are examined and growth modes
are proposed based on extensive AFM analysis. To our
knowledge no AFM investigation of Ru film topography in
the thickness range examined here has been reported be-
fore. Section 3 contains a description of observed magnetic
properties with an emphasis on anisotropy temperature
dependencies. Details of a spin reorientation are reported
in Section 4. A summary and conclusion are provided in
Section 5.

2 Fabrication, growth modes and structural
characterization

In this study, Ru/Co/Ru trilayers have been grown by ul-
tra high vacuum e-beam epitaxy in a chamber with a base
pressure of 10719 torr. The distance between the sample
and the e-gun was set to 20 cm to avoid bombardment of
the substrate by fast ions/electrons. The deposition pro-
cess is as follows. A rough 4 nm thick Ru buffer layer
was first grown at 700 °C with a flux of 0.05 A/s on
freshly cleaved mica substrates in order to initiate an ‘is-
landing’ hep (0001) growth of Co. Next, the substrate is
cooled down and the Co layer was grown at 500 °C with
a flux of 0.2 A/s. Finally, all the samples were capped
with a 2 nm thick Ru layer to prevent oxidation. The
growth parameters, and especially the substrate temper-
ature during deposition, have been optimized in previous
studies [15] to get the best hcp (0001)crystalline struc-
ture of the Ru and Co layers with the ¢ axis perpendic-
ular to the film plane. By stabilizing a (0001) hcp cobalt
structure which gives rise to a large perpendicular magne-
tocrystalline anisotropy (Kwc hep = 5.2 X 10° erg cm™3),
domains with magnetization perpendicular to the film
plane are favored [14]. Therefore, only the thickness of
the Ru layer was varied to get ’islanding’ of the Co layer,
the growth temperature and the flux were kept constant.
Growth and island formation during the Ru and Co phases
are described below.

2.1 Ruthenium buffer layer growth

The surface topography of the Ru buffer was examined
for different nominal deposited thickness using an Atomic
Force Microscope (AFM). This allows the determination
of an optimal Ru thickness for islanding growth of Co.
Twenty Ru films were deposited on a mica substrate with
a nominal Ru thickness (tgy), the thickness of the Ru
layer when it is continuous, ranging from 1 nm to 20 nm.
The deposition temperature was fixed to 700 °C to allow
a large surface diffusion of the Ru on mica to favor an
hep(0001) structure of the film.
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Fig. 1. AFM topographic images (2um X 2um in size)of the Ru
buffer layer for different stages of its growth and corresponding
height distributions for try = 2 nm (a), tru = 4 nm (b) and
tru = 7 nm (c). The height distributions (solid circles) have
been fitted using a combination of Gaussian functions indicated
by the thin lines.

During the growth process, the Ru appears to follow
the same surface morphological phases as observed in the
case of Ag on mica [16,17]. In the early stages of growth,
homogeneous nucleation takes place. Islands have a nar-
row distribution of thickness as well as a narrow distri-
bution of lateral size and lateral spacing in the array. As
can be seen in Figure la, the topography for tg, = 2 nm
exhibits a high density of small closely packed particles
with lateral dimensions ranging typically from 20 nm to
60 nm, and an average height of about 3 nm. The height
distributions were fitted using a combination of two or
more Gaussian functions (thin lines in Fig. 1). That way,
the contribution of different families of particles can be
extracted. The slight asymmetry in the measured distri-
bution suggests that there is a small contribution from
islands between 1 and 2 nm height, but the majority are
clearly centered around a height of 3 nm. The nearest Ru
patches merge and increase in height as the Ru thickness
is increased. This means that the three dimensions of the
islands increase with increasing nominal film thickness.
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Fig. 2. Evolution of the mean island height determined from
the AFM images versus Ru nominal film thickness.

