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ARTICLE INFO ABSTRACT

Keywords: FePt alloys are known for their exceptional hard magnetic properties, which translate into high coercivity,
Inkjet printing saturation magnetization and energy product. Their capability to efficiently retain permanent magnetization
Nanoparticles makes them attractive for applications like data storage, sensors, energy harvesters, microactuators and
::ll)l: films biomedical microrobotics. The present study investigates the deposition of hard magnetic FePt thin layers via

inkjet printing (IJP), providing the first demonstration of FePt thin films deposition using this versatile and
scalable technique. FePt nanoparticles (NPs) are synthesized using a facile water-based reduction method and
subsequently dispersed in a green organic solvent to formulate printable inks. The inkjet printing process is
optimized to achieve uniform layers with controlled thickness, which are annealed in a reducing atmosphere at
various temperatures to induce the formation of the chemically ordered L1, phase. A comprehensive morpho-
logical, structural, and magnetic characterization confirms the formation of uniform and adherent layers with
significant coercivity and magnetization, particularly after annealing at 750 °C. Under these conditions, a
coercivity up to 794 mT and a remanence up to 36 A m? kg~ can be obtained. The results obtained indicate that
inkjet printing is a viable and scalable technique for producing high-performance FePt magnetic layers, with

Hard magnetic

potential applications in many industrial sectors.

1. Introduction

The nearly equiatomic alloy formed by iron and platinum is well-
known for its attractive hard magnetic properties [1]. Indeed, iron
concentrations between 35 and 55 % at. result in the formation of the
L1, superstructure, where the cubic symmetry is broken by the stacking
of alternate planes of Fe and Pt atoms [2]. As a consequence of the high
anisotropy typical of this configuration, FePt alloys in the L1, phase
present excellent hard magnetic properties, with high values of coer-
civity, saturation magnetization and energy product. Thanks to these
exceptional features, FePt finds potential applicability in a wide variety
of fields [3]. In particular, thin films of this alloy can be used to
manufacture high-density recording media [4], powerless sensors,
microactuators [5] and magnetic energy harvesting systems. Unlike
most of the alternative hard magnetic materials [6], FePt is biocom-
patible and, thanks to this peculiarity, it can be used in biomedical ap-
plications that require the use of magnetic fields, like the realization of
untethered microrobots [7,8].

From the manufacturing point of view, FePt can be deposited as thin
films employing techniques like sputtering [9,10], pulsed laser
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deposition [11] or electrodeposition [12-15]. In alternative to these two
methodologies, which require the use of masks in order to get patterned
layers, a possible way to deposit FePt layers can be inkjet printing (IJP)
[16-18]. This technique, based on the jetting of droplets of a fluid ink
from a nozzle, potentially allows depositing patterned FePt layers hav-
ing controlled thickness in a scalable and costless way. In addition,
inkjet printing allows controlling the magnetic anisotropy of the printed
layers, introducing the possibility of magnetic axis programming
[19,20]. Obviously, IJP requires the use of fluid inks, having well-
defined and controlled rheological properties [21]. Consequently,
solid magnetic materials can only be printed in the form of a sol-gel
precursor or as a dispersion of nanoparticles (NPs) in a solvent. The
first method offers significant challenges when applied to the realization
of continuous layers, which are difficult to obtain in a crack free and
adherent form. NPs, on the contrary, are easy to synthesize and disperse.
Many examples of IJP of magnetic materials, employing both sol-gels
and NPs, are available in literature. Most of these materials are soft
magnetic ferrites like Ni—Zn [22,23], Mn—Zn [24] or Bi [25] ferrites.
More recently, however, also the IJP of hard magnetic ferrites has been
demonstrated [26].
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Table 1
Chemicals employed for the preparation of the three types of NPs used. The table
also reports the expected Pt/(Pt + Fe) ratio.

K,PtClg (8) FeCl; (8) Triton X-102 (g) Expected Pt/(Pt + Fe)
Pt-poor 0.4 0.259 0.6 0.34
Equimolar 0.4 0.134 0.6 0.50
Pt-rich 0.4 0.096 0.6 0.58

For what concerns FePt, the most practical way to get IJP printable
inks is the use of NPs. Typical reaction routes for FePt NPs production
are based on solvothermal/ hydrothermal reactions [27-29], on the use
of alternate reduction [30], gas phase aggregation [31], ball milling
[32] or photoreduction [33]. The use of the sol-gel approach, on the
contrary, is typically not viable to get continuous layers of FePt, but it
can be successfully applied to synthesize NPs having highly controlled
dimensions and magnetic properties [34]. FePt NPs can be easily sta-
bilized and dispersed in both aqueous [35] and non-aqueous environ-
ment [36,37], obtaining thus inks potentially suitable for IJP.
Nevertheless, to the best of our knowledge nobody ever tried to print
these dispersions and the IJP of continuous FePt layers is currently still
unexplored.

