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1. Introduction

Printing techniques using nanoparticle (NP) inks are utilized to
generate thin films and structured materials with precise geome-
try. These methods are widely employed in the production of
2D structures, including solar cells,[1–3] light-emitting diodes
(LEDs),[4–6] batteries,[7–9] sensors,[10–12] and biological

scaffolds.[13–15] The performance and size
of these devices rely on the capability to pro-
duce 2D miniaturized electronics–based
and semiconductor-based devices.[16–20]

Advancements in this field and the diversity
of printing techniques have facilitated
device miniaturization, thereby allowing
size reduction of common electronics such
as laptops, smart watches, pocket calcula-
tors, and the development of minuscule
sensors.[21,22] Screen and nozzle printing
techniques were employed to produce
micron-size supercapacitors on paper,
which can be used as a portable energy-
storage device.[23] Although the printing
technique is fast, low cost, and
highly efficient, the screen cleaning process
is difficult and time-consuming.[19]

Photolithography was implemented to print
micro-patterned electrode-based sensors on
flexible substrates for glucose monitor-
ing.[24] However, the technique consists of
many processing steps and requires a pre-
designed photoresist layer, which can be
difficult to produce. One of the most used

techniques to deposit NP inks on the desired substrate is inkjet
printing. Grubb et al.[20] have successfully achieved the inkjet
printing of transistors with a channel size of 1 μm, enabling
its integration into a smaller footprint on a chip. For individual
printedmaterial layers, oven curing is often employedmaking the
fabrication technique time-consuming. Additionally, inkjet print-
ers often have issues with head reliability, droplet formation
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Pronounced magnetocaloric effects are typically observed in materials that often
contain expensive and rare elements and are therefore costly to mass produce.
However, they can rather be exploited on a small scale for miniaturized devices
such as magnetic micro coolers, thermal sensors, and magnetic micropumps.
Herein, a method is developed to generate magnetocaloric microstructures from
an equiatomic iron–rhodium (FeRh) bulk target through a stepwise process. First,
paramagnetic near-to-equiatomic solid-solution FeRh nanoparticles (NPs) are
generated through picosecond (ps)-pulsed laser ablation in ethanol, which are
then transformed into a printable ink and patterned using a continuous wave
laser. Laser patterning not only leads to sintering of the NP ink but also triggers
the phase transformation of the initial γ- to B2-FeRh. At a laser fluence of
246 J cm�2, a partial (52%) phase transformation from γ- to B2-FeRh is obtained,
resulting in a magnetization increase of 35 Am2 kg�1 across the antiferromag-
netic to ferromagnetic phase transition. This represents a ca. sixfold enhance-
ment compared to previous furnace-annealed FeRh ink. Finally, herein, the ability
is demonstrated to create FeRh 2D structures with different geometries using
laser sintering of magnetocaloric inks, which offers advantages such as micro-
metric spatial resolution, in situ annealing, and structure design flexibility.
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inconsistencies, and relatively low-material-deposition rates.[25,26]

Among the different printing technologies developed, laser
printing provides advantages such as a micrometric spatial
resolution,[27–30] and a fast processing speed.[31,32] The technique
is based on the irradiation of the deposited ink with a tightly
focused laser beam.[33,34] It can be combined with different
ink-deposition methodologies such as spin-coating or inkjet to
sinter specific areas of the coated substrate and generate the
desired continuous structures. The fast processing and localized
energy delivery are advantages that allow thermally efficient heat
transfer to the ink rather than the substrate, minimizing energy
losses and permitting the use of inexpensive and/or low damage
threshold substrates, which cannot bear high thermal loads dur-
ing an extended time as required for oven sintering. Additionally,
the short processing time reduces the risk of oxidation for the
metallic inks,[25] negating the need for an inert gas atmosphere
or vacuum setup during the process.[35] Laser printing has been
used to fabricate printed electronics,[36,37] as well as for tissue
engineering,[38,39] microfluidics,[40,41] magnetic sensors,[42,43]

and holographic elements.[44,45] Material properties such as
microstructure, crystallographic structure, and magnetic and
electric conductivity can be manipulated by controlling the
laser and scanning parameters, affecting the induced sintering
process by modifying the temperature reached and the cooling
rate.