For tgy = 4 nm, the AFM image (Fig. 1b) shows a coexis-
tence of isolated islands and irregular channels which re-
sult from islands that have already coalesced. A higher Ru
coverage leads to an interconnecting structure with long
irregular channels. Indeed, increasing the thickness of the
Ru buffer from 4 nm to 5 nm reduces its resistance from an
infinite to a finite value: percolation of the islands occurs
in this thickness range. Those channels are approximately
100 nm to 200 nm in width and 6 nm in depth. A further
increase of the Ru thickness induces the channels to fill
in. For tg, = 7 nm, the buffer layer becomes essentially a
continuous film pierced by holes (Fig. 1c). The holes are
about 20 nm to 90 nm in diameter and 4 nm in depth.
Finally, a smooth surface with a peak to peak roughness
of about 1 to 1.5 nm is obtained for Ru thicknesses above
15 nm.

One parameter, which characterizes the evolution of
the topography is the mean measured AFM height as a
function of tgry, reported in Figure 2. It shows a sharp
maximum of 10 nm for a 4 nm nominal thick Ru layer.
For layer thickness ranging from zero to 4 nm, the size and
height of the Ru patches increase but, as extracted from
resistance measurements, they are not connected but sep-
arated by regions where the mica substrate is not covered.
For layer thickness above 4 nm, those regions are filled in
and the maximum AFM height decreases. The patches
are then connected leading to a smooth buffer layer above
15 nm. In summary, the 4 nm thick Ru layer is composed
by irregular rounded patches separated by non covered
mica regions. Their separation by an insulating substrate
and their maximum peak to peak height as the optimal
corrugation for inducing an isolated Co particle growth
were used for producing all Ru/Co structures discussed in
this paper.

2.2 Cobalt layer growth

The second step in the growth process consists of deposit-
ing Co on the 4 nm thick Ru buffer island array.
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Fig. 3. Set of AFM topographic images (2 pym X 2um in size)
and corresponding height distributions depicting the 3 regimes
of the Co growth, for tco = 8.5 nm (a), tco = 11.4 nm (b)
and tco = 17 nm (c). The height distributions (solid circles)
have been fitted using a combination of Gaussians function
indicated in thin lines that correspond to different families of
particles.

2.2.1 Topography characterization

In Figure 3, the evolution of the topography of
mica/Ru(4 nm)/Co(tco)/Ru(2 nm) stacks is shown as
the deposited cobalt thickness tc¢, is increased. Since the
Co layer is capped by a 2 nm thick Ru protecting layer,
care must be taken when analyzing the measurements, es-
pecially the height of the islands. The thickness of the
protecting layer has been optimized, thin to avoid severe
alteration of the layer morphology but thick enough to
protect the Co layer against oxidation. Despite the Ru
capping layer, the AFM images show that the Co growth
follows the Ru island structure resulting in Co islands ar-
ray with an extremely high density.

During the first stage of Co growth (tc, = 4.5 nm),
the morphology consists of islands with lateral sizes rang-
ing from 60 to 150 nm and interparticle distances of
60-100 nm. The island height follows a narrow Gaussian
distribution centered around 12 nm, suggesting thin, disk
like shaped Co particles. For Co thicknesses up to 8.5 nm,
the morphology does not change significantly although
examination of the height distribution in Figure 3a re-
veals two peaks suggesting the appearance of new Co is-
lands. The interparticle spacing appears to be reduced to
40-80 nm, consistent with the idea of nucleation of new Co
particles. The height distribution can be fitted with two
Gaussians centered at 12 nm and 18 nm. This bimodal
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distribution can be understood if the thicker islands are
continuations of the original Ru island growth, while the
thinner islands arise from new Co nucleations. This regime
of Co island growth will be referred as regime I in the fol-
lowing sections of the paper.

At higher nominal Co thickness (10 nm < tcg, <
15 nm) islands of various shapes grow in size laterally
as well as vertically. The closest Co islands merge to
reach 100—200 nm lateral sizes and spacing of about 100 to
150 nm. An example is shown in Figure 3b for a nominal
11.4 nm thick Co film. At the same time the island’s height
increases as can be seen in the corresponding height distri-
butions ranging from 10 to 35 nm. This growth regime will
be called regime II. The height distribution gives informa-
tion about the growth process. Height distributions for Co
films with thicknesses in regime II (less than 17 nm thick)
can be well fitted by using two or three Gaussians, with
the lowest in height always being centered at 10-12 nm.
All the samples in regime II show similar topography and
the most intense peak in the height distribution is located
at 12 nm. One or two other peaks are located between
20 and 35 nm. The highest density of small particles in
the range of 100 nm lateral size, corresponds to the peak
located at 12 nm.