In this context, the present work aims at depositing for the first time
thin layers of hard magnetic FePt alloy by means of IJP. The starting
point of the work is the straightforward synthesis of narrowly dispersed
FePt NPs through a simple reaction strategy based on the use of inor-
ganic precursors. Providing a simple and reproducible synthesis pro-
cedure, which does not rely on the use of metalorganic precursors or
high temperatures, is important for the cost-effective production of FePt
nanoparticles. FePt NPs, in addition, often require organic coatings to
ensure stability in solution. The NPs obtained in the present work, on the
contrary, are directly dispersed in a green solvent without the use of any
additional surfactant and subsequently inkjet printed. In particular,
Cyrene is selected as solvent due to its high boiling point, its good
biodegradability [38] and its ability to yield stable dispersions of NPs
[39]. The printability of the resulting inks is evaluated and the
patterning potential of the IJP process is investigated. Finally, the FePt
layers are annealed in a reducing atmosphere to promote the formation
of the highly ordered L1, phase and subsequently characterized from the
morphological, microstructural and magnetic point of view. If compared
to other magnetic materials commonly printed via inkjet, such as ferrites
and magnetite, the printing process of FePt presents some peculiarities
that justify its investigation. In particular, the IJP of surfactant-free
dispersions of FePt has never been attempted and the process can be
challenging to optimize from the printability point of view. FePt nano-
particles are characterized by a high density, which can lead to rapid
sedimentation in the ink, causing long-term stability issues and print-
head clogging. Finally, the inkjet printing and sintering of FePt nano-
particles requires precise control of the crystallographic orientation to
achieve the desired hard magnetic properties and this can be difficult to
achieve using a printing process. For what concerns possible applica-
tions of IJP FePt layers, they can be identified considering the strengths
of the technique employed. The high resolution patterning typical of IJP,
in particular, suggests the realization of powerless magnetic sensors and
energy harvesting systems as the most realistic potential applicative
fields. In these fields, the superior versatility of IJP for printing micro-
magnets of the desired shape represents a further advantage compared
to lithographic techniques, even compared to costless solutions like
molding [40].

2. Experimental methods
2.1. Chemicals employed

KoPtClg (CAS number 16921-30-5, > 98 % purity), FeCls (CAS
number 7705-08-0, > 98 % purity), Triton X-102 (CAS number 9036-19-
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5), hydrazine monohydrate (65 % wt. in water solution, CAS number
7803-57-8, 98 % purity) and Cyrene (dihydrolevoglucosenone, CAS
number 53716-82-8, > 98.5 % purity) were purchased from Sigma
Aldrich and used as received.

2.2. FePt NPs synthesis

Three types of NPs were synthesized: Pt-poor, equimolar and Pt-rich.
Table 1 reports the amount of chemicals used for each synthesis.

For each type of NPs, the following steps were followed:

1. Preparation of solution A: KoPtClg + FeCls + Triton X-102 + water
to reach 200 mL.

2. Preparation of solution B: 10 mL of hydrazine monohydrate so-
lution +15 mL of water.

3. Heating of solution A to 65 °C.

4. Dropwise addition of solution B in solution A (at 700 rpm).

5. Reaction for 30 min and cooling to room temperature.

6. Centrifugation and washing with ethanol.

To avoid oxidation and aggregation, at the end of the washing pro-
cedure the NPs were dried in vacuum.

2.3. FePt inks preparation

To prepare the inks, 2 % wt. of FePt NPs were dispersed in Cyrene.
The resulting dispersion was probe sonicated in a TU-900Y setup
(Toption Group Ltd) for 10 min at 70 % of the maximum power. The
diameter of the probe was 6 mm, the on time was 2 s and the off time was
2 s. The inks showed no sign of precipitation for at least 1 week.

2.4. Inkjet printing

FePt was inkjet printed with a Dimatix DMP (Fujifilm) setup,
equipped with standard 10 pL cartridges. The temperature of the plate
was set at 60 °C, while the temperature of the printhead was set at 45 °C.
A single pulse waveform was used, with the potential varying between
26 and 38 V. The jetting frequency was set at 10 kHz and the drop
spacing (DS) employed was varied between 20 and 140 pm. Silicon
wafer chips were used as substrates for the printing tests. The chips were
sonicated in water for 5 min and then in acetone for 5 min. After rinsing,
they were carefully dried and treated with atmospheric plasma for 30 s
in order to enhance wettability. 5 x 5 mm squares were printed on the
silicon substrates and between 2 and 10 layers were employed in order
to determine the growth rate of the films with respect to the number of
printing cycles. An interlayer delay equal to 300 s was employed in order
to allow solvent evaporation. The samples were cut to observe the cross
section and the thickness of the deposited material was determined via
SEM. For what concerns the samples used for the morphological and
magnetic characterizations, 5 x 5 mm squares with 10 layers of FePt
were printed using a drop spacing of 20 pm, also in this case with an
interlayer delay equal to 300 s.