Compact and efficient miniaturized electronics–based and
semiconductor-based devices encounter challenges such as high
power dissipation and uneven temperature distribution, result-
ing from their high function-to-area ratio. These problems can
shorten the device’s shelf life and impact its overall perfor-
mance.[46] Various thermal management solutions have been
investigated, such as design optimization of micro heat sinks,[47]

varying working coolants[48,49] (such as nanofluids and dielectric
coolants), and liquid flow system designs[50] (single-phase flow or
multiphase flow). However, the applicability of these approaches
is limited because of the electric short-circuiting possibility (due
to the leakage of liquid-based coolants), the difficulty of heat
extraction from local hotspots, and the complex design of minia-
turized devices (which requires precise manufacturing of heat
sinks), overall making it difficult to reduce the temperature
effectively.[51]

Magnetocaloric materials have the potential to overcome the
aforementioned limitations. Thesematerials exhibit a temperature
change when subjected to an external magnetic field, making
them attractive for replacing compressed chlorofluorocarbon/
fluorocarbon (CFC/FC) gas-based refrigeration systems.[52–55]

Compared to conventional cooling systems, magnetocaloric refrig-
eration is more environmentally friendly, quieter, and potentially
more efficient.[53,56] Furthermore, solid-state refrigeration is a via-
ble option for miniaturized heat sinks, as it avoids leakage issues
and efficiently extracts heat from hotspots. A number of materials
have been investigated for magnetocaloric refrigeration across
different temperature ranges.[57–59] For example, La(FeSi)13

[60]

displays a temperature change of 6.9 K at an operating tempera-
ture of 190 K, while Mn3GaC

[61] exhibits a temperature variation
of 4.5 K at 163 K, and Gd2Si2Ge2

[62] has a temperature change of
4.9 K at 262 K under an applied magnetic field of 2 T. These mate-
rials exhibit themost significant temperature change at the phase-

transition temperature, and their operating range and cooling
capacity depend on the width and characteristics of their magnetic
phase transition.

Among the series of magnetocaloric materials investigated so
far, the equiatomic iron-rhodium (FeRh) alloy achieves the larg-
est adiabatic temperature change (ΔT= 12.9 K at ΔH= 2 T) with
an entropy change up to 16 J kg�1 K�1 at 308.2 K due to an anti-
ferromagnetic to ferromagnetic (AFM–FM) first-order phase
transition.[63] However, the phase-transition temperature of
FeRh is greatly influenced by the alloy’s composition and the
existence of defects in the crystal structure. As a result, it can
take place in a broad range from room temperature to
400 K.[64,65] This magnetoelastic transition does not lead to a
change in crystallographic symmetry in the CsCl-type lattice
structure (widely known as B2 structure), but is accompanied
by significant magneto-structural volume expansion of about
1%.[66] The cause of this transition is attributed to a significant
alteration in the exchange interaction and elastic energy resulting
from a modification in the crystal lattice parameter. Bean and
Rodbell’s exchange–striction model[67] provides a viable method
to simulate the underlying mechanism responsible for this tran-
sition. It has demonstrated strong consistency with theoretical
and empirical data determining the magnetic characteristics of
both the AFM and FMphases.[68] Despite the fact that thematerial
displays a significant magnetocaloric effect, the high cost of the
alloy limit its application in bulk. Rhodium (belonging to the
platinum group of metals) is among the rarest elements in
the periodic table, with a price twice as high as platinum and
seven times higher than palladium.[69] Hence, its use in refriger-
ation systems requiring large amounts of bulk FeRh is limited by
its availability and an associated price increase that a high indus-
trial demand would imply. However, such alloys can be useful for
the cooling of miniaturized devices, where a limited quantity is
required.