For a critical Co thickness of about 17 nm, regime II1
occurs. Here the growth process has attained the final
stage of continuous film formation, as shown by the height
distribution which exhibit only one peak located at 15 nm
(Fig. 3c). Additional metal deposition results in coales-
cence of the nearest islands and at the same time in filling
the gap between islands. However, it is difficult to deter-
mine when a continuous Co film forms. The problem is
an ambiguity in determining the actual thickness of the
Co since the AFM tip probes only the island height down
to a continuous layer. From AFM alone it is not possible
to determine whether the continuous layer is Co or Ru.
Nevertheless, together with the magnetic characterization
to be described later, a consistent picture has emerged
that suggests that, in regime III, a continuous Co layer
is formed and only the highest islands remain at the top
of the film. The remaining islands have lateral sizes rang-
ing between 200-300 nm. Despite the presence of a con-
tinuous cobalt layer, uneven morphologies continue up to
100 nm Co thickness with average height in the range of
25 nm [12,13].

2.2.2 Structural characterization

Nuclear Magnetic Resonance (NMR) experiments have
been performed on cobalt layers from the three different
growth regimes previously described. NMR is an useful
tool to extract the local stacking of atoms in thin lay-
ers and especially the proportions of two or more phases
when they coexist. A zero field spectrometer technique has
been used for this study. The measurements have been
performed at 4.2 K and 1.5 K for the thinnest sample,
to enhance the signal to noise ratio. The expected fre-
quency positions for a cobalt atom in a bulk hcp envi-
ronment when the local direction of the magnetization is
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Fig. 4. NMR spectra for Ru(4 nm)/Co(tco)/Ru(2 nm) with
(a) tco = 4.5 nm, (b) tco = 8.5 nm and (c) tco = 11.4 nm. An
example of decomposition of a NMR spectrum is given in (a).
It shows (-) the resultant NMR spectrum, (—) the contribution
from the Co atoms in a fcc environment (23% with 8% stacking
faults), (-.-) the contribution from Co atoms in hcp environ-
ments (77% with 9% stacking faults). The numbers represent
the different type of stacking faults as a function of their reso-
nance frequency: (1) fec, (2) fcc with hep faults, (3) hep with
fce faults and (4) hep.

oriented perpendicular to the ¢ axis (=~ 228 MHz) and for
a cobalt atom in a bulk fcc environment (= 217 MHz) are
indicated. In an hcp environment, the frequency becomes
222 MHz if the local magnetization is parallel to the ¢ axis.

The spectra of the samples with tc, = 4.5, 8.5 and
11.4 nm are presented in Figure 4. They show the coex-
istence of fcc and hep Co phases in varying proportions.
Since the peak attributed to the hcp phase is close to
228 MHz, we can affirm that for those three samples the
magnetization direction lies in plane. However, a progres-
sive shift of the hcp phase cobalt peak toward lower fre-
quencies as thickness increases can be due to a part of
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Table 1. Proportion of the hcp and fcc phases and stacking faults deduced from the fitted NMR, spectra.