2.5. Annealing of the FePt layers

The inkjet printed layers were annealed in a Carbolite tubular oven.
An atmosphere containing 5 % Hj in argon was employed. The samples
were annealed at 650 °C for 1 h or at 750 °C for 2 h.

2.6. Characterization techniques

The viscosity of the inks was measured using a DSR200 rheometer
(Rheometrics), equipped with planar plates. The surface tension of the
inks was extrapolated considering the contact angle value measured
placing a droplet of the ink itself on a surface with a known surface
energy (specifically, sputtered gold). Such contact angle was measured
using a micro camera and the Drop Shape software. The density of the
ink was simply evaluated by measuring the weight of 1 mL of ink with a
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Table 2
Expected vs. experimental Pt/(Pt + Fe) ratio and O content for the three types of
NPs.

Expected Pt/(Pt Experimental Pt/(Pt Yield O content [%
+ Fe) + Fe) [%] at.]
Pt-poor 0.34 0.356 83.4 20.2 + 0.99
Equimolar  0.50 0.505 81.2 19.6 + 0.64
Pt-rich 0.58 0.549 82.7 19.3 + 0.66

precision balance. SEM was carried out using a EVO 50 EP setup (Zeiss).
Such instrument was equipped with an energy dispersive spectroscopy
(EDS) unit model Inca Energy 200 (Oxford Instruments). TEM was car-
ried out employing a CM200 setup (Philips). The size distribution of the
NPs was evaluated using the open-source software ImageJ. A large
number (> 500) of NPs was randomly selected and the maximum
diameter of each particle was directly measured using the software. The
X-ray diffraction (XRD) characterization of the FePt layers was carried
out using a PW1830 diffractometer (Philips), with a Cug, source and in
Bragg-Brentano configuration. The height profile of the layers was ac-
quired by means of a UBM Microfocus (UBM) laser profilometer. A
Dimension 3100 Scanning Probe Microscope equipped with a
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Nanoscope Veeco controller was employed to study the surface topog-
raphy (AFM) and stray field magnetic contrast (MFM) of the layers. The
two types of contrast were detected operating the instrument in tapping
mode, using MESP-V2 tips (Bruker). The room temperature magnetic
properties of the samples were investigated by Alternating Gradient
Force Magnetometry (AGFM). Hysteresis curves were measured by
AGFM by applying a maximum field of 2 T, both parallel and perpen-
dicular to the substrate surface. A Quantum Design PPMS Dynacool
system equipped with a Vibrating Sample Magnetometer (VSM) was
employed to measure the hysteresis curves of the samples annealed at
750 °C in the field range + 9 T.

3. Results and discussion
3.1. NPs synthesis and characterization

As a first step of the experimentation, the FePt NPs were synthesized
by direct reduction of the metallic precursors in aqueous environment.
Three nominal compositions were selected in order to explore the
magnetic properties of alloys containing different concentrations of the
two metals. In addition to the equiatomic one, two additional

Counts

—— Pt-poor
—— Equimolar
—— Pt-rich

Mean diameter (nm)

Fig. 1. TEM characterization of the (a) Pt-poor, (b) equimolar and (c) Pt-rich NPs; SAED patterns for the (d) equimolar, (e) Pt-poor and (f) Pt-rich NPs; (g) inter-

polated size distributions for the three types of FePt NPs.
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Fig. 2. (a) printability evaluation for the equimolar FePt ink, evaluated at 7 m ) speed vs. voltage relationship for the jetting of the equimolar FePt ink; (c)

droplet formation stages for the equimolar FePt ink, jetted at 34 V.

compositions located at the diametrically opposite margins of the L1g
phase stability region were selected: 34 % at. Pt and 58 % at. Pt. These
compositions are located, on the FePt phase diagram, in close proximity
of the stability zone boundaries for FesPt and FePt; intermetallics,
respectively [41]. The yield of the synthesis process, regardless of the
type of NPs produced, always exceeded 80 % (Table 2).

The as prepared NPs were characterized from the morphological and
compositional point of view. The first characterization carried out was
EDS, in order to determine their elemental composition (Fig. S1).
Table 2 reports the results obtained for what concerns the experimental
Pt/(Pt + Fe) atomic ratio and the oxygen present in the NPs. It appears
evident that the Pt concentration obtained experimentally slightly
diverged from the expected one. The deviations observed, however,
were relatively limited and corresponded to 4.7 % in the case of the Pt-
poor NPs, 1 % for the equiatomic NPs and 5.3 % for what concerns the
Pt-rich NPs. As a consequence, the NPs obtained were still representative
of the compositional spectrum of the L1 phase. The EDS analysis carried
out on the as-prepared NPS also evidenced the presence of a relevant
amount of oxygen, which is typically incorporated in the NPs as an
impurity during the reduction process.

