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Abstract

Refrigeration is essential for modern society, ranging from food preservation to medical
transport. However, most established cooling technologies still rely on vapor-compression
systems that depend on refrigerants and are associated with environmental and energy-
related challenges. Magnetic refrigeration, based on the magnetocaloric effect, offers a
promising solid-state alternative with the potential for improved efficiency, compact device
integration, and reduced environmental impact. In this context, this thesis investigates the
development of rare-earth-free magnetocaloric materials using pulsed laser ablation in liquids
(PLAL) and laser sintering for the synthesis and structuring of compositionally complex alloys
(CCAs) at the nanoscale. By addressing challenges related to composition control, phase
stability, and miniaturization, this work contributes to the development of sustainable solid-

state cooling technologies.

A central focus of this thesis is the investigation of PLAL-derived nanoparticles beyond binary
systems, with particular emphasis on ternary and compositionally complex alloy systems and
on the influence of composition on phase stability and magnetic transitions. In contrast to bulk
materials, which typically exhibit ferromagnetic-to-paramagnetic transitions, the synthesized
nanoparticles show superparamagnetic behavior, highlighting the strong size dependence of
magnetic properties in magnetocaloric systems. The choice of target preparation strategy was
found to strongly influence nanoparticle productivity, composition, and phase stability. In
particular, pressed and sintered targets prepared from elemental or alloy powders proved to
be a versatile and cost-effective approach. This is especially evident for Al-based
compositionally complex alloys, where self-mixed and pressed targets provide a scalable
synthesis route that enables the replacement of scarce Ge without significantly compromising
functional performance. At the same time, this strategy allows precise compositional tuning,
as demonstrated for NiMnSn nanoparticles, where Mn losses during ablation could be
compensated by modifying the initial target composition, thereby improving the magnetic and
magnetocaloric response. The synthesized NiMnSn Heusler nanoparticles, Ge-based
compositionally complex alloy nanoparticles, and Al-based compositionally complex alloy
nanoparticles exhibit magnetic transition temperatures in the low- to near-room-temperature
range (300 K, 179 K, and 263 K, respectively), making them promising rare-earth-free

candidates for magnetocaloric applications.

A further focus of this thesis is the formulation of nanoparticle inks and the laser-based
fabrication of magnetocaloric microstructures with micrometer-scale resolution. The results
demonstrate that continuous-wave laser sintering enables the direct patterning and phase

control of FeRh- and NiMnSn-based microstructures. In addition to improving resolution and



phase transformation efficiency, laser sintering also enhances magnetic performance. For
FeRh nanoparticle inks, laser sintering increases the antiferromagnetic-to-ferromagnetic
magnetization change by a factor of four compared with conventional annealing, while for
NiMnSn microparticles it increases the magnetization after processing, thereby improving
suitability for functional magnetocaloric devices. These findings establish laser-based 2D
printing as a scalable and precise fabrication approach for integrating magnetocaloric

materials into applications such as microelectronic cooling and MEMS.

By combining nanopatrticle synthesis with laser structuring, this thesis establishes PLAL and
laser processing as complementary tools for the development of next-generation
magnetocaloric materials and opens new opportunities for compact, sustainable, and efficient

thermal management technologies.



Abstract (German)

Kihltechnologien sind flr das moderne Leben unverzichtbar, etwa fir die
Lebensmittelkonservierung und den medizinischen Transport. Der Grofdteil heutiger
Kihlsysteme basiert jedoch weiterhin auf Dampfkompressionsverfahren, deren Einsatz von
Kaltemitteln mit okologischen und energetischen Herausforderungen verbunden ist. Die
magnetische Kihlung auf Grundlage des magnetokalorischen Effekts stellt hierzu eine
vielversprechende Festkdrperalternative dar, da sie das Potenzial flir héhere Energieeffizienz,
kompakte Bauweisen und eine geringere Umweltbelastung bietet. Vor diesem Hintergrund
untersucht diese Arbeit die Entwicklung seltenerdfreier magnetokalorischer Materialien mittels
gepulster Laserablation in FlUssigkeiten (PLAL) und Lasersintern zur Synthese und
Strukturierung zusammensetzungskomplexer Legierungen (CCAs) auf der Nanoskala. Durch
die Bearbeitung zentraler Fragestellungen der Zusammensetzungskontrolle, Phasenstabilitat
und Miniaturisierung leistet diese Arbeit einen Beitrag zur Entwicklung nachhaltiger

Festkdrper-Kuhltechnologien.

Ein Schwerpunkt dieser Arbeit liegt auf der Untersuchung von mittels PLAL hergestellten
Nanopartikeln jenseits binarer Systeme, insbesondere ternaren und
zusammensetzungskomplexen Legierungen, sowie auf dem Einfluss der Zusammensetzung
auf Phasenstabilitdt und magnetische Ubergange. Im Gegensatz zu Bulk-Materialien, die
typischerweise  ferromagnetisch-paramagnetische  Ubergdnge zeigen, weisen die
synthetisierten Nanopartikel ein superparamagnetisches Verhalten auf. Dies verdeutlicht den
starken Einfluss der Partikelgrofie auf die magnetischen Eigenschaften magnetokalorischer
Systeme. Zudem wurde gezeigt, dass die Wahl der Target-Herstellungsstrategie einen
entscheidenden Einfluss auf Produktivitat, Zusammensetzung und Phasenstabilitdt der
Nanopartikel hat. Als besonders vielseitig und kosteneffizient erwiesen sich gepresste und
gesinterte Targets auf Basis elementarer oder legierter Pulver. Dies zeigte sich insbesondere
bei Al-basierten zusammensetzungskomplexen Legierungen, bei denen selbstgemischte und
gepresste Targets eine skalierbare Syntheseroute erméglichen und gleichzeitig den Ersatz
des knappen Elements Ge erlauben, ohne die funktionellen Eigenschaften wesentlich zu
beeintrachtigen. Gleichzeitig erlaubt dieser Ansatz eine prazise
Zusammensetzungssteuerung, wie am Beispiel von NiMnSn-Nanopartikeln gezeigt wurde, bei
denen Mn-Verluste wahrend der Ablation durch eine gezielte Anpassung der
Ausgangszusammensetzung kompensiert werden konnten. Die synthetisierten NiMnSn-
Heusler-Nanopartikel, Ge-basierten zusammensetzungskomplexen Legierungsnanopartikel
und Al-basierten zusammensetzungskomplexen Legierungsnanopartikel zeigen magnetische

Ubergangstemperaturen im niedrigen bis nahe Raumtemperaturbereich (300 K, 179 K bzw.
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263 K) und stellen damit vielversprechende seltenerdfreie Kandidaten fiir magnetokalorische

Anwendungen dar.

Ein weiterer Schwerpunkt dieser Arbeit ist die Formulierung nanopartikelbasierter Tinten sowie
die laserbasierte Herstellung magnetokalorischer Mikrostrukturen mit Auflésungen im
Mikrometerbereich. Die Ergebnisse zeigen, dass kontinuierliches Lasersintern die direkte
Strukturierung und Phasenkontrolle von FeRh- und NiMnSn-basierten Mikrostrukturen
ermdglicht. Neben einer verbesserten Auflésung und effizienteren Phasenumwandlung flhrt
das Lasersintern auch zu einer Verbesserung der magnetischen Eigenschaften. Bei FeRh-
Nanopartikeltinten erhdéht das Lasersintern die antiferromagnetisch-ferromagnetische
Magnetisierungsanderung im Vergleich zur konventionellen Warmebehandlung um den
Faktor vier. Bei NiMnSn-Mikropartikeln steigt die Magnetisierung nach dem Lasersintern
ebenfalls an, wodurch sich ihre Eignung fir funktionale magnetokalorische Bauelemente
weiter verbessert. Diese Ergebnisse etablieren das laserbasierte 2D-Drucken als skalierbaren
und prazisen Fertigungsansatz fir die Integration magnetokalorischer Materialien in

Anwendungen wie die Mikroelektronikkiihlung und MEMS.

Durch die Kombination von Nanopartikelsynthese und Laserstrukturierung etabliert diese
Arbeit PLAL und Laserprozesse als komplementare Werkzeuge fur die Entwicklung
magnetokalorischer Materialien der nachsten Generation und eréffnet neue Méglichkeiten fur

kompakte, nachhaltige und effiziente Warmemanagementlésungen.
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Preface

This thesis is structured into five main sections, beginning with an introduction, followed by
summaries of four research studies: (1) laser structuring of FeRh nanoparticle inks, (2)
synthesis of high-entropy alloy nanoparticles via pulsed laser ablation in liquids (PLAL), with
emphasis on the influence of target preparation methods, (3) investigation of magnetic phase
transitions in compositionally complex alloys at both bulk and nanoscale, and (4)
compositionally controlled synthesis of NiMnSn nanoparticles and their comparison with
corresponding microparticles. Three of these studies have been published in peer-reviewed
international journals, while one is currently in preparation. The thesis concludes with a
general discussion, followed by references and an appendix containing the full versions of all
studies. The introduction provides a comprehensive overview of the current research
landscape, highlighting the significance of transitioning from unary and binary materials to
compositionally complex alloy (CCA) systems. It then delves into the fundamentals of
magnetism and the magnetocaloric effect (MCE), as well as the evolution of material systems
from binary to CCAs for magnetic and magnetocaloric applications. Additionally, it explores
how these advanced alloy systems can be synthesized and structured using laser-based
processing techniques, contextualizing their relevance within the scope of the four studies
presented in this thesis. The second part of the introduction reviews the initial works, including
the ones where | am co-author, contributing to the fundamentals of the thesis. The subsequent
Section 2 presents structured summaries of these four studies, detailing their objectives,
methodologies, and key findings. The general discussion expands on these results,
positioning them within the existing body of research. Additionally, it examines the
contributions of this thesis, its limitations, and potential directions for future research. The
thesis concludes with a summary of key findings and an outlook on the potential impact of this
research. The reference list and an appendix containing the full versions of the four studies

are provided at the end.
The four core studies which are the basis of the thesis, are the following:
o Study 1 (Tahir et al., 2023)

Tahir, S., Landers, J., Salamon, S., Koch, D., Donate-Buendia, C., Zieful}, A. R., . ..
Gokcee, B. (2023). Development of Magnetocaloric Microstructures from Equiatomic lron—
Rhodium Nanoparticles through Laser Sintering. Advanced Engineering Materials, 25(20),
2300245. DOI: https://doi.org/10.1002/adem.202300245

o Study 2 (Tahir et al., 2024)
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Tahir, S., Shkodich, N., Eggert, B., Lill, J., Gatsa, O., Flimelova, M., . . . Gdkce, B. (2024).
Synthesis of High-Entropy Alloy Nanoparticles by Pulsed Laser Ablation in Liquids:
Influence of Target Preparation on Stoichiometry and Productivity. ChemNanoMat, 10(5),
€202400064. DOI: https://doi.org/10.1002/cnma.202400064

o Study 3 (Tahir et al., 2024)

Tahir, S., Smoliarova, T., Dohate-Buendia, C., Farle, M., Shkodich, M., and Godkce,B.
(2025). Synthesis and magnetic transitions of rare-earth-free Fe—Mn—Ni—-Si-based
compositionally complex alloys at bulk and nanoscale. Beilstein J. Nanotechnol, 16, 823—
836. DOI: https://doi.org/10.3762/bjnano.16.62

o Study 4

Tahir, S., Scheibel, F., Dofiate-Buendia, C Fu, Z., Koch, D., Heidelmann, M., Donner, W.,
Gutfleisch, O., Gékce, B. "Compositionally Controlled Synthesis and Magnetic Properties
of NiMnSn Heusler Alloy Nanoparticles" (To be submitted).

The initial studies by Nadarajah (Nadarajah et al., 2020), (Nadarajah et al., 2021) A and B,
along with the parallel study by Gatsa (Gatsa et al., 2024), where | contributed as a co-author,

are also outlined in the work.
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1. Introduction

This introduction first provides an overview of the current state of research in subsection 1.1,
beginning with the growing global demand for cooling and the potential of magnetocaloric
cooling (MCC) as a sustainable alternative, particularly for cooling at nanoscale. It then
discusses the transition from unary materials to compositionally complex systems, highlighting
the need for novel materials in advanced cooling technologies. The fundamental principles of
magnetism, MCE, and the unique magnetic properties of NPs are explored in the subsequent
sections, followed by emphasizing recent advancements in materials within the scope of this
thesis. Additionally, the synthesis of NPs via pulsed laser ablation in liquids (PLAL) and their
integration into functional structures through laser-based printing are explained in detail.
Following this literature review, the introduction also outlines initial research contributions by
and concludes with a subsection detailing the ‘Research Questions and Scope of the Thesis’,

which defines the key research objectives and direction of this work.
1.1. Background

The demand for cooling systems has grown significantly over the past few decades, driven by
global warming, rising populations, and urbanization. According to the IEA, space cooling
could account for over 37% of total electricity demand by 2050, driven primarily by increasing
temperatures and the need for improved living standards, particularly in developing regions
like India and Africa (Fig. 1a).(IEA, 2018) Already, there are over 2 billion air conditioning units
in use, and this number is expected to more than double by mid-century (Fig. 1b). This trend
presents not only energy challenges but also significant environmental concerns due to the
widespread use of refrigerants like CFCs and HFCs, which contribute to both ozone depletion
and global warming.(Kroeze & Reijnders, 1992) In addition to increasing energy consumption,
the surge in cooling places pressure on electricity grids, often relying on fossil fuels, further
exacerbating carbon emissions. The World Bank has warned that growing cooling demand
may widen social inequality, as many low-income households struggle to afford efficient
technologies, leaving them vulnerable to extreme heat.(Bangalore et al., 2014) As the global
climate continues to warm, finding sustainable solutions for cooling is becoming increasingly

critical, with the potential to influence energy policies and infrastructure across the globe.
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Figure 1. (a) Global electricity demand growth from 2018 to 2015 by energy use category. (b)

Projected number of air conditioning units in use worldwide (in millions). (Source: IEA)

In this context, MCC represents a groundbreaking solution to the environmental challenges
posed by conventional cooling systems. Unlike vapor-compression refrigeration, which relies
on refrigerants like CFCs and HFCs that contribute to global warming and ozone depletion,
MCC operates using the MCE, where certain materials heat up or cool down when subjected
to changing magnetic fields.(Ram et al., 2018). MCC systems also offer advantages such as
fewer moving parts, reduced noise and maintenance requirements, and enhanced system
reliability compared to conventional vapor-compression technologies.(Bruck, 2005; Y. Zhang
et al., 2022) One of the key materials used in MCC systems is gadolinium (Gd), which has
demonstrated great promise in near-room-temperature cooling applications due to its
significant MCE at its Curie temperature (T,).(Lyubina, 2017) These changes stem from the
high magnetic moments of rare-earth materials, driven by their unpaired 4f electrons, which
align or disorder with the application or removal of a magnetic field. However, due to the high
cost, unavailability, environmental risk together with mining difficulties and supply chain risk of
rare earth materials; replacing them with other materials for MCC is crucial.(Cui et al., 2018;
Gutfleisch et al., 2011) Intensive research is dedicated to developing rare-earth-free
alternatives, with focus areas including Ni-Mn based Heusler alloys (Ahn, 2024; Passamani et
al., 2009), FezP alloys (Cedervall et al., 2019; Ghorai et al., 2025), LaFeSi based alloys (Del



Rose, Chouhan, Doyle, Pathak, & Mudryk, 2024; Paul-Boncour & Bessais, 2021), and
HEAs/CCAs (Y. Guo et al., 2022; Law & Franco, 2023). In particular, HEA/CCAs have been
investigated due to their unique multi-element compositions, exhibit high configurational
entropy and improved thermal stability. These properties allow for fine-tuning of magnetic

behavior and T, to meet specific application needs.

To enable the use of MCC in microelectronics and semiconductor devices, magnetocaloric
materials need to be miniaturized to the nanoscale.(Belo, Pires, Araujo, & Pereira, 2019;
Dudek, Dudek, Wolak, Wojciechowski, & Grima, 2019) MCC materials at nanoscale can
provide localized cooling in sensitive areas, improving device performance and longevity by
addressing the heat dissipation challenges associated with increasing function-to-area ratios.
Furthermore, reducing these materials to the nanoscale brings several benefits, including
increased surface area-to-volume ratios, modified magnetic properties, and enhanced control
over phase transitions and magnetization behavior.(Chen et al., 2019) Together, these
features make nanoscale magnetocaloric materials more adaptable and efficient for a variety

of applications.

To synthesize nanoscale magnetocaloric materials, pulsed laser ablation in liquid (PLAL)
appears as an effective and versatile method due to its simplicity and environmental
friendliness.(Johny et al., 2022; Tahir et al., 2024; Waag et al., 2019) The process involves
directing laser pulses onto a solid target submerged in a liquid medium, where the laser’s high
energy initiates ablation, creating a plasma that rapidly cools and produces NPs within the
liquid. This approach allows to produce NPs of varying compositions depending on the
composition of targets either from single or multiple elements. This approach is not only
scalable but also safe and capable of generating ligand-free NPs, which are advantageous for
applications requiring high purity and clean surfaces.(Fazio et al., 2020; Gdkce, Amendola, &
Barcikowski, 2017; Dongshi Zhang, Gokce, & Barcikowski, 2017).

Now to harness the benefits of magnetocaloric NPs, one promising approach is the use of
advanced printing technologies to fabricate devices directly from these NPs. Among printing
technologies, laser printing offers several advantages over traditional methods, such as
precise spatial resolution (Geng, Xu, Yan, Shi, & Qiu, 2023), in-situ annealing (Tu, Seah, Li,
Wang, & Tan, 2022), substrate flexibility (Brown et al., 2023), fast processing (Geng et al.,
2023) and enables the creation of complex geometries tailored for specific applications
(Young, Xu, Sarker, & Sochol, 2024). This would allow for the direct writing of magnetocaloric
materials onto substrates, facilitating the integration of these materials into microelectronic
systems paving the way for efficient, small-scale cooling solutions that traditional bulk

materials cannot provide. Apart from MCC applications, the miniaturized laser printing of



magnetocaloric materials can be explored for the development of thermal switches,

magnetocaloric micropumps, heat sensors and actuators.

In alignment with this context, this thesis comprises four primary studies aimed at advancing
the synthesis and application of magnetocaloric NPs. The first study demonstrates a pathway
to transform laser-synthesized FeRh NPs from an equimolar bulk alloy into customized
microstructures through laser-based direct writing of NP inks. Building on the synthesis of
binary alloy NPs, the second study investigates the PLAL synthesis of multicomponent HEA
NPs, assessing how different target preparation techniques influence their characteristics.
This foundation supports the third study, which focuses on the synthesis of rare-earth-free
magnetocaloric CCA NPs via PLAL and their comparison with bulk target properties. Lastly,
the fourth study explores compositionally controlled synthesis strategies for NiMnSn Heusler
alloy NPs, analyzing the magnetic property variations between NPs, MPs of similar

composition, and their sintered structures.

To provide a comprehensive foundation for this research, the thesis will first present a state-
of-the-art review, covering the transition from unary to HEA alloys, fundamental principles and
classifications of magnetism, the MCE, and magnetism at the nanoscale. This will be followed
by an overview of recent advancements in magnetocaloric materials, particularly focusing on
rare-earth-free alternatives. The discussion will then progress to the synthesis of NPs using
PLAL and conclude with the laser printing of NP inks, paving the way for novel applications in

microelectronics and small-scale cooling solutions.
1.1.1. Transition from Single-Element to Multicomponent alloy

The development of alloys has been a crucial advancement in human civilization, dating back
to the Bronze Age when early metallurgists discovered that combining copper with tin
produced a material with enhanced strength and durability. This process of alloying was driven
by the need to improve mechanical properties, corrosion resistance, and thermal stability
beyond what pure metals could offer. Over time, more complex alloys emerged, such as brass,
an alloy of copper and zinc, which provided improved workability and resistance to tarnishing.
As metallurgy evolved, the understanding of phase diagrams and thermodynamic principles
allowed for the development of more sophisticated alloy systems, particularly in the 19th and
20th centuries, when steels and superalloys revolutionized industrial applications. Traditional
alloy design has typically relied on one principal element, with minor additions of other
elements to achieve specific properties. However, this approach has limitations in terms of
performance optimization, as it is largely constrained by the dominant characteristics of the

base metal.



The concept of HEAs represents a fundamental shift from this conventional alloying strategy.
Unlike traditional alloys, which are based on one or two principal elements, HEAs consist of
five or more elements mixed in near-equiatomic or equimolar ratios.(George, Raabe, &
Ritchie, 2019) This departure from conventional alloying principles introduces unique material
behaviors that cannot be predicted based on the properties of individual constituents. In HEAs,
high configurational entropy stabilizes solid-solution phases by suppressing intermetallic
formation (Ye, Wang, Lu, Liu, & Yang, 2016), while atomic size mismatch among constituent
elements induces lattice distortion that enhances strength and hardness.(Tandoc, Hu, Qi, &
Liaw, 2023) Another distinguishing feature is the sluggish diffusion effect, which slows atomic
movement and improves thermal stabilityy, making HEAs highly resistant to phase
transformations at elevated temperatures.(Samolyuk, Osetsky, Stocks, & Morris, 2021).
Depending on composition and processing conditions, the interplay of these effects can lead
to exceptional mechanical properties, superior wear and corrosion resistance, and tunable
electrical and magnetic behaviors, making HEAs promising candidates for applications
ranging from aerospace engineering (Popoola, Dada, Adeosun, & Mathe, 2019) to biomedical
implants (de Oliveira, Fagundes, Capellato, Sachs, & da Silva, 2022). A broader category of
materials known as compositionally complex alloys (CCAs) follow a similar multi-element
approach but without strict equimolarity, allowing greater flexibility in tailoring material

properties.(Pervan et al., 2023)

HEA NPs have emerged as a groundbreaking advancement in nanomaterials, leveraging the
unique functional properties of both their multicomponent composition and nanoscale effects,
such as a high surface-to-volume ratio and quantum confinement. Similar to their bulk
counterparts, HEA NPs exhibit exceptional mechanical strength, thermal stability, and
resistance to fatigue, fracture, and corrosion. These attributes make them highly promising for
a wide range of applications, including catalysis (Yu et al., 2022; Q. Zhang et al., 2023), optics
(Kim et al., 2024; Liao et al., 2022), energy storage (A. Sarkar et al., 2018; Wei et al., 2023),
chemical sensors (Mondal et al., 2023), drug-delivery agents (Banizi, Khakbiz, Shakibania,
Amiri, & Naserian, 2024; Chang, Jing, Liu, Qiu, & Ling, 2024) and magnetic applications (Han
et al., 2021; D. Jiang, Yuan, Zhu, & Yao, 2024). For instance, Gao et al (Gao et al., 2020)
synthesized FeCoPdIrPt NPs using fast-moving bed pyrolysis, which exhibited stable catalytic
performance over 150 hours of continuous operation and a mass activity 26 times higher than
commercial Pt/C for the hydrogen evolution reaction at an overpotential of 100 mV. Such
advancements highlight the transformative potential of HEA NPs in next-generation materials

science.

The incorporation of multiple elements in alloy design has significantly expanded the range of

achievable properties at both bulk and nanoscale levels. For magnetic and magnetocaloric
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applications, a fundamental understanding of magnetism and the MCE is essential. The next
section will delve into these principles, providing the theoretical foundation necessary to

comprehend the behavior of these advanced materials.
1.1.2. Magnetism: Fundamental Principles

Magnetism, one of the fundamental forces of nature, has played a crucial role in the
development of modern technology and scientific understanding. The earliest recorded
observations of magnetism date back to ancient civilizations, where natural magnets, known
as lodestones, were discovered to attract iron. However, the modern theoretical framework for
magnetism began in the 19th and 20th centuries with the development of Maxwell's equations
and quantum mechanics, which provided insight into the microscopic origins of magnetic
phenomena. At the atomic level, magnetism arises from the intrinsic properties of electrons,
namely, their spin and orbital angular momentum.(Coey, 2020) The interaction of these
microscopic magnetic moments through exchange interactions leads to different macroscopic
magnetic behaviors observed in materials, forming the basis for the classification of magnetic

materials.

Magnetic materials are generally classified into four main categories based on their response
to external magnetic fields. Diamagnetic materials, such as copper and bismuth, exhibit a
weak repulsion to magnetic fields because the applied magnetic field induces orbital currents
in the electron clouds, which produce a magnetic moment opposing the applied field.
Paramagnetic (PM) materials, including aluminum and platinum, possess unpaired electrons,
which align weakly with an external magnetic field but lose their alignment when the field is
removed. Ferromagnetic (FM) materials, such as iron, cobalt, and nickel, exhibit spontaneous
magnetization due to strong exchange interactions that align neighboring atomic moments in
the same direction, resulting in a net magnetization even in the absence of an external field.
Even though electronic exchange forces in ferromagnets are very large, thermal energy
eventually overcomes the exchange and produces a randomizing effect. This occurs at a
particular temperature called the Curie temperature (T,).(Teja & Koh, 2009) Below the T,, the
ferromagnet is ordered while above T, thermal fluctuations destroy long-range magnetic order.
As a result, the saturation magnetization (M;), defined as the maximum magnetization
achievable under an applied field, goes to zero at the T.. In contrast, Antiferromagnetic (AFM)
materials, like manganese oxide (MnO), have alternating magnetic moments that cancel each
other out, leading to no macroscopic magnetization. This type of magnetic ordering is called

antiferromagnetic ordering.

The directional dependence of magnetic properties, known as magnetic anisotropy, plays a

crucial role in defining the coercivity (H:) and remanence of materials.(Skomski, Manchanda,
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& Kashyap, 2021) Magnetic anisotropy can originate from multiple factors, including the crystal
lattice structure, which determines magnetocrystalline anisotropy, the shape of a particle,
which induces shape anisotropy, and the presence of internal or external stress, which leads
to stress anisotropy. These anisotropic effects influence the energy barrier required for
magnetization reversal, which is a critical parameter in data storage, spintronics, and
permanent magnet applications. The effect of anisotropy is also reflected in the shape of

hysteresis loops, impacting the efficiency and stability of magnetization processes.

Magnetic domains provide further insight into the behavior of ferromagnetic
materials.(Schafer, 2021) A magnetic domain is a microscopic region where atomic moments
are aligned in the same direction due to exchange interactions. Although the magnitude of
spontaneous magnetization remains uniform within a material, its direction varies across
different regions, typically on a micron-to-millimeter scale. Uniform magnetization occurs only
when a strong external field forces all domains to align or when the particle size is small
enough to prevent domain formation altogether. Depending on grain size, the magnetic
behavior of a material falls into different regimes. In sufficiently small magnetic particles,
thermal energy becomes comparable to the magnetic anisotropy energy, leading to
spontaneous fluctuations of the magnetization and the onset of superparamagnetic (SPM)
behavior. When the particle size falls within the single-domain regime, the magnetization
remains spatially uniform, as domain-wall formation is energetically unfavorable, resulting in
a maximum coercive field (H:). With increasing particle size, a pseudo—single-domain state
develops, in which the magnetic configuration gradually evolves toward a multidomain
structure. In larger particles, the formation of multiple domains lowers the magnetostatic
energy, leading to a reduction in H.. Consequently, the coercive field reaches a maximum
within the single-domain size range and decreases for both larger particles, due to domain
subdivision, and smaller particles, where thermal fluctuations destabilize the

magnetization.(Sung Lee, Myung Cha, Young Yoon, Lee, & Keun Kim, 2015)

The understanding of magnetism, from atomic interactions to macroscopic domain behavior,
enables further advancements in controlling and manipulating magnetic states. The interplay
between exchange interactions, thermal effects, anisotropy, and external fields governs the
stability and reversibility of magnetization. As research progresses, the ability to tailor
magnetic properties through material design and external stimuli continues to refine both
theoretical models and technological applications, pushing the boundaries of how magnetism

is utilized in fundamental science and engineered systems.

1.1.3. Magnetocaloric Effect (MCE)



The MCE is a phenomenon where certain materials experience a reversible temperature

change upon application or removal of an external magnetic field. his effect originates from

changes in magnetic entropy caused by the field-induced alignment and disordering of

magnetic moments, which can be exploited for solid-state cooling.(Aprea, Greco, Maiorino, &
Masselli, 2020; Y. Lin et al., 2024)

The magnetocaloric effect operates through a thermodynamic cycle analogous to a Carnot

cycle, in which magnetic entropy (AS,,) and adiabatic temperature change (AT,,) play roles

similar to entropy and temperature variations in conventional heat engines. The cycle

comprises four idealized steps: isothermal magnetization, isothermal heat rejection, adiabatic

demagnetization, and isothermal heat absorption.(Meddeb & Razak, 2015)

1.

3.

Isothermal Magnetization: When a magnetic field is applied, the material's magnetic
moments align with the field direction, leading to a decrease in magnetic entropy. The
alignment results in a compensatory increase in lattice entropy, which causes a rise in

temperature under adiabatic conditions.

Isothermal Heat Release: The heat generated during magnetization is transferred to
an external sink, allowing the material to return to thermal equilibrium at a higher

magnetic field.

Adiabatic Demagnetization: Removing the magnetic field causes the magnetic
moments to become disordered. This transition increases magnetic entropy and

reduces lattice entropy, resulting in a temperature decrease under adiabatic conditions.

Isothermal Heat Absorption: The cooled material absorbs heat from the
environment, completing the cooling cycle. The cycle then repeats, maintaining a

continuous cooling effect under cyclic magnetic field changes.
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Figure 2. Magnetocaloric refrigeration cycle shows heating and cooling after magnetization
and demagnetization processes, where Ty is initial temperature and AT is change in

temperature.

The MCE can be quantified through specific thermodynamic relations that connect entropy,

temperature, and magnetic field variations. Key parameters of interest include AS,, and AT,

The total entropy in a magnetocaloric material can be represented as the sum of various

entropy components (Equation 1) (Maraytta et al., 2019)
Stotat = SL +Su + Se1 (1)

where S; is the lattice entropy (related to atomic vibrations), S, is the magnetic entropy (related
to magnetic moment alignment), and S;; is the electronic entropy (related to electron
occupancy across energy states). The S, is the primary component influenced by magnetic
field changes, impacting the MCE.

The magnetic entropy change (ASy) induced by a change in the applied magnetic field is
obtained from the temperature dependence of magnetization at fixed magnetic fields via the

Maxwell relation (Gschneidner & Pecharsky, 2000) (Equation 2):

Ga), = &), @



Where, S is the entropy, H is the magnetic field, M is the magnetization, and T is the
temperature. Integrating the above equation from an initial magnetic field H, to a final magnetic

field H, gives the isothermal entropy change:

AS,, (T, AH) = sz OM(T,H)

H1 a7 dH (3)

This expression shows that the magnetic entropy change is determined by the temperature
dependence of the magnetization evaluated at fixed magnetic fields, which is typically most

pronounced in the vicinity of the T, .

Under adiabatic conditions (dS = 0), the entropy differential of a magnetic system can be

written as

ds = (Z—i)H dT + (Z_;)T dH 4)

Here, the heat capacity at constant magnetic field Cy(T,H) is introduced through the
thermodynamic definition

Cy(T,H) = T(g—i)H (5)

Substituting this relation together with the Maxwell relation from Eqg. (2) into Eq. (4) and
imposing the adiabatic condition (dS = 0), yields the differential adiabatic temperature change:

_ T oM (T,H)
dr = (C(T,H))M ( oT )H dH (©)
Integration of Eq (6) from H1 to H2 result in results in the adiabatic temperature change:
_ _ (H2 T oM (T,H)
ATaq(T,AH) = = [y (C(T,H))M( oT )H dH )

Equations (3) and (7) demonstrate that both the isothermal magnetic entropy change and the
adiabatic temperature change originate from the same temperature derivative of the
magnetization evaluated at fixed magnetic fields. However, in the adiabatic case, the
magnitude of the temperature change is additionally governed by the heat capacity, which

moderates the conversion of entropy change into a temperature change.

When the magnetic field is applied the entropy change AS,(T,AH). Under adiabatic
conditions, this entropy reduction is compensated by an increase in temperature change in
temperature AT, (T, AH) is positive leading to the heating of the material. When the magnetic
field is removed, AS,,(T, AH) is positive and AT,,(T, AH) is negative leading to the cooling of

material.
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1.1.4. Magnetism in nanomaterials

Magnetic NPs display distinctive magnetic properties that set them apart from their bulk
counterparts due to factors such as finite-size effects, surface anisotropy, and quantum
confinement. When the size of a magnetic material is sufficiently reduced, the energy required
to create domain walls within the particle volume exceeds the magnetostatic energy saved by
domain formation, making a single-domain magnetic state energetically favorable. As a result,
the overall magnetization of the NP can be considered as a single giant magnetic moment,
derived from the sum of the individual magnetic moments of each atom. In this state, the
material exhibits SPM behaviour. This threshold size, known as the critical diameter (D), is
material-dependent and can range from a few nanometres to tens of nanometres.(Sergei,
Yurii, Khomutov, & Gleb Yu, 2005; Singamaneni, Bliznyuk, Binek, & Tsymbal, 2011). The
transition to a single-domain state leads to unique magnetic behaviours that are distinct from

bulk materials.

In the strong anisotropy limit the critical diameter can be estimated according to (Bedanta &
Kleemann, 2009)

d, ~ 18V

noM2

(8)

Where, A is the magnetic exchange stiffness constant describing the strength of exchange
interactions between neighbouring spins, K. is the anisotropy constant M; is the saturation
magnetization and y, is the vacuum permeability. However, since these material-specific
parameters are not available for complex material system, the critical diameter can be
estimated using the data of a urinary or binary system with similar crystal structure and

comparable magnetization.

For sufficiently small NPs, the energy barriers that oppose magnetization reversal, are
relatively low compared to thermal energy. If the particle size is sufficiently small and thermal
energy is high enough, magnetization can spontaneously flip directions within short time
intervals. The average time between two such flips is referred to as the Néel relaxation time.
When the measurement duration is much shorter than the Néel relaxation time, the system is
said to be in a blocked state, where the observed magnetization corresponds to the
instantaneous value at the beginning of the measurement since there is no time for directional
flipping. In this state, NPs behave similarly to a paramagnet but with a significantly enhanced
magnetic susceptibility. On the other hand, when the measurement duration greatly exceeds
the Néel relaxation time, the material enters a SPM state, where continuous fluctuations in

magnetization result in an overall net moment of zero over time. The blocking temperature
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(Tg), is the temperature between the blocked and SPM states. Above Ty, both ferromagnetic
and ferrimagnetic NPs exhibit SPM behaviour with rapid and random magnetization reversals
leading to an average magnetic moment of zero. The value of T, associated with the energy
barrier, depends on the characteristic measuring time, which can vary from 100 to 1078 s.
Experimentally, the value of Ty is typically identified as the temperature at which the zero-field-
cooled (ZFC) and field-cooled (FC) magnetization curves merge. In a ZFC measurement, the
sample is initially cooled to a low temperature without an external magnetic field. A weak
external field is then applied, and the magnetization is measured while gradually increasing
the temperature. In contrast, in an FC measurement, the sample is cooled in the presence of
an external field, which remains applied as the temperature rises, and magnetization is
measured throughout the process. The blocking temperature can also be estimated using the
following equation, assuming the particles maintain a single-domain structure.(Kolhatkar,
Jamison, Litvinov, Willson, & Lee, 2013)

_ KessV
B 25 kp

(9)

where, kj is the Boltzmann constant and V is the volume of a particle. This equation indicates
that as particle size increases, blocking temperature rises accordingly. However, for larger
particles, where uniform magnetization is interrupted by domain boundaries formed during the
nucleation and growth process, this equation may not accurately predict Tz. By maintaining
the NP size below a critical threshold during synthesis, NPs tend to develop as single-domain

structures. At sufficiently small sizes, they display SPM properties under standard conditions.

Magnetic NPs have broad applications, particularly in magnetocaloric refrigeration, where the
absence of hysteresis and easier alignment of magnetic moment enhances cooling
efficiency.(de Paula et al.,, 2016; K. Sarkar et al., 2022) They are also widely used in
biomedicine, where SPM iron oxide NPs (SPIONs) serve as contrast agents for magnetic
resonance imaging (MRI) (Kanithi et al., 2024; Pucci, Degl'Innocenti, Belenli Gimus, &
Ciofani, 2022; Schleich, Danhier, & Préat, 2015) and as heat generators in cancer
hyperthermia treatments (Pucci et al., 2022). The ability to fine-tune particle size, anisotropy,
and interparticle interactions allows for precise control over their magnetic properties, making

them essential for next-generation magnetic materials.