Composition tco =4.5nm  tco =85 nm tco = 11.4 nm
% of hep Co 7 63 87
% of fcc Co 23 37 13

% of stacking faults in hcp phase 14

% of stacking faults in fcc phase 8 6 8

magnetization oriented out of the plane. We will demon-
strate in the following section that such a magnetization
rotation is likely to occur. The goal of those experiments
is to obtain quantitative informations about the concen-
tration of cobalt in the hcp and the fcc environment. For
this purpose, a model allowing to reproduce the experi-
mental spectrum has been used. This model was devel-
oped and tested for Co/Mn multi-layers [18] and cobalt
electro-deposited layers [19]. In this model, each spectrum
is decomposed in distinct lines as indicated in Figure 4a.
Two lines correspond to the hep (&~ 228 MHz) and fcc
(=~ 217 MHz) bulk contributions. Two other lines describe
the stacking faults in the hcp and fec phases. For instance,
a fcc stacking fault in hep bulk appears by an additional
line shifted toward lower frequencies. For three succes-
sive fcc stacking faults, the corresponding line arises at
the bulk fcc position. In order to distinguish the stack-
ing fault’s intensities arising from one phase rather than
the other one, we make the assumption that the stack-
ing faults are randomly distributed. Three parameters are
tunable in this model: the hep phase fraction (expressed
in % of the whole quantity), the hcp stacking fault pro-
portion in the fcc phase (expressed in % of the fcc phase)
and the fcc stacking faults proportion in the hcp phase
(expressed in % of the hep phase. Quantitative results are
presented in Table 1. It appears that the fcc phase concen-
tration does not decrease when the nominal cobalt thick-
ness is increased as it could be expected if the fcc phase
was present at the beginning of the growth. Indeed, the
hcp phase concentration is higher for the 4.5 nm nominal
cobalt thick layer than for the 8.5 nm.

2.2.3 Discussion of the Co growth

The evolution of the Co structure and morphologies can be
understood using the model developed by Campbell [20]
to describe the growth of metal on insulating substrates.
This model relies on the fact that high mobility metallic
atoms incoming on an insulating substrate reduce their
energy by climbing previously formed metallic patches.
We have used this model to provide a consistent scene of
the Co growth on the rough Ru buffer layer, compatible
with the informations extracted from the AFM and NMR
measurements.

For tco, = 4.5 nm, the morphology is composed with
60 nm to 150 nm lateral sized islands. Considering the
growth temperature and the height of the thinner Ru/Co
islands, Co atoms falling on the mica substrate between

Ru islands can overcome the activation barrier to climb
up the Ru/Co patches. The growth of the Co islands
takes then place preferentially on the Ru islands buffer
which favor an hep structure of Co and a two dimensional
growth. However a proportion of Co islands grow directly
on the mica substrate, between the highest Ru islands as
suggested from the AFM images. Those smaller islands,
grown directly on an insulating substrate, are known to
have spherical like shape due to the difference of surface
energies. So, they exhibit a high surface to volume ratio
and have a tendency to crystalize in a fcc phase since it is
energetically more favorable to form fcc (111) faces. As it
has been mentioned previously, the particle’s size distri-
bution does not change when the Co thickness is increased
up to 8.5 nm. However, the density of particles increases.
Indeed, the height of the thinner Ru/Co islands has in-
creased as well as the activation barrier the Co atoms
have to climb. Therefore, Co atoms on the mica substrate
stay on it and form new Co particles with small volumes
exhibiting a maximum of fcc (111) faces. Thus the con-
centration of atoms in a hcp environment decreases. For
higher nominal Co thicknesses, the closest islands merge
and the island’s lateral size increases (100 to 300 nm),
favouring an hcp structure. Thus, the atom’s concentra-
tion in an hcp environment increases again with the nom-
inal Co thickness and for thicknesses above 11.4 nm, only
the hep phase could be observed.

3 Magnetic properties

Average macroscopic magnetic properties have been in-
vestigated using torque magnetometry and AGFM with
the field applied either parallel or perpendicular to the
film plane. In order to examine domain pattern formation,
MFM experiments were also carried out using a Nanoscope
IIT system in the tapping/lift mode with a tip magnetized
along the tip axis to probe the local magnetic domain
structure [14]. For the MFM experiments, the samples
were previously demagnetized by sweeping the applied
field in plane from positive to negative while decreasing
the field [14].

