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Abstract

An alternative process to produce magnetic FePd nanoparticles dispersed in liquid solution exploiting a “top-down”
strategy is here reported. This process is based on the solid-state dewetting of a FegoPd2o thin film to produce magnetic
isolated islands array attached on a solid substrate. The subsequent detachment from the substrate offers the possibility
to obtain free-standing magnetic nanoparticles for different applications. An adequate choice of the initial thickness of
FesoPd2o thin film, annealing time and annealing temperature allows to finely tune the final size and shape of free-
standing magnetic nanoparticles. A detailed study on the influence of latter parameters on islands morphology is here
presented by SEM images analysis whereas the Johnson-Mehl-Avrami model is employed to extract the kinetics
parameters of dewetting process. Room-temperature hysteresis loops and first-order reversal curves are measured in

order to investigate the evolution of magnetic properties as a function of dewetting stage.

Keywords: Solid-state dewetting, magnetic nanoparticles, FePd alloy, magnetic thin film.

1. Introduction

The still growing interest in magnetic nanoparticles (MNPSs) is mainly focused on the ability to produce them in a very
controlled way [1-4]. In fact, a large variety of sizes, shapes, chemical compositions, and structures of MNPs is daily
available, and their application gains increasingly attraction in a wide range of disciplines such as catalysis [5],
biomedicine [6], and environmental remediation [7]. In this context, a number of suitable methods have been developed
for the synthesis of MNPs exploring both physical and chemical techniques [3, 8]. The conventional mostly used
chemical methods are low-cost methods allowing to synthesize high volumes of nanoparticles, nevertheless, their major
drawback regards the complexity to use some elements and especially combine them in alloys during chemical

reactions in order to obtain the desired properties.


mailto:g.barrera@inrim.it

To overcome such limitations, some recent studies have demonstrated the viability to use “top-down” approaches,
applicable to a wide range of materials and alloys, to fabricate specifically designed MNPs [8, 9]. Usually, these “top-
down” approaches involve lithography and etching process, which offer defined morphologies and uniform size of the

nanostructures but suffer from high complexity and not negligible processing costs.

In this work, an easy-to-use “top-down” process to produce free-standing magnetic nanoparticles based on the solid-
state dewetting of a magnetic thin film is reported. The solid-state dewetting is a thermally activated process where a
thin film agglomerates to form an array of islands on a solid substrate upon annealing at temperatures below the melting
point [10-13]. The dewetting effect is usually considered as a drawback that limits the fabrication of microelectronic
devices based on thin films [14] but also as an alternative route, applicable to a wide range of materials and alloys, to
nanostructure thin films obtaining well-controlled island arrays commonly used in areas such as catalysis, electronics,
and plasmonics [15, 16]. Moreover, the detachment of islands from the substrate and their dispersion in a liquid solution

represents an alternative and unconventional route to obtain free-standing MNPs.

The morphological evolution during the dewetting process from a highly anisotropic 2D shape of continuous thin film
to a more isotropic 3D sphere-like shape of the isolated islands is driven by the minimization of the free-energy related
to the interfaces between the film and its substrate. The starting point is the formation of holes into the film after an
incubation time, it continues with the spontaneous growth of holes and it ends with holes junction and the formation of

isolated islands [10, 11].

Many parameters appear to highly influence the size and density of the obtained islands as well as the kinetics of the
dewetting, this prevents, from an experimental point of view, to single out the effect of one parameter from the others.
Examples of these are: the initial thickness of thin film, the annealing temperature, the annealing time, the film

crystallography, the number of defects in the film, etc. [10, 17].

As expected, the morphological transformation induced by the dewetting process determines also a consequent
evolution of the magnetic properties. The magnetization does not lie anymore in a continuous film being constrained
into isolated islands. The consequent increase of the surface/volume ratio leads to an increase of surface spin-disorder
[18] and to an enhancement of magnetic surface anisotropy [19] resulting in a different reversal process of
magnetization with respect to the one occurring in the continuous thin films. The magnetic behavior of islands is then
maintained in the free-standing nanoparticles with some possible minor effect due to the stress release after detachment

and/or to magnetic interaction among MNPs in the liquid solution.