According to McMichael et al. calculations, the NPs may exhibit an effective magnetic moment
that is greater than magnetic moment of its constituent atoms so maximally enhances MCE.(X.
G. Liu et al., 2008) Biswas et al.(Biswas, Chandra, Phan, & Srikanth, 2012) has shown
improvement in magnetocaloric properties of LaMnOs3 by reducing particle size and improved

relative cooling power upto 65% in the nanocrystalline sample compared to bulk. However, in
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some cases such as for HoCrOs (Yin, Sauyet, Seehra, & Jain, 2017), both the refrigerant
capacity and AS decrease with decreasing particle size from 425 nm to 60 nm. In some cases,
such as ProsSrosMnOsthe particle size decrease from 120 nm to 30 nm, the entropy decreases
but the relative cooling power improves due to large larger temperature span.(Souza, Vagadia,
& Daivajna, 2021) For magnetocaloric applications, the optimal particle size is governed by
the intrinsic material properties and the trade-off between magnetic performance and thermal
transport. Accordingly, different particle size regimes can provide specific advantages,
depending on whether magnetic entropy change, thermal conductivity, or dynamic response
is prioritized. The bulk and large particles possess high magnetization due to well-ordered
magnetic domain but can have slower thermal response due to poor heat exchange. The NPs
have enhanced surface area for rapid heat exchange, has potential for tunable T, and ASy,
and reduce hysteresis losses due to single domain behavior. However, surface spin disorder

and thermal fluctuations may reduce magnetization and broaden phase transition.
1.1.5. Advancements in magnetic materials

The concept of magnetocaloric materials dates back to the late 19th century when Emil
Warburg first observed the MCE in iron in 1881. Subsequent work by Weiss and Piccard in
1917 quantified the temperature changes in nickel under an applied magnetic field, laying the
foundation for the field of magnetocaloric materials.(Mellari, 2023) These studies
demonstrated the potential for using magnetic entropy changes to create temperature
gradients, sparking interest in the development of materials with enhanced magnetocaloric
properties. A significant breakthrough occurred in the late 20th century with the discovery of
giant magnetocaloric materials, such as Gds(Si2Ge2) which exhibited large AS,, and AT,,
under moderate magnetic fields.(Pecharsky & Gschneidner, 1997) These materials offered a
path forward for the realization of MCC technologies, particularly for applications near room

temperature.

1.1.5.1 FeRh alloy

FeRh was selected in this thesis as a benchmark magnetocaloric material due to its
pronounced first-order antiferromagnetic-to-ferromagnetic phase transition near room
temperature, which results in one of the largest reported magnetocaloric effects. Its well-
studied magnetic behavior and strong magnetoelastic coupling make FeRh an ideal model
system for investigating size effects, synthesis challenges, and processing strategies relevant
to magnetocaloric materials. FeRh alloys have been extensively studied since the 1930s,
following the pioneering work of Fallot. Near to equiatomic FeRh exhibits a unique magnetic
phase transition near room temperature, shifting from an AFM state to a FM state upon heating

past a critical temperature (300—-350 K).(McKinnon, Melville, & Lee, 1970) This transition is
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isostructural, occurring within the ordered CsCl-type B2 structure, and is accompanied by a
~1% lattice expansion.(Shirane, Chen, Flinn, & Nathans, 1963b)

The AFM-to-FM transition in near to equiatomic FeRh is classified as a first-order phase
transition, characterized by abrupt changes in entropy and magnetization. This transition is
driven by complex magnetic and structural interactions, including exchange coupling between
Fe and Rh atoms. Notably, Fe atoms exhibit a magnetic moment of ~3 uB in the AFM state,
while Rh remains nearly nonmagnetic.(McKinnon et al., 1970; Shirane, Chen, Flinn, &
Nathans, 1963a) In the FM phase, Rh develops a moment (~1 uB), further stabilizing the
ferromagnetic order. This magnetoelastic transition is of particular interest for magnetocaloric
applications, as it yields a significant entropy change (AS, = 16 J/kg-K) and adiabatic
temperature changes(AT,; = 12.9 K) under a 2 T magnetic field.(Annaorazov et al., 1992) i.e.
largest MCE that undergo first order phase transition. Under conditions of strong mechanical
deformation or epitaxial strain imposed during thin-film growth, FeRh can adopt metastable
crystallographic phases, such as the face-centered cubic (FCC) structure (y-FeRh), which are
not stable in the bulk equilibrium phase diagram.(Aschauer, Braddell, Brechbuhl, Derlet, &
Spaldin, 2016) This FCC phase exhibits distinct magnetic properties, including spin-glass
behavior at low temperatures, and can revert to the B2 structure (i.e. sum of AFM and FM

phase) upon annealing.

FeRh’s AFM-to-FM transition near room temperature positions it as a benchmark material for
solid-state cooling technologies. Its relatively high AS,, and reversibility under cyclic magnetic
fields make it a promising candidate for refrigeration systems. Beyond cooling, FeRh'’s unique
magnetic behavior is being explored in spintronics (Kang et al., 2023; Popescu, Rodriguez-
Lopez, Haney, & Woods, 2018), heat-assisted magnetic recording (Huang & Victora, 2014;
Vogler, Abert, Bruckner, & Suess, 2017), biomedical applications such as hyperthermia
(Jordan et al., 1993; Pimentel et al., 2018) and targeted drug delivery (Amirov et al., 2025;

Komlev, Gimaeyv, & Zverev, 2021).

Despite its exceptional magnetocaloric properties, the widespread use of FeRh is limited by
the high cost and scarcity of rhodium.(L. Guo et al., 2023) Research efforts are focused on
enhancing the performance of FeRh-based alloys, such as doping with other elements to
reduce rhodium content (Rumiantsev et al., 2024) or stabilize desirable magnetic phases (J.-
H. Park et al., 2024). Additionally, thin-film and NP forms of FeRh are being developed to
harness its properties in micro-scale devices and applications requiring precise thermal

management.

While bulk FeRh exhibits outstanding magnetocaloric properties, its integration into

miniaturized, shape-defined, or locally addressable cooling elements requires the material to
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be processed in reduced dimensions. In particular, nanoparticle-based and printed
architectures are of interest for applications involving localized thermal management and
microscale devices. However, reducing FeRh to the nanoscale introduces additional
challenges, including size-dependent phase stability, compositional control, and susceptibility
to oxidation, which strongly depend on the employed synthesis route. Several studies have
explored the synthesis of FeRh NPs using wet chemical methods, primarily focusing on
achieving compositional control and desirable magnetic properties.(Cao et al., 2020; Diana
Ciuculescu et al., 2007; D. Ciuculescu et al., 2007; Jia, Harrell, & Misra, 2008) These methods
typically involve the co-reduction of Fe and Rh precursors in a solvent medium, often stabilized
by surfactants such as oleic acid, oleylamine, or hexadecylamine, which help regulate particle
size and dispersion. However, wet-chemical approaches often yield nanoparticles smaller than
approximately 20 nm, where the large surface-to-volume ratio leads to a high fraction of
surface atoms and, consequently, an increased susceptibility to surface oxidation. In FeRh
nanoparticles, such oxidation and surface disorder can significantly suppress the
antiferromagnetic-to-ferromagnetic phase transition and degrade the magnetocaloric

response.

1.1.5.2 NisoMnsoxSny (Heusler alloy)

NiMnSn belongs to the class of Ni-Mn-based Heusler alloys, which have been widely
investigated for their multifunctional properties, including MCEs (Dan et al., 2015), shape
memory behavior (Scheibel et al., 2023), and magnetoresistance (Koyama et al., 2006).
NiMnSn exhibits a first or second order martensitic transition, where the high-temperature
austenitic phase transforms into a low-temperature martensitic phase.(Aydogdu et al., 2016;
Datta & Kar, 2022; Tao et al., 2012) This transition is strongly coupled to magnetic ordering,
enabling an inverse MCE. The material undergoes a metamagnetic transition, where an
applied magnetic field can induce a phase change from a weakly magnetic or AFM martensitic
phase to a FM austenitic phase. This results in a significant change in entropy, making NiMnSn
a promising candidate for magnetic refrigeration applications. Reports indicate that NiMnSn
can achieve ASy, up to 18 J/kg-K under a 5 T field, with AT,,; reaching 2.5 K, depending on the
composition and processing conditions.(Krenke et al., 2005b) The ability to tune its
transformation temperature by adjusting the Mn/Sn ratio further enhances its versatility for
room-temperature cooling applications.(Xuan et al., 2015). Among the Ni-Mn-Sn
compositions, Heusler-type alloys with the stoichiometry of NisoMnsoxSnx (at. %; for 13 at. % <
x < 15 at. %) have been identified as having particularly favorable magnetocaloric properties
producing an inverse MCE nearly three times larger than that of Ni-Mn-Ga-based alloys
(Krenke et al., 2005a). Additionally, increasing Mn content has shown to improve the

magnetization and a large magnetization change of 44 Am?/kg across the martensitic
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transformation was observed in Niz7zMnssSne.(Tao et al., 2012) This tunability makes NiMnSn
alloys highly versatile for room-temperature cooling applications. Compared to conventional
rare-earth-based magnetocaloric materials such as Gd or LaFeSi alloys, NiMnSn offers the
advantage of being rare-earth-free, reducing cost and supply chain dependency. Additionally,
its strong magnetoelastic coupling allows for a high degree of tunability, enabling tailored
transition temperatures for specific applications. However, like many first-order transition
materials, NiMnSn alloys exhibit hysteresis effects, which can reduce cooling efficiency over
repeated cycles.(Aydogdu et al., 2016) Additionally, Heusler alloy has severe grain boundary
brittleness that hinders their application.(Meng, Xie, Yu, Wang, & Jiang, 2024) Recent efforts
have focused on mitigating these effects through composition optimization (Xuan et al., 2015),
thermal treatments (Kunzler, Schreiner, Bristoti, & BrandAo, 1977), and advanced processing
techniques (Sun et al., 2023). The use of additive manufacturing and rapid solidification
techniques has been explored to refine microstructures and improve mechanical
stability.(Rittinghaus et al., 2023).

At the nanoscale, NiMnSn has attracted interest due to the possibility of modifying its magnetic
behavior through size and surface-related effects that are not accessible in bulk or
microparticle form. Reducing the particle size introduces changes in surface-to-volume ratio,
internal strain, and magnetic exchange interactions, which can significantly influence magnetic
ordering, phase stability, and hysteresis behavior. NiMnSn nanoparticles have already been
employed as magnetic precipitates in copper alloys, where their nanoscale dimensions
contribute to enhanced mechanical strength and electromagnetic shielding. In related Heusler
systems, such as Co,FeAl, size reduction has been shown to influence key magnetic
parameters, including Mg and T,.(Ahmad, Mitra, Srivastava, & Das, 2019) This highlights the
importance of studying the size-dependent magnetic properties of NiMnSn. For
magnetocaloric applications in particular, nanoscaling is of interest as it may enable a
reduction of thermal and magnetic hysteresis, improved reversibility of the martensitic
transition, and enhanced heat transfer due to increased surface area. However, in NiMnSn,
the strong coupling between composition and magnetic properties makes such effects difficult
to assess without strict compositional control. Therefore, the synthesis of compositionally well-
defined NiMnSn nanoparticles is essential to isolate genuine size effects from compositional
variations. This motivates a systematic investigation of NiMnSn nanoparticles, focusing on
how particle size reduction influences magnetic phase transitions and magnetocaloric

behavior in comparison to composition-matched microparticles.

1.1.5.3 MnTX-based Compositionally Complex Alloys

MnTX-based CCAs have emerged as promising candidates for magnetocaloric applications

due to their unique multi-element design, which enhances configurational entropy, stabilizes

16



novel crystal structures, and enables tunable magnetic transitions. These alloys typically
consist of Mn combined with various transition metals such as Fe, Ni, Co, and Cr, along with
main group elements (X) such as Ge, Si, or Al, forming multi-principal element systems with
exceptional magnetocaloric properties properties.(E. Liu et al., 2012; E. K. Liu et al., 2010; C.
L. Zhang et al., 2009) Their potential stems from their ability to undergo magneto-structural
phase transitions, which significantly influence their magnetocaloric performance. Compared
to traditional rare-earth-based magnetocaloric materials, MnTX-based CCAs offer cost-
effectiveness, high tunability, and better mechanical stability. The presence of Mn in these
alloys provides the basis for strong magnetic interactions, while the additional elements

contribute to fine-tuning the T, AS,,, and thermal hysteresis.

Among MnTX alloys, MnFeNiGeSi (Ge-based CCA) (Law et al., 2021) have attracted
considerable interest due to their ability to undergo first-order magneto-structural transitions,
exhibiting a large isothermal AS,, of approximately 7.3 J/kg.K under a moderate magnetic field
of 2.5 T, making them among the best-performing rare-earth-free CCAs. Also, MnFeNiSiAl (Al-
based CCAs) (Biswas et al., 2019) alloys demonstrate AS,, of up to 23 J/kg K under a field
change of 2 T. These alloys undergo a structural transition between a PM hexagonal Nizln-
type phase and a ferromagnetic orthorhombic TiNiSi-type phase, which can be tuned near
room temperature by adjusting the Al concentration. This transition is highly sensitive to
external hydrostatic pressure, offering a large barocaloric effect in addition to the MCE. The
ability to fine-tune transition temperatures and magnetic properties by compositional control
makes both Ge-based and Al-based CCAs highly attractive for solid-state magnetic
refrigeration applications. Furthermore, their composition relies on earth-abundant and non-
toxic elements, avoiding the supply risks associated with rare-earth-based magnetocaloric

materials.

The central objective of this part of the thesis is to investigate whether the characteristic
magneto-structural phase transitions observed in bulk MnTX-based CCAs can be preserved
upon size reduction to the nanoscale. To this end, Ge- and Al-based CCA nanoparticles are
synthesized with controlled compositions and their magnetic and magnetocaloric properties
are systematically compared with those of their bulk counterparts. This comparative approach
is designed to isolate size effects from compositional effects and to elucidate how nanoscaling
influences phase stability, transition temperatures, and entropy changes. Additionally, this
study will explore whether Al-based CCAs can serve as a viable alternative to Ge-based CCAs
at the nanoscale, given that germanium is nearly a thousand times more expensive than
aluminum, making this substitution highly economically advantageous.(Ramasamy & Hurd,
2021) To achieve this, a time- and cost-efficient production method will be employed to

fabricate Al-based CCA targets, aiming to develop sustainable magnetic material at
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nanoscale. By addressing the economic challenges associated with costly elements and rare-
earth materials, this research provides a pathway for developing functional magnetic materials
at both bulk and nanoscale dimensions, contributing to the advancement of modern

technological applications.

Among the various methods available for synthesizing CCA NPs, PLAL can be utilized to
produce binary, ternary, and CCA NPs. The details of this method, including its mechanism,
advantages, and its suitability for compositionally controlled NP synthesis, will be discussed

in the next section
1.1.6. Pulsed laser ablation in liquid

Laser ablation in general has been widely used in material processing, micromachining, and
thin-film deposition since the advent of pulsed lasers in the 1960s.(Maiman, 1960) Initially,
nanosecond lasers were the primary tool for ablation processes, where long pulse durations
allowed for gradual thermal diffusion into the material.(D. Zhang & Guan, 2014) With
advancements in laser technology, ultrafast lasers, particularly femtosecond and picosecond
lasers, became more favorable due to their ability to localize energy within extremely short
timescales, reducing collateral damage and improving precision.(A. Liu et al., 2025) The ability
to control material ejection at ultrafast timescales made laser ablation highly attractive for

applications ranging from surface patterning to NP synthesis.

PLAL is a powerful and versatile technique for synthesizing NPs in a controlled and
environmentally friendly manner.(Johny et al., 2022; Tahir et al., 2024; Waag et al., 2019)
Unlike conventional chemical synthesis methods that require reducing agents, surfactants,
and stabilizers, PLAL enables the production of ligand-free NPs, making them highly suitable
for biomedical, catalytic, magnetic and electronic applications. (Fazio et al., 2020; Gdkce et
al., 2017; Dongshi Zhang, Gokce, et al., 2017) This method involves focusing high-energy
laser pulses onto a solid target submerged in a liquid medium, where the intense energy input
induces material removal, plasma formation, cavitation bubble dynamics, and NP

condensation.

The mechanism of PLAL begins with the absorption of laser energy by the target, leading to
rapid heating, vaporization, and plasma formation at the solid-liquid interface.(Dell’Aglio,
Gaudiuso, De Pascale, & De Giacomo, 2015; Naddeo & Bubb, 2014) This plasma consists of
highly energetic ions, electrons, and neutral atoms, which expand into the surrounding liquid.
The intense thermal energy transfer to the liquid medium generates a cavitation bubble, which
encapsulates the ablated material and plays a crucial role in NP formation. As the plasma

cools, the vaporized material undergoes nucleation and growth, leading to NP formation within
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the bubble. This dynamic interaction between laser energy, plasma expansion, and bubble

dynamics dictates the final NP characteristics.

The selection of pulse duration is a key factor in determining the efficiency and quality of NP
synthesis in PLAL. Femtosecond and picosecond lasers differ in their interaction with materials
and subsequent NP formation. In femtosecond and picosecond (less than 10 ps) ablation, the
laser pulse duration is shorter than the electron-phonon relaxation time, leading to a non-
thermal ablation mechanism where the energy is confined to the electrons before the lattice
absorbs it.(L. Jiang, Wang, Li, Cui, & Lu, 2018) This results in explosive material ejection with
minimal heat diffusion into the bulk. Compared to femtosecond pulses, picosecond laser
pulses offer a practical advantage for large-scale NP production due to their higher ablation
rate and increased mass removal per pulse in liquid environments, while still preserving non-
thermal ablation characteristics. This higher ablation efficiency directly translates into larger
NP yields per unit time, making picosecond lasers more suitable for synthesis routes where
gram-scale quantities or continuous production are required.(Shaheen, Gagnon, & Fryer,
2013) The two-temperature model (2T model) is commonly used to describe ultrafast laser
interactions with materials. In this model, the laser pulse initially excites the free electrons in
the material, causing a rapid rise in electron temperature while the lattice remains relatively
cool. Over time, the energy is transferred from the electrons to the lattice through electron-
phonon interactions, leading to a delayed material response. The ablation threshold is the
minimum fluence required to initiate material removal and as laser fluence increases beyond
the threshold. The ablation rate initially rises due to more efficient material removal and
ablation process shows maximum efficiency at an optimum fluence of e? times the
corresponding ablation threshold fluence and at much higher fluence the ablation rate is
gradually saturated.(Zemaitis et al., 2018; Dongshi Zhang & Wada, 2021)

The ablation of target leads to the production of NPs with varying particle sizes consisting of
small and large particles (depending on the laser and scanning parameters, target properties
and its interaction with the liquid). The formation of large and small NPs during PLAL is
governed by two distinct mechanisms. The study by Shih et al., (Shih et al., 2018) explores
these mechanisms in detail, revealing the underlying physical processes responsible for
generating NPs of different sizes.The first mechanism involves the rapid nucleation and growth
of small NPs within the metal-liquid mixing region formed during the ablation process. As the
laser pulse strikes the solid target submerged in liquid, material is ejected, forming a dense,
highly energetic plasma. This ablation plume expands and interacts with the surrounding
liquid, leading to supercooling and condensation of vapor-phase species. The resulting metal
atoms and small clusters rapidly nucleate within the expanding cavitation bubble, forming NPs

typically in the size range of a few nanometers. This process is enhanced at shorter pulse
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durations (picoseconds to femtoseconds), where rapid cooling and condensation favor the
formation of ultrasmall nanoparticles, often with a narrower particle size distribution. The
second mechanism responsible for the formation of larger NPs is governed by hydrodynamic
instabilities at the interface between the expanding plasma plume and the surrounding liquid.
During the ablation process, molten droplets and fragments of the target material can be
ejected due to hydrodynamic effects such as the Rayleigh-Taylor and Richtmyer-Meshkov
instabilities. These instabilities cause the formation of nanojets from the molten layer, which
subsequently break up into larger droplets, typically tens to hundreds of nanometers in size.
These larger NPs are carried away from the ablation site by cavitation bubble collapse and

interactions with the liquid environment.

One of the major advantages of PLAL is its ability to synthesize compositionally complex NPs,
including binary, ternary, and HEA (as shown in Fig. 3), depending on the composition of the
target material. Unlike chemical synthesis routes that require precise precursor ratios and
reaction conditions, PLAL directly transfers the target composition to the NPs, making it an
effective method for producing multicomponent alloys with controlled stoichiometry. This is
particularly useful for HEAs, which consist of multiple principal elements and exhibit unique
structural and functional properties. Furthermore, the rapid quenching inherent in PLAL can

stabilize metastable phases that may not be achievable through conventional synthesis

routes, further expanding the potential applications of laser-synthesized NPs.

Figure 3. Qualitative representation of the PLAL of HEA target producing HEA NPs. The
synthesis method consists of the following stages: (a) ultrashort-pulsed laser irradiation of the
bulk HEA. (b) the atomization/ionization of the bulk causing the formation of a plume, and
subsequent nucleation and condensation of the ablated matter in the vapor phase of the liquid.

(c) and the colloidal HEA alloy NPs electrostatically stabilized in liquid. (Waag et al., 2019)

20



The produced NPs can be further processed to formulate nanoparticle inks that can be
converted into structured microarchitectures using advanced printing technologies, enabling
the fabrication of microcoolers, thermal switches, actuators, and sensors which will be further

explored in the next section.
11.7. Nanoparticle ink printing

NP-based printing technologies have revolutionized the fabrication of functional
microstructures, offering efficient and scalable methods for integrating NPs into a variety of
applications, including solar cells (Dullweber et al., 2012; Hilali, Gee, & Hacke, 2007; Nguyen
& Ito, 2013), biomedical devices (Wang et al., 2021; Xu et al., 2022; Zhou & Grayson), and
energy storage systems (Montanino et al., 2021; Nazri et al., 2021; Yang, Li, Lee, & Fan,
2022). Inkjet and screen printing are widely used due to their simplicity and accessibility,
enabling the direct deposition of NP inks onto substrates. However, these conventional
techniques are often limited in terms of resolution, ink stability, and material compatibility.
(Jones, Buttner, Chudasama, Wimpenny, & Kriger, 2012; Niittynen & Mantysalo, 2014; S.
Park, Kim, Kim, & Yeo, 2020) (Jones et al., 2012; Niittynen & Mantysalo, 2014). Laser-based
printing methods have emerged as a powerful alternative, providing micrometric spatial
resolution (Hurtado et al., 2018; Kathuria, 1997; J. H. Park et al., 2022; Yuan, Liu, Zhang, Han,
& Chen, 2018), and a fast processing speed (Nazir & Jeng, 2019; Roy, Behera, Dibua, Foong,
& Cullinan, 2019). Additionally, the short processing time reduces the risk of oxidation for the
metallic inks (Niittynen & Mantysalo, 2014), negating the need for an inert gas atmosphere or

vacuum setup during the process (Tumkin, Khairullina, Panov, Yoshidomi, & Mizoshiri, 2021).

The laser printing technique can be combined with ink deposition methods such as spin
coating or inkjet printing to selectively sinter specific regions of a nanoparticle-coated substrate
and thereby form continuous structures. A major challenge in nanoparticle ink printing is
maintaining ink stability, since nanoparticles tend to agglomerate due to interparticle attractive
forces. Therefore, careful ink formulation with suitable solvents and stabilizing agents is
required to preserve a well-dispersed suspension. This is especially important in laser-based
printing, where an inhomogeneous nanoparticle distribution can generate local variations in
film thickness, particle packing density, and light absorption. These variations result in non-
uniform heat generation during laser irradiation, which may lead to incomplete sintering or

local overheating and, consequently, to structural defects in the printed features.

Laser irradiation results in localized heating of NPs which can lead to sintering improving the
integrity of printed patterns that consolidate NPs into a solid microstructure, inducing
densification and enhancing material adhesion. This process allows the formation of

continuous conductive films, magnetic structures, and thermally stable layers, making it an
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essential step in the production of functional devices. The driving force behind sintering is the
reduction of surface energy, which facilitates atomic diffusion and particle coalescence.(Dillon
et al.,, 2023) The sintering kinetics are governed by several mass transport mechanisms,
including surface diffusion, grain boundary diffusion, and lattice diffusion. However, these
mechanisms do not affect the microstructure in the same way. Surface diffusion primarily
promotes neck growth between adjacent particles without significant densification, whereas
grain boundary diffusion and lattice diffusion can contribute to pore shrinkage and densification
of the printed material.(Bruchon, Pino-Munoz, Valdivieso, & Drapier, 2012)
Thermodynamically, the process is driven by the curvature of particle surfaces, creating a
potential gradient that promote material transport.(Al-Qudsi, Kammler, Bouguecha, Bonk, &
Behrens, 2015) Depending on the material system and processing conditions, sintering can
occur via solid-state or liquid-phase mechanisms. In solid-state sintering, particle bonding is
achieved through atomic migration without the presence of a liquid phase, while in liquid-phase
sintering, a transient liquid assists in particle rearrangement and densification. The transition
between these sintering modes depends on factors such as temperature, material
composition, and the presence of secondary phases. In laser sintering, the balance between
sintering and ablation thresholds is crucial, as excessive energy input can lead to material
removal rather than densification. The sintering threshold defines the minimum energy
required to induce particle fusion, while the ablation threshold represents the point at which
material vaporization occurs. Controlling these parameters ensures that the laser process

enhances densification without causing unwanted structural damage.

In laser sintering, the effective energy input delivered to the nanoparticle layer is determined
by the laser power, scanning speed, and beam diameter. For a moving laser beam, the

applied fluence can be estimated as follows (Ermak et al., 2016)

F= % (10)
where F = laser fluence, P = laser power, vy, = scanning speed, and d = laser spot diameter.
This expression illustrates how the deposited energy per unit area increases with increasing
laser power and decreases with increasing scanning speed or beam diameter. Accordingly,
these parameters must be carefully adjusted to achieve sufficient nanoparticle sintering and
densification while avoiding ablation, substrate damage, excessive thermal stress, or

microcrack formation.

In the case of magnetocaloric materials, laser sintering is particularly attractive because it
enables the consolidation of nanoparticle deposits into defined microstructures and can,

depending on the material system, also influence phase evolution. This makes the process
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highly relevant for the fabrication of patterned functional structures for compact cooling

devices, thermal management components, and sensor-related applications.
1.2 Initial work and developments

The research activities that preceded the main work of this thesis started with FeRh
nanoparticles, motivated by the exceptional magnetocaloric potential of near-equiatomic FeRh
and its first-order antiferromagnetic-to-ferromagnetic phase transition close to room
temperature. In this early phase, | contributed as a coauthor to investigations on the synthesis,
stabilization, and magnetic characterization of FeRh nanoparticles produced by pulsed laser
ablation in liquid. These initial studies were particularly important because FeRh is highly
sensitive to oxidation, stoichiometric deviations, and processing conditions, all of which
strongly influence its structural and magnetic behavior and therefore its magnetocaloric

performance.(Nadarajah et al., 2021; Nadarajah et al., 2020)

The earlier work focused first on establishing a suitable synthesis route for FeRh nanoparticles
while minimizing oxidation and preserving a near-equiatomic FeRh composition. In this
context, the influence of solvent environment, oxygen content, and ablation conditions on
particle composition and phase stability was investigated. The results showed that
monodisperse nanoparticles with mean particle sizes of about 14—15 nm could be obtained,
while EDX and APT analyses indicated near-equimolar FeRh composition. In addition,
oxidation could be significantly reduced by using oxygen-reduced solvents and inert
processing conditions, which was further supported by Md&ssbauer spectroscopy and

ferromagnetic resonance measurements.(Nadarajah et al., 2020)

Building on this, subsequent work examined the magnetic and magnetocaloric behavior of the
FeRh nanoparticles and their suitability for further processing into structured materials. It was
shown that annealing promoted the transformation of the metastable y-FeRh phase into the
ordered B2-FeRh phase, with XRD and magnetic measurements confirming a substantial
increase in the B2 fraction and corresponding changes in magnetization. The magnetocaloric
response was evaluated indirectly, revealing a broadened and reduced entropy change
compared with bulk FeRh, which reflects the strong effect of nanoscaling on the phase
transition. In addition, preliminary laser processing demonstrated the potential of integrating

FeRh nanoparticles into structured magnetocaloric microfeatures.(Nadarajah et al., 2021)

Although these FeRh investigations are not part of the main original studies presented in this
thesis, they provided important scientific and methodological groundwork. In particular, they

established experience in nanoparticle synthesis by PLAL, oxidation-sensitive alloy
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processing, phase transformation analysis, and magnetic characterization, which helped

shape the later research direction toward more complex magnetocaloric nanoparticle systems.

1.3. Research Questions and Scope of the Thesis

Initial studies have demonstrated that near-equiatomic FeRh can be achieved with minimal
oxidation when synthesized using pulsed laser ablation in organic solvents. While this
synthesis route resulted in the formation of the PM y-FeRh phase, an annealing step is
required to induce the B2 phase, which is crucial for magnetocaloric applications. In parallel,
preliminary investigations into laser sintering have shown that magnetocaloric structures can
be fabricated, although the achievable feature size remains limited to the millimeter range.
Since practical miniaturized thermal-management applications require much finer structures,
an important objective is to determine whether these features can be reduced to the
micrometer scale while preserving the relevant magnetic and functional properties. These
findings point to several open questions regarding phase formation, material complexity, and
the miniaturization of functional magnetocaloric structures, which define the scope of this

thesis.

RQ 1: Is it possible to extend PLAL beyond binary systems to successfully synthesize
ternary and HEA/CCA NPs?

Moving beyond simple alloy systems to multicomponent HEA/CCAs can enhance tunability in
magnetic and structural properties. Understanding whether PLAL can precisely control the

formation of CCAs will determine its feasibility as a scalable technique.

RQ 2: Can rare-earth-free magnetocaloric CCAs NPs be synthesized that exhibit low-

to-room temperature magnetic transitions?

The search for rare-earth-free magnetocaloric materials is crucial for sustainable refrigeration
technologies. Developing CCAs with tunable phase transitions can provide viable alternatives

to conventional rare-earth-based materials.

RQ 3: How do the structural and magnetic properties of nanoparticles differ from those
of their bulk and microparticle counterparts, and how do these differences influence

their functional behavior?

The effect of increasing surface to volume ratio and quantum confinement effect influences
their structural, magnetic, and functional properties compared to bulk and MP counterparts
and can unlock new applications making NPs more versatile and efficient for next-generation

technologies.
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RQ 4: Can laser sintering be used to control phase transformations and tailor the
magnetic functionality of magnetocaloric materials while enabling their miniaturized

fabrication?

Laser sintering offers not only a route for fabricating magnetocaloric structures at the micron
scale, but also a means to influence phase constitution, microstructure, and magnetic
behavior. Understanding how laser processing parameters affect phase transformation,
functional properties, and printing resolution is essential for bridging the gap between lab-

scale demonstration and application-oriented miniaturized devices.
In the scope of these 4 research questions, the following questions can be derived

How can the y-FeRh to B2 phase transition be controlled and optimized through laser
sintering? Achieving a controlled y — B2 transformation is vital for tuning magnetocaloric
properties. Determining the optimal laser parameters to induce this transition without

compromising structural integrity is a key challenge.

Can laser sintering enhance the AFM-FM transition in FeRh NPs, and how does it
compare to bulk materials? The AFM-FM transition is fundamental for the MCE. Exploring
whether laser sintering can surpass traditional annealing methods in enhancing this

transformation could unlock superior material performance.

How do different target preparation methods influence the composition and phase
stability of CCAs? The fabrication of CCA targets plays a crucial role in achieving
homogeneity in the final NPs. Identifying the effects of powder pressing and heat treatment,
mechanical alloying via high energy ball milling, and bulk homogenization via arc melting for
polycrystalline target or Bridgeman method for single crystal target will help optimize material

synthesis.

What underlying mechanisms contribute to compositional inhomogeneity in CCAs, and
how can they be mitigated? Elemental segregation and vaporization loss during PLAL can
lead to undesired variations in composition. Investigating diffusion dynamics and ablation

mechanisms will be crucial in maintaining phase stability.

How can PLAL productivity of HEA/CCA NPs be enhanced while maintaining
composition control? Identifying strategies such as varying repetition rate, multi-beam

ablation, and optimized target design will be essential for large-scale NP production.

Can rare-earth-free magnetocaloric CCAs that exhibit low-to-room temperature phase

transitions be synthesized? The search for rare-earth-free magnetocaloric materials is
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crucial for sustainable refrigeration technologies. Developing CCAs with tunable magnetic

transitions can provide viable alternatives to conventional rare-earth-based materials.

How do key magnetic and magnetocaloric parameters such as transition temperature,
saturation magnetization, coercivity, and hysteresis of NPs compare with those of their
bulk and MP counterparts? Nanostructuring significantly impacts magnetic and
thermodynamic behavior. Investigating how NPs properties deviate from bulk/MP

characteristics will provide insights into nanoscale effects on magnetocaloric performance.

What strategies can be employed to achieve compositionally controlled synthesis of
NPs, given the disparity in melting and vaporization temperatures of its constituent
elements? The difference in the volatility and ionization potential poses significant challenges
in maintaining the target stoichiometry during ablation. Optimizing laser parameters, target
design and composition could offer solutions for stabilizing and controlling the composition

during synthesis.

How do variations in composition affect the NPs magnetocaloric properties? Small
deviations in stoichiometry can significantly alter 7., magnetic transition, and phase stability.
Evaluating the trade-offs between compositional precision and functional performance will

refine synthesis protocols.

How does particle size (nanoparticles vs microparticles) affect laser sintering behavior,
achievable feature resolution, phase constitution, and magnetic response? Sintering
kinetics vary with particle size, affecting grain growth, defect formation, and interfacial bonding.
Identifying the optimal sintering conditions for particle size in nanometer and micrometer range

will enhance the fabrication of functional microstructures.

By addressing these critical research questions, this thesis seeks to push the boundaries of
laser-based NP synthesis and processing, paving the way for novel applications in

magnetocaloric refrigeration, microelectronics cooling, and advanced functional materials.
1.3.1. Studies

The research gaps identified in this thesis have been investigated and addressed in four key

studies:

1. Shabbir Tahir, Joachim Landers, Soma Salamon, David Koch, Carlos Donate-Buendia,
Anna R. Zieful3, Heiko Wende, and Bilal Gokce "Development of Magnetocaloric
Microstructures from Equiatomic FeRh Nanoparticles through Laser Sintering" Advanced
Engineering Materials (2023). DOI: 10.1002/adem.202300245
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This study focuses on fabricating FeRh magnetocaloric structures using laser sintering

and investigates phase transformations at microscale resolution.

2. Shabbir Tahir, Natalia Shkodich, Benedikt Eggert, Johanna Lill, Oleksandr Gatsa,
Miroslava Flimelova, Esmaeil Adabifiroozjaei, Nadezhda M. Bulgakova, Leopoldo Molina-
Luna, Heiko Wende, Michael Farle, Alexander V. Bulgakov, Carlos Dofate-Buendia, and
Bilal Gékce "Synthesis of High-Entropy Alloy Nanoparticles by Pulsed Laser Ablation in
Liquids: Influence of Target Composition and Ablation Parameters" ChemNanoMat (2024).
DOI: doi.org/10.1002/cnma.202400064

This study explores the synthesis of HEA NPs via PLAL and examines the effects of target

composition and laser parameters on NP properties.

3. Shabbir Tahir, Tatiana Smoliarova, Carlos Dofnate-Buendia, Michael Farle, Natalia
Shkodich and Bilal Gokce. " Synthesis and magnetic transitions of rare-earth-free Fe—Mn—
Ni—Si-based compositionally complex alloys at bulk and nanoscale”. (2025). Beilstein J.
Nanotechnol, 16, 823—-836. DOI: https://doi.org/10.3762/bjnano.16.62
This research investigates the synthesis and magnetocaloric properties of CCA NPs,
aiming to develop a rare-earth-free alternative for cooling applications.

4. Shabbir Tahir, Franziska Scheibel, Carlos Dofate-Buendia, Zongwen Fu, David Koch,
Markus Heidelmann, Wolfgang Donner, Oliver Gutfleish, and Bilal Gokce.
"Compositionally Controlled Synthesis and Magnetic Properties of NiMnSn Heusler Alloy

Nanoparticles " (To be submitted to a high-impact journal in the field of materials science).

This study addresses the challenge of achieving compositional control in NiMnSn Heusler

alloy NPs and evaluates their magnetic and magnetocaloric properties.
1.3.2. Journal Details

e The first study is published in the Journal of Advanced Engineering Materials, which is
an internationally recognized journal that publishes cutting-edge research on novel
materials and their engineering applications, with a focus on structural, functional, and
smart materials. According to SCImago Journal Rank (SJR), it is classified as a Q1
journal in Condensed Matter Physics and Q2 in Materials Science (miscellaneous),
with an SJR of 0.76 and an impact factor of 3.76 as of 2024.

e The second study is published in the Journal of ChemNanoMat, which is a leading
journal in the field of nanomaterials and chemical synthesis, covering fundamental and
applied research in chemical nanotechnology. As per SJR, it falls under Q2 in

Biomaterials, Energy Engineering and Power Technology, Materials Chemistry, and
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Renewable Energy, Sustainability and the Environment, with an SJR of 0.645 and an
impact factor of 2.6 as of 2024

e The third study is publshed in the Beilstein Journal of Nanotechnology, which is a high-
quality, open-access journal that publishes research on nanoscale materials and their
applications in nanoscience and nanotechnology. According to SJR, it is categorized
as Q2 in Electrical and Electronic Engineering, Materials Science (miscellaneous),
Nanoscience and Nanotechnology, and Physics and Astronomy (miscellaneous), with
an SJR of 0.435 and an impact factor of 2.6 as of 2023

e Ahigh-impact materials science journal will be selected for the submission of the fourth

study, ensuring maximum visibility and academic impact

By systematically addressing these research gaps across four studies, this thesis contributes
to advancing knowledge in magnetocaloric materials, HEA alloys, and laser-based NP
synthesis, with direct applications in next-generation cooling and energy-efficient

technologies.
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2. Summary of Studies

This section provides a concise summary of each study which includes an overview of the
research, the aim of the study, the experimental or analytical approach used, and the main

results obtained.