3.1 Hysteresis and magnetic force measurements
In regime I, magnetization curves (M-H curves) performed

at various temperatures on the 4.5 nm and 8.5 nm Co thick
samples gave square loops for the field applied parallel to
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Fig. 5. Perpendicular and parallel magnetization curves performed on a sample with tco = 8.5 nm at 300 K (a) and 25 K (b)
typical of samples in regime I. MFM image on the same sample (2 ym X 2um in size) obtained at zero field after an in-plane
demagnetization (c). The contours of the islands have been stacked on the MFM images in white to show correlation between

magnetism and topography.
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Fig. 6. Perpendicular and parallel magnetization curves performed on a sample with tco = 11.4 nm at 300 K (a) and 25 K (b)
typical of samples in regime II. MFM image on the same sample (2 pm x 2um in size) obtained at zero field after an in-plane
demagnetization (c). The contours of the islands have been stacked on the MFM images in white to show correlation between

magnetism and topography.

the film plane. This suggests an in-plane easy axis for both
films. This is exemplified in Figure 5a where room tem-
perature parallel and perpendicular M-H curves for the
8.5 nm thick Co film are shown. The saturation field per-
pendicular to the film plane is equal to 11 kOe at room
temperature. At 25 K, an hysteresis appears in the per-
pendicular M-H curve with a slight increase in the satu-
ration field. A MFM image at room temperature is shown
in Figure 5c¢ for this film. Note that MFM images for both
samples show diffuse gray contrasts that are not character-
istic of magnetic domains with perpendicular magnetiza-
tion. Moreover for the parallel M-H curve, the saturation
field decreases strongly from 6.5 kOe at 300 K to 0.9 kOe
at 25 K for the 8.5 nm thick film.

In regime II (tco = 9.7 nm and 11.4 nm) the M-H
curves measured at room temperature show that the easy
axis remains mainly in plane. Results for the 11.4 nm thick
film are given in Figure 6a and b. Interestingly, M-H curves
measured at temperatures below 200 K reveal a change of
the magnetization easy direction from in plane at 300 K
to a direction out of the film plane at 25 K. Further de-
tails concerning this reorientation will be discussed in the

next section. The parallelogram shape of the perpendicu-
lar curve at 25 K also suggests a reversal of the magnetiza-
tion in a collection of interacting magnetic particles rather
than domain formation in a continuous film [21]. This also
supports the picture of regime II as a collection of Co is-
lands rather than a continuous film. The room tempera-
ture MFM image measured on the 11.4 nm thick film is
shown in Figure 6¢. It is difficult to distinguish structures
in the MFM contrasts on a scale finer than the small-
est particle size determined by AFM. This means that
the particles have an in-plane single domain structure. At
the same time, a few larger islands exhibit multi-domain
structures where the magnetization is perpendicular to the
plane or canted. Here the domain structure is clearly dom-
inated by the geometrical constraints of the particle itself.
Interestingly, these multi-domain states are very similar
to those observed in arrays of square dots [1].

Island shaped films with thickness above 15 nm in
regime III display M-H curves that are very similar to
those observed for the samples in regime II. An example
for a 17 nm thick Co film is shown in Figures 7a and b.
However, a close examination of the perpendicular M-H
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Fig. 7. Perpendicular and parallel magnetization curves performed on a sample with tco = 17 nm at 300 K (a) and 25 K (b)
typical of samples in regime III. MFM image on the same sample (2 ym X 2 pm in size) obtained at zero field after an in-plane
demagnetization (c). The contours of the islands have been stacked on the MFM images in white to show correlation between

magnetism and topography.

curve at room and at low temperatures reveals an addi-
tional contribution at high fields above 7 kOe, represented
by a small unsaturated component that signals the pres-
ence of a continuous Co layer. The hysteresis which opens
in the center of the perpendicular M-H curve at room
temperature is also narrower than that for the regime II
films, as would be expected for a thin film. It is possible
that the hysteresis loop for perpendicular magnetization
is determined by a combination of Co particles and a con-
tinuous film component. The continuous layer would mag-
netize in-plane with a large saturation field for perpendic-
ular magnetization. These facts are strengthened by the
MFM image shown in Figure 7c. It reveals regions that
exhibit black and white contrasts of magnetic domains
having their magnetization perpendicular to the film plane
mainly localized on the islands, and areas with diffuse gray
contrasts between the islands where magnetization is still
in plane.