In this work, polycrystalline FegoPd2o thin films were sputtered and then submitted to the solid-state dewetting process
in order to form isolated FePd islands attached on substrate. The shape and size of islands was finely-tuned by means of
the initial thickness of FePd thin film, annealing time and temperature resulting as a valid tool to meet the demands of
various applications involving MNPs [6, 7]. In this context, free-standing FePd nanoparticles were produced and
dispersed in liquid solution detaching the islands from the substrate. Room-temperature hysteresis loops and first-order
reversal curves (FORCs) were measured on all samples in order to deeply understand the evolution of magnetic

properties and the magnetization switching as a function of dewetting stage.

2. Experimental

FesoPd2o continuous thin films with nominal thickness of 30 and 100 nm were deposited by RF sputtering technique on
Si[100] substrates covered with 500 nm of SiO,. The as-prepared thin films were submitted to furnace annealing
(heating rate ~ 51 °C/min) in vacuum atmosphere (2 x 10 mbar) at selected temperatures Ta = 750, 820, 870 °C and

for selected times ranging in the interval ta = 0 — 100 minutes in order to promote the dewetting process.

Even if relatively high temperatures are reached during the heat treatments, a reaction between SiO; and FePd thin film
is not expected due to the higher stability, as on oxide, of Si with respect to both Fe and Pd oxides in the Ellingham
Diagram in which free energy of formation (AG) of metal oxides are reported versus temperature [20]. Furthermore, the
high vacuum atmosphere reduces the presence of oxygen in the furnace chamber severely reducing the oxidation of the

FePd surface during the annealing treatments.

The isolated magnetic islands formed from the sample with initial film thickness of 30 nm dewetted at 870 °C for 55
min were detached from the substrate by a high power ultrasonic sonication in acetone in order to obtain free-standing

FePd nanoparticles.

Samples morphology of still attached or detached islands from the substrate was studied by scanning electron
microscopy (SEM) equipped with a scanning transmission electron microscopy (STEM) detector. SEM images were
analysed by an open source software imagej [21] in order to evaluate the area and the circularity of the magnetic

islands.

Room-temperature hysteresis loops were measured by an alternating gradient field magnetometer (AGFM) operating in
the field range -18 kOe < H < 18 kOe in the parallel and perpendicular configuration. A detailed description of the

reversible and irreversible mechanisms of the magnetization switching was performed measuring the first-order reversal
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curves by AGFM with the magnetic field applied in the film plane direction. The corresponding color plots were

extrapolated from FORC experimental curves by an ad-hoc developed analysis procedure.

Room-temperature hysteresis loop of the free-standing FePd nanoparticles in acetone solution was measured by using a
vibrating sample magnetometer (VSM) operating in the field range -17 kOe < H < 17 kOe equipped by a sample-holder

able to accommodate liquid samples.

3. Results and Discussion

3.1 Morphological analysis

The morphological evolution of FegoPdyo thin film as a function of annealing time (ta) during isothermal treatment at Ta
=870 °C is shown in Fig. 1. After 20 minutes of annealing (Fig. 1a), the film morphology evolves towards nucleation
of holes having irregular shape heterogeneously distributed in the film inducing the exposure of the underlying SiO2/Si
substrate. The holes formation is most likely located at the grain boundaries of the as-deposited polycrystalline thin film
with higher energy [22, 23]. Increasing the annealing time, the holes spontaneously grow by expelling film-matter; as a
consequence, the exposed area of underlying substrate continuously increases. The growth of the holes during the

dewetting process should be favoured by the vacuum atmosphere in which the samples are annealed [24].

In this context, different approaches have been presented in literature to describe the hole formation and propagation.
Some of them are based on surface diffusion mechanisms leading to rapid growth of rims along the holes [25, 26];
others suggest the expansion of holes with a consequent growth of selected grains normal to the substrate [27]. More in
general, several models based on capillary and growth approach are usually developed [24]. However, a deeper analysis

of the holes propagation mechanism lies outside this work.