The as-synthesized NPs were characterized at the TEM (Fig. 1).
Figures from la to lc, in particular, depict the morphology of the Pt-
poor, equimolar and Pt-rich NPs, respectively. Some additional TEM
images have been included in the Supplementary Material (Figures from
S2 to S4). All the three types of NPs show a tendency to agglomerate
when the solvent is removed. The shapes of the NPs, regardless of the

composition, look prevalently equiaxial and rounded, even though a
minority of polyhedral particles can be observed (especially in Fig. 1a
and b).

The SAED patterns (Figures from 1d to 1f) evidenced the presence of
the typical diffraction features associated to the presence of a disordered
fcc FePt phase. In particular, the (111), (200) and (220) rings are quite
evident and are present, without any significant variation, in all the
SAED patterns acquired. Besides the features associated with FePt, some
relatively strong additional rings can be observed in all the samples.
These are reasonably produced by secondary phases, like oxides and
hydroxides, generated during the reduction process in aqueous envi-
ronment. Their presence, indeed supported by the relevant oxygen
content detected in the NPs, is probably connected to the use of hy-
drazine, which increases the pH during the reduction of KyPtClg and
FeCl3 allowing the possible formation of iron oxides [42].

The size distribution of the FePt nanoparticles was evaluated
analyzing the TEM images acquired. Figures from S5 to S7 report the
raw data obtained, while Fig. 1g shows the comparison between the
fittings operated on the three sets of raw data. It appears evident that
there is a difference in the mean size of the particles, which changes
from 20.19 nm for the Pt-rich NPs to 18.14 nm for the equimolar NPs
and 16.73 nm in the case of the Pt-poor NPs.

3.2. Inkjet printability evaluation

When dispersed in Cyrene, all the FePt NPs yielded dispersions stable
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Fig. 3. (a) height profile of an equimolar FePt layer printed on Si with 10 layers; (b) SEM image of an as-printed layer of equimolar FePt NPs (scale bar 1 pm); (c)
thickness vs. number of layers relationship for the equimolar FePt ink; (d) Politecnico di Milano logo printed on glass.

enough to be efficiently jetted in a Dimatix 10 pL inkjet cartridge.
Initially, the theoretical printability of the inks was evaluated by
calculating the Ohnesorge number (Eq. 1), which corresponds to the
ratio between the square root of the Weber number (We) and the Rey-
nolds number (Re).

"

Oh does not depend on the speed of the jetted droplet and it corre-
lates viscous, inertial and surface tension forces. Indeed, it contains u
(dynamic viscosity), p (density), y (surface tension) and D (characteristic
length). In the case of inkjet printing, D corresponds to the dimension of
the nozzle (19 pm). The density of the ink, its surface tension and its
viscosity were all evaluated experimentally and they resulted equal to
1.53 g cm 3, 45 mN m ™! and 12.3 cPs, respectively. Consequently, the
Ohnesorge number resulted equal to 0.34. This value, falling in the
0.1-1 range, is indicative of a fully jettable ink [43]. No significant
differences were observed between the three inks.

Suitable values of Oh constitute a first indication of printability.
However, following a more rigorous approach, the speed of the droplet
must be considered as well. This can be done by separately evaluating
We and Re at a fixed speed of the droplets and comparing the resulting
values with reference printability charts. Fig. 2a reports the position of
the FePt ink developed in the present work on the printability chart
described by Derby et al. [44]. The evaluation was done considering a
speed of the droplets of 7 m s™1. Such speed is the minimum one rec-
ommended by the manufacturer of the Dimatix printer in order to get
optimal precision. Under these conditions, the ink falls exactly in the
middle of the printability region.

The speed of the droplets was efficiently controlled modifying the

actuation potential of the piezoelectric element embedded in the
printhead, as reported in Fig. 2b. The dependence of the droplet speed
from the voltage applied to the piezoelectric actuator is basically linear
and the optimal jetting speed of 7 m s ! is achieved at 34 V. The
behavior of the three inks was found to be similar, regardless of the
composition of the NPs employed for their formulation.

The theoretical jettability of the FePt ink was confirmed experi-
mentally by observing the jetting process with the stroboscopic camera
embedded into the Dimatix machine (Fig. 2c). The composite image
shows the stages of droplet formation at different times (with an actu-
ation potential equal to 34 V). Initially, the droplet is ejected from the
nozzle in an elongated form, characterized by the presence of the so-
called tail. When it fully detaches from the nozzle, however, the tail
tends to be reabsorbed and its length progressively decreases over time.
At the end, after a time longer than 60 ms, a fully spherical droplet is
obtained. The droplets were found to totally reabsorb their tails at any
potential, but the time required by the process was found to increase
considerably at the highest jetting potentials (from 36 V up to the
maximum potential that the printer can apply, 40 V).