3.2 Temperature dependence of anisotropies

Temperature dependent magnetic torque measure-
ments allow an accurate determination of the magnetic
anisotropy constants and their temperature dependence.
The torque due to an external magnetic applied field was
measured as the field was rotated in a plane perpendicular
to the film. The 12 kOe applied field was enough to insure
a single domain saturated state. The data were fitted
using the torque, I', calculated from the fourth order
expansion of the anisotropy energy, FE,, according to
I' = —0F, /00 where

E, = K.gsin?(0) + Ky sin*(6). (1)

Here 6 is the angle of the saturation magnetization Mg
with respect to the normal of the film plane and K> is the
fourth order uniaxial magnetocrystalline anisotropy con-

Ky (erg.cm 3*10°€)
&

0 50 100 150 200 250 300
Temperature (K)

Fig. 8. Temperature dependence of the effective anisotropy
constant Keg fitted from the torque curves measured on
Co particle-shaped films with nominal thickness of tc, =
4.5 nm (solid squares), tco = 8.5 nm (solid triangles), tco =
9.7 nm (solid circles), tco = 11.4 nm (open triangles) and
tco = 17 nm (open circles).

stant. The effective anisotropy constant K.g is defined as
Keg :KMc—I—Qﬂ'MSQ (N“ —NL) (2)

where Kyic is the second order uniaxial magnetocrys-
talline anisotropy constant of Co, and N| and N, are
respectively the average particle demagnetization factors
along and perpendicular to the substrate. The effective
anisotropy constant K.g determined in this manner is re-
ported in Figure 8 as a function of nominal Co thickness
and temperature. Kog increases with decreasing tempera-
ture for all Co film thicknesses. The thermal behaviors of
K.g differs slightly between the different growth regimes
while the high order anisotropy, K2 (not shown) does
not show any significant variation with temperature for
samples of the three regimes. Its value is equal to
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105 ergem™3, in agreement with the measurements of
Paige et al. [22].

3.2.1 Samples of regimes Il and IlI

For the samples of regimes I and III, the amplitude vari-
ation of K. between room temperature and 25 K is in
the order of 2.5 x 105 ergem™3. This large variation of
Ko is the one expected when all the Co layer is stabi-
lized in the hcp structure [22,23]. Indeed, for Co thick-
ness above 10 nm, the layer contains at least 90% of the
hep Co phase. At 300 K however, the value of K.g for
regime III samples is nearly twice the value for regime II
samples (—2.5 x 10°). The observed small differences in
hep Co concentration can not explain the differences of
the K.g values between the samples of regime II and III.
As a matter of fact, the demagnetizing field energy term
(2rM2 (N — N1)) is different for samples in regime II
and ITI. On one hand, for the films in regime III exhibit-
ing a topography composed by a thin continuous Co layer
caped by islands, the demagnetizing field energy term is
close to that of a continuous layer —27M2. On the other
hand, for the films in regime II exhibiting a morphology
composed by non connected islands, the demagnetizing
energy term becomes different from that of a continuous
layer as (N” — NJ_) is not equal to —1.

3.2.2 Samples of regime |

For the samples in regime I, the amplitude variation
of K.g between room temperature and 25 K is weaker
(~ 10% ergem™3). The variation of K¢ as a function of
temperature for samples in regime I can not be due to
the thermal variation of an additional term arising from
surface anisotropy. Indeed, it has been found that its vari-
ation from room temperature to 10 K is in the order of
0.2 erg cm~2 for Co films with thickness below 10 nm [24].
However, we have shown in a previous section that sam-
ples from regime I exhibit an important mixing of hcp and
fce crystalline phases. The diminution of the K.g varia-
tion with temperature suggests then a direct link with the
important concentration of the fcc phase. We can thereby
interpret the K g variation using a simple model proposed
by Gronkel et al. [25]. Within this model, K. is deter-
mined by the relative proportions of hcp and fcc phases:

Keff = XKMCﬁth + (]— - X)KMC,fcc
+2rM2 (N — N.) (3)

where X represents the Co proportion in an hcp environ-
ment, Kycnep i the hep magnetocristalline anisotropy
and Kwmc e is the fcc magnetocristalline anisotropy.
Knc gec s in the order of 10° ergem ™2 and is neglectible
compared to the other terms of equation (3). Equation (3)
is true if hcp and fcc phases fractions are strongly cou-
pled by exchange interactions or completely uncoupled
(i.e. well separated hep and fee Co islands).

The European Physical Journal B

_7 ¥ T v T T T T T T T T T
=
(&)
o
o -8r ]
wO
2 ol !
= /’%
x“u'a
_1 O - 4
0 50 100 150 200 250 300

Temperature (K)

Fig. 9. Thermal variation of Keg — X Kwmc,hep, Mmeasured
on Co films with nominal thickness of tco = 4.5 nm (solid
squares), tco = 8.5 nm (solid triangles). Knic,hep is the mag-
netocristalline anisotropy constant measured on a 10 nm thick
continuous hcp Co film.

As a reference, torque measurements on a flat con-
tinuous 10 nm thick hep (0001) Co film deposited on
a continuous Ru buffer layer (20 nm thick) were made
in order to determine the thermal variation of the bulk
Kmchep in a thin film. This bulk value was subtracted
from the K.g of the particle shaped samples and reported
in Figure 9. The result is an experimental determination
of 2w M? (N” - NJ_) = Keg(T) — XKwmc,hep for island-
shaped films with ec, = 4.5 nm and ec, = 8.5 nm.

For the 8.5 nm Co nominal thickness, the Co propor-
tion in a hcp environment is 63% with 14% of stacking
faults, so that X = 54%. Keg — XEKMC hep IS almost
constant with temperature. Therefore for this film, the
diminution of the amplitude variation of K.g is due to
the weaker proportion of Co in the hcp phase.

For the thinnest film (ec, = 4.5 nm) X is equal to
70%. Kot — X Knc hop decreases slighly as the tempera-
ture is reduced. For this film, the islands are very tinny
with lateral sizes in the order or less then 100 nm. This is
still large enough to support bulk like behaviors of Kyic.
The variation of Keg — X Kwmc,hep identified in Figure 9
could then be explained if some islands are superparamag-
netic. Some degree of superparamagnetic behavior is also
supported by the MFM and AGFM measurements. The
MFM images show weak contrasts that could be a sign of
random moment orientation. The M-H curves show very
small hysteresis for the out of plane magnetization but
are clearly hysteretic in plane with a small remanence at
room temperature. This suggests that the islands are pref-
erentially in plane magnetized and the hysteresis is due to
in-plane effective anisotropies.

In the superparamagnetic case, My in equation (3)
should be replaced by M, the mean magnetization, and
the reduction of Keg — X Kmchep With temperature is
attributed to the reduction of the magnetic moment fluc-
tuation of the smaller volume particles when temperature
is decreased. For small non-interacting uniaxial particles,
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a blocking temperature below which the magnetization is
frozen can be estimated by:
Tp = KegV/25ky,. (4)
Since the variation of Keg — X Knc hep for the 4.5 nm
thick film seems more significant for temperature above
200 K, a blocking temperature of 200 K was roughly esti-
mated. From equation (4), those particles have a volume
above 230 nm® but smaller than the mean volume mea-
sured from the AFM images. Using this volume value,
we were however able to simulate the in plane and out
of plane M-H curves using a modified Langevin function
including the effect of the anisotropy. From the AFM mea-
surements, there are several size distributions contributing
to the overall magnetic properties of these samples. This
means that any superparamagnetic contribution arising
from particles with very small volumes will be superim-
posed to ferromagnetic contributions arising from parti-
cles with larger volumes.