The holes propagation ends with their interconnection and the creation of isolated islands as shown in Fig. 1b, where, at
ta = 30 minutes, the holes are just interconnected and the formation of isolated FePd islands with irregular shape is
observed. The increase of ta up to 100 minutes leads to increase the islands size by means of coarsening process [28]
and to develop a more spherical shape (Fig. 1c) through a process in which the free-energy is reduced and the system

approaches to equilibrium [29].
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Figure 1. a) — c) FePd thin film (t = 100 nm) morphology after annealing at Ta = 870 °C for selected ta: 20, 30 and 100 minutes; d) fraction of
exposed substrate area as a function of t (black square) according to Johnson-Mehl-Avrami model (red line).

The time-evolution of exposed SiO,/Si substrate area as a function of annealing time can be described by the Johnson-

Mehl-Avrami model [30]:
Areaexp(t) =A (1 — e_Nh”vlzl(t_ti)z)

where Areaep (t) is the fraction of exposed substrate area, A the saturation value of the process, Ny is the holes number
per unit area, vy is the growth rate of holes and t; is the hole incubation time. Ny is considered to be temperature-
independent [30] and is experimentally determined from morphological analysis of several SEM images of sample
annealed for ta = 20 minutes (Fig. 1a) resulting in the value of 1.7 x 10 holes/m? that it is comparable to values

obtained for other metallic materials [31].

By fitting the experimental data to Eq. 1 (see Fig. 1d), the kinetic parameters of the dewetting process i.e. the saturation
value A, the growth rate of holes vy and the holes incubation time t; have been estimated: A = 0.79, vo = 2.5 nm/s and t; =
17.3 minutes. Therefore, the FePd thin film remains continuous without holes presence if the annealing time is shorter
than t;, as confirmed by SEM image of the sample annealed for just ta = 10 minutes (Fig. S1 in the supplementary

material). A more comprehensive study, to be done in future works, of the dewetting process on this alloy would require
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performing the Johnson-Mehl-Avrami analysis on systems characterized by several sample thickness and different
annealing temperature; in particular, this would allow to obtain the evolution of the dewetting velocity and the

activation energy [32].

Several SEM images of samples morphology annealed at selected times (a collection is shown in Fig. 1 and in Fig. S1)
have been analyzed in order to calculate the area distribution of isolated magnetic islands formed by the dewetting
process. The islands formed after ta =~ 30 minutes are characterized by an area distribution (Fig. 2a, red histogram) fitted
by Lorentz curve (Fig. 2a, red solid line) with a peak at about 0.47 um? and its half-width at half-maximum (HWHM)
of about 2.13 um?; however, the islands shape is very irregular without a well-defined circularity distribution (Fig. 2b,
red histogram). By increasing ta, the area distribution becomes sharper with a slight decrease of HWHM (1.96 and
1.87 um? for 50 and 100 min, respectively) and the peak moves to higher values (0.99 and 1.35 um? for 50 and 100 min,
respectively) as shown in Fig 2a. The observed increase in islands area is attributed to the coarsening effect that, during
the dewetting process, induces a decrease of humber of islands per unit area and an increase of their size [33]. Also the
circularity distribution changes by increasing ta resulting in a well-defined peak close to 1 (Fig. 2b) that indicates how
the islands have become more similar to circles. The high circularity of the sample annealed for 100 min (Fig. 2b, blue
histogram) allows to transform the corresponding area distribution into a diameter distribution fitted by a Lorentz curve

with the most probable island diameter around 1.38 um (inset in Fig. 2b).
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Figure 2. a) Islands area distribution formed at T, = 870 °C and for different ta fitted with the corresponding Lorentz curve (solid line); inset:
evolution of peak and HWHM of Lorentz curve as a function of ta. b) Islands circularity distribution formed at T, = 870 °C and for different ta; inset:
islands diameter distribution formed at T = 870 °C for ta = 100 minutes with the corresponding Lorentz curve (solid line).