3.3. FePt printing tests

Following the preliminary printability assessment, FePt continuous
layers were deposited on silicon. The silicon substrate was subjected to
plasma treatment in all the printing tests, in order to increase its surface
energy and favor ink spreading. In absence of any pretreatment, indeed,
the FePt ink tends to coalesce forming islands of material with exposed
substrate areas in between. On plasma treated silicon, on the contrary,
the ink distributes uniformly.

In order to evaluate the minimum achievable feature size, which is
indicative of the precision of the printing process, single lines of ink were
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Fig. 4. SEM images of the top surface of (a) equimolar (scale bar 2 pm), (b) Pt-poor (scale bar 1 pm) and (c) Pt-rich (scale bar 400 nm) FePt layers annealed at 750 °C
for 2 h; (d) layers composition before and after annealing at 750 °C for 2 h; (e) SEM image of the cross-section of an equimolar FePt layer annealed at 750 °C for 2 h
(scale bar 2 um); (f) EDS elemental mapping of the cross-section of an equimolar FePt layer annealed at 750 °C for 2 h.

inkjet printed and their width was evaluated as a function of the drop
spacing employed. The distance between two consecutive droplets in-
fluences the amount of material deposited and consequently the
spreading of the material itself on the silicon surface. The width was
directly measured at the optical microscope and the results obtained are
reported in fig. S8. When the drop space is excessive, the droplets cannot
merge and the width of the line corresponds to the diameter of the
droplets (roughly 50 pm). As the drop spacing decreases, in turn,
droplets start to merge and form a continuous line, whose width depends
on the drop spacing itself. In the case of continuous lines, the minimum
obtainable feature size is comprised between 70 and 85 pm (at drop
spacings between 20 and 50 pm).

Following this first printing test, continuous squares of material were
printed on silicon. The drop spacing used was selected prioritizing the
growth rate of the layer over precision. The use of 20 pm as drop
spacing, indeed, allowed getting relatively thick layers of FePt printing a
reduced number of layers. For applications where a high precision is
required, it may be convenient to increase the drop spacing in order to
improve the minimum achievable feature size. In this case, however, a
larger number of printing cycles is required to get thick layers. The
printing plate was heated in order to limit the impact of the coffee ring

effect [45]. This phenomenon is the main responsible for uneven film
formation in inkjet printed layers and it is normally detected as an
increased thickness in correspondence of the edges of the printed layer.
Different strategies can be implemented to reduce the formation of
coffee rings [46], but the most commonly used is substrate heating.

Fig. 3a shows the height profile of a FePt layer printed with 10 layers.
Thanks to the heating applied to the plate of the printer, a reduced coffee
ring effect was observed in the case of FePt jetting on the silicon sub-
strates employed in the present work. For what concerns the
morphology of the printed material, the SEM characterization evidenced
a relatively uniform appearance, with some evident degree of porosity
(Fig. 3b).

The dependence of the thickness of the resulting layers of FePt from
the number of printing cycles was evaluated by looking at the cross
section in the middle of the printed area. The graph obtained shows a
linear growth tendency, as evidenced by Fig. 3c. The most interesting
characteristic of IJP is its capability of depositing the material of interest
in the form of complex shapes. To demonstrate this capability in the case
of the FePt ink developed in the present work, the Politecnico di Milano
logo was printed on glass (with 5 layers of FePt equimolar ink). The
resulting pattern contains features having dimensions down to 140 pm
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Table 3
Comparison between the composition measured by EDS before and after the
annealing process. Oxygen content is reported for the annealed layers only.

Annealing Annealing As Annealed o
temperature time [h] printed Pt/(Pt + content
[°C] Pt/(Pt+  Fe) [% at.]
Fe)
3.21 +
Pt-poor 750 2 0.356 0.372 013
6.28 +
Equimol 1 . .
quimolar 650 0.505 0.509 0.54
Equimolar 750 2 0.505 0.519 33? +
. 311 +
Pt-rich 750 2 0.549 0.554 0.24
(fig. 3d).

3.4. Morphological and compositional characterization

Following the printing step, the layers were annealed in a reducing
atmosphere in order to decrease their oxygen content, promote partial
sintering and trigger L1o phase formation. The SEM images acquired at
the end of the sintering process demonstrate that the morphology of the
coatings significantly changed upon exposure to 750 °C for 2 h
(Figures from 4a to 4c and from S9 to S11). The final appearance of the
samples was found to be similar regardless of the composition of the
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FePt NPs employed and it was characterized by the absence of cracks
and by the presence of some residual porosity. Considering similar inkjet
printed and annealed layers, composed of nanoparticles of comparable
size, the typical value for residual porosity can be around 10 %. This is
the case, for example, of annealed silver nanoparticles [47]. The
occurrence of a partial sintering is especially evident in Fig. 4c, where
necking and partial particles fusion can be seen.