2.1. Summary of Study 1: Laser structuring of FeRh

nanoparticle inks

211. Study Overview

The first study focuses on the fabrication of FeRh-based magnetocaloric microstructures via
laser sintering of NPs. While PLAL has previously been used to synthesize FeRh NPs with
near-equiatomic composition, a key challenge remained: achieving a phase transition from
the metastable y-FeRh to the magnetically ordered B2 phase while maintaining structural
integrity at microscales. This study aimed to bridge this gap by exploring CW laser sintering
as a means to fabricate functional microstructures while tuning the magnetic phase of FeRh
NPs.

21.2. Aim of the Study

The primary aim of this study was to investigate the feasibility of laser sintering for direct-write
fabrication of FeRh magnetocaloric microstructures and to determine whether laser-induced
thermal processing could effectively transform FeRh NPs from the PM y-phase to the desired

B2 phase while preserving their magnetocaloric functionality. Specific objectives included:

e Develop a method to employ PLAL synthesized FeRh NPs to achieve high

concentration ink and achieve uniform dispersion

e Improving the resolution limits of CW laser printing in fabricating FeRh-based

microstructures i.e., from millimetric to micrometric scale

o Evaluating whether the y-FeRh to B2 transformation can be controlled through

localized laser heating

e Comparing the phase transition and magnetic response of FeRh sintered structures
and annealed FeRh NPs

e Comparing the magnetocaloric phase transition of FeRh sintered structure with
annealed FeRh NPs
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o Assessing the effects of laser-induced phase transformation on structural integrity and

functional performance

o Establishing the viability of laser-printed FeRh microstructures for potential

applications in micro-cooling devices
2.1.3. Methods

The study employed a multi-step experimental approach, combining NP synthesis, laser

printing, structural characterization, and magnetic measurements.

21.31. FeRh NP synthesis and formulation of FeRh NP Ink

The synthesis was carried out using a FesoRhsy bulk target in ethanol. A near-infrared
picosecond-pulsed Nd:YAG solid-state laser (Ekspla, Atlantic Series) was employed for
ablation, operating at a wavelength of 1064 nm, with a pulse duration of 10 ps, a repetition
rate of 100 kHz, and a pulse energy of 80 uJ. The laser beam was focused on the target’s
surface using an f = 100 mm lens, while the surface was scanned at a speed of 2 m/s to ensure

uniform ablation.

The synthesized FeRh NPs were suspended in ethanol to form a colloidal solution, which was
then concentrated by partial evaporation of ethanol at room temperature using a 64 W axial
fan with a flow rate of 925 m3h. To prepare the substrate for deposition, glass slides were
treated in a UV cleaner for 5 minutes to remove organic contaminants. A polymer coating was
applied by adding 200 uL of 10 wt% polyvinylpyrrolidone (PVP, MW = 40k) in ethanol onto a
25 x 75 mm glass substrate. To prevent NP agglomeration, the FeRh ink was ultrasonicated
for 10 minutes before dispersion. Finally, 100 uL of the ink was deposited onto a ~25 x 15 mm

polymer-coated glass substrate for further applications.
The size distribution of the FeRh NPs was analyzed using SEM in STEM mode.

2.1.3.2. Sintering of FeRh NP ink

For FeRh furnance sintering, the FeRh NP ink was heat-treated in a programmable furnace
under argon flow (Fig. 1d, Appendix: Study 1). The glass substrates containing the deposited
ink were heated at a controlled rate of 10 K/min until reaching a maximum temperature of 873
K, where they were held for 1 hour. After the heating cycle, the furnace was switched off,

allowing the substrates to cool gradually to room temperature within the chamber.

For laser sintering a CW laser (Laser Quantum, 532 nm) was used in combination with a
programmable two-axis linear stage (Thorlabs DDSM100/M). The laser beam was focused
using a 10x Mitutoyo microscope objective, and the substrate was scanned along a single

axis to produce a sintered line. To characterize larger sintered areas, successive parallel lines
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were processed using the X-Y programmable stage, ensuring uniform laser irradiation over
the entire ink-deposited region. Custom sintering patterns were achieved by controlling

movement along both the X and Y axes.

After laser sintering, the substrate was immersed in an ethanol bath and ultrasonicated for 5

minutes, removing non-sintered ink and polymer residues.

The laser fluence was adjusted to explore the optimal sintering window and was calculated

using equation 10 (mentioned in section 1.7, Appendix: Study 1).

For all experiments, the scanning speed was fixed at 10 mm/s, while the laser fluence was
varied between 16 and 246 J/cm? to study its impact on sintering behavior. The sintered
microstructures were analyzed using optical microscopy (Leica DM2700 M) and SEM (Apreo
S LoVac, Thermo Fisher Scientific). The line width of the sintered structures was measured at

ten different positions using ImagedJ software.

At high fluences, laser processing led to simultaneous ablation and sintering, increasing the
porosity of the magnetocaloric structures. The effect of laser-induced ablation on FeRh NP ink

was monitored using reflectance spectroscopy. (Fig.S3, Appendix: Study 1)

21.3.3. Structural and Magnetic Characterization

To compare the effects of laser and furnace sintering on the FeRh crystal structure, XRD was
performed in 8—26 geometry using a Philips PW1730 X-ray diffractometer with Cu-Ka radiation
and a graphite monochromator. Rietveld refinement (Fullprof suite) was used to quantify the

phase composition, particularly the formation of the B2-ordered FeRh phase.

To assess the sintering conditions that yielded the highest B2-phase fraction, magnetometry
measurements were conducted. M-H curves were obtained using a vibrating-sample
magnetometer (VSM) option of a PPMS DynaCool (Quantum Design), measuring in the
temperature range 5-400 K and extending up to 500 K using a VSM oven option. M-T
measurements were performed between 150 and 700 K under an applied field of 0.1 T, with
corrections applied to account for the diamagnetic and PM contributions from the glass

substrate background signal.
21.4. Results

21.441. Sintering Behavior of FeRh NP Ink

The sintering process of FeRh NP ink was investigated under different laser fluence conditions
(Fig. 2, Appendix: Study 1). At lower fluences, partial sintering resulted in a discontinuous
pattern with both sintered and non-sintered regions. As the fluence increased above 16 J/cm?,

the NPs began forming necks and percolation networks. At 41 J/cm?, the NPs fully sintered
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into a continuous and dense magnetocaloric structure. A further increase in fluence to 57 J/cm?
led to the formation of compact agglomerates indicating pronounced particle coalescence and

grain growth.

At high fluences, ablation occurred alongside sintering, particularly in the central region of the
laser spot, where laser intensity was highest. This resulted in networked structures rather than
continuous NP films. Further increasing the laser fluence led to more pronounced ablation and
a reduction in overall NP density, creating porous structures. These porous features have

potential advantages in improving convective heat transfer for magnetocaloric applications.

A comparison with furnace sintering at 873 K for 1 hour revealed that furnace-sintered NPs
formed more compact structures due to slow heating and uniform temperature distribution (Fig
3, Study 1). The gradual heating promoted more homogeneous densification and uniform
sintering, but also increased the risk of surface oxidation, which could negatively affect the

mechanical and magnetic properties.

21.4.2. Crystallographic and Magnetic Features of FeRh sintered ink
Annealing FeRh NPs induces a transformation from the y-phase to the B2-phase, which is
critical for enhancing magnetic and magnetocaloric properties. Furnace annealing in air at 873
K led to full oxidation into Fe>O3 (hematite), while annealing in an argon atmosphere resulted
in a mix of B2- and y-phases with minor FesO4 (magnetite) contributions. (Fig. 5, Table 1,
Appendix: Study 1)

Higher laser fluences during laser printing promotes an increase in B2-phase fraction while
reducing the y-phase and no visible oxide formation, demonstrating that laser sintering not
only enhances y-to-B2 transformation but also offers better oxidation resistance than furnace
sintering. This is particularly significant since laser sintering occurs in air, eliminating the need
for expensive inert gas environments. Additionally, the high fluences led to NP ablation and

micropore formation, which could facilitate heat transfer in magnetocaloric regenerators.

Magnetometry measurements further validated the structural analysis (Fig. 6, Appendix: Study
1). Field-dependent magnetization curves at 500 K showed an increase in M with rising
fluence, indicating a partial transformation from PM y-FeRh to FM B2-FeRh. At fluences below
131 J/cm?, a different magnetic alignment behavior was observed in the low-field region, likely
due to partial oxidation leading to a magnetite/maghemite phase. A strong correlation between
the B2-phase fraction and magnetization at 500 K was observed, with deviations in oxidized

samples due to the presence of magnetite.

A comparison with furnace-annealed FeRh ink (Fig. 7, Appendix: Study 1) revealed that

oxidation in air led to hematite formation, reducing magnetization. Annealing in argon

32



preserved the magnetic structure, showing a steady increase in magnetization with
temperature due to y-to-B2 conversion. Laser sintering resulted in higher mass magnetization
than furnace sintering while enabling direct patterning of FeRh structures. Despite achieving
high B2-phase fractions, some FeRh material remained pinned in a FM state, similar to

previous studies on furnace-annealed FeRh NPs.

21.43. Magnetocaloric Response of FeRh sintered ink

Laser-sintered FeRh ink at 246 J/cm? exhibited notable magnetization even below the AFM
phase transition at 150 K, indicating a fraction of pinned FM order (Fig.8, Appendix: Study 1).
This could result from slight stoichiometric variations during NP synthesis, as small changes
in Fe content can shift the AFM-FM ftransition temperature or even stabilize FM behavior.

Additionally, structural defects induced by laser ablation may contribute to FM ordering.

Temperature-dependent magnetization measurements indicated a broad AFM-FM transition
starting around 150-200 K, with a peak transition temperature at approximately 460 K (Fig S4,
Appendix: Study 1). At 400 K, a M, of about 98 Am?/kg was reached at high fields, with a field-
driven magnetization increase of approximately 35 Am?/kg, significantly higher than values
observed for furnace-annealed FeRh. The laser sintering route, therefore, provides superior

field-driven magnetization changes, highlighting its potential for magnetocaloric applications.

2144, Custom Microstructures via Laser Sintering of FeRh ink

Laser sintering at 246 J/cm? led to higher conversion to magnetic phases while minimizing
FeRh oxidation compared to furnace sintering. The rapid heating and cooling characteristic of
laser sintering helped preserve FeRh composition and structure. Furthermore, the high spatial
resolution and flexibility of laser processing enabled the fabrication of custom magnetocaloric

microstructures (Fig. 9, Appendix: Study 1).

Following the laser processing, unsintered ink was easily removed using ethanol, leaving
behind well-defined sintered structures. The ability to directly pattern FeRh thin films with
precise control over microstructure and magnetic properties makes laser sintering a promising
technique for miniaturized cooling applications in electronic devices. Compared to
conventional furnace sintering, laser sintering allows for rapid, localized heating and
patterning, reducing processing time while maintaining high-performance magnetocaloric

properties.

2.2, Summary of Study 2: Effect of Target preparation on High
Entropy Alloy nanoparticle synthesis via Pulsed laser

Ablation in Liquids
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2.21. Study Overview

This study investigates the synthesis of HEA NPs using PLAL and evaluates how different
target preparation methods affect NP composition and productivity. HEAs, known for their
unique mechanical, magnetic, and catalytic properties, have diverse applications, yet their NP

synthesis remains challenging due to elemental immiscibility and phase segregation.
The research explores three distinct HEA target preparation methods:

1. Elemental Powder-Pressed Heat-Treated Target (HEA-PP) - A cost-effective approach

where elemental powders are mixed, pressed, and heat-treated to form a bulk target

2. Ball-Milled Hot-Pressed Powder Target (HEA-BP) - A method where elemental

powders are first alloyed via high-energy ball milling before being consolidated by hot pressing

3. Single-Crystal Alloy Target (HEA-SX) - A method involving the melting and controlled

crystallization of high-purity elements to produce a single-crystal HEA structure

NPs were synthesized by ablating these targets in ethanol using a near-infrared picosecond
pulsed Nd:YAG laser. The study examines the influence of target crystallinity, elemental
homogeneity, and preparation method on NP yield, stoichiometry, and phase stability. The
composition, structure, and oxidation of the produced HEA NPs were analyzed using TEM-

EDX, XRD, Moéssbauer spectroscopy, and MS.
22.2. Aim of the Study

The primary goal of this study is to determine how the preparation method of HEA targets
affects the composition, productivity, and structural properties of HEA NPs synthesized via

PLAL. The key objectives include:

o Evaluating the effect of target crystallinity and elemental homogeneity on NP
generation

¢ Investigating the stoichiometric variations and phase formation in NPs produced from
different targets

o Comparing the productivity and efficiency of PLAL when using HEA-PP, HEA-BP, and
HEA-SX targets

¢ Assessing the oxidation behavior of HEA NPs and their structural characteristics

o Establishing PLAL as a scalable and cost-effective approach for producing

compositionally controlled HEA NPs
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By addressing these aspects, the study aims to provide insights into optimizing HEA NP

synthesis, improving stoichiometric control, and enhancing the efficiency of PLAL for scalable

production.
2.2.3. Methods
2.231. Fabrication of CoCrFeMnNi HEA Targets

The CoCrFeMnNi HEA targets were prepared using three different fabrication methods (Fig 1,
Appendix: Study 2) and each method aimed to produce targets with equiatomic composition

while varying the degree of elemental homogeneity and crystallinity.

For the HEA-PP targets, elemental Co (99.8%, 1.6 ym), Cr (99.2%, <10 ym), Fe (99.5%, 6-
10 pym), Mn (99.6%, <10 ym), and Ni (99.9%, 3-7 um) powders were accurately weighed to
achieve an equiatomic ratio. The powders were manually mixed using a mortar and pestle for
20 minutes to ensure uniform distribution. The homogenized powder was then compressed
under 100 MPa to form cylindrical pellets with a thickness of 2 mm and a diameter of 10 mm.
The pellets were subsequently heat-treated in a vacuum atmosphere at 1000°C for 20 hours
to promote diffusion and alloying, leading to the formation of a face-centered cubic (FCC) HEA

structure.

The HEA-BP targets were synthesized using a two-step process. First, the elemental powders
of Co (99.7%, mean particle size 3 ym), Cr (99.35%, >71 um), Fe (99.96%, 10-20 pm), Ni
(99.5%, 45-60 um), and Mn (99.2%, 3 um) were subjected to high-energy ball milling (HEBM)
in an argon environment for 60 minutes. This resulted in nanocrystaline FCC HEA
micropowders with increased homogeneity. The milling was conducted at a ball-to-powder
weight ratio of 20:1, with sun disk and jar rotation speeds of 700 rpm and 1400 rpm,
respectively. In the second step, the processed HEA powder was consolidated via hot pressing
at 800°C for 60 minutes under an argon atmosphere. The powder was placed in a cylindrical
graphite die with a diameter of 50 mm and subjected to uniaxial compression at 50 MPa to

form dense targets with a final thickness of approximately 3 mm.

For the HEA-SX targets, single-crystal CoCrFeMnNi alloys were prepared through arc melting
of high-purity bulk elements (>99.9%) under an argon atmosphere at a pressure of 5 x 107
Pa. The melted material was then cast into a single crystal using the Bridgman investment
casting method. This involved melting multiple arc-melted buttons at approximately 1600°C in
a shell-molded material, followed by controlled solidification under a thermal gradient of 6
K/mm at a withdrawal rate of 3 mm/min. The resulting single-crystal rods had a diameter of 15

mm and a length of 130 mm. These rods were subsequently cut into 2 mm thick pellets using
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wire-electrical discharge machining. Post-processing included etching the samples to confirm

the absence of grain boundaries and ensure the single-crystalline nature of the material.

To assess target morphology, composition, and homogeneity, SEM with EDX analysis were
performed on both ablated and non-ablated regions (Fig.3, Appendix: Study 2). The non-
ablated regions provided insight into the initial elemental distribution, while the ablated areas

were examined to understand laser-induced modifications.

2.2.3.2. Laser-Based Synthesis of Colloidal CoCrFeMnNi High-Entropy
Alloy Nanoparticles

CoCrFeMnNi NPs were synthesized using PLAL, employing a near-infrared picosecond-
pulsed Nd:YAG laser (Coherent, HyperRapid NX) with a pulse duration of 10 ps and a
wavelength of 1064 nm (Fig. 2, Appendix: Study 2). The laser beam was focused using an f-
theta lens (f = 167 mm) and controlled by a galvanometric scanner, which generated a 6 mm-
diameter hollow spiral pattern on the target surface at a scan speed of 10 m/s. Ethanol was

used as the liquid medium to promote NP formation and stabilize the generated colloids.

To prevent excessive laser shielding effects due to particle accumulation, a gear pump was
utilized to maintain continuous liquid flow at a rate of 100 ml/min. This ensured uniform ablation
conditions, improved NP dispersion, and minimized re-deposition onto the target surface. The
laser fluence and repetition rate were optimized to maximize NP productivity while maintaining

stoichiometric balance.

2.2.3.3. Characterization of CoCrFeMnNi Nanoparticles
The NPs synthesized from each target were subjected to detailed characterization to evaluate
their production rate, size distribution, morphology, elemental composition, crystallinity, and

oxidation state.

The production rate was measured (by varying the repetition rate) gravimetrically by
determining the mass loss from the target before and after ablation and normalizing it to the
ablation time. To analyze NP morphology and size, TEM was performed using a JEOL JEM-
2200FS microscope equipped with a ZrO,/W emitter and a JEOL JEM-2100 microscope with
a LaBg gun. For TEM sample preparation, the colloidal NPs were drop-cast onto copper grids

and dried under ambient conditions.

The crystal structure of the NPs was examined using XRD performed on a Huber G670-360
Gunier-Camera with Mo-Ka1 radiation. The oxidation state and magnetic properties of the
NPs were investigated via ’Fe-M&ssbauer spectroscopy, conducted on dried powder samples
in zero-field conditions. Méssbauer spectra were recorded in transmission geometry using a

constant acceleration mode at 4.3 K within a closed-cycle helium cryostat (SHI-850-5, Lake
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Shore Cryotronics). The elemental composition of the NPs was determined by TEM-EDX,

which provided detailed elemental distribution maps.

2.2.3.4. Investigation of Ablation Dynamics in CoCrFeMnNi HEAs via Time-
of-Flight Mass Spectrometry

To gain deeper insights into the ablation dynamics and material ejection mechanisms TOF-
MS was performed in a vacuum environment. The three HEA targets (HEA-PP, HEA-BP, and
HEA-SX) were simultaneously placed in a vacuum chamber with a base pressure of 107 mbar.
Laser ablation was carried out at a 45° incidence angle using a Yb:KGW PHAROS laser (1030
nm, 2 kHz, 7 ps pulse duration). The laser beam was focused using a glass lens (f = 400 mm)
onto a circular spot with an effective radius of 150 um (1/e? criterion), and the fluence was
varied from 0.2 to 3 J/cm?. The beam was scanned over the target surface in a zig-zag pattern,

covering an area of 10 x 8 mm>.

The TOF-MS analysis was conducted using a customized mass spectrometer (Kore
Technology, UK) to measure the abundance and velocity distributions of laser-produced
particles. At a distance of 46 cm from the target, the positive ions of the ablation plume were
extracted using a 760-V repeller pulse and directed into the mass spectrometer drift tube. The
ions, covering a mass-to-charge range of 6 — 600 u/e, were detected in analog mode using a
dual microchannel-plate detector connected to a digital oscilloscope (DSOS054A, Keysight,
USA). The time delay between the repeller and laser pulse was varied to analyze the velocity
distributions of the emitted particles. Mass spectra were averaged over 200 laser pulses to

ensure statistical reliability.

The TOF-MS analysis provided critical insights into the compositional deviations in the ablation
plume, revealing differences in the vaporization behavior of individual elements. The results
were used to interpret the stoichiometric variations observed in the synthesized NPs and to

evaluate the effects of target preparation on ablation dynamics.
224, Results

2.241. Elemental Composition of CoCrFeMnNi Targets

The elemental distribution in the HEA-PP target was non-uniform, with Mn and Cr
concentrations reaching 28 + 9 at.% and 32 + 12 at.%, respectively (of desired 20 at.%),
indicating significant segregation. In contrast, HEA-BP and HEA-SX showed a more
homogeneous composition, with Cr deviations of 22 + 2 at.% and 20 * 2 at.%, respectively.
The ablation process resulted in a notable reduction in Mn content, with Mn concentrations in
the ablated regions measured at 12 + 4 at.% for HEA-PP, whereas HEA-BP and HEA-SX

exhibited more consistent Mn content at 22 + 1 at.% and 23 + 1 at.%. These variations suggest
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that the initial target structure plays a key role in the ablation dynamics, influencing the

elemental loss during PLAL.

2.24.2. CoCrFeMnNi Nanoparticle Productivity via Pulsed Laser Ablation
in Liquid

The NP production rate peaked at 311 mg/h when using an optimized laser fluence of 2.8
J/lcm? and a repetition rate of 2000 kHz (Fig. 4, Appendix: Study 2). The ablation threshold
fluence for HEA-PP was determined to be 0.38 J/cm?, which is higher than the reported 0.24
J/icm? for crystalline HEA. Notably, HEA-PP exhibited the highest NP productivity, surpassing
HEA-BP by 6.8% and HEA-SX by 15.1%. The increased productivity of HEA-PP can be
attributed to the differences in material mixing, diffusion, and sintering, which affect the
ablation efficiency. HEA-SX, being a single-crystal material, had the lowest productivity, likely

due to its higher structural integrity and resistance to laser-induced fragmentation.

2.2.43. CoCrFeMnNi Nanoparticle Size Distribution

The laser ablation of HEA targets generated NPs with a broad size distribution between (2 —
120 nm) (Fig.5, Appendix: Study 2). The mean NP sizes were 8.6 nm for HEA-PP, 6.8 nm for
HEA-BP, and 6.2 nm for HEA-SX. The polydispersity index exceeded 0.3 in all cases,
indicating a significant spread in particle sizes. The larger average particle size in HEA-PP-
derived NPs could be linked to the non-uniform elemental distribution in the target, which likely
affects the laser-induced melting and condensation process. HEA-BP and HEA-SX, with more
homogeneous elemental distributions, resulted in smaller NPs with relatively uniform sizes.
This suggests that the target microstructure influences the energy absorption and vaporization

dynamics, ultimately shaping the size distribution of the NPs.

2244. Elemental Composition of CoCrFeMnNi Nanoparticles

NPs synthesized via PLAL retained a near-equiatomic composition but exhibited
compositional fluctuations among individual particles (Fig. 6, Appendix: Study 2). Large NPs
(>20 nm) derived from HEA-PP existed primarily in a solid solution state, whereas those from
HEA-BP and HEA-SX also developed a core-shell structures with Mn-rich shells (Fig. S4,
Appendix: Study 2). The shell thickness varied, measuring 5.7 + 1.3 nm for HEA-BP and 6.7
+ 3.6 nm for HEA-SX. This core-shell formation in HEA-BP and HEA-SX NPs likely resulted
from the preferential vaporization of Mn during ablation, followed by its recondensation on the
particle surface. In contrast, the lower Mn content in HEA-PP bulk target reduced the extent

of shell formation in NPs, leading to a more uniform solid solution.

2.24.5. Mossbauer Spectroscopy Analysis
Mdossbauer spectroscopy identified three distinct spectral contributions in all samples (Fig. 7,

Appendix: Study 2). The dominant contribution (~50% of the spectral area) corresponded to
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FCC-structured HEA in a low-spin state, confirming that the primary phase remained
unchanged in the synthesized NPs. A secondary magnetically ordered component (~30% of
the spectral area) was characterized by a broad hyperfine field distribution ranging from 15 to
35 T and an average isomer shift of 0.34 mm/s. This component is consistent with Fe-rich or
Mn-rich phases, possibly resulting from localized segregation. Additionally, an oxide phase
(~20%) was observed in all samples, indicating partial oxidation of the NPs. The oxide
contribution remained consistent across all target types, suggesting that oxidation occurred
post-synthesis rather than during the ablation process. The presence of these phases aligns
with the elemental mapping results, supporting the notion that Mn-rich shell formation in HEA-
BP and HEA-SX could be linked to differential oxidation behavior.

2.2.4.6. Time-of-Flight Mass Spectrometric Analysis of Laser-Ablated
CoCrFeMnNi Plumes

Mass spectrometric analysis of the plasma plumes revealed that the dominant species
consisted of singly charged Cr, Fe, Co, Ni, and Mn ions, with doubly charged ions appearing
at fluences above 1 J/cm? (Fig. 8 and Fig. 9, Appendix: Study 2). The relative ion abundances
in the HEA-PP plasma plume were Mn (1.0), Cr (1.1), Fe (0.35), Ni (0.30), and Co (0.26),
suggesting preferential ejection of Mn and Cr. The mean kinetic energies of the emitted
species were determined as 50 eV for Mn, 42 eV for Cr, 64 eV for Fe, 76 eV for Ni, and 75 eV
for Co. The mean velocities were measured at 13.2 km/s for Mn, 12.5 km/s for Cr, 14.9 km/s
for Fe, 15.9 km/s for Ni, and 15.7 km/s for Co.

For HEA-BP and HEA-SX, Mn was the most abundant species in the plasma plume,
correlating with the observed Mn-rich shells in the resulting NPs. The delayed vaporization of
Mn and Cr was more pronounced in HEA-BP and HEA-SX, which contributed to the formation

of core-shell structures in their respective NPs.

These findings highlight the critical role of target preparation in defining the productivity,
elemental distribution, and phase structure of HEA NPs synthesized via PLAL. The observed
variations in ablation behavior and NP characteristics demonstrate that the method used to
prepare HEA targets significantly influences the efficiency and compositional control of the
produced NPs.

2.3. Summary of Study 3: Magnetic transition in

Compositionally Complex Alloys at Bulk and Nanoscale

2.31. Study Overview

This study investigates the synthesis and magnetic transitions of rare-earth-free Fe-Mn-Ni-Si-

based CCAs at both bulk and nanoscale levels. The research was motivated by the need for
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sustainable and cost-effective magnetic materials with tunable phase transitions, particularly
for applications in magnetocaloric refrigeration, sensors, and energy-efficient magnetic
technologies. The study focuses on two CCAs: Mn2z 3Fe222Nix2 2Ge1665Si16.65 (Ge-based CCA)
and MnosFeosNiSiogsAloor (Al-based CCA). These materials were selected based on their
potential to exhibit tunable magnetic properties while replacing expensive and scarce rare-

earth elements with more abundant and economical alternatives such as Al and Si.

The bulk CCAs were synthesized using distinct processing routes: the Ge-based CCA was
prepared via high-energy ball milling followed by spark plasma sintering (Fig. 1, Appendix:
Study 3), while the Al-based CCA was produced through powder pressing and sintering in a
vacuum environment. To evaluate how the transition from bulk to nanoscale affects magnetic
properties, NPs of both CCAs were synthesized using PLAL, a surfactant-free and scalable
method. The structural, compositional, and magnetic characteristics of both bulk and
nanoscale CCAs were analyzed using a range of techniques, including SEM/TEM with EDX,

XRD and magnetometry.

The study explores the relationship between material composition, synthesis method, and
magnetic phase transitions to provide insights into how CCAs behave in different states. By
systematically comparing bulk and nanoscale properties, the research aims to identify key
factors governing the magnetic behavior of these alloys and assess their viability for

applications that require tunable magnetic phase transitions.
2.3.2. Aim of the Study

The primary objective of this study is to develop and evaluate rare-earth-free CCAs with
tunable magnetic phase transitions at both bulk and nanoscale dimensions. The research aims

to:

o Synthesize CCAs: Fabricate Ge-based and Al-based CCAs using scalable and cost-
effective techniques, ensuring homogeneity and phase stability

e Generate NPs via PLAL: Produce colloidal CCA NPs directly from bulk targets to
investigate their structural integrity and magnetic properties at reduced dimensions

e Characterize Magnetic Transitions: Determine the T, for bulk CCAs Ty for NPs,
assessing their suitability for magnetocaloric and sensing applications

e Compare Bulk and Nanoscale Properties: Identify differences in magnetic behavior
between bulk and nanoscale materials, particularly focusing on H, and M;

¢ Evaluate Cost-Effectiveness and Scalability: Examine the feasibility of substituting Ge
with Al in CCAs, addressing both economic and material availability concerns while

maintaining functional magnetic properties
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By systematically investigating these objectives, the study provides a comprehensive
understanding of the synthesis-microstructure-property relationships in Fe-Mn-Ni-Si-based
CCAs. The findings offer valuable insights for the development of sustainable, rare-earth-free

magnetic materials for applications in refrigeration, sensors, and low-energy-loss magnetic

devices.
2.3.3. Methods
2.3.3.1. Fabrication of Bulk Ge-Based Compositionally Complex alloys

The Ge-based CCA was synthesized using a two-stage process. First, high-purity elemental
powders of Mn (99.2%, 3 um), Fe (99.96%, 10-20 um), Ni (99.5%, 45-60 pym), Si (99.999%,
45-60 um), and Ge (99.99%, <250 um) were combined in the required stoichiometric ratios.
The mixture underwent HEBM in a planetary mill under an argon atmosphere for 90 minutes,
with a ball-to-powder weight ratio of 20:1 and rotation speeds of 700 rpm for the sun disk and

1400 rpm for the jars.

Following the milling process, the resulting powder was compacted using SPS in a vacuum
chamber. The powder was placed into a cylindrical graphite die (inner diameter @ = 10 mm)
and uniaxially pressed at 50 MPa. The sintering was performed at 1073 K with a dwell time of
10 minutes and a heating rate of 100 K/min. A K-type thermocouple inserted into a radial hole
in the die monitored the temperature during sintering. The final sintered disks had a thickness

of approximately 3-4 mm and a diameter of 10 mm.

2.3.3.2. Fabrication of Bulk Al-Based Compositionally Complex alloys

The Al-based CCA was prepared from high-purity elemental powders of Mn (99.6%, <10 um),
Fe (99.5%, 6-10 pm), Ni (99.9%, 3-7 um), Al (99.5%, 44 um), and Si (99%, 44 pm). To achieve
the desired alloy composition, precise amounts of each powder were thoroughly mixed using

a mortar and pestle for 20 minutes.

Once homogenized, the powder mixture was compressed under 100 MPa into cylindrical
pellets measuring 10 mm in diameter and 2 mm in thickness. The pressed samples were then
subjected to heat treatment in a vacuum environment (pressure reduced to 10 mbar) at 600°C
for 7 days, followed by rapid quenching in water to enhance alloy homogeneity. This method
serves as an efficient and cost-effective alternative to conventional preparation techniques,
such as arc melting or HEBM followed by SPS, making it particularly suitable for generating
CCA NPs through PLAL.

The synthesized bulk CCAs were ground and polished before structural and compositional

characterization. SEM was performed using a JEOL JSM-7600 F (Japan) to examine the
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microstructure. EDX analysis was conducted using an Oxford Inca spectrometer to determine

the elemental composition.

The crystalline phases of the bulk CCAs were characterized using XRD with a DRON-4-07
diffractometer employing Co-Ka radiation, scanning over a 26 range of 20-110°. Magnetic
measurements were performed using a Quantum Design DynaCool PPMS across a

temperature range of 5-390 K under an applied magnetic field of up to 9 Tesla.

2.3.3.3. Synthesis of Compositionally Complex alloy Nanoparticles via
Pulsed Laser Ablation in Liquid

Colloidal NPs of the Ge-based and Al-based CCAs were produced using PLAL. The bulk alloy
targets were immersed in ethanol and irradiated using a near-infrared picosecond pulsed
Nd:YAG laser (Coherent, HyperRapid NX, Kaiserslautern, Germany) with a pulse duration of
10 ps at a wavelength of 1064 nm. A laser fluence of 2.8 J/cm? was applied to facilitate NP
formation. To optimize NP concentration and minimize solvent consumption, a closed-loop

liquid flow system was employed.

The synthesized NPs were analyzed for size distribution, morphology, elemental composition,
and crystallinity using TEM and EDX. TEM imaging was carried out using a JEOL 2200FS
microscope (Japan) equipped with an Oxford X-MaxN TLE 80 EDX detector (UK). The
microscope operated at an acceleration voltage of 200 kV and was coupled with a 2k x 2k
GATAN UltraScan 1000XP CCD camera for high-resolution imaging.

For TEM sample preparation, the colloidal NPs were dispersed onto a carbon-supported
copper TEM grid and dried at ambient conditions. The particle size distribution was determined
by analyzing TEM images and measuring the Feret diameter of individual NPs using ImageJ
software. The crystalline structure of the NPs was assessed by generating digital
diffractograms using CrysTBox software. EDX data were processed and quantified using

AZtec software to determine elemental distributions.
2.3.4. Results and Discussion

2.3.4.1. Microstructural and Phase Characterization of Bulk
Compositionally Complex alloys

SEM and EDX analysis confirmed a homogeneous microstructure in the Ge-based CCA, with
minimal elemental segregation (Fig. 2a, Appendix: Study 3). The composition analysis showed
that most elements were near their expected stoichiometric values, with Ge displaying the
highest variance (14.1%). XRD analysis revealed a combination of BCC and FCC phases
(Fig.2b, Appendix: Study 3), differing from previous reports of a single-phase structure in arc-

melted samples.
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The Al-based CCA showed a porous microstructure with noticeable elemental segregation
(Fig. 2c, Appendix: Study 3). The elemental composition varied significantly, particularly for Al,
which exhibited a deviation of 121.7%. XRD analysis identified multiple phases, including

hexagonal and cubic structures, indicating incomplete alloying (Fig.2d, Appendix: Study 3).

2.3.4.2. Particle size distribution of Compositionally Complex alloys
Nanoparticles

NPs produced by PLAL exhibited a broad size distribution ranging from 2 to 130 nm, following
a lognormal trend (Fig. 3, Appendix: Study 3). The Ge-based CCA NPs had an average size
of 13.4 + 9.1 nm, while the Al-based CCA NPs were slightly larger at 18.4 + 15.5 nm. The
difference in NP size between the two CCAs can be attributed to variations in the material
properties, including thermal conductivity, melting point, and volatility of the elements, which

influence the ablation and condensation dynamics during laser processing.

2343. Elemental and structural characterization of Compositionally
Complex alloys Nanoparticles

EDX mapping confirmed the presence of all target elements in the NPs (Fig. 4 and table 2,
Appendix: Study 3), though deviations from the bulk composition were observed. In the Ge-
based CCA NPs, Mn exhibited the largest deviation, with a 31.5% reduction, whereas Ge was
relatively stable. The Al-based CCA NPs showed a significant reduction in Al content (43.5%),
likely due to its high volatility. The Ge-based NPs exhibited a core-shell structure with Mn
enrichment at the surface, whereas the Al-based NPs displayed a more uniform elemental

distribution with minimal oxidation.

High-resolution TEM images of both Ge- and Al-based CCA NPs revealed well-defined
crystalline structures with variations in contrast, indicating compositional heterogeneity and
possible phase separation (Fig. 5, Appendix: Study 3). The diffraction patterns of Ge-based
NPs confirmed an orthorhombic NiSiTi-type crystal structure, which is different from the bulk
counterpart, where a mix of FCC and BCC phases was observed. This suggests that the rapid
cooling rates in PLAL stabilized a different crystal structure compared to the slower cooling
during SPS. For the Al-based CCA NPs, the diffraction pattern showed peaks corresponding
to an orthorhombic NiSi-type crystal structure, consistent with previous reports on similar
alloys. Interestingly, the bulk Al-based CCA exhibited multiple phases, whereas the NPs

formed a more uniform structure.

2.3.4.4. Magnetic Behavior of Bulk and Nanoscale Compositionally
Complex Alloys

The Ge-based bulk CCA showed a clear FM-to-PM transition at 179 K, with a M, of 68.2
Am?/kg at 5 K and a H, of 8.4 kKA/m. At 300 K, M, decreased to 18 Am?kg, and H, dropped to
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1.2 kKA/m. The Al-based bulk CCA had a higher transition temperature of 263 K. At 5 K, M, was
32.7 Am?/kg, with a H; of 11 kA/m. At 300 K, M, dropped to 9.5 Am?*kg, and H, decreased to
1 kA/m. (Fig 6 and Table 3, Appendix: Study 3)

The Ge-based CCA NPs exhibited a SPM blocking temperature at 100 K, with a M, of 25.1
Am?#kg at 5 K and a H. of 26.2 kA/m. At 300 K, Mg was reduced to 6.6 Am?kg, with a H; of
0.7 KA/m. The Al-based CCA NPs displayed similar SPM behavior, with a T of ~100 K. The
M, at 5 K was 25.9 Am?/kg, with a H; of 16.6 KA/m. At 300 K, Mg was 6.8 Am?kg, and H.
decreased to 1.1 KA/m. The main differences between the two NP systems can be attributed
to oxidation effects and elemental segregation. The Ge-based NPs exhibited a core-shell
structure with Mn enrichment at the surface, leading to higher H. and reduced M. The Al-
based NPs, in contrast, showed a more homogeneous composition and lower oxidation,
resulting in a lower H;: while maintaining comparable magnetization values. (Fig. 7 and Table.
4, Appendix: Study 3)

24, Summary of Study 4: Compositionally controlled

Synthesis and Printing of NiMnSn nanoparticles

241. Study overview

This study investigates the synthesis of compositionally controlled NiMnSn NPs and their
application in 2D laser printing of magnetocaloric materials. NiMnSn MPs were used as
feedstock, and PLAL was employed to generate NPs. Different target fabrication strategies
were explored to determine the best approach for obtaining NPs with compositions close to
the desired NisoMnsoxSny (at. %; for 13 at. % < x < 15 at. %),. The composition, structure, and
magnetic properties of the synthesized NPs were analyzed and compared to the original MPs.
Additionally, both MPs and NPs were formulated into inks for laser sintering, and their
printability and sintering behavior after printing were examined. The effects of laser fluence on
the final material properties were also studied.