Up to date, the synthesis of FeRh microparticles and NPs has
been carried out mainly by wet chemical processes in the context
of applications such as heat-assisted magnetic recordings, bio
hyperthermia, and catalysis.[70–73] Microsized FeRh alloys have
shown an appreciable magnetocaloric effect,[73] but their size lim-
its the printing of structures with submicron or nanoscale reso-
lution. Alternatively, FeRh NPs synthesized by a wet chemical
process resulted in the inhomogeneous distribution of Fe and
Rh in the NPs, which led to the coexistence of AFM and FM
phases. In contrast, by using pulsed laser ablation in organic
solvents, we created near-to-equiatomic γ-FeRh solid-solution
NPs in a previous study.[74] This current study builds on that
work and employs laser printing to create magnetocaloric custom
structures with micrometric dimensions, improving the
sintering characteristics and magnetic phase conversion of the
printed structures. Additionally, the magnetic and magneto-
caloric properties of the laser-sintered structures are compared
to those produced through standard industrial furnace sintering
to optimize the magnetocaloric response of the sintered
structures. The direct writing of magnetocaloric materials in this
manner presents the opportunity to design a range of devices,
including magnetic actuator systems, thermal switches, mag-
netic micropumps, and magnetic microcoolers.[75,76]
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2. Experimental Section

2.1. Synthesis of NPs and Ink Preparation and Deposition

Near-to-equimolar FeRh NPs were synthesized by laser ablation
in liquids (LAL). LAL offers several benefits, including the ability to
control the composition of the generated particles, and the poten-
tial to produce ligand-free NPs and tailored surface properties for a
wide range of applications.[77–79] This NP synthesis method found
numerous applications in fields such as biomedicine,[80,81] energy
generation,[82,83] and additive manufacturing,[84,85] making it a ver-
satile and promising technology. Here, the synthesis of the FeRh
NPs was achieved by laser ablation of a Fe50Rh50 bulk target in
ethanol employing a near-infrared picosecond (ps)-pulsed Nd:
YAG solid-state laser source (Ekspla, Atlantic Series, Vilnius,
Lithuania, 10 ps, 100 kHz, 80 μJ, 1064 nm). The ablation of the
FeRh target was performed by focusing the laser beam with an
f= 100mm lens on the FeRh target’s surface, with the surface
being scanned at 2m s�1 (Figure 1a).[74] The NP size distribution
was analyzed by scanning electron microscopy (SEM) in the scan-
ning transmission electron microscope (STEM) mode. The result-
ing NP size distribution is shown in (Figure S1, Supporting
Information). The peak size obtained was 6.9� 3.0 nmwith a poly-
dispersity index of 0.4. The produced colloidal NPs (FeRh NPs in
ethanol) were used to formulate a 1 wt% FeRh ink. This was done
by partial evaporation of ethanol from the colloid at room temper-
ature employing a 64W axial fan with a flow rate of 925m3 h�1

(Figure 1b). Before the deposition of the ink, the glass substrates
were processed in a UV cleaner for 5min to remove any organic
contaminations. The ink deposition on the substrate was per-
formed by initially adding 200 μL of 10wt% polyvinylpyrrolidone
(PVP, MW= 40 k) in ethanol on the 25� 75mm glass substrate.

To avoid agglomeration, the FeRh ink was ultrasonicated for
10min before the dispersion, 100 μL of FeRh ink were then dis-
persed on the area of�25� 15mmpolymer-coated glass substrate
(Figure 1c).

2.2. FeRh NP Ink Sintering

The sintering of NPs was conducted using a programmable fur-
nace with separate runs in air and argon flow (Figure 1d).
The glass substrates with the deposited ink were subjected to
a heating rate of 10 Kmin�1 and reached a maximum tempera-
ture of 873 K, where they were held for 1 h. Following this, the
furnace was turned off, and the substrates were left in the fur-
nace to cool down to room temperature.

The laser sintering (Figure 1e) was carried out using a contin-
uous wave (CW)-laser (Laser Quantum, 532 nm) and a program-
mable two-axis linear stage (Thorlabs DDSM100/M) on the ink-
deposited glass substrates. The laser beam was focused by a
microscope objective (Mitutoyo, 10X). The substrate was placed
on the stage and was scanned in a single axis to achieve a sintered
line. For characterization techniques that required larger areas of
study, the X–Y stage was programmed to produce successive par-
allel lines such that all the regions between the lines were irradi-
ated, covering the whole ink-dispersed region. The laser-sintered
custom patterns were obtained by programming the linear stage
in both the X and Y axes, leading to the sintering of the desired
areas of the deposited ink. The substrate was then dispersed in
an ethanol bath and ultrasonicated for 5min, removing all the
non-sintered ink and polymer layers.