A different way to control the thermal activated dewetting process is to change Ta. Its reduction from 870 °C to 750 °C
keeping constant ta = 55 minutes inhibits the dewetting process and the consequent islands formation in the FePd
sample with thickness of 100 nm, as the thermal energy provided to the system is no longer sufficient to activate the
dewetting process. The SEM images confirming the inhibition induced by the reduction of T are shown in Fig. S2 of
the supplementary material where the FePd thin film annealed at 750 °C for 55 minutes is observed to remain

continuous.

Conversely, the same thermal energy (Ta = 750 °C and ta = 55 minutes) provided to FePd sample with a thickness of 30
nm annealed is now enough to induce the formation of isolated magnetic islands (Fig. 3a). The islands shape is very
irregular indicating that the holes have just joined together and the agglomeration of the magnetic material into circular
shape is starting. Increasing the annealing temperature (Ta = 820 and 870 °C) and keeping fixed ta = 55 minutes (Fig.

3b and 3c¢), the rise of thermal energy lead to an increasingly circular islands shape.

The high circularity of magnetic islands of both samples annealed at higher temperature (the corresponding circularity
distributions are shown in Fig. S3) allows to calculate their diameter distribution (Fig. 3d, green and blue bars for 820
and 870 °C, respectively) characterized by a Lorentz curve (Fig. 3d, solid lines) having a peak around 490 and 407 nm

and a HWHM of about 354 and 315 nm for Ta = 820 and 870 °C sample, respectively.
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Figure 3. a) — ¢) FePd thin film (t = 30 nm) morphology after annealing for t, = 55 minutes at selected temperature (Ta): 750, 820, and 870 °C; d)
islands diameter distribution of sample b) and c).



These evidences, in addition to the comparison between the morphological of 30 nm (Fig. 3c) and 100 nm samples (Fig.
S1) both annealed with the same condition (Ta = 870 °C and ta = 55 min), reveal that the size, the density and
interparticle distance of islands are strongly affected by the initial thickness of FePd thin film, as already observed in

Au films [34] or Co films [35].

3.2 Magnetic characterization
Room-temperature in-plane hysteresis loops of as-deposited FePd samples with thickness of 100 nm is shown in Fig. 4a
(black curve). The magnetization reversal process is typical of a soft magnetic material characterized by a single

irreversible jump of magnetization with small coercive field (Hc =19 Oe), high magnetization remanence (M/Mskoe =

0.8) and a high susceptibility at coercive field (yc = 3.1 x 10° Oe%).

After dewetting the FePd samples at Ta = 870 °C for selected annealing times, this magnetization jump becomes less
marked and the magnetization reversal takes place on an increasingly wider magnetic field range with increasing ta
(Fig. 4a) resulting in a strong reduction of M/Mskoe and of coercive susceptibility . (inset of Fig. 4a). In particular, the
hysteresis loop in the FePd sample annealed for 100 nm, so after the formation of isolated islands, shows an almost
complete disappearance of the magnetization irreversible jump with low values of My/Mskoe = 0.03 and =~ 1.3 x 10°

Oe! indicating that the magnetization reversal occurs mainly through reversible mechanisms.
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Figure 4. a) Normalized room-temperature hysteresis loops of as-deposited and dewetted samples at Ta = 870 °C for selected ta, inset: magnetization
remanence and coercive susceptibility as a function of ta; b) - d) FORCs colour plot of dewetted samples at Ta = 870 °C for selected ta, inset: SEM
image of the corresponding sample.



To give an overall figure of magnetic behaviour, the reversible and irreversible mechanisms of the magnetization
switching have been analysed by measuring FORCs on dewetted samples [36]. FORCs distributions are plotted by
using a colour plot (p is the intensity of the colour map). The selected colour plots of samples annealed at ta =10, 30
and 100 minutes are shown in Fig. 4 (b-d), respectively. In the colour plot of sample annealed for 10 minutes (Fig. 4b),
so before the holes start to form, p displays a prominent peak in proximity of coercive field indicating a sharp and
intense irreversible switching of magnetization. In addition, p assumes negative values (a dark blue halo located at H =
35 Oe and Hg = - 80 Oe near the peak) resulting from a magnetic interaction among different domains in the continuous
thin film [37]. By increasing ta up to 100 minutes, the p peak becomes progressively less intense and broader (Fig. 4c
and 4d) demonstrating that the irreversible mechanisms of magnetization reversal are weaker and take place on a wider
magnetic field range. This evidence is in good agreement with the observed reduction of M,/Mskoe and of ¢ observed in
the hysteresis curve of the same sample (inset of Fig. 4a). Moreover in the colour plot of sample annealed at ta = 100
minutes (Fig. 4d), the negative halo has completely disappeared indicating an absence of magnetic interactions both