2.4.2. Aim of the study

The primary aim of this study was to synthesize rare-earth free compositionally controlled
ternary alloy NPs via PLAL and compare its properties with the MPs. The research aims at
¢ Development of a Compositionally Controlled Approach for Synthesizing NisoMnsoxSnx
(at. %; for 13 at. % <x <15 at. %) NPs
¢ Investigating Magnetic Properties of NiMnSn MPs and NPs of similar composition
e Exploring High-Resolution 2D Laser Printing of NiMnSn Materials by employing laser
printing strategy to print its MP and NP ink
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¢ Investigating the sintering behavior of both MP and NP-based inks under different laser
fluences to determine their suitability for structured magnetocaloric applications.
e Assessing the Influence of Laser Processing on Magnetic Transitions
By investigating these objectives, the findings can contribute to the advancement of solid-state
cooling technologies, offering new insights into the scalability and structuring of NiMnSn-based

materials for next-generation microdevices.
243. Methods

2431. Synthesis of NiMnSn Fine Microparticles

NiMnSn MPs were produced through gas atomization and analyzed to determine their
elemental composition using X-ray fluorescence. Their structural and elemental distribution
was further examined through EDX in combination with SEM. The study involved a series of
steps, including target preparation, NP synthesis through PLAL, formulation of inks, and

subsequent laser sintering.

243.2. Fabrication of NiMnSn Targets

To achieve compositionally controlled synthesis of NiMnSn NPs, different target preparation
approaches were employed. (Fig. 1a and b, Appendix: Study 4) The first method (Type 1
target) involved the fabrication of polycrystalline alloy targets through arc melting under an
inert argon atmosphere, followed by an annealing at an elevated temperature to ensure
homogeneity. The solidified material was then sectioned into thin slices and immersed in water

for subsequent laser processing.

Another approach utilized powder-based targets (Type 2 Targets), where elemental MPs of
Ni, Mn, and Sn were combined in various proportions and mixed with polyvinylpyrrolidone as
a binder. The blended powders were compacted into pellet form to serve as targets for NP

synthesis.

Type 3 targets were prepared using pre-alloyed MPs, which were blended with additional Mn
MPs to adjust composition. The mixture was manually ground to ensure uniformity, pressed
into cylindrical pellets under controlled pressure, and subjected to heat treatment in a nitrogen

environment.

2.4.3.3. Pulsed laser ablation of NiMnSn targets

NPs were generated by performing PLAL using different target materials. (Fig. 1¢, Appendix:
Study 4) The ablation process was carried out in ethanol using a near-infrared picosecond
pulsed laser. The laser beam was precisely controlled through a scanning system to create a
defined ablation pattern, ensuring uniform material removal. The resulting NPs were collected

in a continuously circulated liquid environment to improve yield and minimize solvent usage.
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The synthesized NPs were characterized for their size distribution, morphology, and elemental
composition. Their structural analysis was conducted using TEM, while crystal structure
determination was performed through XRD. The magnetic properties of the NPs were
assessed using vibrating sample magnetometry, with temperature-dependent magnetization

measurements recorded under different applied magnetic fields.

243.4. Formulation and Laser Processing of NiMnSn Nanoparticle Inks

To formulate inks, the NPs were dispersed in ethanol, and their concentration was adjusted
through partial solvent evaporation. A polymer stabilizer was introduced to enhance dispersion
stability. In separate preparation, MP-based inks were formulated by dispersing commercial
NiMnSn MPs with a polymer additive in ethanol, followed by ultrasonication to ensure uniform

mixing. (Fig. 1d, Appendix: Study 4)

The inks were deposited onto glass substrates in controlled volumes to form thin layers. Laser
sintering was performed using a continuous-wave laser in conjunction with a programmable
linear stage. The laser parameters were adjusted to achieve optimal sintering conditions while

minimizing material ablation.

The sintered structures were examined using SEM to evaluate their morphology, while TEM
was used to analyze their structural characteristics at a higher resolution. Magnetic
measurements were performed to determine the effects of laser sintering on the magnetic

properties of the printed structures.
2.4.4. Results

2441. Composition Control and Particle Size Characterization of NiMnSn
Microparticles and Nanoparticles

Elemental composition of NiMnSn MPs and NPs produced via different approaches were
investigated (Fig. 2, Appendix: Study 4). Elemental analysis of NiMnSn MPs and NPs
synthesized through PLAL shows that the composition of the MPs closely matches the
intended NisoMnsoxSny (at.%; for 13 at.% < x < 15 at.%), with Nis72Mn3g2Sn13,0 (at.%). A slight
increase in Mn content was used to offset potential evaporation losses during laser

processing.

NPs obtained from the arc-melted NisoMn3sSnis (at.%) bulk target exhibit a significant
reduction in Mn content, with Mn measured at 15.3 £ 4.6 at.%, i.e., 31.5% lower than the target
composition. This selective Mn loss is attributed to its lower boiling point (2095°C) compared
to Ni (2913°C) and Sn (2602°C), making it more susceptible to vaporization during laser

ablation.
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NPs synthesized from powder-pressed elemental targets with an adjusted ratio of Ni (37 at.%),
Mn (53 at.%), and Sn (10 at.%) aimed to compensate for Mn loss. However, substantial
deviations were still observed, with Ni content fluctuating up to +30 at.%. The uneven
distribution of elements is likely due to differences in latent heat of fusion and vaporization,

leading to compositionally inconsistent NPs.

A more controlled composition is achieved when NPs are synthesized using pre-alloyed MPs
mixed with an additional 20 at.% Mn, resulting in NPs with Mn content of 12.0 + 1.8 at.%, Ni
at 35.3 + 4.1 at.%, and Sn at 1.30 + 0.4 at.%. These values closely align with the desired
stoichiometry, with deviations reduced to ~7 at.% for Mn. Despite some minor fluctuations, the

NPs exhibit a significantly improved compositional homogeneity compared to other methods.

Particle size analysis (Fig. 2c, Appendix: Study 4) reveals that MPs have an average diameter
of approximately 10.0 um, while NPs produced via PLAL show a much smaller average size
of 12.4 £ 6 nm. The NP size distribution is monomodal and narrow, indicating a more uniform
particle population compared to the broader size range of MPs. Both MPs and NPs maintain
a spherical morphology, making them suitable for comparative analysis in subsequent

processing steps.

2442 Magnetic Properties of Microparticles and Nanoparticles

Temperature-dependent magnetization measurements of MPs reveal two distinct magnetic
transitions at approximately 300 K and 200 K (Fig. 3a, Appendix: Study 4). These transitions
correspond to the transformation from the high-temperature austenite phase to the martensite
phase. The T, = 315 K, and the martensitic phase, T, = 230 K, indicate a mixed-phase system.
Under a higher field of 1 T, the first transition shifts downward by = 5 K to 295 K, while the
second transition becomes indistinguishable due to similar magnetization values between the

austenite and martensite phases, leading to dM/dT = 0.

In contrast, NiMnSn NPs (from Type 3 target), the M-T curve shows a gradual decrease in
magnetization with increasing temperature under both 10 mT and 1 T fields (Fig. 3b, Appendix:
Study 4). Unlike the MPs, which exhibit two clear magnetic transitions, the NPs display broad
and weak features around 200 K and 300 K. These transitions appear diffuse and are less
pronounced. The M-T curves of NPs synthesized via PLAL of Type 1 target (Fig. S5 Appendix:
Study 4) do not exhibit these broad transitions, indicating the importance of compositionally
controlled synthesis in achieving a distinct austenite-martensite transformation near room
temperature. At 1 T, the transitions are further suppressed due to the reduced magnetic

contrast between the phases, similar to the behavior observed in MPs.
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24.43. Laser processing of Microparticles and Nanoparticles

Laser irradiation successfully sinters both MP and NP inks (Fig. 4, Appendix: Study 4). For
MPs, sintering begins at a fluence of 0.76 J/cm?, with complete fusion achieved at 0.89 J/cm>.
The average sintered line width is 254 + 17 ym, but at fluences above this range, partial
ablation occurs. The Gaussian intensity profile of the laser beam leads to higher intensity at

the center, causing non-uniform sintering in some areas.

For NPs, sintering initiates at a lower fluence of 0.66 J/cm? and is fully achieved at 0.87 J/cm?,
with an average sintered line width of 65 + 4 ym. The resolution was characterized by the
standard deviation of the line thickness which was 4 times higher than MP sintering. Compared
to MPs, NP sintering produces structures with four times better uniformity, due to the smaller
particle size allowing for more precise structuring. The lower sintered line width of NPs is

attributed to their finer resolution and higher energy absorption efficiency.

The ratio of ablation to sintering is higher for NPs than MPs, likely due to their larger surface
area, which increases sensitivity to laser heating. Microscopic analysis confirms that NPs form
tightly fused clusters, whereas MPs exhibit partial fusion at contact points. This suggests that
NPs offer superior resolution and homogeneity for miniaturized device applications. The ratio
of ablation to sintering is higher for NPs than for MPs, which could be due to their larger surface
area and different thermal absorption characteristics. Microscopic analysis confirms that NPs

form tightly fused clusters upon sintering, while MPs display partial fusion at contact points.

2444. Magnetic Properties of Laser-Sintered Structures

Sintered MPs maintain distinct magnetic phase transitions similar to their unsintered
counterparts, with ~ 2 times increase in magnetization (Fig. 5a, Appendix: Study 4). The
enhancement is likely due to improved particle connectivity and stronger magnetic interactions
after sintering. At higher laser fluences, however, some material loss occurs, leading to a

reduction in overall magnetization (Fig. 5b, Appendix: Study 4).

NP sintered structures exhibit a gradual decline in magnetization with temperature, similar to
unsintered NPs (Fig.5¢c, Appendix: Study 4). The absence of sharp transitions suggests that
sintering does not significantly alter the magnetic properties of the NPs. Higher laser fluences
further suppress transition features (Fig.5d, Appendix: Study 4), possibly due to increased
structural disorders or minor compositional changes caused by heating effects during

sintering.

Overall, laser printing and sintering enable the fabrication of structured NiMnSn materials while
preserving their key magnetic properties. The differences in sintering behavior between MPs
and NPs highlight the advantages of NPs for high-resolution structuring and controlled material

processing.
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2.5. Summary overview: Linking the Four Studies

This thesis explores the synthesis and characterization of rare-earth-free magnetocaloric
materials across a compositional and dimensional gradient, from binary alloys to high-entropy
and compositionally complex systems, and from bulk to nanoscale. The overarching goal was
to develop scalable, compositionally controlled fabrication routes for magnetocaloric materials
tailored for miniaturized applications, including microcooling, MEMS, and flexible electronics.
Four distinct studies collectively underpin this aim, each addressing key challenges in
composition tuning, nanoparticle synthesis, magnetic phase transition control, and laser

structuring for device integration.

The first study established a direct-write approach for producing functional magnetocaloric
microstructures using laser-sintered FeRh nanoparticles. Through precise control of laser
parameters, a transition from the paramagnetic y-FeRh phase to the magnetically ordered B2
phase was achieved while preserving the material's integrity and magnetocaloric functionality.
The study demonstrated that laser sintering offers superior oxidation resistance and spatial
control compared to conventional furnace annealing, enabling high-resolution 2D structuring

of magnetocaloric materials for localized cooling.

The second study extended the scope from binary FeRh to multi-element CoCrFeMnNi HEAs,
emphasizing the role of target preparation in nanoparticle synthesis PLAL. By comparing
powder-pressed, ball-milled, and single-crystal alloy targets, it revealed how differences in
target homogeneity and crystallinity influence nanoparticle yield, size distribution, composition,
and magnetic behavior. Time-of-flight mass spectrometry clarified the ablation dynamics and
vaporization sequence of individual elements, highlighting the potential of PLAL to produce

compositionally stable HEA nanoparticles when target design is optimized.

The success of producing multicomponent NPs has been translated to the third study in which
magnetically tunable CCAs-namely MnFeNiGeSi and MnFeNiSiAl-were synthesized both in
bulk and nanoparticle form. The bulk CCAs were prepared via scalable sintering routes, while
nanoparticles were generated via PLAL. A comparative study of their magnetic transitions
revealed key size-dependent effects: while bulk samples exhibited clear ferromagnetic—
paramagnetic transitions, the nanoparticles displayed superparamagnetic behavior with
blocking temperatures shifted due to surface effects and compositional inhomogeneities. The
replacement of Ge with Al demonstrated a cost-effective pathway to engineer magnetocaloric

materials without sacrificing performance.
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The fourth study focused on achieving precise composition control in ternary NiMnSn
nanoparticles, known for their room-temperature inverse magnetocaloric effect using various
PLAL target strategies. Among these, the use of pre-alloyed micropowders mixed with Mn
yielded nanoparticles closest to the desired stoichiometry. These compositionally optimized
nanoparticles were formulated into printable inks and successfully laser-sintered into
microstructures. A comparative analysis of microparticle and nanoparticle inks highlighted that
nanoparticle inks provided superior spatial resolution and homogeneity, though magnetic

transitions were broader due to surface and size effects.

Collectively, these studies demonstrate a progressive advancement from composition tuning
and phase stabilization in simple binary systems toward scalable nanoparticle synthesis and
device integration in complex multicomponent alloys. The work bridges fundamental
understanding of laser—material interaction at micro and nanoscale with the practical need for
customizable, energy-efficient magnetocaloric materials, offering new opportunities for on-

chip thermal management and solid-state refrigeration.
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Figure 4: Graphical overview of the four studies presented in this thesis. Top left (Study 1):
Synthesis, ink formulation, and laser sintering of FeRh nanoparticles for fabricating
magnetocaloric microstructures, with comparison to furnace sintering. Top right (Study 2):
Influence of target preparation (pressed powders, ball-milled powders, and single crystals) on
the synthesis of CoCrFeMnNi high-entropy alloy nanoparticles via pulsed laser ablation in
liquids (PLAL). Bottom left (Study 3): Synthesis and magnetic characterization of
FeMnNiGeSi and FeMnNiSiAl compositionally complex alloys at both bulk and nanoscale,
revealing distinct magnetocaloric behavior. Bottom right (Study 4): Compositionally
controlled synthesis of NiMnSn nanoparticles via PLAL using various target strategies,
followed by 2D laser printing and magnetic evaluation of both nanoparticle and microparticle

inks.
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2.6. Specific Contributions in Each Study

2.6.1. Contribution in Study 1: Laser structuring of FeRh Nanoparticle

inks

In this study, | played a central role in developing a streamlined, scalable route to fabricate
magnetocaloric microstructures from FeRh nanoparticles. My contributions began with the
PLAL of bulk FeRh targets to synthesize nanoparticles. | then formulated functional inks from
these nanoparticles, optimizing dispersibility and sinterability by incorporating appropriate
polymers. A major technical focus was to understand the influence of polymer additives on ink
homogeneity, interparticle contact, and the sintering behavior necessary for achieving high-

quality microstructures.

| conducted detailed particle size distribution analysis of the synthesized FeRh nanoparticles
visualized using TEM, and examined the morphology of sintered structures via SEM. Both
furnace-sintered and laser-sintered samples were studied across a range of laser fluences. |
evaluated the magnetic properties through temperature- and field-dependent magnetization
measurements and correlated the results with X-ray diffraction (XRD) data to determine the
relative content of the desired B2 phase versus the disordered gamma-FeRh phase. These
correlations were critical in establishing that laser sintering can induce the AFM-to-FM
transition by stabilizing the B2 phase, whereas furnace sintering was associated with a

stronger tendency toward oxidation.

One of the key challenges addressed was the development of a rapid and reproducible
process for creating magnetocaloric structures with enhanced B2 phase content and improved
magnetic transitions. Another important task was the fabrication of custom 2D structures using
direct laser writing. | actively optimized laser processing parameters to achieve spatially
resolved functional structures. Finally, | led the preparation of the manuscript, including writing

and revising the first draft.

2.6.2. Contribution in Study 2: Effect of Target Preparation on High

entropy Nanoparticles via Pulsed Laser Ablation in Liquids

My work in this study focused on understanding how different target preparation methods
influence the yield, composition, and magnetic properties of CoCrFeMnNi HEA nanoparticles
synthesized via PLAL. | prepared HEA targets using powder pressing followed by heat
treatment—a simpler and more scalable alternative to ball milling or single crystal growth.

These targets were compared with those prepared by coauthors using alternative routes.
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A central challenge was to optimize the laser and scanner parameters for each type of target
to ensure high ablation efficiency and nanoparticle productivity. | carried out microstructural
analysis of both targets and nanoparticles using SEM and TEM, respectively, to investigate
morphology, size distribution, and crystallinity. Furthermore, | linked the microstructure of the
targets to the characteristics of the resulting nanoparticles to identify processing—property

relationships.

| also participated in the interpretation of advanced characterization techniques such as
Mossbauer spectroscopy and ToF-SIMS. These analyses were critical in understanding
element-specific ablation behaviors and possible fractionation effects. | worked closely on the
integration of these results with physical observations to explain differences in magnetic
performance and compositional uniformity. Additionally, | contributed extensively to drafting

the manuscript and compiling figures.

2.6.3. Contribution in Study 3: Magnetic Transitions in Compositionally

Complex Alloys at Bulk and Nanoscale

In this study, | contributed to the fabrication of compositionally complex alloys (CCAs) based
on MnFeNiSiAl and MnFeNiGeSi systems and studied their magnetic behavior at both bulk
and nanoparticle scales. My major task was to fabricate the Al-based CCA via powder-
pressing followed by heat treatment. This method provided a low-cost and scalable route to

produce alloy targets for PLAL.

| was actively involved in the microstructural analysis of both the bulk targets and the
nanoparticles derived from them. Using SEM and TEM, | evaluated particle morphologies and
size distributions. | also used CrystBox software to perform crystal structure indexing from
high-resolution TEM images. Elemental compositions were determined using EDX analysis,
and | conducted a comparative analysis of compositional deviations between bulk and

nanoscale forms.

| also analyzed the initial magnetization measurements and helped identify the differences in
magnetic behavior between the Al- and Ge-based CCAs. A key challenge in this work was to
demonstrate that rare-earth-free nanoparticles with magnetocaloric properties could be
synthesized using five-element alloy systems, and to assess whether Al could serve as a cost-

effective replacement for Ge.

2.6.4. Contribution in Study 4: Composition-Controlled Synthesis and
Printing of NiMnSn Nanoparticles
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This study focused on the synthesis of NiMnSn nanoparticles with a composition close to
NisoMn3sSn+s, which exhibits an inverse magnetocaloric effect near room temperature. | was
responsible for designing and testing various target preparation strategies to minimize
compositional deviation in the resulting nanoparticles. These included PLAL of arc-melted bulk

targets, pressed elemental powders, and micropowder blends.

The optimal composition was achieved using pressed micropowder blends of NiMnSn and
additional Mn, which yielded nanoparticles closely matching the desired stoichiometry. A major
challenge was to formulate printable inks from these microparticles. Due to their higher
magnetization and faster sedimentation, stabilizing microparticles in suspension required
extensive optimization. | developed ink formulations that balanced stability, printability, and

functional performance.

| also optimized laser sintering parameters for both microparticle and nanoparticle inks, and
evaluated the resulting structures using SEM and EDX mapping. | interpreted magnetic and
XRD analyses to understand how processing conditions influenced phase purity and transition
behavior. This comprehensive approach enabled a direct comparison of sintered structures
from both particle types. | was responsible for writing and revising the first draft of the

manuscript and will be responsible for further revisions.

Through all four studies, | contributed to the full research workflow, from experimental planning
and synthesis to characterization, optimization, and scientific writing, while addressing key

challenges in composition control, scale-up, and magnetocaloric performance enhancement.
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3. General discussion

3.1. Discussion of results

In this section we will discuss together the results from PLAL synthesized binary, ternary and
CCAs NPs comparing their composition, particle size distribution, productivity and magnetic

responses and the challenges associated with each material system

3.1.1. Nanoparticle Composition and Phase Control: Target preparation

techniques

FeRh alloy NPs synthesized via PLAL demonstrated that when using an equimolar FeRh arc
melted target in ethanol and acetone, the resulting NPs retained an equimolar composition.
(Nadarajah et al., 2020) The oxidation level was significantly lower in these solvents compared
to water. Further improvements in oxidation resistance were achieved using molecular-sieve-
treated solvents and inert or reducing gases, reducing oxidation to as low as 4 at.%. These
findings highlight the importance of solvent choice and inert or reducing gas atmosphere in

controlling composition and phase purity in laser-ablated NPs.

The synthesis of multicomponent alloy NPs, particularly those composed of Heusler alloys,
HEAs, and other complex compositions, presents significant challenges in achieving
homogeneous elemental distribution. Unlike bulk materials, where thermodynamic equilibrium
allows for atomic diffusion and homogenization over time, NP formation occurs in highly
dynamic and non-equilibrium conditions. This complexity is further amplified in PLAL
synthesis, where rapid vaporization and condensation determine the final NP composition and
structure. The timeline of NP formation in PLAL is extremely rapid. Immediately after laser
irradiation, the material undergoes intense heating, reaching several thousand Kelvin within a
few picoseconds. The ejected atoms and ions form a hot plasma plume that expands into the
liquid medium. Within nanoseconds, the plasma begins cooling, allowing nucleation of NPs.
Over the following microseconds to milliseconds, particle growth, aggregation, and secondary
reactions take place, further influencing composition. This rapid heating and cooling process
along with differences in intrinsic material properties such as melting points, boiling points,
ionization potentials, atomic diffusion rates, and other material properties such as thermal
conductivity, specific heat capacities and so on, could result in preferential evaporation,
altering the final composition of condensed NP and can lead to elemental segregation and

core-shell structures.
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The target preparation method plays a crucial role in determining the composition and phase
distribution of the synthesized NPs. In Study 2, CoCrFeMnNi HEA targets prepared using
different approaches for HEA-PP, HEA-BP, HEA-SX. PLAL of HEA-BP and HEA-SX resulted
in the formation of an Mn-rich oxide shell around the NPs (for particles > 20 nm), as confirmed
by TEM-EDX mapping. However, no such oxide shell was observed in NPs synthesized from
HEA-PP targets. The mass spectrometric analysis of the ablation plume provides insights into
this selective Mn surface enrichment. Mn has a significantly lower boiling point (2095°C) and
latent heat of vaporization (226 kJ/mol) compared to other elements in the HEA system (Ni:
2913°C, 379 kJ/mol; Fe: 2862°C, 340 kJ/mol; Co: 2927°C, 376 kJ/mol; Cr: 2671°C, 347
kJ/mol). This high volatility causes Mn to evaporate preferentially during laser ablation,
increasing its concentration in the plasma plume compared to less volatile elements.
Additionally, Mn has a lower ionization potential (7.43 eV) than Co (7.86 eV), Fe (7.90 eV), Ni
(7.64 eV), and Cr (6.77 eV), making it more prone to ionization and reactive interactions with
residual oxygen in the ablation environment. These factors contribute to Mn being
preferentially segregated in the expanding plasma plume and more likely to condense at the
NP surface upon cooling. In the HEA-BP and HEA-SX targets, where the elements were more
homogeneously alloyed, the ablation process resulted in a compositionally uniform plasma,
allowing Mn to preferentially migrate to the NP surface and form Mn-rich oxides due to its high
reactivity with oxygen. The presence of Mn oxides was confirmed by EDX mapping, indicating
that Mn oxidation occurred as the NPs formed and cooled. In contrast, the HEA-PP target was
prepared by pressing elemental powders followed by heat treatment. This process might have
led to Mn surface segregation within the target itself, resulting in an Mn-deficient bulk
composition. Consequently, PLAL of the HEA-PP target generated a plasma plume with an
overall lower Mn content, preventing the formation of a distinct Mn-rich oxide shell around the
NPs. However, the average Mn content between the NPs was near to 20 at.%. Additionally,
because HEA-PP targets retained some elemental characteristics from their precursor
powders rather than forming a fully homogeneous alloy, the ablation process could have
promoted direct recombination of elements in the plasma phase, leading to more
homogeneous NP formation without Mn segregation. These findings highlight that the extent
of pre-alloying in the target directly influences element redistribution during PLAL, affecting
both NP composition and oxidation behavior. The results also emphasize how elemental
volatility, ionization energy, and plasma dynamics contribute to compositional variations,

which must be carefully controlled to achieve the desired HEA NP properties.

Additionally, when synthesizing magnetocaloric CCA NPs (Study 3) compositional deviations
were observed in Ge-based and Al-based CCA NPs synthesized using PLAL. In Ge-based

CCA NPs, Mn exhibited a 31.5% reduction compared to the expected composition, again likely
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due to its higher volatility and lower ionization potential. In Al-based CCA NPs, Al content was
reduced by 43.5%, attributed to its low melting point and increased likelihood of preferential
evaporation. These deviations emphasize the critical influence of elemental properties on NP
composition during PLAL and further demonstrate that target preparation strategies must be

carefully optimized to mitigate these effects.

In study 4, the target preparation method was studied to achieve composition-controlled
synthesis of NPs, i.e., close to the desired composition NisoMnsoxSnx (at. %; for 13 at.
% < x <15 at. %). PLAL of an arc-melted NiMnSn bulk target (NisoMnzsSn14) Mn depletion was
significant, leading to a Ni-rich composition that lacked the desired magnetocaloric phase
transitions. Similarly, when using a target formed by pressing elemental Ni, Mn, and Sn Mps,
compositional deviations between NPs were excessively high, likely due to differential
evaporation rates and incomplete atomic recombination during condensation. However, by
preparing the target using powder pressing and heat treatment of prealloyed NiMnSn MPs
mixed with additional Mn MPs, compositionally close to the desired composition with minimum
deviation between the NPs was successfully achieved. This could be due to the small
difference in the volatility of alloy MPs and Mn MPs compared to volatility of other elements
(Ni, Sn) as individual. This method compensated for Mn losses during ablation, ensuring that
the resulting NPs closely matched the intended stoichiometry. This highlights the crucial role

of target preparation in achieving precise elemental control in PLAL-synthesized NPs.

Table 1. Effect of target preparation method on the composition of target and PLAL

synthesized NPs.

Alloy system Target preparation Variation in target | NP composition
composition after PLAL

FeRh FesoRhso target | FesoRhso Near to equiatomic
prepared via arc FeRh NP
melting

CoCrFeMnNi HEA-PP target | Lower Mn in ablated | Average composition

HEA prepared via | region near to equiatomic
equiatomic elemental with large deviations
powder pressing and between NPs, solid
Heat treatment solution alloy
HEA-BP target | Near to equiatomic | Average composition
prepared via | composition near to equiatomic
equiatomic elemental with large deviations
powder HEBM and between NPs, Core-
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hot

equiatomic powder

pressing of

Mn

fromation

rich shell

HEA-SX
prepared

target
via

Bridgeman method

Near to equiatomic

composition

Average composition
near to equiatomic
with large deviations

between NPs, Core-

Mn rich shell
formation
CCAs Ge-based CCA Lower Ge content on | Deficient in Mn with
the surface large deviation
between particles
Al-based CCA Higher Al content on | Deficientin Mn and Al,
the surface with large deviation
between particles
NiMnSn NiMnSn prepared via | NisoMnzsSna after | 14 at. % lower Mn
arc melting casting than
desired NiMnSn target | Varying Ni, Mn and Sn | substantial deviations
composition prepared via | elemental ratios. (maximum 30 at.% in
NisoMnsoxSny elemental powder | 37 at.% Ni, 53 at.% | Ni)

(at.%; for 13
at.% < x < 15
at.%)

pressing and heat

Mn, and 10 at.% Sn

treatment were the closest
composition to
achieve the average
desired ratio NisoMnso.
xSy (at.%; for 13 at.%
< x < 15 at.%) after
PLAL
NiMnSn target | Prealloyed MPs | Small deviations

prepared via pressing
of NiMnSn alloy MPs
with Mn MPs

Nis7.2Mn39.2Sn13.0

(at.%) with 20 at.% Mn
NP were the closest
composition to
achieve the average
desired ratio NispMnso.
xSy (at.%; for 13 at.%

between NPs, desired

composition achieved
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< x < 15 at.%) after
PLAL

3.1.2. Nanoparticle Size Distributions

Particle size plays a crucial role in determining the magnetic properties of materials,
influencing magnetization, H;, and phase transitions. These size-dependent effects also
impact magnetocaloric performance, as smaller particles can exhibit tunable T, and reduced
hysteresis losses, which are beneficial for energy-efficient magnetic refrigeration. Additionally,
NPs enhance heat exchange efficiency due to their high surface area, making them suitable
for fluid-based MCC applications. However, extremely small sizes may lead to excessive
thermal fluctuations, weakening the MCE, necessitating an optimal size range for practical

applications.

The particle size distribution of FeRh alloy NPs synthesized via PLAL in acetone and
acetonitrile were analysed. The NPs had a mean size of 16.4 £ 6.7 nm in acetone and 15.8 +
5.9 nm in acetonitrile, with a PDI below 0.3, indicating a relatively narrow size distribution.
(Nadarajah et al., 2020) In study 1, FeRh NPs synthesized in ethanol under similar laser and
scanning parameters exhibited a significantly smaller mean size of 6.9 + 3.0 nm (Fig. S1,
Appendix: Study 1). For all synthesis, the typical size range from 2 nm to 120 nm was

observed.

To improve oxidation control, additional solvents were tested. NPs synthesized in propylene
carbonate had a mean size of 6.6 + 1.9 nm, while those in methylcyclohexane measured 15.9
+ 10.7 nm. However, these solvents were not used in further investigations due to either low
NP production rates or non-uniform particle morphology and were not part of any of the

studies.

Table 2. Effect of varying solvent on the NP size distribution produced via PLAL with

similar laser and scanning parameters.

Solvent Mean Particle Size (nm) £ Std Dev
Acetone 16.4 +6.7
Acetonitrile 15.8+5.9
Ethanol 6.9+3.0
Propylene Carbonate 6.6+1.9
Methylcyclohexane 15.9 + 10.7
Iron Pentacarbonyl 38.1+255
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To refine the NP size distribution, post-processing techniques such as centrifugation were
employed. Centrifugation in ethanol at 5000 rpm for 30 minutes effectively separated particles
by size: the supernatant contained NPs below ~10 nm, while the pellet retained larger particles
averaging 20-50 nm. This method preserves NP properties since laser parameters and
solvent conditions remain unchanged. However, the lower mass of smaller particles

necessitates high NP production for further characterization and comparative studies.

NiMnSn, HEA NPs (HEA-PP, HEA-BP, HEA-SX), Ge-based CCA, and Al-based CCA NPs
were synthesized under identical PLAL conditions at a laser fluence of 2.8 J/cm? and a
repetition rate of 2000 kHz. These parameters were initially optimized for HEA-PP, where
maximum productivity was achieved, and were then applied to all other materials. Despite
using the same conditions, variations in particle size distributions were observed Table 3.
highlighting the influence of composition, alloy fabrication method, and material properties on

NP formation.

Table 3. Effect of varying target material or target preparation method on the NP size

distribution synthesized via PLAL with similar laser and scanning parameters.

NP System Mean Particle Size (nm) = Std Dev
NiMnSn 124 +6.0

HEA-PP 8.6+55

HEA-BP 6.8+2.8

HEA-SX 6.2+3.3

Ge-based CCA 13.4+9.1

Al-based CCA 18.4+15.5

Across all studied systems, particle size distributions exhibit a characteristic lognormal shape,
with an abundance of smaller particles and fewer larger ones and particle size range from 2
to 130 nm. The generation of big and small NPs in PLAL follows distinct mechanisms that
explain the observed size distributions. As described earlier recent study by Shih et al.(Shih
et al., 2018) have identified two primary mechanisms that govern NP formation in picosecond
laser ablation: (1) rapid nucleation and growth of small NPs within an expanding metal-liquid
mixing region and (2) hydrodynamic instabilities that launch large liquid droplets into the

surrounding medium, leading to bimodal size distributions. The first mechanism, driven by the
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rapid cooling and recondensation of vaporized material, results in the formation of small NPs
with narrow size distributions. These NPs rapidly solidify upon interaction with the cooler liquid,
creating a population of sub-10 nm particles. The second mechanism, in contrast, occurs when
molten droplets are ejected due to Richtmyer-Meshkov and Rayleigh-Taylor instabilities at the
liquid-metal interface. The Richtmyer-Meshkov instability occurs at the interface of two fluids
with different densities when a shockwave or sudden pressure disturbance passes through.
In the case of laser ablation, this happens when the laser-generated plasma expands rapidly
into the surrounding liquid.(Samulyak & Prykarpatskyy, 2004) The molten material at the target
surface is suddenly pushed against the denser liquid environment, leading to the development
of interfacial perturbations. These perturbations grow and cause fragments of molten material
to be ejected as liquid droplets, which later cool and solidify into NPs. The instability is
enhanced by the high-energy impact of the expanding plasma, leading to irregularly shaped
and polydisperse particles in the tens to hundreds of nanometers range. The Rayleigh-Taylor
instability, on the other hand, arises when a denser fluid (such as molten metal) is accelerated
into a lighter fluid (such as the surrounding liquid) due to an external force, such as the recoil
pressure generated by the laser pulse.(Petrov, Khokhlov, Zhakhovsky, & Inogamov, 2019) This
leads to the formation of finger-like protrusions at the liquid-metal interface, which further
destabilize and break apart, producing droplets of varying sizes. These droplets then undergo
rapid cooling and solidification in the surrounding liquid. These instabilities drive the formation
of larger NPs, often in the tens to hundreds of nanometers range, explaining the presence of

broader size distributions observed experimentally.

Additionally, the cavitation bubble generated by the expanding ablation plume serves as a
critical region where NPs grow and solidify.(Ibrahimkutty, Wagener, Menzel, Plech, &
Barcikowski, 2012) The duration and collapse dynamics of this bubble influence the final size
distribution.(DongShi Zhang, Liu, & Liang, 2017). However, the study related to cavitation

bubble dynamics is not the scope of this thesis.
3.1.3. Nanoparticle Productivity

For the ablation of all the target in liquids, picosecond pulsed lasers were utilized in this study.
According to Neuenschawnder et al.(Neuenschwander, Jaeggi, Schmid, & Hennig, 2014), the
ablation rate increases with decreasing pulse durations. The rapid energy deposition from the
picosecond laser pulses can be understood through the two-temperature model (2TM), where
the laser energy is initially absorbed by the electron system before being transferred to the
lattice.(Leitz, Redlingshéfer, Reg, Otto, & Schmidt, 2011) Since the electron-lattice coupling
time occurs within a few picoseconds, the laser pulses are able to remove material efficiently

before significant heat diffusion takes place While femtosecond lasers have demonstrated
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higher production rates in air, their efficiency in liquids is reduced due to nonlinear energy
losses, such as self-focusing, filamentation, and non-linear optical absorption. Consequently,
picosecond lasers are preferred for PLAL due to their optimal balance between energy
efficiency and NP vyield.(Khairani, Minguez-Vega, Dofate-Buendia, & Gokce, 2023;
Nastulyavichus, Smirnov, & Kudryashov, 2022)

For FeRh NP synthesis picosecond pulsed Nd-YAG laser irradiation (Ekspla, Atlantic Series,
Vilnius, Lithuania, 10 ps, 100 kHz, 80 pJ, 1064 nm) was utilized and the the effect of solvent
on the productivity was determined. FeRh NP productivity was found to be highly dependent
on the solvent used during PLAL. At a laser fluence of 3.5 J/cm? and a scanning speed of 6
m/s, the maximum productivity was 43.6 mg/h in acetone and 41.2 mg/h in acetonitrile.
However, using ethanol as the solvent resulted in a slightly lower productivity of 37 mg/h. Other
solvents, including iron pentacarbonyl, methylcyclohexane, and iron pentacarbonyl, showed
significantly lower NP yields and therefore were not included in the studies. Specifically,
productivity in iron pentacarbonyl was four times lower than in acetone, while
methylcyclohexane and iron pentacarbonyl resulted in two times and 1.5 times lower
productivity, respectively. Despite the higher productivity in acetone, ethanol was chosen as
the solvent for all future experiments due to its ability to facilitate the formation of stable high-
concentration inks with better dispersion properties. Acetonitrile, although offering comparable

productivity to acetone, was discarded due to its hazardous nature.

The optimization of NP productivity was achieved using a different laser system that allowed
for tunable laser power and repetition rate, combined with an increased scanning speed. This
was particularly investigated for the synthesis of HEA NPs, where the repetition rate was
varied while keeping the laser power at its maximum value (110 W) to maximize productivity.
Unlike the FeRh NP synthesis, which utilized the Ekspla Atlantic Series Nd:YAG laser (10 ps,
100 kHz, 1064 nm), we transitioned to a more advanced system for HEAs, CCAs and NiMnSn.
These were synthesized via PLAL using a near-infrared picosecond pulsed Nd:YAG laser
(Coherent, HyperRapid NX, Kaiserslautern, Germany, 10 ps, 1064 nm) at laser power of 110
W. The HEA targets were ablated by focusing the laser beam with an f = 167 mm f-theta lens,
coupled to a galvanometric scanner (Raylase, SS-IV-15 [1070], Wessling, Germany),
generating a 6 mm-diameter hollow spiral pattern on the target surface at a scanning speed
of 10 m/s. The higher scanning speed, adjustable repetition rate and higher laser power
provided a more efficient and scalable approach compared to the conditions used for FeRh

synthesis.