The laser fluence was varied to evaluate the material-sintering
window, and was calculated using the following formula[86]

Figure 1. Schematic step-by-step process for sintering of near-to equimolar FeRh nanoparticles (NPs). a) Synthesis of NPs by picosecond (ps)-pulsed
laser ablation in ethanol in a Schlenk chamber. b) Partial evaporation of ethanol from the FeRh NP colloid employing an axial fan at room temperature.
c) Deposition of polyvinylpyrrolidone (PVP, MW= 40 000) and FeRh ink on a selected region of the glass substrate. d) FeRh nanoink sintering by pro-
grammable furnace in air and furnace with argon flow. e) Sintering by 532 nm continuous wave laser and a microscope objective (10�) providing the
micrometric resolution required.
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F ¼ 4 ⋅ P
vs ⋅ d ⋅ π

(1)

where F= laser fluence, P= laser power, vs = scanning speed,
and d= laser spot diameter. The scanning speed was kept
constant at 10mm s�1 for all the experiments and the laser
fluence was varied between 16 and 246 J cm�2. The sintered
micrometric lines were visualized by an optical microscope
(Leica DM2700 M) and SEM (Apreo S LoVac, Thermo Fisher
Scientific). The width was measured using ImageJ software at
ten different positions on each line.

The laser processing at high fluences resulted in FeRh NP abla-
tion along with the sintering (explained later in detail), enhancing
the porosity of the magnetocaloric structures. The effect of laser
fluence on the ablation of FeRh ink was monitored by reflectance
spectroscopy (Supporting Information). The effect of laser-
induced heating and furnace heating on the FeRh crystal structure
was studied by X-ray diffraction (XRD) in θ–2θ geometry with
Cu-Kα radiation using a Philips PW1730 X-ray diffractometer
with a graphite monochromator, aiming to quantify the phase
conversion achieved during the sintering processes. Rietveld
refinement was carried out using the Fullprof suite.[87] The B2
fraction was also analyzed based on magnetometry data of the
FeRh ink after laser and furnace sintering, to determine the sin-
tering parameters yielding the highest B2-phase fraction. M(H)
curves were measured using the vibrating-sample magnetometer
(VSM) option of a PPMS DynaCool (Quantum Design) between 5
and 400 K and up to a maximum of 500 K using a VSM oven
option in magnetic fields up to 9 T and were corrected for the dis-
tinct dia- and paramagnetic glass substrate background signal;
M(T) measurements were performed between 150 and 700 K at
an applied field of 0.1 T.

3. Results and Discussion

3.1. FeRh NP Ink Sintering

To examine the morphology of the sintered structures within dif-
ferent laser fluence regimes, optical microscopy and SEM were
used, as shown in Figure 2. Initially, the ink is partially sintered
leading to the formation of a discontinuous line pattern

consisting of sintered and non-sintered regions (Figure 2a).
The laser interaction leads to the NP densification and partial
evaporation of the polymer. Increasing the laser fluence above
16 J cm�2 results in the formation of necks and percolation net-
works start to grow. At a laser fluence of 41 J cm�2, the NPs are
sintered, forming a homogenous line with a dense magneto-
caloric structure (Figure 2b). Increasing the fluence to
57 J cm�2 results in the creation of compact agglomerates of
NPs, attributed to fusion, grain growth, and lattice diffusion.[88]

The increase in laser energy also leads to ablation along with sin-
tering, mainly at the center of the line, where the intensity is the
highest, resulting in distinct network structures rather than con-
tinuous NP films (Figure 2c). At higher fluences, NP ablation is
more pronounced and the overall density of the dispersed NP
layer is reduced (Figure 2d). The ablation causes an increase
in the porosity of the magnetocaloric structure, which could
potentially enhance the convective heat transfer to the working
fluid in magnetocaloric regenerators.[89]

We also examined the morphology of FeRh ink furnace sin-
tered at 873 K for 1 h. Compared to laser processing, the furnace-
sintered NPs appeared more compact due to the slow heating
rate and uniform temperature distribution (as shown in
Figure 3). The gradual heating rate provided sufficient time
for particle migration, promoting uniform sintering throughout
the NP film, and to avoid the formation of individual networks of
structures. The slow heating and cooling process may have
resulted in surface oxidation due to residual oxygen, which could
have a negative impact on the mechanical and magnetic proper-
ties of the sintered structures (as noted in Ref. [25]).