For what concerns the composition of the particles at the end of the
annealing step, the numerical data obtained from the EDS analysis are
reported in Table 3 and visually represented in Fig. 4d.

The first important observation that can be extrapolated from Fig. 4d
and Table 3 regards the composition before and after annealing. In
general, the Fe content of the layers was found to slightly decrease upon
exposure to high temperatures. This effect, already observed by Yuan
et al. [48], is probably correlated to the presence of iron oxides in cor-
respondence of the surface, which leaves Fe bleached from the bulk of
the NPs. This effect, in connection with the high oxygen content and the
presence of secondary phases observed via TEM, suggests that iron oxide
is present in correspondence of the surface of the as-printed NPs.
Following annealing in the reducing atmosphere, oxygen content was
found to strongly decrease (Table 3). In particular, annealed samples
contained very low amounts of oxygen, suggesting almost total reduc-
tion or removal of any iron oxide present in the layers.

The deposited and annealed samples were broken in a controlled way
and the resulting cross-section was observed at the SEM (Fig. 4e). All the
images obtained, regardless of the type of nanoparticles, clearly
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annealed at 750 °C as a function of their composition.

evidence the presence of adherent and continuous FePt layers. Such
layers are characterized by the presence of a residual porosity, in con-
formity with the SEM images acquired on the top of the samples, and by
a mean thickness equal to 2.32 + 0.15 pm. The EDS mapping performed
on the section (Fig. 4f) confirmed the presence of Pt and Fe in corre-
spondence of the FePt layer and evidenced the presence of some residual
oxygen inside the layer itself.

3.5. Phase characterization

Fig. 5a reports the phase variations, determined via XRD, observed
during the annealing of an inkjet printed equimolar FePt alloy. The
silicon signal resulted from the substrate, while the gold signal resulted
from the gold layer deposited on the samples for SEM observation. For
what concerns FePt, the as printed layer mainly contained a disordered
fcc FePt phase [49]. Its presence can be inferred considering the two
peaks at 40.1° and 46.4°, which are respectively correlated to the (111)
and (200) orientations of the fcc phase (JCPDS card n° 29-0717). In
addition to the alloy, the layer also apparently contained an iron-based
secondary phase. This corresponds to y-Fe;Os, as demonstrated by the
three peaks at 30.2°, 35.5° and 43.2° (JCPDS card n° 84-1595). Upon
exposure to 650 °C for 1 h, the phase composition of the layer underwent
a first evolution. The peaks related to the iron containing secondary
phase totally disappeared, suggesting almost complete reduction of the
iron oxide to elemental iron. In addition, the peaks of the fcc disordered
phase became narrower and higher in intensity, implying significant
alterations in the mean crystallite size. Despite these effects, no forma-
tion of any ordered phase was observed.

The situation was found to be significantly different after a 2 h
annealing at 750 °C. Indeed, the two peaks related to the fcc phase
totally disappeared and two new sets of peaks appeared [50,51]. The

first, connected to the presence of an ordered L1, FePt phase (JCPDS
card n° 43-1359), corresponds to the peaks located at 23.8°, 32.8°,
40.9°, 47.1°, 48.6° and 53.4°. These reflections are produced by the
(001), (110), (111), (200), (002) and (201) orientations, respectively. In
particular, the presence of the two superlattice peaks, (001) and (110), is
the most important evidence of L1y formation. The second set, con-
nected to the presence of an ordered L1, FePt3 phase (JCPDS card n°
29-0716), corresponds to the peaks located at 23.0°, 32.8°, 40.5°, 47.1
and 53.4°. These reflections, which partially superimpose with the peaks
of the L1j phase, are produced by the (100), (110), (111), (200) and
(210) orientations, respectively. The XRD results obtained suggest the
idea that the FePt sample annealed at 750 °C for 2 h is constituted by a
mixture of ordered L1y FePt and L1, FePt3 phases.