The effect of repetition rate on productivity was systematically analyzed by ablating HEA-PP

targets in ethanol at different repetition rates while keeping the laser power at 110 W. The

62



highest ablation efficiency was achieved at a repetition rate of 2000 kHz and a laser fluence
of 2.8 J/cm?, yielding an average NP productivity of 311 mg/h. However, increasing the laser
fluence beyond 2.8 J/cm? did not further enhance productivity; instead, it resulted in a decline
(Fig. 4a, Appendix: Study 2). The decrease in ablation rate at higher fluences can be attributed
to the formation of laser-induced periodic surface structures (LIPSS) which was evident on the
ablated target (Fig. S2, Appendix: Study 2).(Bonse, Hohm, Kirner, Rosenfeld, & Kriger, 2017;
S. Lin, Shuo, Haiyan, & Jingquan, 2022) The presence of LIPSS modifies the absorption
properties of the target, leading to variations in energy deposition and redistribution of the
incoming laser energy. This formation of LIPSS is a well-known phenomenon in laser ablation
and is influenced by the laser wavelength, pulse duration, and fluence. Studies have shown
that LIPSS formation can negatively impact ablation efficiency by altering the optical properties
of the surface, leading to non-uniform energy absorption and increased scattering of the laser

beam.

Additionally, the fluence dependence of productivity follows a trend where ablation rates
increase initially before reaching a peak and subsequently declining at higher fluences. This
behavior is consistent with theoretical models, including those developed by Kanitz et
al.(Kanitz et al.,, 2017) who studied fluence-dependent ablation in liquids. Their model
describes how productivity initially rises due to increased energy input but eventually
decreases due to plasma shielding, cavitation, and target surface modifications. However, our
experimental data did not fully align with the Kanitz et al. model, as their framework primarily
applies to femtosecond laser ablation, where material removal occurs primarily through non-
thermal mechanisms. In contrast, the 10 ps laser used in our study is at the boundary between
ultrashort and short-pulse regimes, where thermal effects begin to play a more significant role.
This means that in addition to non-thermal ablation, hot ablation mechanisms such as surface
melting and vaporization contribute to material removal, leading to deviations from purely

ultrashort pulse ablation predictions.

The ablation threshold fluence of the HEA-PP was calculated using the equation Fi, = Fop / €2,
where Fo, is the optimum fluence, yielding a threshold of 0.38 J/cm?2. This value is higher than
the 0.24 J/cm? threshold previously reported for CoCrFeMnNi laser ablation in air. However,
those experiments were performed on a crystalline HEA target in air, which exhibited a

significantly lower ablation threshold than the HEA-PP target in liquid.

Variations in productivity were also observed depending on the target preparation method.
The HEA-PP target exhibited the highest productivity, measuring 6.5% and 15.1% higher than
the HEA-BP and HEA-SX targets, respectively. Upon further investigation using mass

spectrometer study also suggest that the threshold fluence for HEA-PP was found to be 0.36
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Jicm? (i.e close to 0.38 J/cm?) and 0.22 J/cm? for HEA-BP and HEA-SX (i.e closer to 0.24
J/icm?). The observed difference in the ablation thresholds for alloyed HEA-BP and HEA-SX
targets and the mixed elemental HEA-PP sample is likely due to different optical and

thermophysical properties of the targets.

In another work we explored a different approach to improving NP productivity of multi-beam
pulsed laser ablation in liquids (MB-PLAL).(Gatsa et al., 2024) This method utilizes DOEs to
split the laser beam into multiple sub-beams, enabling both temporal and spatial bypassing of
the cavitation bubble, which is one of the main limiting factors in PLAL efficiency. By
redistributing laser energy more effectively and reducing shielding effects from cavitation
bubbles, the MB-PLAL technique significantly increased NP yields without compromising
particle quality. Their study demonstrated that NP production in the gram-per-hour range is
achievable using this approach, making it a promising strategy for scaling up laser-based NP

synthesis.
3.1.4. Magnetic and magnetocaloric nanoparticles properties

The initial study lead by Nadarajah highlights the impact of phase stability and structural
transformation on the magnetic behavior of FeERh NPs synthesized via PLAL.(Nadarajah et
al., 2021) The primary observation is that rapid quenching during laser ablation stabilizes the
metastable y-phase, which is predominantly PM at room temperature. This phase is not
typically observed in bulk FeRh, demonstrating how the nanoscale environment and synthesis
method influence phase formation. Upon annealing, the y-phase gradually transitions into the
ordered B2-phase, which is known for its AFM to FM transition near room temperature. The
progressive formation of the B2-phase is reflected by the XRD, Méssbauer and Magnetometry
results. While the field driven magnetic transition shows AFM-FM transition. The AS,, extracted
from the magnetocaloric analysis confirms that the transition temperature shifts with the
applied magnetic field, reinforcing the idea that external stimuli can fine-tune the phase

transformation.

Overall, the findings underscore that annealing significantly enhances the magnetocaloric
response of FeRh NPs by stabilizing the B2-phase and optimizing the AFM-FM transition.
However, residual FM fractions and transition broadening due to disorder must be carefully

considered for future applications, particularly in MCC technologies.

3.1.4.A1. Magnetic response of CCAs - Bulk vs Nanoparticles
In Study 2, highlights the contrasting magnetic behavior of bulk and NP forms of Ge-based
and Al-based CCAs, emphasizing the role of size effects and phase transition mechanisms.

In bulk form, these CCAs undergo a FM-to-PM transition, where long-range magnetic
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interactions define their T.. However, for NPs, the transition is fundamentally different, as it is
governed by SPM-to-PM behavior, influenced by finite-size effects and thermal fluctuations

overcoming magnetic anisotropy.

The bulk CCAs exhibit distinct magnetic phase transitions, with the Ge-based CCA
transitioning at a lower temperature than the Al-based CCA, which indicates differences in
exchange interactions and microstructural stability. A sharper transition in the Ge-based CCA
suggests a well-defined phase boundary, whereas the broader transition in the Al-based CCA
implies a gradual transformation, possibly influenced by multiple coexisting phases or
microstructural defects. Magnetic hysteresis loops further confirm that the bulk Ge-based CCA
retains strong FM characteristics at low temperatures, whereas the Al-based CCA exhibits

weaker magnetic ordering.

In contrast, the Ge-based and Al-based CCA NPs exhibit a SPM-to-PM transition instead of a
FM-to-PM transition. The M-T curves for NPs show a distinct blocking temperature at 120 K,
below which thermal energy is insufficient to overcome magnetic anisotropy, leading to a
divergence between ZFC and FC magnetization curves. This behavior differs from the bulk
materials, where the transition is driven by long-range FM ordering. The Ge-based CCA NPs
exhibit a significantly lower magnetization at low temperatures compared to their bulk
counterpart due to size effects, thermal fluctuations, and oxide shell formation, which reduces
the magnetically active volume. Additionally, the H. of the Ge-based CCA NPs at 5 K is much
higher than in the bulk sample due to enhanced surface anisotropy and core-shell NP
structure. Similarly, the Al-based CCA NPs exhibit a blocking temperature at 100 K and also
display higher H. compared to their bulk counterpart, which is again attributed to enhanced
anisotropy in small particles. However, their lower H, at 300 K compared to Ge-based NPs
suggests differences in oxide shell formation and the proportion of larger ferromagnetic

particles.

Since the magnetic phase transitions in bulk and NP CCAs are fundamentally different, direct
comparisons of magnetic moment values between the two are not appropriate. In bulk
materials, the transition is associated with FM to PM ordering, while in NPs, the transition
occurs due to thermal activation overcoming the magnetic anisotropy barrier, leading to SPM
behavior. The higher H. in NPs at low temperatures could be due to enhanced surface
anisotropy, while their lower magnetization results from oxide shell formation and size-
dependent magnetic dilution effects. The differences in Ty, H., and magnetization highlight
the size-dependent nature of magnetic properties in CCAs and demonstrate how nanoscale

effects modify the fundamental phase transition mechanisms compared to bulk materials.
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3.1.4.2. Magnetic response of NiMnSn — Nanoparticles vs Microparticles

To compare the magnetic properties of NPs and MPs, NiMnSn Heusler alloys was
investigated. In this work, compositionally controlled synthesis of NPs was strategically
achieved via PLAL of powder-pressed and sintered NiMnSn micropowder targets with
additional Mn MPs to compensate for Mn loss during laser-induced evaporation. This
approach ensured that the resulting NPs maintained a composition similar to the starting bulk

material.

The M-T measurements of NiMnSn MPs revealed two distinct magnetic transitions under a
low applied field of 10 mT. The first transition occurred at approximately 300 K, followed by a
second transition around 200 K, both associated with the austenite-to-martensite
transformation. The presence of two transitions suggests compositional inhomogeneity within
the powder, likely due to segregation effects during gas atomization, which cause different
regions to transform at slightly different temperatures. The T, of the austenite phase was
estimated at ~315 K, while the martensitic phase exhibited a lower T, of ~230 K, indicating a
mixed-phase system. These results are consistent with NiMn-based Heusler alloys, where
atomic ordering and phase coexistence play a critical role in magnetic behavior. Under a
higher applied field of 1 T, the first transition temperature shifted downward by ~5 K to 295 K,
highlighting the effect of the external field in stabilizing one of the phases. Meanwhile, the
second transition became indistinguishable due to the comparable magnetization values of

the austenite and martensite phases, resulting in a flattened dM/dT signal.

In contrast, the M-T curves of NiIMnSn NPs exhibited a more gradual decrease in
magnetization with increasing temperature, lacking the distinct two-step phase transition
observed in MPs. The broadening and weakening of the magnetic transitions in NPs can be
attributed to multiple factors, including oxidation effects, which are common in nanosized
materials, as well as SPM behavior in smaller particles and the presence of AFM interactions
from surface oxides. The reduced fraction of austenite-martensite phase conversion in NPs
suggests a compositional inhomogeneity at the nanoscale. Interestingly, these diffuse
transitions were absent in off stoichiometric NPs synthesized by PLAL of bulk NiMnSn target
produced via arc melting, indicating that compositionally controlled synthesis plays a crucial
role in preserving a distinct austenite-martensite transition near room temperature. Similar to
MPs, at 1 T, the transition was further suppressed, as the magnetization contrast between the
austenite and martensite phases was reduced, making the transformation less

distinguishable.

3.1.5. Laser Printing of magnetocaloric structures
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3.1.5.1. Printing of FeRh microstructures

Initial Study on laser-printed structures of FeRh NP ink demonstrated that a phase transition
could be induced in millimeter-scale printed lines using laser sintering.(Nadarajah et al., 2021)
The FeRh ink, composed of PLAL-synthesized FeRh NPs dispersed in a solvent, was
deposited onto a polymer coated glass substrate and then subjected to laser sintering to form
compact 2D structures. Upon laser sintering, the NPs were densely compacted, forming a
continuous bulk-like structure with significantly reduced porosity. The effectiveness of sintering
was further confirmed by sheet resistance measurements, which serve as an indicator of
electrical connectivity and interparticle compactness. Structural characterization revealed the
presence of both fcc and bcc phases, indicating that thermal effects during laser sintering
influenced phase stability. The unsintered FeRh ink exhibited minimal magnetization and no
coercive field, confirming that as-synthesized FeRh NPs predominantly exist in the PM y-
phase. However, after laser sintering, the sample displayed a noticeable increase in
magnetization, along with the emergence of a magnetic hysteresis loop, indicating that a

partial y-to-B2 phase transformation had occurred.

Compared to initial developments by Nadarajah and co (Nadarajah et al., 2021) where
millimetre-scale laser-sintered FeRh structures were demonstrated, Study 1 shows successful
printing of FeRh at micron-scale and optimizing both structural and magnetic properties. The
laser fluence played a crucial role in determining the printing morphology, affecting the degree
of NP sintering, densification, and phase transformation. At low fluences, partial sintering was
observed, where NPs fused together but retained significant porosity due to incomplete
coalescence. As fluence increased, the NPs densified, forming a continuous structure with
enhanced interparticle connectivity. At even higher fluences, partial ablation occurred, leading
to material loss, while at very high fluences, substrate damage was observed due to excessive
energy absorption. The reflectance spectroscopy measurements (Fig. S1, Appendix: Study 1)
provided key insights into the sintering and ablation mechanisms during laser processing of
FeRh NP inks. By analyzing the reflectance at different laser fluences, it was observed that
the reflectance increased linearly with fluence, indicating a reduction in NP concentration due
to ablation. This effect is attributed to the thinning of the NP film, allowing more reflection from
the underlying glass-ceramic substrate. The reflectance spectra were measured across
wavelengths ranging from 600 to 900 nm, where a consistent increase was noted with fluence.
This trend correlates with the ablation-induced porosity increase, which also impacts on the

overall morphology of the printed structures.

The evolution of surface morphology with increasing fluence was examined through optical
and SEM imaging, revealing a transition from discontinuous and porous regions at low

fluences to fully consolidated structures at intermediate fluences (Fig. 2, Appendix: Study 1).
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At 41 J/cm?, continuous sintered lines were formed, but individual particles were still visible,
suggesting incomplete densification. At 57 J/cm?, the microstructures became denser, with
fewer distinguishable particles and reduced porosity. Beyond 131 J/cm?, partial ablation effects
introduced defects such as voids and irregular surface textures, while at 246 J/cm?, excessive
laser energy led to a combination of material vaporization and substrate modification. These
results demonstrate that optimal sintering conditions exist within a specific fluence range,

where consolidation is maximized without inducing ablation-related defects.

The structural transformations induced by laser sintering were analyzed using XRD (Fig. 5
Appendix: Study 1), which confirmed the progressive transition from y-FeRh to B2-FeRh with
increasing fluence. The fraction of the magnetically ordered B2 phase increased steadily,
reaching a maximum of 52% at 246 J/cm?, while lower fluences resulted in a mixed-phase
composition with a dominant y-phase. In contrast, conventional furnace annealing at 873 K in
air led to complete oxidation, forming Fe2Os, while annealing under argon resulted in a mixture
of y-FeRh, B2-FeRh, and minor Fe3O4 contributions. The laser-sintered structures exhibited
significantly less oxidation, demonstrating that rapid heating and cooling during laser sintering

effectively suppresses oxide formation, maintaining the desired FeRh composition.

The magnetic properties of the sintered structures were strongly correlated with the phase
transformation (Fig. 6, Appendix: Study 1). Magnetization measurements at 500 K showed
that increasing fluence enhanced the M, consistent with the progressive formation of the FM
B2 phase. At fluences below 131 J/cm?, minor oxide contributions influenced the H, and
introduced a secondary magnetic phase, while at higher fluences, a more significant FM
response was observed, confirming the dominance of the B2 phase. Compared to furnace-
annealed FeRh NPs, laser sintering produced higher magnetization values, indicating its

superior ability to induce phase transformation while minimizing unwanted oxidation.

M-T curves confirmed the presence of the AFM-FM phase transition, which occurred at
approximately 460 K in the laser-sintered structures (Fig. S4, Appendix: Study 1). Unlike bulk
FeRh, which exhibits a sharp transition, the sintered structures displayed a broader transition,
likely due to stoichiometric variations, structural defects, and residual y-phase. Field-
dependent magnetization curves revealed a progressive increase in FM ordering with
increasing fluence, further validating the role of laser sintering in tuning FeRh’s phase and
magnetic properties. The magnetocaloric response of the printed structures was assessed by
extracting the AS, from field-dependent magnetization measurements (Fig. S5, Appendix:
Study 1). The approached AS,, of 3-3.5 J/kg-K at 9 T, showing a notable improvement over

furnace-annealed FeRh NPs, which exhibited a lower field-induced magnetization change.
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The enhanced MCE in laser-sintered structures can be attributed to the higher B2-phase

fraction and reduced oxidation, which minimize competing PM and AFM contributions.

3.1.5.2. Printing of NiMnSn microstructures

In final work (Study 4) the printing of NiMnSn was compared for both MP and NP inks,
demonstrating significant resolution improvements when using NiMnSn NPs. The MP ink,
composed of gas-atomized NiMnSn MPs dispersed in ethanol, was successfully printed into
structured magnetocaloric materials, but the resulting features exhibited 4 times lower
resolution and increased roughness due to the larger particle size (~10 um) (Fig. 4, Appendix:
Study 4). In contrast, the NP ink, formulated from PLAL-synthesized NiMnSn NPs (~12.4 nm
average size), produced higher-resolution structures with greater uniformity, owing to the
improved dispersion and finer particle distribution. The sintering threshold for both MP and NP
inks was examined by varying laser fluence. For MP inks, sintering initiated at 0.76 J/cm?2, but
complete and uniform sintering required 0.89 J/cm2. Beyond this threshold, partial ablation
occurred, leading to mass loss and localized defects. For NP inks, sintering began at a lower
fluence of 0.66 J/cm?, reaching complete densification at 0.87 J/cm?, similar to MPs, showing

laser sintering fluence is not affected by particle size.

The magnetic properties of the printed structures were analyzed in comparison to their
unsintered counterparts (Fig. 5, Appendix: Study 4). The M-T curves for sintered MP structures
at low fluence closely resembled those of raw MPs, exhibiting two distinct phase transitions at
~200 K and ~300 K, corresponding to the martensitic and austenitic transformation. However,
the overall magnetization increased in the sintered MPs, likely due to improved interparticle
connectivity and enhanced FM coupling during sintering. At high fluence, ablation-induced
material loss caused a reduction in magnetization, and the 300 K transition became less
pronounced, indicating that some of the material no longer underwent complete austenite-
martensite transformation. These changes suggest that excessive heating and ablation may
induce compositional inhomogeneity or oxidation, leading to a suppressed phase transition.
For NP-printed structures, the M-T curves at low fluence showed a gradual decrease in
magnetization with increasing temperature, with no sharp transitions at 200 K or 300 K.
Instead, the transition appeared broad and weak, similar to unsintered NiMnSn NPs,
suggesting that the martensitic transformation is significantly suppressed in NPs. This effect
is attributed to oxidation, SPM behavior, and increased disorder introduced during laser
sintering. At high fluence, the broad transition at 200—-300 K was further suppressed, indicating
that higher thermal energy and ablation effects further disrupted the structural transition.
Similar trends were observed for sintered MPs at high fluence, reinforcing the idea that laser

fluence optimization is crucial for preserving magnetic phase transitions.
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Comparing NPs with laser printed NP structures, the phase transition features remained
similar, but sintering at high fluence led to suppression of phase transition. In contrast,
comparing printed MPs vs. laser printed MP structures, the magnetization of the sintered MPs
increased at low fluence compared to MPs, whereas it decreased at high fluence due to
ablation effects. The broadening and suppression of phase transitions in NiMnSn NPs were
consistent with those observed for Ge-based and Al-based CCAs, confirming that nanoscale
structuring and laser sintering introduce size-dependent and disorder-related modifications to

magnetocaloric properties.
3.2. Discussion of the scope

This study extends the synthesis of magnetocaloric materials beyond binary systems,
demonstrating that PLAL can produce ternary and CCA NPs. By carefully selecting target
preparation methods, particularly the use of powder-pressed and sintered targets, it was
possible to achieve desirable NP compositions. The successful synthesis of FeRh NPs,
NiMnSn Heusler NPs, CoCrFeMnNi HEA NPs, and Ge-based and Al-based CCA NPs
confirmed that PLAL can be used to fabricate multicomponent systems. Additionally, the laser
printing of such NP inks on substrates lead to sintering of particles, achieving desirable phases

and improved magnetic/magnetocaloric properties, forming high-resolution custom structures.
3.21. Application in the Real World

The findings of this study have significant implications for the development of next-generation
magnetocaloric materials and their applications in energy-efficient cooling technologies,
microelectronics, and functional coatings. The successful synthesis of ternary and CCA NPs
via PLAL opens new avenues for creating rare-earth-free magnetocaloric materials, which are
crucial for sustainable refrigeration. The ability to fabricate NiMnSn Heusler NPs, CoCrFeMnNi
HEA NPs, and Ge-based and Al-based CCA NPs with controlled compositions by PLAL means
that tunable magnetocaloric properties can be achieved, offering alternatives to conventional

rare-earth-based systems.

Furthermore, the successful demonstration of laser-printed magnetocaloric microstructures at
the micron scale provides new possibilities for miniaturized thermal management applications.
In compact electronic devices, where precise temperature control is essential, the use of high-
resolution magnetocaloric microstructures could significantly enhance heat dissipation,
leading to more efficient performance and longevity. The insights gained from laser sintering
of FeRh and NiMnSn structures show that material properties can be tailored through precise
fluence adjustments, making it possible to integrate magnetocaloric materials into MEMS and

microfluidic cooling systems.
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Another potential application of the findings is in functional coatings for sensors and actuators.
The ability to synthesize and structure magnetic NPs with controlled phase transitions can
contribute to the development of responsive coatings, which exhibit tunable magnetic and
thermal properties based on environmental conditions. These applications, coupled with the
scalability of the synthesis and structuring methods explored in this study, underscore the

potential of PLAL and laser printing in driving technological innovation in materials science.
3.2.2. Contribution to Literature

This research contributes to the growing body of literature on nanostructured magnetocaloric
materials by systematically exploring composition control, phase stability, size-dependent
magnetic transitions, and its printing via laser processing. One of the key contributions of this
work is demonstrating how PLAL can be successfully extended to multicomponent alloys,
including HEAs and CCAs, highlighting the role of target preparation and ablation mechanisms
in determining final NP composition. Previous studies focused primarily on binary systems,
whereas this study expands the synthesis methodology to more complex alloys, showing how

elemental segregation and oxidation can be mitigated through optimized target fabrication.

Another significant contribution is the detailed comparison of magnetic properties across bulk,
MP, and NP forms of with either NiMnSn and CCAs. The observation that NPs exhbit
superparamagnetic behaviour refines our understanding of size-dependent magnetic
properties. The application of blocking temperature calculations provides a new perspective

on NP phase stability and magnetization behavior, building on previous works in the field.

In terms of laser structuring, this research advances the miniaturization of magnetocaloric
materials, showing that NP-based inks provide significantly improved printing resolution
compared to MP-based inks. This represents a major step forward in fabricating micron-scale

functional materials for thermal management applications.
3.2.3. Strengths and Limitations

This study demonstrates several key strengths in both NP synthesis and structuring
techniques. The use of PLAL for Heusler alloys, HEAs, and CCAs provided an efficient,
solvent-controlled synthesis approach, enabling fine-tuned compositional control without the
need for surfactants or additional reducing agents. The ability to synthesize compositionally
controlled NiMnSn NPs by compensating for Mn loss was a novel approach, ensuring that

phase transitions were preserved at the nanoscale.

A major strength of the study is the ability to directly compare bulk, MP, and NP forms of

magnetocaloric materials. The findings provide insights into how size reduction alters
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magnetic phase transitions, H., and AS,;, which is critical for developing next-generation
functional materials. Additionally, laser printing of NiMnSn and FeRh microstructures at micron
resolution represents a significant advancement over previous millimeter-scale printing

techniques, demonstrating the potential for miniaturized magnetocaloric devices.

However, several limitations remain. While PLAL successfully synthesized complex alloy NPs,
elemental evaporation losses during ablation still led to minor compositional deviations,
requiring further refinement of target compositions. Additionally, while laser sintering enabled
controlled phase transitions, complete y-FeRh to B2-FeRh conversion remains challenging,
as residual y-phase and oxidation effects persist. In NiMnSn-printed structures, high fluence
led to phase suppression, indicating that precise control over energy deposition is necessary
to maintain magnetic transitions. Another limitation is the low yield of PLAL compared to
traditional solid-state synthesis methods. While increasing repetition rate and laser power
enhanced productivity, further strategies such as optimization of multi-beam ablation and
scanning approach to bypass cavitation bubbles could be explored to scale up production for

practical applications.
3.3. Conclusion and Outlook

This thesis presents a comprehensive experimental framework for the synthesis,
microstructural refinement, and can explore the functional integration of rare-earth-free
magnetocaloric nanomaterials. The research combines pulsed laser ablation in liquids (PLAL)
with continuous-wave laser sintering to systematically address long-standing challenges in the
field, including precise composition control, magnetic phase retention, and microscale device
integration. These issues are of particular importance when working with metallic alloys that
exhibit magnetocaloric effects, as their performance is highly sensitive to composition, crystal
structure, and thermal history. The experimental approach developed here is applied across
four distinct alloy systems of increasing compositional complexity: the binary FeRh system,
the equiatomic CoCrFeMnNi high-entropy alloy (HEA), the MnFeNiGeSi/Al compositionally
complex alloys (CCAs), and the ternary NiMnSn Heusler compound. Collectively, these
systems span the spectrum from model magnetocaloric compounds to materials with strong
application potential. The laser-based techniques employed throughout the work enable not
only rapid, surfactant-free nanoparticle (NP) synthesis with high compositional fidelity, but also
precise structuring and phase activation of materials in thin-film or printed formats. The overall
strategy offers a versatile, scalable, and compositionally tunable route to developing
magnetocaloric materials that can meet the practical demands of solid-state cooling and

thermomagnetic devices.
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The investigation begins with the FeRh system, a prototypical magnetocaloric compound
known for its sharp and reversible antiferromagnetic (AFM) to ferromagnetic (FM) phase
transition, which occurs when the material adopts the ordered B2 structure. This transition is
first-order in nature and is accompanied by a substantial entropy and magnetization change,
making FeRh highly relevant for thermomagnetic and caloric applications. However, the
practical application of FeRh is hindered by challenges in processing. Achieving the B2 phase
typically requires extended high-temperature annealing, which often introduces oxidation,
grain coarsening, and limited spatial control, rendering it unsuitable for miniaturized device
fabrication. In this thesis, FeRh nanoparticles were synthesized via PLAL using arc-melted
targets, yielding nearly equiatomic compositions and spherical particles with a mixed y and B2
phase structure. The as-synthesized NPs exhibited weak magnetization and no clear transition
behavior, indicating the need for post-synthesis phase activation. To address this, continuous-
wave laser sintering was applied to printed FeRh NP layers, with fluence optimized at 246
Jlcm?. This treatment successfully induced the y — B2 transformation, resulting in
microstructures with increased phase purity, enhanced crystallinity, and low oxidation.
Magnetization measurements confirmed a broad but robust AFM-FM transition spanning from
150 K to 460 K, with a field-induced magnetization jump (AM) of approximately 35 Am?/kg and
a saturation magnetization of ~98 Am?/kg, values that represent a four- to six-fold

enhancement over furnace-annealed counterparts.

One particularly notable outcome was the observation of ferromagnetic behavior at
temperatures below the expected transition threshold. This phenomenon, attributed to pinned
FM domains stabilized by rapid thermal gradients or strain during laser processing,
underscores the potential of laser sintering not only as a densification method but also as a
tool for inducing non-equilibrium magnetic states. This ability to locally modify magnetic phase
behavior opens new pathways for tuning magnetocaloric performance by controlling laser
parameters. Moreover, the successful printing and activation of micron-scale FeRh structures
demonstrate  the  feasibility = of integrating  magnetocaloric  materials into
microelectromechanical systems (MEMS), thermal switches, and other miniaturized devices.
The results from the FeRh system thus establish a strong precedent for combining PLAL and
laser sintering to overcome the limitations of conventional thermal processing, while offering

new degrees of freedom in spatially resolving magnetic function.

Building on these results, the research then moves into the CoCrFeMnNi HEA system to test
the methodology on a compositionally more complex material. HEAs are of growing interest
in the materials community due to their configurational entropy, which stabilizes single-phase
solid solutions and provides remarkable thermal and mechanical stability. From a

magnetocaloric perspective, HEAs offer tunable magnetic transitions, high corrosion
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resistance, and enhanced fatigue strength, making them promising for long-term cycling and
multifunctional roles. However, their complex chemistry introduces significant challenges for
nanoparticle synthesis, particularly in maintaining equiatomic composition and avoiding phase
segregation. In this work, PLAL was applied to three HEA target types that are powder-pressed
(HEA-PP), ball-milled and sintered (HEA-BP), and Bridgman-grown single-crystal (HEA-SX)
ingots. Across all targets, PLAL in ethanol produced nanoparticles with FCC phase structure
and sizes ranging from 2 to 100 nm. Among these, the HEA-PP targets were the most
successful, producing spherical nanoparticles with minimal segregation and near-equiatomic
distribution, as confirmed by energy-dispersive X-ray spectroscopy (EDX) and transmission
electron microscopy (TEM). Importantly, HEA-PP targets also provided the highest productivity

(=311 mg/h), reinforcing their suitability for scalable synthesis.

In contrast, HEA-BP and HEA-SX targets exhibited evidence of Mn enrichment at the
nanoparticle surface and partial core—shell formation, likely due to differences in target
microstructure and ablation dynamics. These findings emphasize the critical role of target
preparation that not only in ensuring reproducibility and productivity, but also in dictating the
final NP morphology and composition. These results also confirm that PLAL can be extended
beyond binary or ternary systems to produce chemically complex alloy nanopatrticles without
requiring complex pre-alloying or arc-melting steps. The ability to tailor target design and laser
parameters to produce NPs with specific structural and compositional features opens the door
to high-throughput screening of novel HEA compositions for magnetic and thermofunctional

applications.

The third material class studied in this thesis consists of CCAs based on the MnFeNiGeSi and
MnFeNiSiAl systems. These alloys are of interest due to their first-order magnetostructural
transitions, which are associated with large entropy changes and field-driven magnetization
jumps. The Ge-based CCA exhibits a FM-PM transition at approximately 179 K with a
saturation magnetization of 68.2 Am?/kg at 5 K, while the Al-based analog transitions at 263 K
with lower saturation but significant cost and resource advantages. In bulk form, these
materials have been shown to exhibit reversible transitions and competitive magnetocaloric
performance, but their processing is typically limited to high-temperature sintering or arc
melting. In this thesis, the Ge-based alloy was synthesized via spark plasma sintering, while
the Al-based version was prepared from powder-pressed targets. PLAL was applied to both,
resulting in spherical nanoparticles with average sizes between 13 and 18 nm. Structural
analysis indicated the retention of mixed BCC and FCC phases, with XRD peak broadening
indicative of partial disorder and size-induced strain. Magnetically, both NP systems exhibited
superparamagnetic behavior, with blocking temperatures near 120 K (Ge-based) and 100 K

(Al-based), and significant reductions in saturation magnetization compared to the bulk. These
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observations are consistent with size effects, surface oxidation, and the suppression of long-

range magnetic order in nanoscale particles.

Despite the expected reduction in magnetic response, the Al-based CCAs retained clear
magnetic transition signatures and demonstrated an appealing balance between functional
performance and elemental sustainability. The replacement of Ge with Al not only reduces
material cost and environmental impact but also maintains critical magnetic properties at
usable temperatures. This finding is significant because it supports the broader objective of
developing magnetocaloric materials that are free from both rare-earth elements and other
critical raw materials. Furthermore, the successful synthesis of CCA NPs via PLAL highlights
the technique’s applicability to metastable and structurally complex systems, providing a
means to generate high-surface-area powders suitable for printing, sintering, or incorporation
into composites. The behavior of these nanoparticles suggests they could be used in flexible
or dispersed magnetocaloric architectures, especially when a distributed magnetic response
or high surface-to-volume ratio is desirable. This work illustrates the potential of combining
compositional tuning and laser-based synthesis to extend magnetocaloric material
functionality beyond traditional systems, while aligning with goals for sustainable and scalable

processing.

The final system investigated is NiMnSn, a Heusler-type alloy that undergoes a martensitic
transition coupled with an FM-PM magnetic transition, resulting in a strong inverse
magnetocaloric effect near room temperature. NiMnSn is particularly attractive due to its
compositionally tunable transformation temperature and significant field-induced entropy
change. However, its practical deployment is limited by its sensitivity to stoichiometry,
especially with respect to Mn, which tends to evaporate or oxidize during processing. In this
work, three target types were evaluated for PLAL: arc-melted ingots, powder-pressed
elemental mixtures, and micropowder-based targets with excess Mn (Type 3). The Type 3
targets were the most successful, yielding nanoparticles with compositions close to
NisoMn3zsSn14, average sizes of ~12 nm, and narrow size distributions. These NPs retained the
desired Curie temperature (~300 K) and exhibited blocked superparamagnetic behavior. Arc-
melted targets, by contrast, showed significant Mn loss and degraded magnetic response. The
composition-stabilized NPs thus demonstrate the effectiveness of target engineering in

preserving functional magnetic behavior during laser ablation.

Both NP and MP inks were prepared and sintered using laser processing. MP-based inks
resulted in films with higher overall magnetization due to larger particle sizes and improved
phase connectivity, but the NP-based inks allowed for finer patterning and smoother layers.

Optimal fluence values enabled magnetic activation while avoiding thermal damage;
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excessive fluence led to ablation or oxidation and loss of magnetocaloric properties. These
observations reveal the processing sensitivities of NiMnSn and underscore the value of
combining target design with carefully controlled sintering conditions. The NiMnSn results
bridge the thesis from material development to application feasibility, demonstrating that laser-
based processing routes can be used to fabricate functional magnetocaloric films with Curie

temperatures near ambient conditions, suitable for room-temperature cooling or actuation.

In conclusion, this thesis presents a generalized, experimentally validated framework for
synthesizing and microstructuring magnetocaloric materials using PLAL and laser sintering.
Across four representative alloy systems, each presenting distinct challenges and
advantages—the methods demonstrated here consistently enable the production of
compositionally controlled, nanostructured materials with functional magnetic transitions. The
FeRh study demonstrated phase transformation and enhancement via laser sintering. The
CoCrFeMnNi HEA work showed that PLAL is feasible for multicomponent systems with high
productivity and structural uniformity. The CCA research demonstrated compositional tuning
toward sustainability, and the NiMnSn study emphasized the feasibility of tailoring sensitive
materials through target design. Together, these results define a process-agnostic platform
that is applicable to future research in magnetocaloric materials, whether for bulk powder

production, thin-film deposition, or microscale patterning.

Looking ahead, the research opens numerous avenues. First, the integration of real-time
composition monitoring during PLAL could enable closed-loop control over elemental losses
and enhance reproducibility. Second, the functionalization of nanoparticle surfaces with
protective or active layers could reduce oxidation and extend stability for storage or device
integration. Third, advanced ink formulations incorporating binders, dispersants, or other
functional additives could improve film homogeneity and enable multilayer or heterogeneous
designs. Finally, further exploration of magnetocaloric composites with graded particle size or
composition could enable broader thermal spans and more efficient cycling in practical cooling
systems. The platform developed here is sufficiently flexible to accommodate these advances,
and serves as a foundation for the next generation of environmentally responsible,

thermomagnetic materials and devices.
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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 y- to B2-FeRh. At a laser fluence of
246 ) cm 2, a partial (52%) phase transformation from y- to B2-FeRh is obtained,
resulting in a magnetization increase of 35 Am?kg ' 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.

scaffolds.'*™ The performance and size
of these devices rely on the capability to pro-
duce 2D miniaturized electronics—based
and semiconductor-based devices.!**2°
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.'#?l Screen and nozzle printing
techniques were employed to produce
micron-size supercapacitors on paper,
which can be used as a portable energy-
storage device.”?! Although the printing
technique is fast, low cost, and
highly efficient, the screen cleaning process
is difficult and time-consuming.'’
Photolithography was implemented to print
micro-patterned electrode-based sensors on
flexible substrates for glucose monitor-
ing.”*! 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

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,*™! light-emitting diodes
(LEDs),*®1  Datteries,”™  sensors,'®*? and  biological

techniques to deposit NP inks on the desired substrate is inkjet
printing. Grubb et al.”*” have successfully achieved the inkjet
printing of transistors with a channel size of 1pm, enabling
its integration into a smaller footprint on a chip. For individual
printed material layers, oven curing is often employed making the
fabrication technique time-consuming. Additionally, inkjet print-
ers often have issues with head reliability, droplet formation
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inconsistencies, and relatively low-material-deposition rates.*>¢!

Among the different printing technologies developed, laser
printing provides advantages such as a micrometric spatial
resolution,”’ % and a fast processing speed.*'*? The technique
is based on the irradiation of the deposited ink with a tightly
focused laser beam.**?% Tt 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,”! negating the need for an inert gas atmosphere
or vacuum setup during the process.* Laser printing has been
used to fabricate printed electronics,**37! as well as for tissue
engineering,***" microfluidics,***" magnetic sensors,****!
and holographic elements.***’! 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.[*! Various thermal management solutions have been
investigated, such as design optimization of micro heat sinks,#”!
varying working coolants!****! (such as nanofluids and dielectric
coolants), and liquid flow system designsP” (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.®")

Magnetocaloric materials have the potential to overcome the
aforementioned limitations. These materials 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.®?>
Compared to conventional cooling systems, magnetocaloric refrig-
eration is more environmentally friendly, quieter, and potentially
more efficient.”**% 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.’’~° For example, La(FeSi);/*
displays a temperature change of 6.9 K at an operating tempera-
ture of 190 K, while Mn;GaCl®" exhibits a temperature variation
of 45 K at 163 K, and Gd,Si,Ge,'*” has a temperature change of
4.9 K at 262 K under an applied magnetic field of 2 T. These mate-
rials exhibit the most significant temperature change at the phase-
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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-thodium (FeRh) alloy achieves the larg-
est adiabatic temperature change (AT=12.9 Kat AH = 2T) with
an entropy change up to 16 J kg™ K" at 308.2 K due to an anti-
ferromagnetic to ferromagnetic (AFM-FM) first-order phase
transition.”” 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.[**%) 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%.1! 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®”) 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 FM phases.[°®! Despite the fact that the material
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.®® 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.”®”] Microsized FeRh alloys have
shown an appreciable magnetocaloric effect,”*! 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 y-FeRh solid-solution
NPs in a previous study.”” 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.”>7¢!
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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.””~® This NP synthesis method found
numerous applications in fields such as biomedicine,**®" energy
generation,®*#% and additive manufacturing,®**>) making it a ver-
satile and promising technology. Here, the synthesis of the FeRh
NPs was achieved by laser ablation of a FesoRhs, 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 pJ, 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~ (Figure 1a).”" 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 nm with 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 64 W axial fan with a flow rate of 925m*h™*
(Figure 1b). Before the deposition of the ink, the glass substrates
were processed in a UV cleaner for 5 min to remove any organic
contaminations. The ink deposition on the substrate was per-
formed by initially adding 200 pL of 10 wt% polyvinylpyrrolidone
(PVP, MW =40 k) in ethanol on the 25 x 75 mm glass substrate.