The optical microscopy and SEM results obtained from the
laser-processed FeRh magnetocaloric ink can be explained by
analyzing the intensity profile of the CW laser used in the pro-
cess. The Gaussian intensity distribution of the laser defines var-
ious interaction regimes. At low fluence (16 J cm�2), only a small
region at the center of the line is above the threshold intensity
required for sintering (shown by the extrapolated dashed line
(Figure 4a). Latter depicts the width of the line for each peak
intensity. The line width increases upon increasing laser fluence
(Figure 4b), which is also visualized by the black arrows in the
optical microscopy images (Figure 2). For a sintered line
(41 J cm�2), the peak intensity of the Gaussian beam lies below
the ablation threshold with a significant area of the Gaussian

Figure 2. Surface morphology of laser-sintered structures of FeRh NPs after applying different laser fluences as visualized by optical microscopy and
scanning electron microscopy: a) 16 J cm�2, b) 41 J cm�2, c) 57 J cm�2, and d) 246 J cm�2. The black arrows show the width of the sintered line.
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distribution above the sintering threshold. At higher fluences,
the ablation of NPs is observed along with sintering mainly in
the central region of the lines where the intensity of the laser
beam is the highest (Figure 2c,d). At higher fluences, the ablation
of NPs is observed along with sintering mainly in the central
region of the lines, where the intensity of the laser beam is
the highest (Figure 2c,d). The ablation regimes can be analyzed
by reflectance spectroscopy, as depicted in Figure S2, Supporting
Information. The partial ablation of the ink resulted in the for-
mation of porous structures confirmed by an increased optical
transmission (Figure S3, Supporting Information). The maxi-
mum fluence that could be achieved without substrate damage
was 246 J cm�2. Although the line width increases with an
increasing laser fluence, it saturates at 246 J cm�2, limited by
the Gaussian beam’s shape and diameter.

3.2. Structural and Magnetic Characterization of the
Magnetocaloric Microstructures

Annealing FeRh NPs induces a phase transition from the γ to the
B2 phase, which is essential to enhance the material’s magnetic
and magnetocaloric properties.[74] To investigate the effect of
laser-assisted heating and furnace heating on the crystal struc-
ture and phase formation of FeRh NP ink, we performed
XRD experiments. Figure 5a shows the diffraction patterns

indicating a phase change from the γ phase to a mixed B2-γ state
as the laser fluence is increased. The B2-, γ-, and FexOy-molar-
phase fractions were evaluated via Rietveld refinement
(Figure 5c). The furnace-based annealing in air at 873 K leads
to a complete transformation to the Fe2O3 (hematite) phase,
while annealing in argon-flow results in a mixture of B2 and
γ phase and a minor Fe3O4 (magnetite) contribution
(Figure 5c). However, a lower degree of oxidation was observed
for laser-processed inks and was mainly evident for laser fluences
lower than 131 J cm�2 (Figure 5a marked with asterisk). The
overall phase fraction shows that the B2 phase increases and
the γ phase is reduced with increasing laser fluence, as summa-
rized in Table 1. This shows that the laser-sintering technique
not only leads to higher γ- to B2-phase conversion, but also rep-
resents a more oxidation-resistant process than a conventional
one. This is a remarkable fact considering that laser sintering
is performed in air, hence avoiding the time and resource–costly
employment of inert gas atmospheres. Additionally, the high
laser fluences lead to NP ablation, giving rise to the formation
of micropores, which could be essential for heat transfer to
the cooling media for magnetocaloric regenerators. For the
laser-sintered sample, a small splitting of the reflections of the
γ phase appears at some samples, indicating two γ-phases with
different lattice parameters. This can be explained by hydrogen,
which is incorporated into the structure during NP synthesis,[74]

being released, resulting in a contraction of the lattice.[74]

Figure 4. a) Gaussian intensity profile at laser fluences (ranging from 16 to 246 J cm�2) showing the unsintered, sintered, and ablation regimes. The
dashed line (black) indicates the width of the sintered line. b) Laser fluence effect (ranging from 41 to 246 J cm�2) on the line width of the sintered
magnetocaloric structures. The error bar shows the standard deviation of line widths measured at the 10 different positions of each sintered line.