4 Magnetic re-orientation

In a single domain state, the easy axis of magnetization for
Co thicknesses lower than 8.5 nm, addressed as regime I of
growth, are in plane for temperature ranging from 300 K
to 25 K. However, the samples with thicknesses ranging
from 9 to 15 nm (regime II) show an interesting feature
that is not seen for the thinnest films. The regime II films
show a magnetization reorientation from an in-plane to an
out-of-plane direction at low temperature.

The prime evidence for this magnetization reorienta-
tion comes from the torque curves. Data taken on the
11.4 nm Co thick samples are presented in Figure 10. The
re-orientation is signaled by the appearance of two ad-
ditional angles for which the torque vanishes when tem-
perature is decreased below 200 K. These angles different
from 0° and 90° show that the preferred orientation is nei-
ther in plane nor out-of-plane. Instead, the magnetization
prefers to orient along a cone, defined by the angle where
the additional zeroes from the torque curves appear. This
angle can also be calculated from the measured values of
Keg and Ko by minimizing the energy E, given in equa-
tion (1). The stable solutions for nonzero 6 that minimize
FE, are 0 > K.g > —2K5. The corresponding cone angle
0. is:

6. = arcsin [ (—KQH/QKQ)} . (5)

As Ky = 10% ergem™ and from Figure 8, it can be
seen that the required conditions on K¢ and K are only
satisfied at low temperatures (lower than 200 K). The for-
mation of a cone orientation is determined by the thermal
variation of K.g, which is the most sensitive to tempera-
ture. The values of the cone angle versus temperature are
given in Figure 11 for tc, = 9.7 nm and 11.4 nm. There

175

2+r 50K
I NIFAW. .
S,V VV
Pl%‘z— ' 150+<
Z0
LIV
+= ©r 290 K
0 N\
W NN
240

0 120
Angle (degrees)

360

Fig. 10. Measured and calculated torque curves performed
at different temperature as a function of the angle between
the applied field and the perpendicular to the sample for
tco = 11.4 nm. The measured data appears as solid circles.
The calculated values (assuming that magnetization and field
are collinear) are given by the solid lines.
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Fig. 11. Measured and calculated cone angles 0. as a function
of temperature for tco = 11.4 nm. The measured values (open
circles) were determined from the additional zeros in the torque
measurements and the calculated values (solid circles) were
found using the fitted anisotropy values.

is a good agreement between the measured and the cal-
culated value of 6.. The room temperature in-plane mag-
netization switches to angles of 45° and 53° respectively
for temperatures below 200 K. Such behavior has been
previously observed in submicronic cobalt dots fabricated
by lithography [23]. The reorientation here, as in the case
of the dots, is driven by the large thermal variation of
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K together with the particular shape anisotropy of the
small particle geometry. The observation of the cone an-
gle reorientation in the films examined here supports the
argument that the samples are primarily composed of sep-
arated small Co particles.

5 Conclusion

The growth of thin Ru and Co films has been studied in
growth regimes favouring islanding of Co and Ru. Control
of the islanding was achieved in such a way that isolated
Co particles were formed on Ru island substrates. The
distribution of sizes and spacing of these particles is re-
markably narrow, and the technique may hold promise as
a relatively simple mean of producing very small Co par-
ticles.

The growth of the Ru and Co islands was found to
follow different steps leading to the formation of a con-
tinuous film. It was found that even after the formation
of a continuous film, the islands continue to develop. The
island growth and consequent effects on magnetic proper-
ties were studied in detail using magnetometry and mag-
netic force microscopy. Correlations were found between
the magnetic properties and island formation process. For
each growth regime, particular structural and magnetic
characteristics were observed.

The magnetic properties were found to be strongly af-
fected by the island shape. One of the consequences of
the interplay between particle shape, size and the thermal
variations of the anisotropies is the possibility of reorien-
tation transitions. An out-of-plane reorientation, observed
earlier in patterned Co magnetic dots, was found for low
temperatures in the films grown in the second regime. The
existence of this transition provides further evidence that
some of the growth regimes are characterized by the for-
mation of narrow distributions of small magnetic particles.
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