(a) . ()
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b=
“ (e}
ps-pulsed laser Argon flow 2
inlet =
c
) %
<

(d)

Argon out
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To avoid agglomeration, the FeRh ink was ultrasonicated for
10 min before the dispersion, 100 pL of FeRh ink were then dis-
persed on the area of =25 x 15 mm polymer-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~" and reached a maximum tempera-
ture of 873 K, where they were held for 1h. 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 5 min, 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®

(c)

o

Mirror ¢ ‘o

Microscope
@ objective

CW laser

Programmable stage

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 (10x) providing the
micrometric resolution required.
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where F=laser fluence, P =laser power, v, = scanning speed,
and d=laser spot diameter. The scanning speed was kept
constant at 10mms™' for all the experiments and the laser
fluence was varied between 16 and 246]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 Image] 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 6-26 geometry with
Cu-Ka 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.’”) 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 400K and up to a maximum of 500K 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 0.1T.

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

(@)
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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 ] cm ™ results in the formation of necks and percolation net-
works start to grow. At a laser fluence of 41 J cm™?, the NPs are
sintered, forming a homogenous line with a dense magneto-
caloric structure (Figure 2b). Increasing the fluence to
57Jcm™? results in the creation of compact agglomerates of
NPs, attributed to fusion, grain growth, and lattice diffusion.®®!
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.®”

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 ] cm™?), 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] cm™?), 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 cm ™2, b) 41)cm™2, ¢) 57 cm ™2, and d) 246 ) cm 2. The black arrows show the width of the sintered line.
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Figure 3. SEM images of the sintered FeRh NP ink surface morphology for a) laser sintering at a fluence of 41 ] cm™?, and b) a furnace-sintered structure

at 873 K for 1 h.

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]cm™2. Although the line width increases with an
increasing laser fluence, it saturates at 246 ] 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 y to the
B2 phase, which is essential to enhance the material’s magnetic
and magnetocaloric properties.”* 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

(@) 12
—— 16 Jicm?
= g5 4 Jiem?
3 |57 Jem?
> 246 Jicm?
‘% 0.8
s
]
= ib Substrate ablation
S 06
_g Sintered and partially ablated NPs
E 0.4 4
-
§ Unsintered NPs
0.2 4

indicating a phase change from the y phase to a mixed B2-y state
as the laser fluence is increased. The B2-, y-, and Fe,O,-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 Fe,O; (hematite) phase,
while annealing in argon-flow results in a mixture of B2 and
y phase and a minor Fe;O, (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]cm™? (Figure 5a marked with asterisk). The
overall phase fraction shows that the B2 phase increases and
the v 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 y- 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
y phase appears at some samples, indicating two y-phases with
different lattice parameters. This can be explained by hydrogen,
which is incorporated into the structure during NP synthesis,”*!
being released, resulting in a contraction of the lattice.”*
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Figure 4. a) Gaussian intensity profile at laser fluences (ranging from 16 to 246 ) 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 | cm2) 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.
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Figure 5. a) X-ray diffraction (XRD) data of laser-sintered samples with fluences from 41 to 246 | cm—2. The tick marks indicate the possible position of
reflections for the B2 phase and the y 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 ) cm™*.

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- y-molar- Fe,O,-molar-
phase phase phase
fraction fraction fraction
Furnace sintering 873 K in air - - 1.00 (Fe,04)
Furnace sintering 873 K in argon 0.08 0.65 0.27 (Fe30y4)
Laser sintering 41)cm2 - 1.00 -
Laser sintering 49)cm? 0.08 0.74 0.18 (Fe;04)
Laser sintering 103 ) cm? 0.38 0.62 -
Laser sintering 131 ) cm? 0.29 0.67 0.04 (Fe;0y4)
Laser sintering 154 ) cm? 0.29 0.71 -
Laser sintering 164 ) cm? 0.30 0.70 -
Laser sintering 246 ) cm? 0.52 0.48 -

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 ] cm™? recorded at 500K are shown in Figure 6a. Higher
laser fluences result in an increase of the saturation magnetiza-
tion Mg, which hints toward a partial phase transformation from
paramagnetic y-FeRh to FM B2-FeRh. For fluences lower than
131] cm™?, 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
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2

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

Magnetization Mseo k2 1) 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 Msgok2T)
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 Mspox >y and B2-phase fraction display a
comparable trend in laser fluence assuming a saturation magne-
tization of ~100 Am®kg™!, matching the range of reported
values for pure B2-FeRh at 500 K.°*”!

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 y-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
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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™".
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b) FeRh magnetization Mook 21y (black) was recorded at 500K at 2T (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.
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Figure 7. Field-dependent magnetization of FeRh NPs deposited on glass substrate at 300 K after annealing at Ty =573 to 873 K in a) air or b) argon,

respectively.

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 y- 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 y-FeRh phase to the

Adv. Eng. Mater. 2023, 2300245 2300245 (7 of 10)

B2 structure.”” Still, while high B2 fractions were obtained,
magnetization and Mdssbauer 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 ] cm™?, 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
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Figure 8. Magnetization of FeRh NPs deposited on glass substrate and
laser sintered at a fluence of 246 ) cm 2 measured from 0 to 9T at 150
up to 400K 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 AM connected to the field-
induced AFM—FM transition is indicated by arrows.

NPs after annealing./®! 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,'®? 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 ~250-350K, 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 Am*kg™" 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 AM=35Am’kg”’
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corresponding to the field-induced phase transition.
Comparing these results to previous experiments on furnace-
annealed FeRh NPs (AM=6Am’kg "), 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 kg ' K™ ! 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 9T, 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 ] cm™?) 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.

(a) Before non-sintered ink cleaning

250 pm

(b) After non-sintered ink cleaning
) 1

=]

am

Figure 9. Depiction of the custom structures produced through laser proc-
essing at a laser fluence of 246)cm % 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 ] 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 y to B2 phase, with the maximum B2 fraction being
52%. This transformation caused a magnetization increase of
~66 Am® kg™ and a maximum rise in magnetization of approx-
imately 35Am”kg ' 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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1. Synthesis of FeRh nanoparticles by pulsed laser ablation of FeRh target in ethanol.

The scanning electron microscope imaging shows that the formation of spherical nanoparticles of
distinct sizes (Inset Fig. S1). The size distribution gives an overview of the maximum ferret diameter
of 558 nanoparticles. It has to be noted that the particles less than 2 nm were difficult to resolve, and
only clearly visible, non-agglomerated particles were considered. The distribution shows higher size
fraction of smaller nanoparticles (< 10 nm) with a peak maximum of 6.9 nm; and were fitted using
lognormal distribution. The Polydispersity index (PDI) give an overall impression of dispersity and

since the PDI is higher than 0.3, the distribution is polydisperse.



B Frequency count of FeRh NPs

4 Lognormal fit (R? = 0.88)
N =558
Xc=6.9%3.0
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Figure S1: Particle size distribution as extracted from the SEM images of homogeneously dispersed FeRh
nanoparticles (558 particles were counted).

2. Mass approximation of laser sintered FeRh ink using reflectance spectroscopy.

Reflectance spectroscopy is a technigue commonly used for characterizing both powder and thin
films. In this method, light from a source is transmitted through an optical fibre to a probe and directed
onto the substrate of interest. The reflected light is then captured by the probe and analyzed using a
spectrometer. This principle is depicted in Fig. S2. The amount of reflection depends on several
factors including the coating material, thickness of the coating, and substrate. To ensure consistent
background measurements, the substrate is positioned on a white holder during analysis. As a rule,
the denser the coating, the lower the level of reflection observed from the film. To avoid any reflection
from the glass, the ink deposition and sintering was performed on the white glass-ceramic substrate,
which has similar thermal conductivity and thermal diffusivity as glass, to avoid any differences in
sintering characteristics. Initially, the calibration was performed, in which ink containing FeRh NPs of
different concentration (i.e., known mass) was deposited on a defined substrate area of 25 x 15 mm
and sintered at the laser fluence of 41 J/cm®. The reflectance at various laser fluence was measured
between the wavelength of 200 to 1150 nm (Fig. S3a). The reflectance at various wavelengths
between 600 nm and 900 nm was measured for each fluence (Fig. S3b). The results indicated a
linear increase in reflectance with increasing fluence. The observed increase is attributed to the
reduction in nanoparticle ink concentration caused by the ablation process. The decrease in

concentration leads to a thinner coating layer, causing more reflection from the white glass-ceramic



substrate. These linear relationships can be employed to determine the reflectance of sintered films at

different laser fluences, provided that the experimental procedure remains consistent.

Spectrometer

Optical fibre

Light sources

Computer

Sample holder
Substrate

holder

Figure S2. Schematic representation of mobile UV-VIS reflectance spectrometer used to measure the

reflectance of sintered FeRh dispersed ink.
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Figure S3. (a) Reflectance obtained from UV-VIS reflectometer at wavelengths between 200 to 1150 nm for the

FeRh inks of different mass dispersed on the glass-ceramic substrate and sintered at fluences ranging from 49 -

164 J/icm? provided that the surface area of dispersion was kept constant. (b) The dependence of reflectance on

the laser fluence for the wavelengths between 600 — 900 nm, along with the line of best fits for each fluence.

3. Temperature-dependent magnetization measurements

The distribution of phase transition temperatures of laser-sintered samples from the low temperature

antiferromagnetic to the high-temperature ferromagnetic state was evaluated as follows: For the

sample laser sintered at a fluence of 246 J/cm® we recorded the magnetization between 150 K and
700 K at 0.1 T as shown in Fig. S4. One has to keep in mind that M(T) data displayed here still



contains an underlying magnetization signal originating from the glass substrate the FeRh
nanoparticles were deposited on. Still, one can clearly discern the increase in magnetization slowly
beginning at ca. 200 K, marking the onset of the AFM-to-FM phase transition. Possible reasons for
the broadening of the phase transition as compared to bulk FeRh samples can be due to minor
variation in stoichiometry and structural defects in NPs during their production by LAL. It is reasonable
to assume the peak at ca. 460 K to represent the highest phase transition temperatures in our
sample, above which all FeRh can be considered as ferromagnetic, with M(T) decreasing again when

going to even higher temperatures, approaching Te.
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Figure S4. Temperature dependent magnetization M(T) recorded between 700 K and 150 K upon cooling in an

applied magnetic field of 0.1 T.

4. Estimation of entropy change AS,,

As already mentioned in the main text, the preparation of a thin layer of laser-sintered FeRh
nanoparticles on a glass substrate results in a marginal magnetization superimposed by a
considerable dia- and paramagnetic substrate contribution. It is therefore very challenging to obtain
precise values for FeRh magnetization and magnetocaloric effect, especially in the low-temperature
region, where the miniscule field-induced increase in magnetization is still almost linear. To enable at
least a rough assessment of magnetocaloric performance of the produced laser-sintered
nanostructures, the contribution of the AFM-FM phase transition to the magnetic entropy change
AS,g Was estimated as shown in fig. S5 for two pieces of the sample laser sintered at a fluence of
246 Jicm®to 3 - 3.5 J/kg-K between 0 and 9 T. Here, we followed the method described by Pecharsky

et al. to extract ASy,,q from a set of M(H) curves recorded at different temperatures.*



entropy change AS g7, (J/kgK)
o

200 300 400 500
temperature (K)

Figure S5. Entropy change determined following the method by Pecharsky et al. between 0 T and 9 T for two
pieces of a sample laser sintered at a fluence of 246 J/cm?®.! Black data points were recorded between 150 K and
400 K using the large bore VSM option of a PPMS DynaCool, while red data points denote measurements
recorded between 300 K and 500 K for a second, smaller piece of the same sample mounted on a different VSM
sample holder type for high temperature measurements. The dotted line is a guide to the eye representing
extrapolated values of ASmay in the absence of the AFM-FM phase transition based on the high-temperature
data. The arrow marks the maximum ASag at ca. 380 K originating from the phase transition, amounting to ca. 3
- 3.5 J/kg-K between0 Tand 9 T.
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High entropy alloys (HEAs) have a wide range of applications
across various fields, including structural engineering, biomed-
ical science, catalysis, magnetism, and nuclear technology.
Nanoscale HEA particles show promising catalytic properties.
Nevertheless, attaining versatile composition control in nano-
particles poses a persistent challenge. This study proposes the
use of pulsed laser ablation in liquids (PLAL) for synthesizing
nanoparticles using equiatomic CoCrFeMnNi targets with varied
preparation methods. We evaluate the impact of target
preparation method on nanoparticle yield and composition as
well as the magnetic properties of the nanoparticles. The
elemental powder-pressed heat-treated target (HEA-PP), identi-
fied as the most time-efficient and cost-effective, exhibits
noticeable segregation and non-uniform elemental distribution

1. Introduction

For centuries, conventional alloys have been developed with
the aim of enhancing specific properties such as ductility,
strength, or corrosion resistance, and have become a central
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compared to ball milled hot-pressed powder (HEA-BP) and face-
centered cubic (FCC) single crystal (HEA-SX) alloy targets. From
all targets, nanoparticles (sizes from 2 to 120 nm) can be
produced in ethanol with a nearly equiatomic CoCrFeMnNi
composition and a FCC structure, showing oxidation of up to
20 at.%. Nanoparticles from HEA-PP exist in a solid solution
state, while those from HEA-BP and HEA-SX form core-shell
structures with a Mn shell due to inhomogeneous material
expulsion, confirmed by mass spectrometry. HEA-PP PLAL
synthesis demonstrates 6.8% and 15.1% higher productivity
compared to HEA-BP and HEA-SX, establishing PLAL of
elemental powder-pressed targets as a reliable, time-efficient,
and cost-effective method for generating solid solution HEA
nanoparticles.

pillar of construction and engineering. These alloys are based
on a principal element to establish the basic properties of the
material, with relatively small quantities of other elements
incorporated to enhance specific properties. For instance, steels
are produced by the addition of carbon and chromium to iron
to improve hardness and corrosion resistance. Similarly, brass
incorporates zinc to enhance the strength and ductility of
copper, while bronze combines tin and copper to augment its
hardness. In 2004, a new class of alloys called high entropy
alloys (HEAs) was introduced independently by Cantor!” and
Yeh et al? These alloys consist of five or more elements with
concentrations ranging from 5% to 35%. The existence of
multiple elements within HEAs modifies their configurational
entropy, free energy, phase, and overall stability.”) These alloys
hold significant advantages for structural applications as they
possess the potential to achieve a superior combination of
strength and ductility.*” Industries such as aerospace employ
HEAs extensively for components like compressors, combustion
chambers, exhaust nozzles, and gas turbine parts, where
properties such as strength-to-weight ratio, oxidation resist-
ance, fatigue resistance, and elevated temperature strength are
crucial.®” Moreover, HEAs have emerged as potential replace-
ments for conventional alloys in biomedical applications due to
their exceptional corrosion resistance, low degradation in
physiological environments, biocompatibility, wear resistance,
and bacterial infection prevention.®® Additionally, HEAs have
been proposed as replacements for traditional materials in

© 2024 The Authors. ChemNanoMat published by Wiley-VCH GmbH
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nuclear reactors, thanks to their high resistance to irradiation
damage and excellent stability at high temperatures, making
them suitable for use in harsh nuclear environments.'®'"

Downsizing HEAs to the nanoscale provides additional
application possibilities resulting from the high surface-to-
volume ratio and quantum confinement effect, making them
suitable for catalysis'"*"* energy storage,"®'”’ magnetic,"**” and
biomedical applications.?'*? Feng et al'? demonstrated that
NiCoFePtRh HEA nanoparticles (NPs) outperformed commercial
Pt/C catalysts by approximately a factor of 40 in hydrogen
evolution reaction (HER) with excellent stability and high
efficiency after 10000 cycles. Similarly, PtPdRuRhIr HEA NPs
exhibit a high photothermal conversion effect, converting
808 nm near-infrared light into heat, which makes them
potential candidates for cancer phototherapies.”” Furthermore,
the synthesis of ultra-mixed multi-metallic nanoparticles, com-
prising 21 distinct elements (Fe, Co, Ni, Cr, Y, Ti, V, Cu, Al, Nb,
Mo, Ta, W, Zn, Cd, Pb, Bi, Ag, In, Mn, Sn), has been achieved
through the arc-discharge plasma method.”® These NPs have
demonstrated exceptional photothermal conversion capabil-
ities, boasting an average absorption rate exceeding 92%
across the entire solar spectrum (250 to 2500 nm). This
remarkable performance translates into a high photothermal
conversion efficiency of nearly 99% with a water evaporation
rate of 2.42 kg m™ h™' under simulated sunlight irradiation (1
sun), demonstrating a highly efficient photothermal conversion
performance. Specifically, CoCrFeMnNi NPs have exhibited a
high catalytic efficiency for the oxygen evolution reaction (OER),
surpassing the current densities of multi-element perovskite
catalysts.*” Moreover, these CoCrFeMnNi NPs have shown a
high performance in the degradation of methylene blue, even
without the addition of any peroxide.”

Even though several studies demonstrate the benefits of
HEA NPs, the synthesis of HEA NPs with different compositions
achieving a homogeneous elemental distribution still represents
a challenge. The different melting points, interatomic bonding,
and miscibility of the HEA individual elements limit the
generation of solid solution HEA NPs.”?”’ HEA NP production
demands a versatile, robust, and scalable synthesis method.
Conventional wet chemistry methods are generally not feasible
due to elemental immiscibility at equilibrium conditions,
leading to elemental segregation and phase separation.”**”
Multimetallic nanoparticles consisting of various combinations
of Au, Ag, Co, Cu, and Ni elements were synthesized through a
polymer nanoreactor-mediated synthesis process.*” The syn-
thesized materials featured heterogeneous structures with
phase separation due to elemental immiscibility. Products
obtained through conventional near-equilibrium heating meth-
ods are typically governed by thermodynamics that are
characterized by the lowest total free energy and a highly
stable atomic arrangement. To surpass these thermodynamic
constraints and delve into innovative materials, it becomes
imperative to devise swift synthetic approaches where the
preparation or processing of materials is predominantly
governed by kinetics.®" In high-temperature synthesis methods,
entropy contributes to stabilizing multi-metallic phases, en-
abling the preparation of single-phase materials.®? Carbother-
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mal shock synthesis of HEA NPs using 8 elements (Pt, Pd, Ni, Co,
Fe, Au, Cu, and Sn elements) resulted in the formation of single-
phase homogeneously mixed solid solution NPs.”” The syn-
thesis process however requires electrically conductive support
materials, which limits its possibilities for large-scale
synthesis.” Pyrolysis techniques such as fixed bed pyrolysis,*
fast moving-bed pyrolysis®® and polymer-confined pyrolysis
have been explored for low-cost large-scale synthesis of HEA
NPs. The process, however, either requires special experimental
equipment, and additional processing to remove polymer
impurities or leads to phase separation due to different starting
reductive temperatures of precursors. Okejiri et al.®” synthe-
sized AuPdPtRhRu nanocrystals by ultrasonication of metal
precursors in an alcoholic ionic liquid. Although the procedure
is environmentally friendly, composition control of HEA NP is
challenging due to differences in the reduction potential of the
constituent metal salts. Additionally, the metal precursors are
generally expensive, rendering the technique costly for mass
production. Qiao et al.?® fabricated PtPdFeCoNi NPs on carbon
substrates by microwave synthesis and although the synthesis
process is fast and resulted in no phase separation, the
generation of NPs requires carbon-based films for efficient
absorption of microwave radiation. Other techniques such as
laser scanning ablation®” and Joule heating®® are ultra-rapid
processes utilizing NP precursors to produce high entropy alloys
in nanoseconds allowing a combination of dissimilar metallic
elements regardless of their thermodynamic solubility.
Although these methods produce high compositional diversity
the process of precursors and solvent screening required for
synthesis of the desired high entropy material is time-consum-
ing.

Among non-equilibrium NP synthesis processes, pulsed
laser ablation in liquid (PLAL) stands out as a simple and
versatile method to produce NPs without the need of
surfactants or reducing agents.?**” This technique involves a
localized fast heating and cooling process through pulsed laser
irradiation of the target surrounded by a liquid, making it a
safe, versatile, and environmentally friendly approach.”'~**! PLAL
has been employed for the synthesis of diverse nanomaterials,
including metal, metal alloys, oxides, ceramics, and organic
materials.*” The initial efforts employing PLAL for HEA NP
synthesis have shown that PLAL offers benefits such as ease of
material screening, cost-effectiveness, remarkable composition
and phase stability, and scalability. Jahangiri et al.* achieved
the synthesis of HfNbTaTiZ refractory HEA NPs in water, ethanol,
and hexane using femtosecond laser pulses. Their study
revealed that the size, morphology, and oxidation state of the
NPs primarily depend on the laser fluence, and the solvent
employed. Similarly, Waag etal.*” synthesized equiatomic
CoCrFeMnNi alloy NPs (less than 5 nm) by employing pressed
elemental powder targets. It was found that the size, morphol-
ogy, and homogeneity of the starting elemental powder blends
to produce the target significantly impacted the stoichiometry
and phase control of the synthesized NPs. Here we demonstrate
that the generation of alloy NPs by PLAL from pressed
elemental micropowders represents a cost-effective approach
to generate alloy nanoparticles with straightforward control of

[34]
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the composition by modifying the relative concentration of
elements in the target. In order to confirm that powder-pressed
targets are suitable for versatile and cost-effective HEA NP
production by PLAL, the influence of the target crystallinity
(single-crystal, polycrystalline or amorphous), and elemental
homogeneity (alloy targets or pressed elemental powders) had
to be evaluated. Previous studies confirmed that targets
produced by pressing elemental powders are ideal candidates
for PLAL alloy NP synthesis, since the main uncertainties of
alloying the elements into alloy NPs occurs during the NP
formation process after laser irradiation,*® that is the critical
need for homogenizing the elements in the target within the
laser spot area. Furthermore, the synthesis of Co—Fe alloy NPs
from pressed powder targets revealed that the NPs are
influenced by factors such as the difference in target powder
mixing, the laser pulse duration, the laser spot size, and the
ablation time  Schmitz etal.*” investigated the effect of
target preparation on the Yttrium Iron Garnet NP production
yield using single crystal, sintered micro powder, and sintered
nano-powder targets. However, the impact of target crystallinity
on the PLAL synthesized HEA NP stoichiometry, phase, and
properties has not been determined, yet.

In the current study, the production of equiatomic CoCr-
FeMnNi nanoparticles from HEA targets prepared by three
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different processes is studied (or compared) in terms of
production rate, composition, phase, and functionality. Our
research aims to control the influence of the target preparation
route on the generation and functionality of HEA NPs towards a
versatile and controllable stoichiometry and phase generation,
while also offering advantages such as cost-effectiveness,
reliability, and possibility to upscale production.

2. Materials and Methods
2.1. Preparation of CoCrFeMnNi Targets

The CoCrFeMnNi powder pressed targets (HEA-PP) were
produced employing elemental Co (99.8%, 1.6 um), Cr (99.2%,
<10 um), Fe (99.5%, 6-10 um), Mn (99.6%, <10 um), and Ni
(99.9%, 3-7 um) powders (Thermo Fisher Scientific, W altham,
MA USA). The HEA-PP targets preparation procedure is shown
in Figure 1a. The Co, Cr, Fe, Mn, and Ni were weighted to ensure
equiatomic composition and mixed. The mixed powder was
homogenized by pestle mixing in a mortar for 20 minutes
(Figure 1a left). The powder was pressed at 100 MPa to form
2 mm thick cylindrical pellets with a 10 mm diameter (Figure 1a
middle). The samples were heat treated in a vacuum atmos-
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Figure 1. CoCrFeMnNi target preparation techniques for CoCrFeMnNi HEA NP synthesis. (a) HEA-PP target — by mixing of elemental powders using a pestle in
a mortar, uniaxial pressing, and sintering in a vacuum oven, (b) HEA-BP target — by high energy ball milling of elemental powders with subsequent uniaxial
hot pressing, (c) HEA-SX target — by melting of elemental powder blend in arc furnace followed by melting of master alloy in induction furnace and slow

cooling of remelted master alloy in mold producing single crystal.
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phere at 1000 °C for 20 h to achieve FCC HEA targets (Figure 1a
right), as proposed by Waag et al.””

The CoCrFeMnNi ball-milled powder pressed (HEA-BP)
targets were prepared into two steps. As a first step the
elemental powders of Co (99.7%, mean particle size 3 um), Cr
(99.35%, >71 um), Fe (99.96%, 10-20 um), Ni (99.5%, 45-
60 um), and Mn (99.2%, 3 um) in equiatomic concentrations
(20 at.% of each element) were processed by high energy ball
milling (HEBM) in argon for 60 min to get nanocrystalline single
FCC HEA micropowders. The ball/powder weight ratio was
20:1. The HEBM was carried out at rotation speeds of the sun
disk/jars: 700 rpm/1400 rpm. As a second step, the obtained
HEA powder was consolidated by hot pressing (Direct Hot
Pressing — DSP-515 SA) at 800°C for 60 min in argon. The HEA
powder was placed into a cylindrical graphite die (@ 50 mm)
and uniaxially compressed at 50 MPa. The thickness of
produced target was ~3 mm. The procedure for the preparation
of HEA-BP is shown in Figure 1b.

To prepare CoCrFeMnNi single crystal (HEA-SX) targets,
master alloys were prepared via melting high-purity bulk
elements (>99.9% purity) in an arc furnace under argon
atmosphere of 5x107* Pa (Figure 1c). Single crystal casting was
then performed in a Bridgman investment casting furnace by
melting several arc-melted buttons together at approximately
1600°C. The shell molded material (produced by investment
casting) was heated to 1450°C using a second furnace located
in a vacuum chamber. The liquid metal was poured into the
mold cavity and the mold was lowered through a baffle with a
gradient of 6 K/mm at a rate of 3 mm/min. The resulting

CoCrFeMnNi target

Galvoscanner with

Laser F-theta lens
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cylindrical rod solidified in the [001] direction was FCC single-
crystalline with a diameter of 15 mm and a length of 130 mm.
These rods were then cut via wire-EDM into 2 mm thick pellets.
To confirm the absence of grain boundaries, the samples were
etched after casting.

Non-ablated and ablated regions of the targets were
visualized by scanning electron microscopy (SEM) (Apreo S
LoVac, Thermo Fisher Scientific) in a secondary electron (SE)
mode. The non-ablated region denotes the surface of the target
before the ablation, while the ablated regions show a crater
after the ablation as shown in the supplementary (Figure S1).
The elemental composition was determined by energy dis-
persive X-ray spectroscopy (EDX).

2.2. Synthesis of Colloidal CoCrFeMnNi HEA NPs

The CoCrFeMnNi colloidal NPs were synthesized by PLAL of
HEA-PP, HEA-BP, and HEA-SX targets in ethanol using a near-
infrared picosecond pulsed Nd:YAG laser source (Coherent,
HyperRapid NX, Kaiserslautern, Germany, 10 ps, 1064 nm). The
HEA targets were ablated by focusing the laser beam with an
f=167 mm f-theta lens coupled to a galvanometric scanner
(Raylase, SS-IV-15 [1070], Wessling, Germany) generating a
6 mm-diameter hollow spiral pattern on the target surface at
10 m/s (Figure 2). The distance of the target is fixed from the f-
theta lens and the laser fluence was varied by changing the
repetition rate, ranging from 1.9J/cm? to 11.2J/cm? It is
important to highlight that the fluences considered here are

CoCrFeMnNi NPs
in ethanol

Hollow spiral
pattern

Gear pump

Ethanol

Figure 2. Schematic representation of the ps-pulsed laser ablation of CoCrFeMnNi HEA targets in ethanol employing a liquid flow chamber.
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the values before the interaction with the liquid. Given the
consistent thickness of the liquid layer and the narrow fluence
range, it's assumed that losses remain uniform across all
experiments. Consequently, this uniformity does not impact the
comparison between targets but solely influences the absolute
values obtained. To prevent shielding of the laser beam by the
produced NPs and reduce energy losses, a gear pump was used
to pump the liquid at a flow rate of 100 ml/min.

2.3. CoCrFeMnNi HEA NPs Characterization

The NP production rate (measured in mg/h) was determined by
gravimetric measurements of the mass of the targets before
and after ablation and taking into account the ablation time.
The NP size distribution, morphology, and elemental composi-
tion were characterized by transmission electron microscopy
(TEM) and EDX using a JEOL JEM-2200FS microscope equipped
with a ZrO,/W emitter and JEOL JEM-2100 microscope with
LaB6 gun. For the TEM sample preparation, the colloids were
dispersed on a copper grid and dried at ambient conditions. For
particle size distribution, the ferret diameter of individual
particles from TEM images was measured using Image).*® The
crystal structure of the NPs produced from each target was
analyzed by X-ray diffraction performed on a Huber G670-360
Gunier-Camera using Mo—K alpha1 radiation. The oxidation of
the CoCrFeMnNi NPs and their structural and magnetic proper-
ties were investigated by *’Fe-Mdssbauer spectroscopy on dried
powder samples under zero-field conditions. *’Fe-Mdssbauer
spectra were collected in transmission geometry and constant
acceleration mode at 4.3 K using a closed-cycle He cryostat
(SHI-850-5, Lake Shore Cryotronics).

2.4. Mass Spectrometric Characterization of HEA Laser-
Ablation Plumes

To get insight into the dynamics of laser-induced particle
ejection for different HEA targets, a mass spectrometric (MS)
analysis of the plumes produced by laser ablation in vacuum
was performed. The three targets (HEA-PP, HEA-BP, and HEA-
SX) were placed simultaneously in a vacuum chamber (base
pressure 107° mbar) and irradiated at a 45° incidence angle
under conditions similar to those in the PLAL experiments using
a Yb:KGW laser PHAROS (Light Conversion, Vilnius, Lithuania)
operating at 1030 nm, 2 kHz repetition rate, 7 ps pulse duration.
The laser beam was focused by a glass lens (f =400 mm) into a
circular spot with an effective radius w,=150 um (1/€?
criterion). The laser fluence at the spot was varied in the range
of 0.2-3 J/cm?. The laser beam was scanned over the target
surface at a speed of 2 mm/s to generate a zig-zag pattern over
the area of 10x8 mm?,

The abundance and velocity distributions of the laser-
produced particles were analyzed using a customized time-of-
flight (TOF) mass spectrometer (Kore Technology, Ely, UK). At
46 cm from the target, the positive ions of the ablation plume
were sampled parallel to the plume axis by a 760-V repeller
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pulse and directed to the mass spectrometer drift tube. The
ions in the mass-to-charge range of 6-600 u/e were detected in
the analog mode by a dual microchannel-plate detector using a
digital oscilloscope DSOS054A (Keysight, USA). The time delay
between the repeller pulse and laser pulse was varied to
investigate the ion velocity distributions. All mass spectra were
averaged over 200 laser pulses.

3. Results and Discussion
3.1. Composition Analysis of Bulk CoCrFeMnNi Targets

Figure 3a shows the non-uniform distribution of elements ofthe
non-ablated region of the HEA-PP target, with substantial
deviations in the elemental concentrations. The white arrow-
heads denote areas of elevated elemental concentration,
whereas the yellow arrowheads highlight regions with an
elemental content deficiency. This inhomogeneous elemental
distribution could be attributed to their limited diffusion during
the mixing and sintering process and due to the large
fluctuation in the lattice potential energy between the crystal
sites.”” In contrast, the uniform elemental distribution of the
non-ablated region was observed in HEA-BP (Figure 3b) and
HEA-SX (Figure 3c¢) targets due to the use of prealloyed powders
before the remelting or heat treating process. Figure 3d shows
the elemental composition (at.%) measured at three different
sites on the non-ablated regions. The non-ablated region of
HEA-PP possesses higher Mn (28 +9 at.%) and Cr (32 +12 at.%)
contents than other elements, with relatively large deviations,
while the compositions of HEA-BP and HEA-SX were relatively
more homogeneous and near to equimolar, with the maximum
deviation observed for Cr, 22+2 at.% and 2042 at.%, respec-
tively. In Figure 3e, the elemental distribution (at.%) is pre-
sented, revealing measurements from three distinct sites within
the ablated regions. Notably, a higher concentration of Mn is
evident on the target's surface (i.e, the non-ablated region),
consequently, the Mn content within the ablated region is
comparatively lower, measuring at 12+4 at%. Additionally, the
deviation in compositions for all elements is lower in the non-
ablated region when compared to the ablated region. For HEA-
BP and HEA-SX, the maximum compositional deviation in the
ablated region was found for Mn (ca. 22+1 at.% and 23+
1 at.% respectively). It is worth noting that the largest difference
in composition was observed for Cr and Mn, which could be
due to the difference in melting points : Mn (1246°C), Cr
(1907°C), Co (1495°Q), Fe (1538°C), and Ni (1455°C). This could
give rise to the difference in the mobility of each metal during
the alloying process, leading to compositional heterogeneity in
the overall bulk structure. In addition, different melting and
boiling points of the elements imply different volatilities during
the ablation process resulting in non-stoichiometric laser vapor-
ization (see Section 3.6).
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Figure 3. SEM (SE) and elemental maps of Co, Cr, Fe, Mn, and Ni obtained by EDX of (a) HEA-PP, (b) HEA-BP, (c) HEA-SX, (d) Elemental composition obtained
from three non-ablated regions of each target, (e) Elemental composition obtained from three ablated regions of each target area. The ablated region
corresponds to the area following a 10-minute target ablation. Error bars denote statistical error. Yellow and white arrows in the SEM images highlight regions

with deficient and elevated concentrations of elements, respectively.

ChemNanoMat 2024, 10, 202400064 (6 of 14)

© 2024 The Authors. ChemNanoMat published by Wiley-VCH GmbH

85UB017 SUOWIIOD 3A 1810 3|qedljdde aup Aq pauenob ae sl O ‘88N JO s3I 10} Ae1g 1T 8UINUO AB|IA UO (SUORIPUOD-PUR-SWISH W00 A3 | 1M AIq 1 RU1|UO//SANY) SUORIPUOD pUe SWB L 8U3 89S *[5202/20/02] U0 A%iqiauliuo A8|IM ‘uess3-Bingsing 1eiseAluN Aq #90007202 BUWL9/Z00T OT/I0p/W0d" A3 1M Aelq 1[eul|UO'SSTe//Sa1Y LWO.) pepeojumoq S ‘¥20e ‘¥26966T2



A Editorial Society

3.2. PLAL Productivity of CoCrFeMnNi NPs

The production of NPs was carried out through pulsed laser
ablation of an HEA-PP target in ethanol for different repetition
rates at maximum laser power (110 W) to maximize the
productivity. Figure 4a show the productivity as a function of
the repetition rate and laser fluence. The maximum ablation
efficiency with an average productivity of 311 mg/h was
achieved at 2000 kHz and a laser fluence of 2.8 J/cm® The
differences in reproducibility could be due to small differences
of laser focal position or variations of the surface roughness of
the target.

The ablation threshold fluence of the material was calcu-
lated according to the equation @, = 225 (where @, is the
optimum fluence), which is 0.38 J/cm® This value is higher
compared to the threshold fluence reported for CoCrFeMnNi
laser ablation in air (0.24 J/cm?).5" However, the experiments in
[47] were performed with a crystalline HEA target which had a
considerable lower ablation threshold than that for the HEA-PP
target (see below Section 3.6). The decrease in ablation rate by
increasing fluence can be attributed to the formation of laser-
induced periodic surface structures (LIPSS) after ablation of the
targets as observed by SEM (Figure 52).5? At a fluence of 11.2J/
cm?, the removal of larger cluster of the sintered elemental
micropowders target can lead to an increased ablated mass, as
also observed by Schmitz etal.”” for yttrium iron garnet
pressed powders.

In figure 4b we compare the influence of the CoCrFeMnNi
targets preparation method on the NP productivity. Remark-
ably, the average productivity for the HEA-PP target was 6.5%
and 15.1% higher compared to HEA-BP and HEA-SX targets,
respectively. However, considering the uncertainties, the differ-
ence is not statistically significant. The variations in productivity
could be attributed to variations in the focal position adjust-
ment and materials properties due to disparities in the mixing
of elements in the target as shown in Figure 1.

The laser processing at low intensities follows the two-
temperature diffusion model, where heating of the electron gas
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is followed by relaxation of the electron, transferring heat to
the lattice.®¥ Additionally, the ablation rate is also strongly
influenced by material properties. The total energy needed to
evaporate a unit volume at room temperature in an adiabatic,
isobaric process depends on the material solid and liquid
specific heat capacities, melting and boiling temperatures,
enthalpy of vaporization, and enthalpy of fusion.®¥ For alloys
with a similar composition and perfect mixing, all the parame-
ters can be interpreted using the rule of mixing.”" However, the
elemental mixing depends on the alloy preparation method,
and therefore the ablation rate may be affected. For the HEA-PP
target, elemental diffusion occurs during the heat treatment
process leading to heterogenous elemental mixing (as shown in
figure 3a). In the HEA-BP target, alloying occurs mechanically
during high-energy ball milling and later during hot pressing.
Finally, for the HEA-SX target, alloying occurs during the
melting of the elemental components while preparing the
master alloy and during remelting and casting into a single
crystal. Consequently, during the ablation process, the stoichio-
metries are not uniform locally, which results in differences in
the energy needed for vaporization resulting in variations in
productivity.