Figure 3. SEM images of the sintered FeRh NP ink surface morphology for a) laser sintering at a fluence of 41 J cm�2, and b) a furnace-sintered structure
at 873 K for 1 h.
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The magnetization response of the laser sintered as well as
furnace-annealed FeRh NPs is studied via magnetometry regard-
ing composition and the AFM–FM phase transition in direct
comparison to XRD data analysis. Field-dependent magnetiza-
tion curves of FeRh ink laser-irradiated at fluences of 41 up to
246 J cm�2 recorded at 500 K are shown in Figure 6a. Higher
laser fluences result in an increase of the saturation magnetiza-
tion MS, which hints toward a partial phase transformation from
paramagnetic γ-FeRh to FM B2-FeRh. For fluences lower than
131 J cm�2, different magnetic alignment behavior is observed
in the low-field region, together with slightly increased coercive
fields. Both effects can be assigned to partial oxidation to a

magnetite/maghemite phase, accompanied by an increase in
total magnetization.

Magnetization M(500 K,2 T) values extracted from the measure-
ments at 500 K and 2 T are compared to B2 fractions obtained in
XRD analysis in Figure 6b. Since the FeRh-sintered structures
are in the FM state above the phase transition at 500 K, the mag-
netization is expected to be representative for the B2-FeRh frac-
tion of the sample (in case no oxides are present). In fact, a
general agreement between XRD B2 fraction and M(500 K,2 T)

can be observed, not including partially oxidized samples, where
a magnetite fraction results in deviating magnetization values.
Furthermore, it has to be considered that a direct determination
of the remaining FeRh mass on the samples after laser treatment
could not be performed, wherefore it was estimated based on the
total amount of deposited FeRh material in relation to the area
of the sample pieces studied in magnetometry, where minor
inhomogeneities in NP coverage can increase the error margin.
Disregarding samples with considerable oxide fraction, high-
field magnetization M(500 K,2 T) and B2-phase fraction display a
comparable trend in laser fluence assuming a saturation magne-
tization of �100 Am2 kg�1, matching the range of reported
values for pure B2-FeRh at 500 K.[90]

The magnetization of laser-treated FeRh-deposited ink was
compared to those from the conventional annealing processes.
The FeRh inks deposited on glass substrate were subjected to
elevated temperatures of 573–873 K under ambient air or argon
atmosphere, respectively (Figure 7). After annealing in air, oxi-
dation of the original γ-FeRh phase resulted in the formation of
hematite (as also observed in XRD). This is clearly visible by the
changes in the M(H) shape and by the decreasing high-field mag-
netization due to the canted AFM structure of hematite. In con-
trast, annealing of the FeRh NPs under argon atmosphere results

Table 1. Molar fraction of main crystalline phases of furnace-sintered and
laser-sintered samples determined by XRD, estimated by Rietveld
refinements.

Process Parameters B2-molar-
phase
fraction

γ-molar-
phase
fraction

FexOy-molar-
phase
fraction

Furnace sintering 873 K in air – – 1.00 (Fe2O3)

Furnace sintering 873 K in argon 0.08 0.65 0.27 (Fe3O4)

Laser sintering 41 J cm�2 – 1.00 –

Laser sintering 49 J cm2 0.08 0.74 0.18 (Fe3O4)

Laser sintering 103 J cm2 0.38 0.62 –

Laser sintering 131 J cm2 0.29 0.67 0.04 (Fe3O4)