Fig. 5b shows the phase composition of the three different materials
annealed at 750 °C for 2 h. Similarly to the equimolar, also the two
remaining samples were constituted by a mixture of two among the
phases appearing in the Fe—Pt phase diagram, i.e., L1y FePt and L1,
FePt3 phases [41]. However, the relative weight of the two phases
changed according to the composition of the layer. Indeed, the content
of L1 FePt increased moving from the Pt-rich sample to the equimolar
and then to the Pt-poor sample. The Pt-poor sample was found to be
almost phase pure, with only negligible amounts of L1, phase. Inter-
estingly, the equimolar did not contain only L1 FePt, as the stoichi-
ometry of the system would suggest, but also some L1 FePts. A similar
phenomenon was observed also by Liu et al. [50], who synthesized FePt
NPs using Fe(NO3)3 . 9H20, HthC16 . 6H20 and C6Hg07 . Hzo. They
observed that phase pure L1y NPs were obtained only in non-
stoichiometric conditions (with an iron content around 60 % at.). A
possible explanation can be the post-reduction of the surface segregated
iron oxide to iron operated under the reducing Hy atmosphere. This
process may possibly make temporarily unavailable some of the iron at
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Fig. 7. (a) comparison between VSM (solid lines) and AGFM (dotted lines) out of plane results for alloys annealed at 750 °C as a function of their composition; (b)
comparison between VSM (solid lines) and AGFM (dotted lines) in plane results for alloys annealed at 750 °C as a function of their composition; (c) alloy coercivity as
a function of composition; (d) alloy remanence and saturation magnetization as a function of composition.

the beginning of the L1, phase formation. As a consequence, the mate-
rial that contains from the beginning an excess of iron in the disordered
fcc phase is probably favored for what concerns L1 phase formation.

Liu et al. also observed a strong displacement of the (111) peak
connected to the presence of the L1, phase with respect to the compo-
sition of the alloy [50]. The same effect is visible for the NPs described in
the present work in Fig. 5c, which represents a magnification of the
(111) peak for the two phases L1( and L1,. This effect is indicative of a
progressive variation in the composition of the L1y phase, with a
resulting alteration of its lattice parameters. As a consequence, the d-
spacing was found to linearly vary with the FePt composition (Fig. 5d).

Finally, the mean crystallite dimension s was evaluated by measuring
the FWHM (full width at half maximum) of the (111) peak and by using
the value obtained in the Scherrer’s law (eq. 2).

ki
S =
pcosd

(2)

k is the dimensionless shape factor, 4 is the wavelength of the X-rays
employed, f represents the real line broadening (as the difference be-
tween the FWHM and the instrumental line broadening) and 6 is the
angle of the peak. Considering the results obtained in Fig. 5d, it is
evident an interesting parallelism between the dimension of the NPs
evaluated via TEM and the data extrapolated using the eq. 2. Indeed, the
FePt NPs characterized by low mean diameters (Fig. 1g) yielded layers
characterized by low mean crystallite size, and vice versa.

3.6. Magnetic properties characterization
As a first test of the magnetic response of the samples, hysteresis

curves were measured by AGFM at room temperature up to a maximum
field of 2 T. The results obtained in the in-plane and out-of-plane

directions for the single samples are reported in Figures from S12 to
S16, while the direct comparison between the samples is represented in
Fig. 6. The reported magnetization values were evaluated starting from
the measured magnetic moment by considering the layer thickness
measured by SEM. A clear variation of the magnetic properties after
annealing can be appreciated, with the as-printed layers showing a soft
magnetic character and the layers annealed at 750 °C displaying hard
magnetic properties.

The coercive field value measured for the as-printed layer (Fig. 6a
and b) was of 10 mT, coherently with the presence of the chemically
disordered and magnetically soft A1 phase. The curves measured by
applying the magnetic field along different in-plane directions, and
along the out-of-plane direction, showed no evident preferential
magnetization orientation, due to the polycrystalline nature of the
samples (Fig. 6a and b). The saturation magnetization value was of 20 A
m? kg™, a significantly lower value compared to the bulk Al phase of
stoichiometric FePt, i.e. 80 A m> kg’1 [52]. Such a low magnetization
value has to be ascribed, at least partially, to the oxidation evidenced by
the compositional analysis and could additionally reflect the unavoid-
able overestimation of the effective density of the printed material.

Slight increases in coercive field and magnetization could be noticed
after annealing at 650 °C, but the change was dramatic only after
annealing the equimolar FePt layer at 750 °C (Fig. 6a and b). After
annealing at the highest temperature, both magnetization and coercive
field (H,) values indeed clearly increased. The increase in magnetization
followed the reduction in the amount of oxygen taking place after
annealing. Anyhow, the magnetization values measured at 2 T on the
annealed samples were lower than the bulk value for L1(-FePt (35 vs. 76
Am?kg ™). This could depend on the presence of a secondary phase (see
below), but also partially reflect the error on the estimated magnetic
volume and the fact that the maximum applied field was not sufficient to
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characterization of a Pt-poor FePt layer.

saturate the sample, due to the high anisotropy of the L1, phase. After
the formation of the chemically ordered L1, phase, the magneto-
crystalline anisotropy of the layer increased and gave rise to high co-
ercive field values both in the in-plane and out-of-plane hysteresis
curves. As a result, the coercive field values obtained after annealing
were high for all the compositions, as evidenced in Figs. 5¢ and 5d.
Considering the lack of saturation observed with a maximum applied
field of 2 T, additional magnetic characterization was carried out
employing a VSM setup able to apply up to 9 T. Figs. 7a and 7b report the
results obtained from the samples annealed at 750 °C, superimposed
with the AGFM results for comparison. Figures from S17 to S19 show the
direct comparison between the in-plane direction and the perpendicular
one for the different samples. Saturation was effectively reached in all
cases, and the measured hysteresis loops were all major. The general
behavior of the material observed with the AGFM, as expected, was
confirmed. The values of H. and M;, on the other hand, were found to be

10

higher by a percentage ranging from 6 and 14 % (according to the
composition of the alloy).