3.3. Particle Size Distribution of the CoCrFeMnNi NPs

The particle size distributions of the CoCrFeMnNi NPs produced
by laser ablation of the HEA-PP, HEA-BP, and HEA-SX targets
were analyzed by TEM. Figure 5a shows that ablation of each
target results in the formation of spherical particles with a wide
particle size distribution. Each distribution consisted of distinct
size fractions, with a dominant fraction of small NPs (<10 nm)
(Figure 5a). The coexistence of small and large NPs can be
explained by two mechanisms of NP synthesis through pico-
second pulse laser ablation in liquid, as computationally
predicted by Zhigilei et al.*® for a fairly high laser fluence, about
three times above the ablation threshold. They revealed that
small NPs were synthesized due to the phase explosion process,

(b)
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Figure 4. (a) Effect of repetition rate and laser fluence on productivity of NPs generated from HEA-PP target in ethanol. (b) Productivity of NPs generated from

PLAL of HEA-PP, HEA-BP and HEA-SX using the same laser parameters.
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Figure 5. (a) TEM images of the produced CoCrFeMnNi NPs from the HEA-PP, HEA-BP, and HEA-SX targets. (b) Particle size distributions as extracted from the
TEM images. (c) Mean Feret diameter and polydispersity index (PDI) of the NPs generated from HEA-PP, HEA-BP and HEA-SX targets by PLAL. 900 particles

were analyzed for statistics.

where the rapid release of vapor leads to the decomposition of
superheated regions of the target into vapors, atomic clusters,
and small droplets, which nucleate and grow to form small NPs
in the metal-ethanol mixed region. The larger particles were
formed by photomechanical spallation of the target from the
deeper regions, thereby breaking up the superheated molten
metal layer generated at the plume-liquid interface.

The analysis of the produced CoCrFeMnNi NPs from the
different targets revealed the presence of NP size distributions
with a peak value of 8.6, 6.8, and 6.2 nm for HEA-PP, HEA-BP,
and HEA-SX, respectively (Figures 5b and 5c). The polydispersity
index was larger than 0.3, revealing that the particle size
distributions were polydisperse.

The shape of the size distribution curves (Figure 5b) shows
that the NPs from HEA-BP and HEA-SX were relatively similar,
with almost the same fraction of smaller particles (less than
10 nm), while NPs from HEA-PP targets consisted of a relatively
larger fraction of bigger particles. The difference could be due
to compositional inhomogeneity in the target material, which
can affect NP formation, as described above. Although the
overall composition within the ablated region is similar, the
composition at the sub-micron scale varied significantly for
HEA-PP, as shown in Figure 3a. This caused local variation in
electron and lattice heating, thereby affecting the dynamics of
NP formation. The local composition was more homogeneous
for HEA-BP and HEA-SX targets, and this may lead to a lower
variation in particle size distribution.

ChemNanoMat 2024, 10, €202400064 (8 of 14)

3.4. Composition of the CoCrFeMnNi NPs

TEM and EDX analysis were used to identify the elemental
composition of NPs generated via PLAL of HEA-PP, HEA-BP, and
HEA-SX. The findings unveiled the generation of spherical
nanoalloys comprising all five elements within the NPs,
regardless of the target preparation method, as depicted in
Figure 6.

The average composition is near to equiatomic like the bulk
target however with large deviations between the particles
(Figure S3). Interestingly, the large NPs (above 20 nm) synthe-
sized from the HEA-PP target were mostly solid solution alloys
consisting of all constituent elements, while NPs generated
from HEA-BP and HEA-SX were mainly core-shell structures as
visible in TEM images in Figure 6, with a Mn-rich shell as shown
in the supplementary (Figure S4). The average thickness of the
shell within NPsvaries between 57+1.3 nm and 6.7+£3.6 nm
for HEA-BP and HEA-SX, respectively, as averaged at 10 different
positions. Jacob et al.*® proposed four general rules for the
formation of core-shell NPs. Firstly, there should be a distinct
miscibility gap in the phase diagram which could lead to the
formation of distinct phases. Dreimow et al.*” demonstrated
thermodynamically that the HEAs could undergo phase separa-
tion, which occurs when the positive enthalpy of mixing is
higher than the entropy of mixing, and suggested that
elements such as Co and Ni promote miscibility, while Cr
increases the miscibility gap temperature. Zhang et al.”®
hypothesized that secondary phase formation is related to the
immiscibility of binary mixtures in the alloy system. Although

© 2024 The Authors. ChemNanoMat published by Wiley-VCH GmbH

85UB017 SUOWIIOD 3A 1810 3|qedljdde aup Aq pauenob ae sl O ‘88N JO s3I 10} Ae1g 1T 8UINUO AB|IA UO (SUORIPUOD-PUR-SWISH W00 A3 | 1M AIq 1 RU1|UO//SANY) SUORIPUOD pUe SWB L 8U3 89S *[5202/20/02] U0 A%iqiauliuo A8|IM ‘uess3-Bingsing 1eiseAluN Aq #90007202 BUWL9/Z00T OT/I0p/W0d" A3 1M Aelq 1[eul|UO'SSTe//Sa1Y LWO.) pepeojumoq S ‘¥20e ‘¥26966T2



Editorial Society

E——
25nm

25nm 25nm

25nm 25nm

CHEMNANOMAT

% RGO
25nm s 25nm

25nm 25nm 25nm

— 3
25nm 25nm 25nm

Figure 6. High resolution STEM images and elemental maps of Co, Cr, Fe, Mn, and Ni obtained by EDX of NPs generated by PLAL of (a) HEA-PP (b), HEA-BP

and (c) HEA-SX.

calculations of phase diagrams (CALPHAD) for CoCrFeMnNi
suggest that binary solubility in FCC is maintained, it only
considers equilibrium phases, and thus the effects from material
synthesis and processing are not taken into account.”
Secondly, core-shell is thermodynamically more stable for a
solid solution when the diameter of the generated NPs is larger
than a certain size. This was previously investigated by
Tymoczko etal® for the Fe—Au system, indicating that
elemental segregation occurs due to the lower free energy of
the large particles. Also, in HEA-BP and HEA-SX NPs, a core-shell
structure is primarily observed in large particles, but not in
small particles (Figure S4), which can be due to the difference in
free energy of core-shell and solid solution structures. Thirdly,
the formation mechanism in PLAL indicates that elements in
the core need to have a higher melting point than in the shell.
In our case, for HEA-BP and HEA-SX, the NP shell is rich in Mn,
while the core is rich in the other elements. The melting point
of Mn is ca.17 %, 35%, 19%, and 15 % lower than Co, Cr, Fe, and
Ni, respectively. Thus, Mn is expected on the NP surface,
verifying the prediction. Lastly, the difference in the surface
energies of the NPs leads to particle coarsening and the
evolution to an inhomogeneous structure, also known as
Ostwald ripening.® It is evident from EDX mapping that sub-
nanometric Mn-rich particles are observed in the HEA-BP and
HEA-SX colloids (Figure S4). Due to their high surface-to-volume
ratio, they are unstable, and thus, most of them form a shell
around a larger particle, lowering the overall surface energies.
In HEA-PP, core-shell formation was not observed as in HEA-SX
and HEA-BP. This is associated with the composition of the
target material in the ablated region where a lower Mn content
was observed. Hence, the generated NPs exhibit a lower
amount of Mn-rich clusters, leading to solid solution formation.
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In addition, laser ablation of the HEA targets proceeds
incongruently with predominant vaporization of the most
volatile component (manganese) as demonstrated in the mass
spectrometric studies (Section 3.6). The incongruent ablation is
found to be more pronounced for HEA-SX and HEA-BP further
favoring the formation of core-shell NPs for these targets.

The small particles (less than 20 nm) in all cases were solid
solution particles as shown in Figure S5. This variation may be
attributed to the disparity in the formation mechanism of small
and large NPs via ultrashort pulses, as previously discussed.

3.5. Mossbauer Analysis

Mossbauer spectroscopy was performed on the nano powders
extracted from the generated colloids produced by PLAL of
HEA-PP, HEA-BP, and HEA-SX targets in ethanol (Figure 7). All
the spectra show a similar trend and therefore there are no
significant differences in the Fe environment, which can be
associated to the preparation method. By a least square fitting,
we have determined three spectral contributions that occur in
all samples.

For all samples, a major contribution (~50% of the spectral
area) is evident at small velocities and can be associated with
the magnetically ordered HEA in a low spin state with similar
hyperfine splitting that has been discussed previously in the
work of SchneeweiR etal®” for bulk Cantor alloys and for
FCC—Fe(100) films grown on Cu(100).°® Besides, we observe
two additional spectral contributions. There is a magnetically
ordered spectral contribution (~30% of the spectral area) with a
broad hyperfine field distribution p(B,;) between 15 to 35 T with
an average isomer shift <3,,> of 0.34 mm/s. Similar hyperfine
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Figure 7. Low temperature Mdssbauer spectra of PLAL-generated NPs from HEA-PP, HEA-BP, and HEA-SX targets (dots and red lines). Subspectra are assigned
to NPs from FCC-like Fe (blue), a secondary bcc-phase (green), and a Fe** oxide phase (orange).

field distributions p(B,,) are known for different TM-alloys, such
as short-range ordered Fe—Cr®® or a-Fe—Mn.” The observation
of this broad distribution might indicate the presence of Mn-
rich or disordered Cr-containing parasitic phases. Such an Fe
environment is in agreement with the EDX results revealing
that Fe is mainly found in the core of the NPs and could be
surrounded by four other elements, causing differences in the
local Fe environment. Besides, all samples have a ~20% oxide
phase. The absence of any oxide contribution in the XRD
pattern (Figure S6) indicates the formation of amorphous oxides
or to a small oxide volume in different orientations. The
obtained hyperfine field distribution p(B,s) and isomer shift &,
correspond typically to Fe*™ oxides. Due to the relatively broad
absorption lines, it is not possible to further determine the kind

of formed oxide. From the literature, we can exclude the
formation of ordered (CoCrFeMnNi);0,%%¢”! oxide indicating a
partial oxidation of different NPs. Due to the similarity of the
oxide contribution in the different prepared alloys, it can be
assumed that the partial oxidation of NPs is independent of the
target preparation method.

3.6. Mass Spectrometric Studies of the HEA Ablation Plumes

Figure 8 shows a typical mass spectrum of the ablation
products produced by laser ablation in vacuum of the HEA-PP
sample at a fluence of 1.7 J/cm?. The ablation plume is found to
consist mainly of atomic species of the alloy components (Cr,

1 Mn
Cr HEA-PP sample
1.5
. 1.7 Jiem”
3 | 28 km/s
©
4 1.04
5
> ] Fe
(%) Co
= 051 Ni
| cCr Cr :
| h Cr+Fe il
0.0 ]
T ¥ T ¥ T T T T T T ¥
50 52 54 56 58 60 62
MASS, u

Figure 8. Mass spectrum of the plasma plume ions produced by laser ablation of the HEA-PP target in vacuum at a fluence of 1.7 J/cm” The spectrum is taken

at a TOF delay of 16 ps corresponding to the particle velocity of 28 km/s.
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Fe, Co, Ni, and Mn), and the plume compositions are similar for
the 3 different targets. At fluences above ~1J/cm? doubly-
charged ions of all elements are observed in the plume. No
mixed species or clusters were detected. Similar spectra were
obtained for the HEA-BP and HEA-SX targets in the studied
fluence range. However, the thresholds for ion emission (which
can be considered similar to or slightly below the conventional
ablation threshold®) are different for the studied targets. For
the HEA-BP and HEA-SX targets, the ion emission threshold is
found to be 0.22 J/cm?, i.e., very close to the ablation threshold
value of 0.24 J/cm? measured by Redka et al.®" for a crystalline
CoCrFeMnNi target. However, for the HEA-PP sample, the ion
emission threshold is found to be 0.36 J/cm? which is in good
agreement with the threshold value of 0.38 J/cm? evaluated
here based on the NP productivity measurements (section 3.2).
The observed difference in the ablation thresholds for alloyed
HEA-BP and HEA-SX targets and the mixed elemental HEA-PP
sample is likely due to different optical and thermophysical
properties of the targets.

The relative abundance of the atomic ablation products in
the plume does not correspond to the equiatomic composition
of the target. In particular, Cr* and Mn™ ions are significantly
more abundant than other plume species. This can be partially
explained by the lower ionization potentials (IPs) of these
elements (IP=6.76 eV for Cr and 7.43 eV for Mn) compared to
the other elements (7.88 eV, 7.90 eV, and 7.64 eV for Co, Fe, and
Ni, respectively). Indeed, the lower the IP, the easier the
corresponding particle can be ionized and thus the stronger is
the signal in the mass spectrum. However, a closer inspection
shows that the observed abundance distributions and plume
expansion dynamics cannot be explained solely based on the
IPs as demonstrated by using the measured TOF distributions.

Figure 9 shows the TOF distributions /(t) of the main plume
particles produced by laser ablation of the HEA-PP, HEA-BP, and
HEA-SX targets at a laser fluence of 1.7 J/cm? For elements with
several isotopes (Cr, Fe, and Ni), the peak intensities of the most
abundant isotopes **Cr (abundance 83.8%), *Fe (91.7%), and
Ni (68.3%), were used for the plots. By integrating the
distributions of individual elements over the delay time t, one
can evaluate the total number of the emitted particles Y and
their mean kinetic energy E, using the following equations:*

Y:A I(t)dt (Eq.1)

I 27

E= 5 / mu(OPide= o [ (et (Eq.2)
0 0

where m is the mass of an atom, u = is the velocity, and L=
46 cm is the flight distance. The obtained values for all the
plume particles and all three studied HEA targets are summar-
ized in Table 1. The ion yields Y of different components are
corrected for their isotope abundancies and normalized to the
yield of Mn atoms. In addition, the particle mean velocity
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Figure 9. TOF distributions of the plasma plume particles produced by laser
ablation of (a) HEA-PP, (b) HEA-BP and (c) HEA-SX samples at a laser fluence
of 1.7 J/cm?,

zmﬂ and the maximal velocity u,,,, (corresponding to the

peak of the TOF distributions) are presented in Table 1.

U=

Three remarkable results emerge from Figure 9 and Table 1.
First, the total yield of Mn ions is considerably higher than that
of Cr ions for the HEA-BP and HEA-SX targets, despite that the
IP of the Cr is lower. Also, Fe and Co atoms have virtually
identical IPs while iron is always more abundant in the plume
than cobalt. Second, for all the samples, the heavier compo-
nents of the plume (Fe, Ni, and Co) have higher mean velocities
than those of the lighter components (Cr and Mn) that is rather
atypical for laser-ablation plumes. Third, the TOF distributions
of chromium exhibit a bi-modal shape with two distinct peaks
(especially pronounced for the HEA-BP and HEA-SX targets)
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Table 1. Normalized yield Y, mean kinetic energy E,, mean velocity g, and maximal velocity u,,, of the main plume particles under laser ablation of the
HEA-PP, HEA BP, and HEA-SX samples at a fluence of 1.7 J/cm?.
Parameter HEA sample >Mn 2Cr *Fe BNi *Co
Y PP 1 1.1 0.35 0.30 0.26
BP 1 0.73 0.14 0.10 0.10
SX 1 0.73 0.16 0.11 0.11
E. eV PP 50 42 64 76 75
BP 108 83 147 167 165
SX 96 68 132 150 150
a, km/s PP 13.2 125 149 15.9 15.7
BP 19.5 17.5 225 23.6 23.2
SX 184 15.9 21.3 223 22.2
U kMV/S PP 153 17.0/8.4 17.0 17.0 17.0
BP 23.0 28.7/8.8 28.7 28.7 28.7
SX 19.2 28.7/8.8 28.7 28.7 28.7

where the second peak corresponds to relatively low particle
velocities of around 8 km/s.

All the above observations cannot be explained by the
difference in IPs of the elements and indicate that another
factor governs primarily the particle yields and velocities under
these ablation conditions. We believe that this factor is the
component volatility. Due to different component volatilities,
the laser ablation of multicomponent targets affects the target
stoichiometry, since the more volatile components are released
(evaporated) more efficiently than the less volatile ones.”"?
Furthermore, this can strongly affect the expansion dynamics of
the ablation plume.”>7¥

The relative volatility of the CoCrFeMnNi HEA components
can be estimated based on the vapor pressure and boiling
point of the corresponding materials (Table. ST1 in the
supplementary). Based on these data, the following hierarchy of
the HEA elements in terms of their volatility can be deduced:
Mn > Cr>Fe>Ni~Co with Mn being the most volatile metal.
Then, if we assume incongruent vaporization during HEA laser
ablation, all our mass spectrometry observations can be
consistently explained. The most volatile Mn is the most
abundant species in the plume despite its relatively high IP. Fe
is more volatile than Co and thus is more abundant, although
their IPs are identical. Moreover, this approach explains the
observed particle velocity behavior with higher mean velocities
for heavier particles. This is due to a delayed evaporation of the
morevolatile components.”? The incongruent vaporization
process in the multi-shot irradiation regime proceeds as
follows.” After a sufficiently large number of laser pulses, the
target surface is enriched by low-volatile components (Fe, Ni,
and Co in the considered case). The following pulses induce
predominantly emission of these components with high kinetic
energies. However, the laser heating of the near-surface target
layer induces the diffusion of the high-volatile components
(Mn) from the bulk to compensate for their deficiency at the
surface.®®® As a result, they can be released from the target for
a fairly long time, when the surface temperature is still sufficient
for them to evaporate. Such delayed particles have much lower
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velocities. This explains also the low-velocity tail in the Cr
distribution. For Mn, the delayed vaporization is even more
significant, but it is not manifested as a separate peak in the
TOF distribution since the delayed peak is likely broad and
overlaps with the peak of directly emitted Mn atoms (Figure 9).

If we compare the mass spectrometry results for different
HEA targets (Figure 9 and Table 1), we can see that ablation of
the alloyed HEA-BP and HEA-SX targets results in similar particle
abundance and TOF distributions which are, however, quite
different from those obtained with the HEA-PP sample. For the
latter, all the plume particles are considerably slower, which can
be explained by the higher ablation threshold of this sample.
Furthermore, although the relative particle abundancies in the
plume deviate from the initial equiatomic target composition
for all the targets, the deviation is much larger for the alloyed
targets where Mn ions are the dominant species in the plume
(Figure 9b and 9c). This indicates that the incongruent ablation
is more pronounced for the HEA-BP and HEA-SX samples and
thus the delayed evaporation of the high-volatile components
is more efficient in this case. This can be therefore a plausible
explanation of the PLAL formation of core-shell NPs from the
HEA-BP and HEA-SX targets with a Mn-rich shell (Figure S4)
since the shell is formed mainly by Mn atoms released from the
target at a significant delay after the main ablation. For the
HEA-PP target, the delayed evaporation contributes to the
ablation process to a lesser extent and thus the PLAL-produced
NPs are mostly uniform in composition. Note that the total ion
yields are almost identical for all the targets (MS signals in
Figures 9a-c are given in comparable units) which confirms the
similar PLAL productivity of HEA NPs from the three targets
(Figure 4b).

We should underline here that laser ablation processes in
vacuum, especially the plume expansion, are different from
those in the liquid environment. However, the initial ablation
stages, including target heating, melting, and material ejection,
before the plume expansion starts, can be considered quite
similar. Therefore, mass spectrometry investigations of the
ablation products in vacuum provide valuable information on
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the initial ablation stage in liquids and reveal differences in
ablation dynamics for the evaluated targets.

4. Conclusions

The influence of the morphology, composition, and crystallinity
of the target on the generation of HEA nanoparticles by PLAL
has been evaluated. The elemental distribution within the
targets shows a higher segregation and inhomogeneity in the
HEA-PP (powder mixing-pressing-heat treatment) target com-
pared to HEA-BP (ball milling-hot pressing) and HEA-SX (single
crystal via Bridgeman method) targets.

Despite this difference, laser ablation of all the targets
resulted in the formation of similar CoCrFeMnNi alloy nano-
particles of 6-8 nm diameter on average. Interestingly, the
nanoparticles of the large fraction (>20 nm) generated from
the HEA-PP target were found to be in a solid solution state,
whereas the nanoparticles produced using HEA-BP and HEA-SX
targets exhibited the formation of core-shell structures with a
Mn-rich shell. Remarkably, the HEA-PP target yielded a 6.8%
and 15.1% higher productivity compared to the HEA-BP and
HEA-SX targets, respectively. Furthermore, the nanoparticles
from all targets exhibit an FCC structure with partially
amorphous phases, predominantly oxides. Mdssbauer spectro-
scopy indicates a consistent 20 at.% oxide content in the
nanoparticles, irrespective of the target composition.

The summary of the NPs properties obtained from the HEA-
PP, HEA-BP, and HEA-SX targets is shown in Table 2. These
findings underscore the feasibility of producing HEA nano-
particles from targets prepared via the HEA-PP process offering
a fast, reliable, and economically favourable in comparison to
HEA-BP and HEA-SX targets.
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1. Ablated and non-ablated target regions.

The region on the target where the laser irradiates and forms a crater is designated as an ablated
region, while the non-radiated region or the surface of the targets is identified as a non-ablated region.

Ablated Region

Non-ablated Region

Figure S1: Ablated and non-ablated regions of the target.
2. Formation of laser-induced periodic surface structures (LIPSS)

Figure S2 presents scanning electron microscopy images illustrating the formation of LIPSS on the
ablated region marked with arrows. On the surface of HEA-PP (Fig. S2a), the pattern is less distinct



due to higher porosity, making challenging to detect the size of the periodic structure. The surface of
the ball-milled powder-pressed target appears more compact, resulting in continuous periodic
structures with an average period of ~840 nm. The surface of HEA-SX exhibits higher porosity than
HEA-BP with the detected LIPSS periodicity of ~ 2 um.

Figure S2: LIPPS formation on the (a) surface of HEA-PP ablated region, (b) surface of HEA-BP ablated region
and (c) surface of HEA-SX ablated region after PLAL.

3. HEA NPs composition

Figure S3 displays the average compositions of nanoparticles derived from three different targets
using TEM-EDX. The average composition of all elements is close to equiatomic with significant
deviations regardless of the target preparation method.

Figure S4 shows the TEM-EDX mapping of particles showing the formation of Mn-rich shell particles
mainly in NPs derived from HEA-BP and HEA-SX. The arrows show the formation of isolated Mn
nanoclusters which are not the part of NPs.

The nanoparticle composition of less than 20 nm was analyzed by EDX-TEM as shown in Fig. S5.
Unlike large particles, small ones are solid solutions with non-homogeneous distribution of elements
throughout, independent of the target preparation method.

45

I \Ps-HEA-PP
40 - Il \Ps-HEA-BP
[ NPs-HEA-SX

Fe Cr Co Mn Ni
Elements

Figure S3. The average composition of all constituent elements of nanoparticles achieved by PLAL of HEA-PP,
HEA-BP, and HEA-SX.



Figure S4. The overall average composition of nanoparticles obtained by PLAL of HEA-PP (a), HEA-BP (b), and
HEA-SX (c), showing Mn-rich nano clusters.

-
w2

Figure S5. The elemental mapping of small nanoparticles (less than 20 nm) produced by PLAL of HEA-PP (a),
HEA-BP (b), and HEA-SX (c), showing HEA NP’s solid solution.

4. Crystal structure studies of HEA NPs

Figure S6 shows XRD patterns of NPs generated from HEA-PP, HEA-BP, and HEA-SX. The
crystalline sample fraction consists of FCC crystal structure for all samples, irrespective of the target
preparation method. The five major peaks (111), (200), (220), (311) and (222) correspond to standard
Bragg reflections. Some reflection features also shows the presence of secondary phases. The broad
features come from partially amorphous HEA or their oxides. The crystalline to amorphous phase
transition in Cantor alloy was previously witnessed by Wang et al.* who proposed that amorphization
comes from the increase of dislocation densities which promotes the development of stresses
favoring crystalline to amorphous transformation. Since the formation of NPs by PLAL involves
ultrafast heating and cooling, the residual stresses can promote such transformation.



Intensity [a.u]

T T

= NPs-HEA-PP
NPs-HEA-BP |
m—  NPs-HEA-SX |

311
222

W W i

T

T

331 420

TRy,

Figure S6. XRD patterns for NPs generated by PLAL of HEA-PP, HEA-BP, and HEA-SX. Crystalline NPs
represented by five peaks corresponding to standard Bragg reflections (111), (200), (220), (311), and (222) of

face-centered cubic lattice.

5. Volatility-related parameters of the CoCrFeMnNi HEA components

40

20 [

Table ST1. Volatility-related parameters of the CoCrFeMnNi HEA components. 23]

Parameter Mn Cr Fe Ni Co
Vapor pressure at 1500 K, Torr 0.9 4.5x10*% | 1.4x10% | 7x10° 5x10°
Boiling temperature, K 2334 2944 3134 3186 3200

References

1. Wang, H.; Chen, D.; An, X.; Zhang, Y.; Sun, S.; Tian, Y.; Zhang, Z.; Wang, A.; Liu, J.; Song, M.; Ringer,
S. P.; Zhu, T.; Liao, X., Deformation-induced crystalline-to-amorphous phase transformation in a CrMnFeCoNi

high-entropy alloy. Sci Adv 2021, 7 (14).

2. Honig, R. E.; Kramer, D. A. Vapor pressure data for the solid and liquid elements. RCA Review 1969, 30 (2),

285-288.

3. https://www.webelements.com




5.1.3. Study 3

Tahir, S., Smoliarova, T., DofAate-Buendia, C., Farle, M., Shkodich, M., and Gokce,B. (2025)
Synthesis and magnetic transitions of rare-earth-free Fe—-Mn—Ni-Si-based compositionally
complex alloys at bulk and nanoscale. Beilstein J. Nanotechnol, 16, 823—-836. DOI:
https://doi.org/10.3762/bjnano.16.62

121



(J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Synthesis and magnetic transitions of rare-earth-free
Fe—Mn-Ni-Si-based compositionally complex alloys
at bulk and nanoscale

Shabbir Tahir!, Tatiana Smoliarova2, Carlos Dofate-Buendia'-3, Michael Farle?,
Natalia Shkodich™ and Bilal Gokce™

Full Research Paper

Address:

Chair of Materials Science and Additive Manufacturing, University of
Wuppertal, GauBstr. 20, 42119 Wuppertal, Germany, 2Faculty of
Physics and Center for Nanointegration Duisburg-Essen (CENIDE),
University of Duisburg-Essen, Lotharstr. 1, 47057 Duisburg, Germany
and 3GROC-UJI, Institute of New Imaging Technologies, Universitat
Jaume |, Av. De Vicent Sos Baynat s/n, 12071 Castellén, Spain

Email:
Natalia Shkodich” - natalia.shkodich@uni-due.de; Bilal Gokce” -

goekce@uni-wuppertal.de

* Corresponding author

Beilstein J. Nanotechnol. 2025, 16, 823-836.
https://doi.org/10.3762/bjnano.16.62

Received: 18 February 2025
Accepted: 07 May 2025
Published: 05 June 2025

This article is part of the thematic issue "Laser—material interactions in
liquids applied to nanoparticles and nanocomposites”.

Associate Editor: X. Song

© 2025 Tahir et al.; licensee Beilstein-Institut.

License and terms: see end of document.

Keywords:
compositionally complex alloys; magnetic phase transition;
nanoparticles; pulsed laser ablation in liquid; rare-earth free

Abstract

Magnetic phase transitions at the Curie temperature are essential for applications like magnetocaloric refrigeration, magnetic
sensors, and actuators, but the reliance on costly, scarce rare-earth materials limits sustainability. Developing affordable, rare-earth-
free materials with tunable magnetic properties and scalable miniaturization methods is vital for advancing technology. We present
a comprehensive synthesis approach for rare-earth-free compositionally complex alloys (CCAs) with magnetic phase transitions,
spanning from bulk materials to nanoparticles. Specifically, we investigate Mny; 3Fe;s 2Niyy 2Gej6.655i16.65 (Ge-based CCA) and
Mn sFe( sNiSig 93Alg.07 (Al-based CCA). The bulk materials are prepared by ball milling and spark plasma sintering or powder
pressing and sintering. Nanoparticles (NPs) from the bulk materials are synthesized by pulsed laser ablation in liquid. Magnetiza-
tion measurements confirm a ferromagnetic-to-paramagnetic phase transition in bulk alloys, with 7. = 179 K for Ge-based CCA
and T, = 263 K for Al-based CCA. At the nanoscale, both Ge- and Al-based NPs exhibit superparamagnetic behaviour, with
blocking temperatures of Tg = 120 K for Ge-based NPs (x. = 13.4 £ 15.5 nm, average particle size) and Tg = 100 K for Al-based
NPs (x. = 18.4 £ 9.1 nm, average particle size), demonstrating the intrinsic superparamagnetic nature of NPs. While the Ge-based
CCA demonstrates almost twice the saturation magnetization (M) and ~20% lower hysteresis (H,) in bulk form, the Al-based CCA
exhibits comparable Mg and ~45% lower H,, at the nanoscale at 5 K. These results indicate that the Al-based CCA is a promising,
cost-effective alternative to Ge-based CCA at nanoscale, providing an economically viable and cost-effective alternative for nano-
scale-based applications.
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Introduction

Magnetic phase transitions are characterized by changes in the
material’s magnetic properties in response to varying condi-
tions such as applied magnetic or electric fields, temperature,
and/or pressure. In particular, the magnetic phase transition at
the Curie temperature (7,) is a type of magnetic phase transi-
tion characterized by the loss of spontaneous magnetization in
ferromagnetic materials [1]. One key application of such transi-
tions is in magnetocaloric cooling systems where magne-
tocaloric materials, when cycled near T, in an external magnet-
ic field, exhibit an adiabatic temperature change, enabling
energy-efficient and environmentally friendly refrigeration [2].
These solid-state cooling systems are being developed as alter-
natives to conventional gas-based refrigeration and are espe-
cially advantageous for applications requiring tailored tempera-
ture ranges, such as room-temperature cooling and cryogenic
systems [3,4]. The magnetic transition also plays a critical role
in the development of temperature-sensitive magnetic sensors
and actuators [5,6]. These devices harness the abrupt change in
magnetic properties at 7, to detect temperature fluctuations or
trigger mechanical responses, making them essential in automa-
tion, industrial processes, and healthcare monitoring technolo-
gies.

Considerable research has been dedicated to tailoring the Curie
temperature and associated magnetic properties through materi-
al design. Advances in composition modification, doping strate-
gies, and material synthesis have been shown to effectively tune
the phase transition characteristics, such as the temperature,
coercivity (H.), magnetization, and Curie or Néel temperatures
[7-9]. For instance Zhou et al. [10] reported that adjusting the
composition of NiMnGa to Nis5 ,Mn;g ¢Gang o, a giant magne-
tocaloric response with a AS of —20.4 J.kg™!"K~! at 317 K in a
5 T field can be achieved compared to Nis7 ,Mn{59Gas7
where a AS of just -2 J.kg7!-K~! at 310 K was witnessed.

Within the myriad of material systems exhibiting magnetic tran-
sitions, compositionally complex alloys (CCAs) have garnered
considerable attention because of their compositional flexibility
and exceptional thermomechanical [11,12], magnetic [13,14],
and electrical insulation properties [15,16]. CCAs are composed
of five or more elements, offering design freedom. This flexi-
bility allows for elemental combinations that control the config-
urational entropy of mixing, phase, and free energy of the mate-
rial. Consequently, the magnetic phase transition of CCAs can
be tuned by altering their chemical composition because of the
different elemental interactions [17]. A significant advantage of
using CCAs is their potential to replace rare earth elements in
magnetic materials [18]. The development of rare-earth-free or
rare-earth-lean magnets is critical because of the economic,

environmental, and supply chain challenges associated with rare

Beilstein J. Nanotechnol. 2025, 16, 823-836.

earth elements [19,20]. For instance, mining and processing of
rare earths are linked to significant environmental risks, while
geopolitical factors pose supply chain vulnerabilities [21]. By
avoiding the use of rare earth elements, CCAs present a sustain-
able alternative for functional magnetic materials [14]. Specifi-
cally, MnTX-based CCA alloys (where T is the transition metal
and X can be Si, Ge or Al) have gained attention because of
their magneto-structural phase transition at low temperatures.
As ternary alloys, these materials undergo a magnetic and struc-
tural transition from a low-temperature orthorhombic TiNiSi-
type structure to a high-temperature hexagonal Ni,In-type struc-
ture [22]. For instance, a ternary MnNiSi alloy transitions from
the hexagonal NiyIn structure to the orthorhombic TiNiSi struc-
ture at 1200 K [23], which is far from ideal for magnetocaloric,
electronic, and spintronic-based applications. When these alloys
are doped with elements such as Fe (which partly substitutes
Mn atoms) and Ge or Al (which partially replaces Si atoms)
[24] (forming CCAs), it effectively lowers the structural and
magnetic phase transition temperatures while maintaining the
overall magnetization. Previous studies on bulk MnFeNiGeSi
[25] (i.e., doping MnNiSi with Fe and Ge) and MnFeNiSiAl
[24] (i.e., doping NiMnSi with Fe and Al) alloys, synthesized
by arc melting of pure elements show a second-order magne-
tostructural phase transition between 170 and 220 K with an
isothermal entropy change of —=7.3 J-kg":.K™! at 2.5 T and a
first-order magnetostructural phase transition near 200 K with
an isothermal entropy change of —23 J-kg™!-K~! at 2 T, respec-
tively.

Bulk CCAs are explored thanks to the metallurgy approaches
that allow for material composition control and alloying. How-
ever, it is desirable to achieve controlled methodologies to
downsize CCAs to the nanoscale because they exhibit remark-
able properties due to the interplay between their compositional
complexity and nanoscale effects, such as a high surface-to-
volume ratio and quantum confinement. These unique charac-
teristics make CCA nanoparticles (NPs) highly suitable for ca-
talysis [26,27], energy storage [28], wear resistant coatings [29],
environmental [30], biomedical [31], magnetic [32] and elec-
tronic [33] technologies. In magnetic NPs, a key feature is the
superparamagnetic blocked-to-superparamagnetic fluctuating
transition, which occurs at a characteristic blocking tempera-
ture (Tg). Below Ty, NPs exhibit superparamagnetic behavior,
where magnetic moments of particles fluctuate due to thermal
energy but can be aligned under an external field. Above Tg,
thermal fluctuations dominate, causing a transition to a super-
paramagnetic fluctuating state. This transition is particularly
relevant for applications such as magnetic hyperthermia, where
NPs are used in cancer therapy to induce localized heating when

exposed to an alternating magnetic field [34].
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However, producing CCAs at the nanoscale presents signifi-
cant challenges. Traditional wet chemistry approaches often
fail because of elemental immiscibility under equilibrium
conditions, which leads to elemental segregation and phase
separation [35]. Additionally, standard near-equilibrium
heating methods are not suitable for synthesizing CCA NPs
because of inherent thermodynamic limitations [36]. While
high-temperature synthesis techniques have been successful in
producing CCA NPs, they come with certain drawbacks. For
instance, carbothermal synthesis requires an electrically
conductive substrate, making it unsuitable for large-scale pro-
duction [37]. Pyrolysis requires purification steps to eliminate
polymer impurities and also result in phase segregation due to
differences in precursor reduction temperatures [38]. Other
techniques such as laser scanning ablation [39] and Joule
heating [40] have also been employed to generate CCAs, but
they often involve costly precursors and lengthy solvent
screening processes.

Among the various techniques available for producing CCA
NPs, pulsed laser ablation in liquids (PLAL) stands out as a par-
ticularly promising method [41-43]. PLAL is a straightforward
and versatile method that does not require expensive precursors,
reducing agents, or surfactants [44,45]. The process is based on
the laser irradiation of the target material submerged in a liquid
environment. This makes PLAL a safe, scalable and environ-
mentally friendly approach [46-48]. Research on the synthesis
of CoCrFeMnNi Cantor alloy NPs by PLAL demonstrated that
this method consistently produces NPs with near-equiatomic
compositions, regardless of the target preparation technique.
Additionally Gatsa et al. [49] provide a realistic perspective that
the CCA NPs production using a multibeam PLAL approach
can be scaled up to ca. 3 g-h™'. The CCA NPs produced by
PLAL have shown a promising response as catalysts for oxygen
reduction reactions [50].

In the current work, we aim to develop NPs of bulk rare-earth-
free MnTX-based CCAs via PLAL. We start with bulk
Ge-based CCA synthesized by high energy ball milling
(HEBM) followed by spark plasma sintering (SPS), and an
Al-based CCA obtained by powder pressing and sintering. Our
goal is not only to replace rare earth elements but also to substi-
tute other expensive elements, such as Ge, with more cost-
effective alternatives such as Al. Notably, Ge is nearly a thou-
sand times more expensive than Al, making this substitution
economically advantageous [51]. By employing a more effi-
cient and reliable alloy production method, we aim to create
sustainable magnetic materials. Additionally, we compare the
composition and magnetic transitions of the CCAs at the nano-
scale to assess how these factors influence material magnetic

performance. This research addresses the economic challenges
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associated with costly elements and rare earth materials, provid-
ing a pathway for developing bulk and nanometric functional
magnetic materials that meet the demands of modern technolog-

ical applications.