Laser sintering 154 J cm2 0.29 0.71 –

Laser sintering 164 J cm2 0.30 0.70 –

Laser sintering 246 J cm2 0.52 0.48 –

Figure 5. a) X-ray diffraction (XRD) data of laser-sintered samples with fluences from 41 to 246 J cm�2. The tick marks indicate the possible position of
reflections for the B2 phase and the γ phase. Reflections from oxide impurities are marked with an asterisk. b) Comparison of furnace-sintered samples on
air and Ar atmosphere. c) Rietveld refinement of the laser-sintered sample with an fluence of 246 J cm�2.
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in the conservation of the M(H) shape, showing predominant
magnetic alignment already at 0.5 T, combined with a continu-
ous increase in magnetization upon increasing annealing
temperature in reaction to γ- to B2-FeRh conversion, as seen
in XRD data. The annealing under argon atmosphere results
in much higher B2 fraction and, accordingly, higher magnetiza-
tion, by preventing any oxidation of the FeRh material to
hematite as observed under annealing in air. Comparing
the conventional annealing processes in the furnace with laser
sintering, highest mass magnetization values obtained via
laser-sintering FeRh ink exceed that of furnace-sintered samples,
while also allowing the simultaneous printing/writing of 2D
structures.

Previous experiments on FeRh NP powder showed similar
results to those of the argon-flow annealing discussed earlier,
with almost complete conversion of the γ-FeRh phase to the

B2 structure.[91] Still, while high B2 fractions were obtained,
magnetization and Mössbauer spectroscopy experiments indi-
cated only a moderate fraction of the FeRh material to participate
in the AFM–FM phase transitions, being primarily pinned in a
ferromagnetic state. To study the laser-based sintering route
under this aspect, field-dependent magnetization behavior was
analyzed across the phase-transition temperature in detail for
the laser fluence of 246 J cm�2, which showed the maximum
B2 fraction and magnetization.

3.3. Magnetocaloric Properties

FeRh ink laser sintered with a laser fluence of 246 J cm�2 dis-
plays considerable magnetization already below the AFM phase
transition at 150 K (Figure 8). This is in agreement with the
observation of a partial-pinned ferromagnetic state of FeRh

Figure 6. a) Field-dependent magnetization at 500 K of FeRh NPs deposited on glass substrate after laser sintering using fluences of 41 up to 246 J cm�2.
b) FeRh magnetization M(500 K,2 T) (black) was recorded at 500 K at 2 T (black dots) compared to B2-phase fractions (red) as determined from XRD
analysis. The arrows indicate the samples whose magnetization was increased due to partial oxidation, that is, formation of magnetite, as indicated
by XRD results.

Figure 7. Field-dependent magnetization of FeRh NPs deposited on glass substrate at 300 K after annealing at TH= 573 to 873 K in a) air or b) argon,
respectively.
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NPs after annealing.[65] Possible explanations for a partially
pinned ferromagnetic fraction include a minor variation in stoi-
chiometry in the NPs produced via LAL, as even miniscule var-
iations of the Fe content in FeRh can cause considerable changes
in the AFM–FM phase-transition temperature or even the perma-
nent conservation of ferromagnetic behavior. Also, structural
defects in the FeRh lattice are known to stabilize ferromagnetic
order, as shown before by inducing different degrees of struc-
tural disorder via ion irradiation,[92] which could be present in
the FeRh NPs after the laser-ablation process.

At higher temperatures, M(H) data shows an increase in mag-
netization upon rising fields, assigned to the beginning of the
AFM–FM transition already at �150–200 K due to substantial
broadening of the transition. A measurement of temperature-
dependent magnetization was recorded at 0.1 T to illustrate
the sample behavior across the phase transition (Figure S4,
Supporting Information), which indicates that the AFM–FM
phase-transition peak was achieved at �460 K, where all FeRh
can be considered as ferromagnetic. Here, it has to be noted that
minor changes in M(H) are superpositioned by a temperature-
dependent decrease in the background signal of the employed
glass substrate (already subtracted from the data in Figure 8).
Due to the very limited net magnetic moment of the FeRh thin
layer as compared to the substrate material, even minor
uncertainties regarding background subtraction can result in
slightly different M(H) shapes in this temperature region.
Above �250–350 K, M(H) shows a more distinct nonlinear
increase in field-dependent magnetization when approaching
the bulk-phase-transition temperature where most of the FeRh
NPs reach the ferromagnetic state. At 400 K, a constant magne-
tization value of �98 Am2 kg�1 is reached above 7 T, as the tran-
sition to the FM state is completed, with the distinct field-driven
increase in magnetization of about ΔM= 35 Am2 kg�1