intra- that inter- isolated islands.

Room-temperature hysteresis loops of FePd samples with initial thickness of 30 nm in as-deposited continuous state and
after dewetting at Ta = 870 °C for ta = 55 minutes are measured both in-plane and out-of-plane configuration (Fig. 5a).
The in-plane hysteresis curve of as-deposited thin film (blue curve) is characterized by a rather square shape with an
intense magnetization jump located at the coercive field (= 20 Oe) and by a small value of applied magnetic field
required to reach the saturation (Ms). This behaviour is typical of soft magnetic films in which the magnetization
reversal is mainly governed by domain wall motion and the shape anisotropy induces the magnetization easy-axis to lie
in the film plane [38]. Conversely, the out-of-plane hysteresis curve (orange curve) displays an almost linear behaviour
of magnetization as a function of applied magnetic field not reaching the Ms even at the maximum applied value of 15
kOe indicating that this direction is a hard-axis of magnetization and the magnetization reversal occurs completely by

magnetization rotation in the direction of the applied magnetic field [38].
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Figure 5. a) normalized room-temperature hysteresis loops of FePd samples (t = 30 nm) in as-deposited continuous state (blue and orange curve) and
after dewetting at T = 870 °C for ta = 55 minutes (red and black curve) measured both in-plane and out-of-plane configuration. b) FORC colour plot
of sample dewetted at T = 870 °C for ta = 55 minutes, inset: SEM image of the sample.

The remarkable difference in shape between the magnetization curves measured in the two directions indicates that a
large amount of energy must be spent to move the magnetization away from its easy-axis and to saturate the sample in
its hard-axis [35]. This energy, provided by the external applied magnetic field, is related to the sample magnetic
effective anisotropy energy (Eerr) and can be evaluated by calculating the area enclosed between the first branch of the
in-plane hysteresis loop and the first branch of out-of-plane one in the field interval from zero to the magnetic field
required to completely saturate the magnetization in both directions [38]. The estimate Eefr value for as-deposited film

results to be around 12.9 kOe.

The dewetting process (Ta = 870 °C and ta = 55 min) changes the sample morphology starting from a highly
anisotropic 2D shape of continuous thin film to the more isotropic 3D sphere-like shape of the islands. This morphology
transformation induces a rearrangement of magnetization that is not forced into film plane any more but it lies now into
islands giving rise to also a more isotropic magnetic behaviour. In fact, the shape of in-plane and out-of-plane hysteresis
curves is similar (Fig. 5a) and both reach the saturation with an applied magnetic field below 10 kOe [35]. The in-plane
direction could be still considered an easy-axis of magnetization respect to the out-of-plane one due to the higher ¥ and
the lower value of applied magnetic field required to reach the saturation. Nevertheless, the Ees estimated for these two

direction is 1.67 kOe resulting in a huge decrease with respect to the highly anisotropic continuous thin film.

Moreover, the in-plane magnetization reversal in this dewetted sample is characterized by a complete absence of
irreversible mechanisms as indicated by the very smooth hysteresis curve without sudden jumps (Fig. 5a, black curve).

This evidence is also confirmed by the FORCs distribution without any visible peaks (Fig. 5b).
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3.3 Free-standing FePd magnetic nanoparticles
The final step to obtain free-standing FePd magnetic nanoparticles is based on the detachment of magnetic islands from

the SiO,/Si substrate by a high power sonication in acetone.