The trends of H,, M; and M; values as a function of composition,
reported in Figs. 7c and 7d, are in good agreement with the results of the
XRD analysis. The coercive field decrease as a function of Pt content
reflects the corresponding decrease in the content of L1y phase; the
highest H, value, i.e., 794 mT, was obtained for the Pt-poor layer, which
shows the highest content in L1 phase. The occurrence of large coercive
field values in both the in-plane and perpendicular hysteresis curves is a
consequence of the polycrystalline nature of the samples. The Pt-poor
sample also showed the highest measured value of M, i.e., 54 A m?
kg~l. Magnetization then decreased with increasing the Pt-content
down to 38 A m? kg™!, possibly due to the presence of the FePts
phase, which is characterized by lower magnetization, although as a
secondary phase [52]. The shape of the hysteresis curves, that is, the
presence of a double kink in the reversal process, indicates that in the
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three samples also a magnetically softer phase is present, and this is the
minority phase in the equimolar and Pt-poor samples. This softer mag-
netic behavior could be ascribed either to a residual Al phase or to the
FePt3 phase.

The significant values of coercive field and magnetization measured
on the inkjet printed layers indicate these materials as promising can-
didates for microscale permanent magnets. As further confirmation of
the good magnetic properties, the annealed layers in the thermally-
demagnetized state were studied by AFM and MFM. The results are re-
ported in Fig. 8. AFM evidences a granular morphology with surface
roughness up to 150 nm, coherently with SEM. The roughness changes
from area to area. Specific values of the Root Mean Square Roughness
(Ry) for the topography images in the left panels of Fig. 8 are 145.50 nm
for the Pt-rich layer, 123.00 nm for the equimolar layer and 130.8 nm for
the Pt-poor layer. The MFM images in the right panels display a spatially
irregular contrast, due to a significant out-of-plane stray field. This
contrast originates from the presence of high anisotropy grains with a
perpendicular component of the easy magnetization axis. However, the
comparison between AFM and MFM images taken on the same sample
and same area (i.e., a-b, c-d, e-f) shows that the microstructures
appearing as bright/dark contrast areas are much larger than the grain
size, and can thus be associated to inter-grain magnetic domains with
irregular shape and size. In order to clarify this point, some of these
typical bright/dark areas appearing in Fig. 8b are highlighted by blue
circles in Fig. S20. A careful analysis of the three samples in different
areas and scanning different spatial scales (from 1 pym to 50 pm),
revealed that the Pt-rich sample shows a larger fraction of the surface
with no MFM contrast. This is coherent with what concluded after the
magnetometry characterization, about the higher fraction of magneti-
cally soft phase in the Pt-rich sample compared to the equimolar and Pt-
poor samples. In some of the scans, only a few areas of this type are
visible, such as in Fig. 8b. The lower magnetic anisotropy of the soft
phase indeed favors the in-plane orientation of magnetic moments, due
to the predominance of shape anisotropy.

A step forward for realizing high performance permanent magnets
using this printing method would be obtaining oriented layers and
further reducing the minor softer magnetic phase, which represents a
disadvantage for specific applications requiring high values of square-
ness, such as in magnetic circuits where the magnet works under strong
demagnetizing conditions.

4. Conclusions

This work demonstrates, for the first time, the use of inkjet printing
as a methodology to fabricate hard magnetic FePt thin layers. The
developed process successfully employed FePt nanoparticles dispersed
in a green solvent to obtain stable, printable inks. The deposited layers,
after undergoing high temperature annealing in a reducing atmosphere,
exhibited the characteristic hard magnetic L1 phase, as confirmed by
XRD analysis. The printed FePt layers showed substantial magnetic
hardness, with the highest observed coercivity value at 794 mT and the
highest remanence at 36 A m? kg~!. These magnetic properties are
highly attractive for many applications, making the FePt thin layers
obtained potentially suitable for the fabrication of microactuators, en-
ergy harvesters and magnetic sensors. Additionally, the ability to control
the shape of the printed area through inkjet deposition provides a
pathway for future advancements in patterned magnetic structures. In
general, the findings of the present work open new possibilities for the
scalable and cost-effective manufacturing of high-performance FePt-
based magnetic components.
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