corresponding to the field-induced phase transition.
Comparing these results to previous experiments on furnace-
annealed FeRh NPs (ΔM= 6 Am2 kg�1),[91] a much higher
field-driven increase in magnetization is observed following
the laser-sintering route, being evidence of the potential of
laser-written 2D structures for magnetocaloric applications.
Although a more detailed analysis is hindered by the consider-
able para- and diamagnetic background contribution of the glass
substrate, a value of �3–3.5 J kg�1 K�1 can be extracted from the
data as a rough estimate of the change in magnetic entropy con-
nected to the AFM–FM phase transition between 0 and 9 T, as is
elucidated in more detail in the corresponding section of
Supporting Information (Figure S5, Supporting Information).
Further improvement in magnetocaloric performance is
expected under optimization of laser-ablation and especially
laser-sintering parameters by increasing attainable B2-FeRh frac-
tions and reducing ferromagnetic pinning.

3.4. Custom FeRh Magnetocaloric Microstructures by Laser
Sintering

Evaluating the magnetic properties of the FeRh structures after
sintering indicated that laser sintering (at a fluence of
246 J cm�2) of the FeRh NP ink leads to a higher conversion
to magnetic phases and decreases the possibility of FeRh NP oxi-
dation compared to furnace sintering, due to the rapid heating
and cooling process occurring during laser sintering. The
laser-sintering process provides inherent spatial resolution and
scanning flexibility that enables the creation of customized mag-
netocaloric microstructures, as demonstrated in Figure 9a. After
processing the desired spatial pattern, the unsintered ink can be
removed by cleaning with the ink solvent (ethanol), resulting in
sintered structures remaining on the substrate (as depicted in
Figure 9b). The quality of the laser-sintered FeRh structures, cou-
pled with the ability to attain accurate spatial resolution and
design customized geometries, make this technique a promising
method for producing micrometric cooling structures for
miniaturized electronic devices in particular when compared
to furnace sintering.

Figure 8. Magnetization of FeRh NPs deposited on glass substrate and
laser sintered at a fluence of 246 J cm�2 measured from 0 to 9 T at 150
up to 400 K across the antiferromagnetic to ferromagnetic (AFM—FM)
phase transition. The contribution of FeRh material pinned in the FM state
as well as the increase in magnetization ΔM connected to the field-
induced AFM–FM transition is indicated by arrows.

Figure 9. Depiction of the custom structures produced through laser proc-
essing at a laser fluence of 246 J cm�2, with showing the structures
a) before cleaning of the deposited FeRh ink and b) after cleaning with
ethanol using ultrasonication for 5 min. The scale bar remains consistent
across all images.
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4. Conclusion

Producing micrometric magnetocaloric devices presents a promis-
ing avenue for creating compact cooling sources. In this study, we
have outlined a sequential process for fabricating FeRh magneto-
caloric custom structures starting with the laser-based NP synthesis
employing a bulk target, followed by ink formulation, dispersion on
substrate, and sintering of NP ink employing a CW laser. The CW
laser sintering of the NP ink was evaluated to define the processing
window. The NPs were completely sintered at 41 J cm�2 with fur-
ther increase in the laser fluence that promotes ablation of NPs
along with sintering. This results in the increase of porosity of
the magnetocaloric structure, which could promote the convective
heat transfer to the working fluid for magnetic regenerators.

The laser-induced heating resulted in a partial phase transfor-
mation from γ to B2 phase, with the maximum B2 fraction being
52%. This transformation caused a magnetization increase of
�66 Am2 kg�1 and a maximum rise in magnetization of approx-
imately 35 Am2 kg�1 across the field-driven AFM–FM phase
transition. Compared to oven sintering, laser sintering facilitated
faster processing, prevented oxidation, enabled the formation of
intricate micrometric patterns, and improved the magnetocaloric
phase transformation.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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