In this work, free-standing FePd nanoparticles are obtained dewetting the FePd thin film with initial thickness of 30 nm
at Ta = 870 °C for ta = 55 min. These parameters have been chosen taking into account the results, presented in section
3.1 and 3.2, on solid-state dewetting kinetic process of thin films in order to obtain free-standing nanoparticles

characterized by a circle shape, a nanometric size (see Fig. 3c and d) and a controlled magnetic behaviour.

The morphology of selected free-standing FePd nanoparticles imaged by STEM is shown in Fig. 6a and b. As expected,
the detachment process does not damage the island morphology forming NPs with a well-defined contour. The
difference in NPs diameter visible in Fig. 6a confirms the high HWHM value of diameter distribution (see Fig. 3d)

calculated from the starting islands still attached on substrate.

a 300 i
) nm 10 ¢
0.5
0.0
b)
-0.5
&
—a— Attached
o Free-standing
1.0
T 14 T . 4 T L T . T
-4000  -2000 0 2000 4000
500 nm H (Oe)

Figure 6. a) - b) STEM images of free-standing FePd nanoparticles; c) normalized room-temperature hysteresis loops of FePd islands still attached on
the substrate (black curve) and subsequently dispersed in acetone (red curve).

The normalized room-temperature magnetization curve measured on FePd islands still attached on the substrate (black
curve) and subsequently dispersed in acetone (red curve) are shown Fig. 6¢. As already observed previously, the
magnetization reversal of attached islands occurs with a gradual reduction of magnetization over a wide field interval
resulting in low values of ¢ = 5.3 x 10 Oe™! and of M/Msyoe = 0.03; whereas the coercive filed value is about Hc = 73
Oe. After the islands detachment and their dispersion in acetone, the corresponding magnetization reversal takes place
on a smaller magnetic field interval increasing slightly the y¢ ~ 10.6 x 10 Oe* and M/Mskoe = 0.04 whereas the H is

reduced to = 37 Oe. The observed evolution of magnetic character after detachment and dispersion can be mainly
12



attributed to the NPs mobility inside the liquid medium and to the consequent random alignment of NPs with respect to

the applied magnetic field during the measurement [8].

The absence of irreversible mechanisms in the magnetization process of free-standing nanoparticles with a smooth
approach to saturation ensures a good two-way correspondence between the applied field and the magnetization value.
This feature is of interest in different applications in which an accurate remote control of nanoparticles motion and
displacement is crucial. In this context, drug delivery assisted by magnetic nanoparticles in biomedicine area is one of
the most important applications based on this approach [39, 40]; finely controllable magnetization values would allow
accurate direction of magnetic vectors (nanoparticles) loaded by drugs through the blood vessels towards a given target
in the patient body. Furthermore, the increase of y. would also allow to reduce the strength of the external field
exploited to drive the nanoparticles, therefore helping in addressing one of the main limitations of magnetic drug

delivery technique [39].

Magnetic interaction among NPs in the liquid solution and/or stress release after detachment could contributed to the
observed change in magnetic properties [33, 34]. However, this investigation lies outside of this preliminary work

focused on the fabrication of MNPs by solid-state dewetting of thin film.

4. Conclusion

A process based on solid-state dewetting of thin film has been proposed to obtain free-standing FePd magnetic

nanoparticles.

FesoPd2o thin films were sputtered on SiO»/Si substrate and their initial thickness in combination with the annealing
temperature and time have been used to control the resulting shape and size of isolated magnetic islands. Increasing the
annealing time, the islands area distribution becomes sharper and the corresponding peak moves to higher values, and

an enhancement of the islands circularity has been observed.

The morphological evolution during the dewetting process from a highly anisotropic 2D shape of continuous thin film
to the more isotropic 3D sphere-like shape of the isolated islands induces a rearrangement of magnetization resulting in

a weakening of irreversible mechanism of magnetisation curve.

Finally, morphological and magnetic properties are mostly maintained after the detachment of island from the substrate
confirming the feasibility of this process as an alternative, easy and novel route to obtain free-standing magnetic

nanoparticles.
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