Materials and Methods

Preparation of bulk Ge-based CCAs

The bulk Ge-based CCA was synthesized by a two-step process.
Initially, elemental Mn (99.2%, 3 um), Fe (99.96%, 10-20 um),
Ni (99.5%, 45-60 um), Si (99.999%, 45-60 pm), and Ge
(99.99%, <250 pm) powders were mixed in the desired stoi-
chiometric proportions and underwent HEBM in a planetary
ball mill for 90 min under argon atmosphere and a ball-to-
powder weight ratio of 20:1 with a rotation speed of sun disk/
jars 700 rpm/1400 rpm. In the second step, the HEBM powders
were consolidated using SPS (Dr. Sinter Lab — Fuji Electronic
Industrial Co. Ltd.) in a vacuum environment. The powder mix-
ture was loaded into a cylindrical graphite die with an inner di-
ameter = 10 mm and uniaxially compressed at 50 MPa. SPS
was carried out at 1073 K with a dwelling time of 10 min and a
heating rate of 100 K-min~!. The temperature was measured by
a K-type thermocouple placed in a radial hole inside the die.
The SPS-processed disks had a thickness of d = 3—-4 mm and a
diameter of & = 10 mm. The preparation procedure for the bulk
Ge-based CCA is illustrated in Figure 1a.

Preparation of bulk Al-based CCAs

The bulk Al-based CCA was produced from elemental Mn
(99.6%, <10 um), Fe (99.5%, 6-10 pm), Ni (99.9%, 37 um),
Al (99.5%, 44 pm), and Si (99%, 44 pm) powders. The bulk
targets preparation process is illustrated in Figure 1b. To
achieve the desired composition, each elemental powder was
weighed and mixed in the correct proportions by mass. The
powders were thoroughly blended for 20 min using a mortar
and pestle, as shown in the left panel of Figure 1b. After
mixing, the powder was compressed at 100 MPa to produce
cylindrical pellets of 10 mm in diameter and 2 mm in thickness
(middle panel, Figure 1b). Finally, the samples underwent heat
treatment in a near-vacuum environment (down to 10 mbar) at
600 °C for seven days, followed by rapid quenching in water.
This procedure helps achieving a homogeneous alloy
and is a cost-effective and time-efficient alternative to conven-
tional target preparation methods, such as arc melting or
HEBM followed by SPS, and suitable for CCA NP generation
because of the inherent alloying produced during PLAL pro-

cessing.

The bulk CCAs were ground, polished, and analyzed by SEM
(JEOL JSM-7600 F, Japan). The chemical composition was de-
termined using energy-dispersive X-ray spectroscopy (EDX)

with an Oxford Inca spectrometer.
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Figure 1: Synthesis route of the Ge- and Al-based CCAs. (a) Bulk Ge-based CCA produced via HEBM of elemental powders followed by SPS.
(b) Bulk Al-based CCA synthesized through a process of mixing elemental powders using mortar and pestle, followed by uniaxial pressing and
vacuum oven sintering. (c) CCA NPs produced by picosecond-pulsed laser ablation of the CCA alloy targets in ethanol employing a closed loop liquid

flow chamber.

The crystal structure of bulk CCAs was characterized by X-ray
diffraction (XRD) using a DRON-4-07 diffractometer with Co
Ka radiation over a 20 range of 20-110°. The magnetic proper-
ties of the samples were measured using a Quantum Design
DynaCool physical property measurement system at tempera-
tures ranging from 5 to 390 K under external magnetic fields up
to 9 T.

Synthesis of CCA NPs by PLAL

The CCA colloidal NPs were synthesized by PLAL using the
bulk Ge-based and Al-based CCA targets submerged in ethanol
(Figure 1c). A near-infrared picosecond-pulsed Nd:YAG laser

source (Coherent, HyperRapid NX, Kaiserslautern, Germany,

10 ps, 1064 nm) was employed to irradiate the targets within
ethanol at a laser fluence of 2.8 J-cm™2 [41]. Additionally, to
increase the NP concentration and reduce the organic solvent
use, a closed loop liquid flow system was employed.

Size distribution, morphology, elemental composition, and
crystal structure of the NPs from both CCA targets were exam-
ined using transmission electron microscopy (TEM) and EDX
with a Jeol 2200FS microscope (Japan) equipped with an
Oxford X-MaxN TLE 80 EDX detector (UK). The microscope
was operated at an acceleration voltage of 200 kV and utilized a
2k x 2k GATAN UltraScan 1000XP CCD camera. For TEM

analysis, the colloidal particles were dispersed onto a carbon-
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supported TEM copper grid and dried under ambient
conditions. The particle size distribution was determined
by measuring the Feret diameter of individual particles
from TEM images using ImagelJ software [52]. The NP crystal
structure was evaluated using CrysTBox software [53] using
digital diffractograms. EDX data was processed using AZtec
software.

Results and Discussion

Microstructural characterization of bulk CCAs
The SEM images and EDX elemental maps of the polished sur-
face of the Ge-based CCA (Figure 2a) revealed a homogeneous
microstructure, with no significant elemental segregation on the
micrometer scale, indicating a successful mixing and
compaction. This uniformity results from the HEBM, which
facilitates pre-alloying of elemental powders, followed by SPS.
The controlled heating during SPS helps to prevent the grain
growth and retains the nanoscale structure from HEBM
powders. Table 1 presents the average composition of the
Ge-based and Al-based CCAs measured at different spatial po-
sitions of the target’s surface, showing that the measured values

nearly align with the expected alloy composition. Notably, the
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percentage variance in Table 1 highlights that Ge exhibits the
highest variance (14.1%) compared to other elements. This may
be attributed to higher diffusion rates due to its lower latent heat
of fusion (31.8 kJ-mol™!) and its relatively low melting point
(1211 K) compared to other constituents, as observed by Tiwari
and colleagues [54]. Additionally, the target composition was
re-evaluated from both the surface and cross-section,
confirming that the composition remains consistent throughout
the surface and bulk of the CCA within the limits of experimen-
tal error (Figure S1 and Table S1, Supporting Information
File 1). Figure 2b provides an overview of the alloy’s crystallo-
graphic information, indicating the coexistence of BCC and
FCC phases. This differs from the work by Law et al. [25]
where the alloy synthesized by arc melting resulted in a single-
phase HCP structure at room temperature. The BCC phase,
predominant in the current work, may not appear in alloys
processed by arc melting due to the higher cooling rates
(=2000 K-s_l) [55], which can stabilize HCP structures through
a quenching effect [56] that does not occur for the SPS cooling
rates (1.6 to 6.9 K-s71) [57]. The appearance of the FCC phase
is consistent with Mn segregation and possible MnO formation,

as evidenced by XRD peaks. The microsegregation of Mn can
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Figure 2: (a, c) SEM (SE) and EDX elemental maps of Mn, Fe, Ni, Ge, and Si obtained for bulk the Ge-based CCA and Mn, Fe, Ni, Al, and Si, ob-
tained for bulk Ge-based CCA. (b, d) X-ray diffraction (XRD) patterns of the bulk Ge-based CCA and the bulk Al-based CCA, showing the presence of

side phases.
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Table 1: Comparison of the surface composition with the expected bulk composition, along with the percentage variance for both bulk Ge-based and

Al-based CCAs.

Bulk Ge-based CCA

expected bulk surface percent
composition (E) composition (S) variance =
[atom %] [atom %] @x 100 [%)]

Mn 22.3 22.7+0.9 1.8

Fe 22.2 243+0.7 9.5

Ni 22.2 20.8+0.8 6.3

Ge 16.65 143+0.5 14.1

Si 16.65 179+1.8 7.5

be due to a phenomenon consistent with observations in other
CCAs, often attributed to the elastic strain energy [58] or due to
the presence of oxygen on the surface forming MnO [59].

As expected, the SEM images and EDX elemental mapping of
the polished Al-based CCA surface (Figure 2b) show a more
porous structure and inhomogeneous elemental distribution,
with noticeable segregation. This results from a less effective
mixing during the powder mixing process in the mortar, com-
pared to the Ge-based CCA prepared by HEBM with subse-
quent consolidation by SPS. The lower sintering temperature
and absence of pre-alloying limits the diffusion of the elements,
leading to incomplete alloying. The composition exhibits a
much larger percentage variance from the expected bulk com-
position compared to the Ge-based CCA. Al with its much
lower latent heat of fusion (10.7 kJ-mol~!) and melting point
(933.5 K) compared to Ge, segregates easier, resulting in a sig-
nificantly higher percentage variance (121.7%) for Al com-
pared to other elements. However, it is important to note that
the percentage variance is strongly influenced by the absolute
elemental concentration; thus, even small absolute deviations at
low concentrations can result in disproportionately high per-
centage variance. XRD analysis revealed the formation of
multiphase alloys, with identifiable peaks corresponding to
Al-deficient and Al-rich phases. The Al-deficient phase,
NipMn,Si, was found to have a hexagonal (P63/mmc) structure,
while a cubic (Fm—3m) structure was observed in Ni,MnAl and
elemental Al. The hexagonal structure was also found in the
Al-based CCA produced by Biswas and colleagues [24]. The
elemental characterization by SEM/EDX from different surface
positions (see Figure S2 and Table S2, Supporting Information
File 1), further supports the formation of multielement phases.
Nevertheless, the purpose of the produced target through this
procedure is not to directly generate a bulk CCA, but to prepare
in a fast, up-scalable, and economically feasible manner inter-

mixed targets with the CCA components that can be later in-situ

Bulk Al-based CCA

expected bulk surface percent
composition composition variance =
[atom %] [atom %] @ 100 [%]

Mn 16.67 20.8 + 8.1 24.8

Fe 16.67 17.5+29 5.0

Ni 33.3 31.2+28 6.3

Al 2.3 5.10£ 0.6 121.7

Si 31.0 254 +23 18.1

alloyed during PLAL to generate compositionally controlled
CCA NPs.

CCA NP synthesis and characterization
Particle size distribution

The NPs synthesized by pulsed laser ablation in ethanol exhibit
a log—normal particle size distribution ranging from 2 to 130 nm
for both Ge- and Al-based CCAs (Figure 3). The polydispersity
index (PDI) exceeds 0.3, indicating a polydisperse size distribu-
tion. This polydispersity is further supported by simulation
studies by Shih et al. [60], where small NPs are formed
following the phase explosion process, in which a superheated
region of the target decomposes into vapor, small clusters, and
droplets, and large particles result from photomechanical spalla-
tion, leading to the ejection of larger droplets. The average par-
ticle size of the Al alloy NPs (x. = 18.4 + 15.5 nm) is larger
than that of Ge-based CCA NPs (x, = 13.4 £ 9.1 nm). This
difference can be attributed to variations in alloy composition
and material properties, which influence the ablation plume dy-
namics and particle formation kinetics during PLAL. Specifi-
cally, the thermal properties, such as melting point and heat
conductivity, and the volatility of the alloy components affect
the balance between phase explosion and spallation mecha-
nisms, ultimately leading to differences in particle size distribu-

tion.

Composition analysis

The EDX mapping of Ge-based CCA NPs shows that the parti-
cles contain all constituent elements of the target (Figure 4a).
As shown in Table 2, the percentage variation of each element
in the CCA NPs is higher than in the bulk alloy when com-
pared to the expected composition, and the standard deviation
between NPs is also greater than that of the bulk alloys.

This discrepancy is due to the different synthesis mechanisms

of NPs and bulk alloys and the intrinsic difficulties associated
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Figure 3: Particle size distribution extracted from TEM images (inset) from (a) bulk Ge-based CCA and (b) bulk Al-based CCA target.

Figure 4: (a) Mn, Fe, Ni, Ge, and Si EDX elemental maps of the PLAL-generated CCA NPs from the bulk Ge-based CCA target. (b) Mn, Fe, Ni, Al,
and Si EDX elemental maps of the PLAL generated CCA NPs from the Al-based CCA target.

Table 2: Comparison of the NP composition with the expected bulk composition, along with the percentage variance for both Ge-based and Al-based

CCAs.

Ge-based CCA NPs

expected NP average NP percent
composition (E)  composition (N)  variance =
[atom %] [atom %] 'E;EN' x 100 [%]

Mn 22.3 15.3+4.6 31.4

Fe 22.2 21.6+£3.9 2.7

Ni 22.2 254 + 41 14.4

Ge 16.65 19.8+1.9 18.9

Si 16.65 17.8 2.1 6.9

with the synthesis of CCA NPs. Beyond the elemental composi-
tion of the bulk target, the PLAL NP composition depends on
the volatility and ionization potential of each element. Hence,
the laser ablation of multicomponent targets has an impact on
NP stoichiometry, since the more volatile components evapo-

rate more efficiently. The greatest deviation was observed for

Al-based CCA NPs

expected NP average NP percent
composition (E)  composition (N)  variance =
[atom %] [atom %] BN 100 [%]

Mn 16.67 12.0+1.8 28.0

Fe 16.67 18.3+0.3 9.8

Ni 33.3 35.3+4.1 6.0

Al 2.3 1.30+0.4 43.5

Si 31 33.0+£5.0 6.5

Mn, with a variance of 31.4% below the expected composition,
compared to just 1.8% variance in the bulk Ge-based CCA. This
was also observed in our previous work [41] on Cantor alloy
NPs synthesized via PLAL, where separate Mn-rich clusters
formed due to elemental evaporation during synthesis. Addi-

tionally, the ionization potential influences the ablation plume
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dynamics. Notably, the Ge variation from the expected compo-
sition is lower than for Mn, contrasting with the bulk alloy’s
surface composition. This can be attributed to Mn’s lower
ionization potential (7.34 eV) compared to Ge (7.90 eV).
Furthermore, HRTEM imaging (Figure S3a, Supporting Infor-
mation File 1) reveals the formation of a =2.5 nm thick oxide
shell surrounding the NPs. A line scan analysis (Figure S3b,
Supporting Information File 1) confirms an elevated oxygen
concentration at the NP surface, indicating surface oxidation
effects. Most oxide shells, such as MnO, NiO, or FeO are anti-
ferromagnetic [61] and exhibit higher anisotropy than the NP
core, leading to an exchange bias effect in the hysteresis loop
and an increase in coercivity [62].

EDX mapping of the Al-based CCA NPs (Figure 4b) confirms
that all constituent elements from the target material are present
within the particles. Table 2 shows the NP composition devia-
tion from the bulk target. The largest percentage variation in
composition was found to be in Al content, which is 43.5%
lower than the expected composition. This can also be due to
the lower melting point of Al and lower ionization potential of
5.99 eV compared to the other elements of the alloy. Mn
content in the CCA NP is lower by 28.0% than the expected
value, as described earlier for the Ge-based CCA. However,
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unlike the Ge-based CCA NPs, no visible core—shell structure
was detected around the Al-based NPs, and oxygen intensity
was significantly lower in line scan analyses (Figure S4, Sup-
porting Information File 1). This suggests that surface oxida-
tion effects were less pronounced, potentially because of differ-
ences in particle formation dynamics or the protective role of
other alloying elements.

Structural characterization of the CCA NPs

Figure 5a and Figure 5b show HRTEM bright-field images of
the Ge-based CCA NPs and Al-based CCA NPs. The insets
reveal the crystallographic structure of the NPs and their corre-
sponding diffractograms. The observed contrast variations (with
light and dark areas marked in red and green, respectively) indi-
cate differences in elemental distribution, suggesting the pres-
ence of distinct phases and crystalline defects, such as twin
boundaries and inhomogeneous stacking of multiple elements
(marked with blue and purple arrows, respectively). The line
scan of one of the NPs further illustrates deviations in elemental
concentration as shown in Figure S3b and Figure S4, Support-
ing Information File 1. This phenomenon is attributed to the
nonequilibrium nature of PLAL, where each laser pulse, occur-
ring on a picosecond timescale, rapidly quenches non-equilib-

rium phases or highly defective structures [63].

Figure 5: High-resolution TEM images and diffractograms of PLAL-generated CCA NPs. (a) Ge-based CCA NP and (b) Al-based CCA NP.
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The Ge-based CCA NP diffractogram shows a distribution of
diffraction peaks corresponding to an orthorhombic NiSiTi-type
crystal structure, with lattice parameters a = 0.58492 nm,
b =0.70136 nm, and ¢ = 0.40149 nm. A previous work by Law
et al. using a bulk Ge-based CCA [25] suggested that the
orthorhombic crystal structure transforms fully to a hexagonal
structure below 190 K. However, the PLAL-synthesized
Ge-based CCA NPs do not show a hexagonal structure but
remain orthorhombic at room temperature. Additionally, the
FCC crystal structure observed in the bulk Ge-based CCA
target is not observed.

For the Al-based CCA NPs, the diffractogram reveals numer-
ous bright spots corresponding to an orthorhombic NiSi-type
crystal structure with lattice parameters @ = 0.36062 nm,
b =0.51256 nm, and ¢ = 0.73241 nm. This aligns with the find-
ings of Biswas et al. [24], where the orthorhombic phase
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predominates at room temperature for lower Al contents. How-
ever, in our XRD analysis of the synthesized bulk Al-based
CCA, the orthorhombic crystal structure was not observed. This
discrepancy suggests that PLAL influences the resulting crystal
structure, paving the way to control the material phase by modi-
fying the laser synthesis conditions such as pulse duration, in-
tensity, or solvent, which would drastically affect temperature,

pressure, and cooling rate conditions during NP synthesis [64].

Magnetic properties of the bulk and
nanoscale CCAs

Bulk CCAs

The Ge-based bulk CCA shows an abrupt magnetic phase tran-
sition, with the zero-field cooled (ZFC) and field cooled (FC)
curves starting to diverge around 179 K (Figure 6a), indicating
a shift from a paramagnetic to a ferromagnetic state. This transi-
tion temperature differs from previous reports that suggested a
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Figure 6: (a) ZFC-FC temperature-dependent magnetization (M—-T curve) of the bulk Ge-based CCA. (b) Field-dependent magnetization curve at 5
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transition above 170 K. Unlike earlier studies, no metamag-
netic transition occurs between 125 and 170 K; instead, the
magnetization decreases gradually even under a low field
(4kA/m). It is noteworthy that varying the target preparation
technique alters the magnetic properties of the material signifi-
cantly. This is probably related to the low cooling rates em-
ployed during SPS (compared to arc melting in a previous study
[25]), which result in a different crystal structure and modify
the magnetic properties. At temperatures below 179 K, the FC
curve shows higher magnetization than the ZFC curve, indicat-
ing that spin alignment occurs faster when cooled in the pres-
ence of a magnetic field because of the pre-alignment that the
magnetic field produces. Above 179 K, the ZFC and FC curves
converge, suggesting that thermal energy disrupts magnetic
ordering, leading to the appearance of a peak at around 179 K in
the dM/dT-T curve (Figure S5a, Supporting Information File 1),
which corresponds to the phase transition temperature,
accompanied by a sharp drop in the derivative, indicating
a second-order phase transition. This type of transition
suggests that the magnetization changes smoothly across the
transition point, consistent with ferromagnetic or ferrimagnetic

ordering.

The M-H curve at 5 K (Figure 6b and Figure S5b, Supporting
Information File 1) exhibits a pronounced hysteresis loop with a
H_ of 8.4 kA-m~! and a high saturation magnetization My (5 K,
9 T) of 68.2 A-m2kg~!, indicating strong ferromagnetic proper-
ties (Table 3). At 300 K, the loop becomes narrower, and H.
drops significantly to 1.2 kA-m™!, while M decreases to
18 A-m2-kg~!. This behavior suggests that the material becomes
easier to demagnetize, which is generally good for magne-
tocaloric cycles. However, the demagnetization comes with a
weakened ferromagnetic interaction, likely due to increased

thermal agitation at higher temperatures.

The Al-based CCA ZFC and FC curves diverge significantly
near 263 K (Figure 6¢ and Figure S5c, Supporting Information
File 1). The higher transition temperature compared to the
Ge-based CCA implies stronger magnetic interactions in the
Al-based CCA, which are able to persist even at higher temper-
atures. The broader dip in the dM/dT-T curve, compared to the
sharper drop seen in the Ge-based CCA, suggests that the mag-
netic ordering in the Al-based CCA is more gradual, possibly
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because of different multiple phases and microstructures. How-
ever, the low-temperature magnetization of the Al-based CCA
(=1 A~m2~kg_1) is much lower than that of the Ge-based CCA
(=5 A-m%kg™1), indicating that antiferromagnetic correlations
may become important in the Al-based alloy at low tempera-
tures.

The M-H curves for the Al-based CCA (Figure 6d and Figure
S5d, Supporting Information File 1) shows a higher H. at 5 K
(11 kA-m~1) than that observed for the Ge-based CCA
(8.4 kA-m~1). The M, (5 K, 9 T) reaches 32.7 A-m%-kg™!,
which, although significant, is still lower than the
68.2 A-m%kg~! observed for the Ge-based CCA. As the temper-
ature increases to 300 K, the Al-based CCA exhibits a marked
decrease in both H. (down to 1 kA-m~!) and M,
(9.5 A-m2.kg™1).

CCA NPs

The M-T curve (Figure 7a) for the Ge-based CCA NPs exhibits
a distinct ZFC-FC behavior differing from that of the bulk ma-
terial. The magnetization increases with temperature, reaching a
peak at 100 K, corresponding to the superparamagnetic
blocking temperature (7). Unlike the bulk CCA, which under-
goes an apparent magnetic phase transition at 7, = 179 K, the
NPs experience a superparamagnetic-to-paramagnetic transi-
tion at 204 K (Figure S6a, Supporting Information File 1).

The magnetization M (5 K, 50 mT) for the NPs
(=1.2 A-m2~kg_1) is lower than that of the bulk (=5 A-mz-kg_])
mainly because of the blocking temperature effect. Below T,
the thermal energy is sufficient to cause flipping of magnetic
moments, reducing the measured magnetization at low fields
compared to the bulk, where the moments remain fully aligned.
Additionally, the formation of an oxide shell (=2.5 nm thick) on
Ge-based NPs further contributes to a decrease in Mg by
reducing the magnetically active volume.

At 5 K, the M—H curve displays a significant hysteresis loop
with a H, of 26.2 kA-m™~!, which is higher than that of the bulk
Ge-based CCA (8.4 kA-m™!) (Figure 7b, Table 4, and Figure
S6b, Supporting Information File 1). At 300 K, H. drops to
0.7 kA-m~!, and M, (300 K, 9 T) decreases to 6.6 A-m2-kg~!,
indicating that the thermal energy at room temperature is suffi-

Table 3: Comparison of magnetic phase transition temperature (T), saturation magnetization (Ms), and coercivity (H) at 5 and 300 K for bulk

Ge-based and Al-based CCAs.

Tc K] Ms (5 K) [A'm2kg™"]
bulk Ge-based CCA 179 68.2 18
bulk Al-based CCA 263 32.7 9.5

M (300 K) [A-m2-kg~1]

He (5 K) [kA'm~1]  H, (300 K) [kA-m~"]

8.4 1.2
11 1
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Figure 7: (a) ZFC-FC temperature-dependent magnetization (M-T) curves of NPs generated from PLAL of the Ge-based CCA target. (b) Field-de-
pendent magnetization curves (M—H) curves of NPs generated from PLAL of the Ge-based CCA target at 5 and 300 K. (c) ZFC-FC temperature-de-
pendent magnetization (M—-T curve) for NPs generated from PLAL of the Al-based CCA target. (d) Field-dependent magnetization curves (M—-H)
curves of NPs generated from PLAL of the Al-based CCA target at 5 and 300 K.

cient to overcome the magnetic anisotropy. The value of M
(5 K, 9 T) for the bulk material (68.2 A-m>-kg™!) is much
higher than that of the NPs (25.1 A-m?-kg™!). This reduction in
M in the NPs can be attributed to the inhomogeneity of the NPs
and the formation of oxide shells. At 300 K, H. drops to
0.7 kA-m~!, and M decreases to 6.6 A-m2-kg~!, indicating that
the thermal energy at room temperature is sufficient to over-
come the magnetic anisotropy, leading to a weaker magnetic
response. The larger drop in Mg and H.. in the NPs with increas-
ing temperature reflects the greater impact of thermal fluctua-

tions on nanoscale materials.

The magnetic response of the Al-based CCA NPs exhibited a
behavior (Figure 7c,d) similar to that of the Ge-based CCA
NPs. The magnetization increases with temperature, reaching a
peak at superparamagnetic blocking temperature of around

100 K and then decreases, indicating a superparamagnetic-to-

paramagnetic transition. A divergence between ZFC and FC
curves is observed below 202 K (Figure S6¢, Supporting Infor-
mation File 1), suggesting spin freezing or magnetic domain
alignment when the material is cooled in the presence of a mag-

netic field.

The M-H curve (Figure 7d and Figure S6d, Supporting Infor-
mation File 1) of the Al-based CCA at 5 K shows significant
hysteresis, with a H. of 16.6 kA~m’1, which is higher than that
of the bulk Al-based CCA (11 kA-m™!). The increase in H_in
the NPs is likely due to enhanced surface anisotropy effects that
arise from the smaller particle size. However, M (300 K, 9 T)
and Mg (5 K, 9 T) of the Al-based CCA NPs are comparable,
while a lower H, is exhibited at low temperature (5 K) com-
pared to Ge-based CCA NPs (Table 4). This decrease in H. can
be attributed to absence of oxide shell formation and the differ-

ence in composition and crystal structure.
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Table 4: Comparison of saturation magnetization (Mg) and coercivity (Hc) at 5 and 300 K for Ge-based and Al-based CCAs NPs.

Ms (5 K) [A'm2-kg™]

Ge-based CCA NPs
Al-based CCA NPs

25.1 6.6
25.9 6.8

Conclusion

We present rare-earth-free Ge-based and Al-based CCAs as
promising candidates for low-temperature magnetic applica-
tions. In the bulk state, the Ge-based CCA exhibits a T of
179 K, while the Al-based CCA has a higher T of 263 K. The
Ge-based CCA exhibits almost twice the M and a ~20% lower
H_ than the Al-based CCA at 5 and 300 K.

At the nanoscale, both CCAs exhibit superparamagnetic behav-
ior with 7y of 120 K for Ge-based NPs (x. = 13.4 £ 9.1 nm) and
100 K for Al-based NPs (x, = 18.4 £ 15.1 nm). While the
Ge-based NPs maintain a higher M, the Al-based NPs exhibit a
comparable M, and an approximately 45% lower H, at low tem-
perature (5 K). This reduction in coercivity makes the Al-based
CCA NPs particularly attractive for applications requiring soft
magnetic materials with enhanced magnetocaloric performance

and lower hysteretic losses at low temperatures.

Beyond their magnetic properties, Al-based CCAs offer notable
economic and material availability advantages. As Al is signifi-
cantly more cost-effective and abundant than Ge, Al-based
CCAs present a scalable and sustainable alternative for rare-
earth-free magnetic materials. This substitution is particularly
relevant for future advancements in magnetocaloric refrigera-

tion, sensors, and other energy-efficient technologies.

Supporting Information

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-62-S1.pdf]
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1. Elemental composition of Bulk Ge-based CCAs

The ground and polished surface were re-examined, along with the cross-section of the bulk Ge-based
CCA sample using SEM/EDX. Figures Sla and S1b present the elemental distribution maps obtained
from the surface and cross-section, respectively. The results indicate a highly homogeneous distribution
of Mn, Fe, Ni, Ge, and Si across both the surface and the interior of the alloy. The quantitative EDX
data (Table S1) further confirm that the average elemental composition closely matches the intended
bulk composition, with only minor variations observed between different regions. These findings, in
agreement with the results shown in the main manuscript, demonstrate that the surface and the internal
volume of the alloy are compositionally consistent within experimental error.
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Figure S1: (a): SEM (SE) and EDX elemental maps of Mn, Fe, Ni, Ge and Si obtained from the surface
of the bulk Ge-based CCA. (b): SEM (SE) and EDX elemental maps of Mn, Fe, Ni, Ge and Si obtained
from the cross-section of the bulk Ge-based CCA.
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Table S1: EDX results performed from the fine-polished surface, and the cross-section of the Bulk-Ge
based CCA sample.

Bulk Ge- | Mn [atom %] Ni [atom %] Fe [atom %] Ge [atom %] Si [atom %]
based CCA

Surface 21.66 £ 0.06 20.95 £ 0.04 23.91 +£0.08 15.76 £ 0.06 17.71 £ 0.05
Cross-section | 21.57 £ 0.08 20.91 +£0.06 23.98 £ 0.08 15.92 £ 0.04 17.63 £ 0.07

2. Local elemental composition of Bulk Al-based CCAs.

Figure S2 and Table S2 below present the local compositions of the bulk Al-based CCA, measured at
various positions. The table highlights the formation of multiphase alloying or possible alloying
inconsistencies, with noticeable segregation of Al and Mn in most cases.

Figure S2: SEM image of bulk Al-based CCA, with marked positions indicating where EDX mapping was

performed.

Table S2: Elemental composition by SEM EDX-mapping at local position of bulk Al-based CCA.

Ni (atom %) Mn (atom %) Fe (atom %) Si (atom %) Al (atom %)
1 31.94 11.42 20.54 36.09 -
2 32.56 11.36 20.55 35.52 -
3 34.72 30.62 - 18.23 16.43
4 34.72 30.62 - 18.23 16.43
6 11.61 58.79 12.12 17.49 -
7 28.49 23.49 46.74 1.25 -
8 38.32 15.07 38.91 4.23 2.97
9 - 89.01 - 10.99 -
10 - 78.19 - 21.81 -
11 12.6 29.74 50.11 4.84 2.69
12 35.09 30.40 8.08 26.41 -
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3. Formation of core—shell structure for Ge-based CCA NPs

Figure S3 presents the HRTEM image and EDX line scan of a Ge-based CCA NP. The HRTEM image
clearly shows the formation of an amorphous shell around the NP, indicating surface oxidation. The
EDX line scan confirms the presence of all constituent elements within the NP, while a higher oxygen
intensity at the edges suggests the formation of an oxide layer on the surface. Since oxidation is
predominantly observed at the surface, it likely occurred after the PLAL process, possibly during
nanoparticle colloid deposition and drying on the TEM grid or due to interactions with the solvent.
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Figure S3: (a) HRTEM image and (b) EDX line scan of a Ge-based CCA NP, showing the elemental distribution
of Ni, Mn, Fe, Si, Ge, and O. The higher oxygen intensity at the NP's surface indicates the formation of an oxide
layer.

4. EDX line scan of Al-based CCA NP

The TEM image of Al-based CCA confirm that no shell formation was observed in Al-based NPs and
the EDX line scan reveals that all constituent elements (Ni, Mn, Fe, Al and Si) were present. The O
peak was same throughout, showing that some oxide phases could be formed within the particle.
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Figure S4: TEM image and EDX line scan of an Al-based CCA NP, showing the elemental distribution of Ni, Mn,
Fe, Si, Al, and O.
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5. Magnetic properties of bulk CCA (Additional information)

Figure S5a shows the temperature derivative of magnetization (dM/dT) obtained from ZFC-FC M-T
curves of the bulk Ge-based CCA measured at an applied field of =4kA/m. A sharp minimum is observed
at 179 K, indicating a well-defined second-order ferromagnetic-to-paramagnetic phase transition. The
field-dependent magnetization (M—H) curves of the bulk Ge-based CCA are shown near zero field for
5 K (blue) and 300 K (red) in Figure S5b. At 5 K, the loop exhibits clear hysteresis, with coercivity of
Hc =8.4 kA/m while at 300 K the coercivity decreases to He = 1.2 kA/m). The dM/dT curve (Figure S5c)
for the bulk Al-based CCA displays a broader and shallower minimum at around 263 K, corresponding
to its Curie temperature. The broader transition suggests either multiphase behaviour or more gradual
magnetic ordering compared to the Ge-based alloy. The M—H curves of the Al-based CCA (Figure S5c)
show Hc = 11.0 kA/m at 5 K and 1.0 kA/m at 300 K.
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Figure S5: (a) the magnetization derivative with the temperature of ZFC-FC M-T curve of bulk Ge-based CCA.
(b) Field-dependent magnetization near 0 T at 5 K (blue) and 300 K (red) for bulk Ge-based CCA. (c) The
magnetization derivative with the temperature of ZFC-FC M-T curve of bulk Al-based CCA. (d) Field-dependent
magnetization near O T at 5 K (blue) and 300 K (red) for bulk Al-based CCA.

6. Magnetic properties of CCA NPs (Additional information)

The dM/dT for Ge-based CCA nanoparticles, measured at =4kA/m (Figure S6a), shows a magnetic
transition at 204 K, indicating a shift from superparamagnetic to paramagnetic behavior. The M—H
curves of Ge-based CCA NPs at 5 K (blue) and 300 K (red) show significant hysteresis at low
temperature, with Hc = 26.2 kA/m, and a nearly linear response at 300 K, with Hc = 0.7 KA/m. The dM/dT
curve for Al-based CCA NPs shows a magnetic transition at 202 K (Figure S6c), similar to the Ge-based
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system. The M—H curves of Al-based CCA NPs show Hc = 16.6 kA/m at 5 K and 1.1 kA/m at 300 K.
These results show that both nanoparticle systems exhibit superparamagnetic-to-paramagnetic
transitions and Al-based NPs show lower coercivity at low temperatures.
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Figure S6: (a) The magnetization derivative with the temperature of ZFC-FC M-T curve of Ge-based CCA NPs.
(b) Field-dependent magnetization near 0 T at 5 K (blue) and 300 K (red) and of Ge-based CCA NPs. (c) The
magnetization derivative with the temperature of ZFC-FC M-T curve of Al-based CCA NPs. (d) Field-dependent
magnetization near 0 T at 5 K (blue) and 300 K (red) for Al-based CCA NPs.
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Abstract

Ni-Mn-Sn-based Heusler alloys exhibit a strong inverse magnetocaloric effect (IMCE) near room
temperature, making them ideal for solid-state cooling applications. High-resolution 2D printing of such
materials enables the precise structuring of magnetocaloric materials, facilitating their seamless
integration into microcoolers, MEMS, and flexible electronics.

This study explores the utilization of fine NiMnSn microparticles through ink formulation for 2D laser
printing and compositionally controlled nanoparticle (NP) synthesis via pulsed laser ablation in liquid
(PLAL). Different PLAL target fabrication strategies are investigated to optimize NP composition,

Among the investigated methods, PLAL using pressed NiMnSn microparticles (MPs) mixed with
additional Mn MPs results in a NP composition that more closely matches the desired NisoMnsoxShx (at.
%; for 13 at. % < x < 15 at. %), minimizing overall deviations. The synthesized NPs exhibit significant
size reduction compared to MPs and distinct magnetic behavior with broad phase transitions. Laser
sintering of both MP and NP inks successfully produces structured magnetocaloric materials. The
sintered MP ink shows an increase in overall magnetization compared to the sintered NP ink, while the
NP ink demonstrates improved uniformity and higher resolution during 2D laser printing.

This study establishes a compositionally controlled approach for synthesizing NiMnSn NPs from MPs
and demonstrates precise laser structuring of magnetocaloric materials. These findings provide critical
insights into the scalability of NiMnSn materials for next-generation solid-state refrigeration, MEMS, and
miniaturized magnetic devices.

Keywords: Magnetic phase transition, Heusler alloys, Rare-earth free, Pulse laser ablation in liquid,
Nanoparticles.
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1. Introduction

Heusler alloys are a class of intermetallic compounds with the general formula X,YZ or XYZ, where X
and Y are typically transition metals and Z is a main-group element. These materials exhibit a wide
range of functional properties, including ferromagnetism™ 2, half-metallicity®® 4, and shape memory
effects!® &1, making them highly attractive for applications in spintronics!”- &, magnetocaloric refrigerationl®
10 and energy conversion**- 12, In magnetocaloric refrigeration, Heusler alloys are particularly promising
due to their ability to undergo a martensitic transformation near room temperature, which is
accompanied by a large change in magnetization. This phenomenon leads to the inverse
magnetocaloric effect (IMCE), where the application of a magnetic field induces a negative entropy
change, resulting in heat absorption from the surroundings. Conversely, removing the field releases
heat, making these materials excellent candidates for solid-state refrigeration as an alternative to
conventional gas-compression cooling, which relies on environmentally harmful refrigerants. The
Heusler-type alloys composed of NisoMnso-xShx (at.%; for 13 at.% < x < 15 at.%) have attracted significant
attention due to their highly reversible magneto-structural phase transition, which produces an inverse
magnetocaloric effect nearly three times larger than that of Ni-Mn-Ga-based alloys[*3l. These alloys
exhibit ferromagnetic behavior in the high-temperature austenite phase (below their Curie temperature
T¢) which transforms into a low-magnetization martensitic phase upon cooling, leading to a strong IMCE.
Additionally, being rare-earth-free, and their ability to maintain a balance between thermal stability and
transformation temperatures near room temperature further enhance their suitability for next-generation
energy-efficient, cost-effective solid-state refrigeration technologies4.

High-resolution 2D printing of magnetocaloric materials presents a promising approach for integrating
these materials into miniaturized cooling devices, offering precise control over structural geometry while
maximizing heat exchange efficiency.* Unlike bulk fabrication methods, which often require extensive
post-processing to achieve the desired shapes, 2D printing can enable direct deposition of finely
structured magnetocaloric layers onto substrates, facilitating their incorporation into microelectronic
cooling systems, MEMS, and flexible electronics.[*®l The resolution of printed structures is critically
dependent on the size and morphology of the feedstock material, where fine microparticles (MPs) or
nanoparticles (NPs) play a key role. Smaller particle sizes enable smoother, more uniform ink
formulations with enhanced printability, reducing defects and ensuring consistent material distribution.!”:
18 This, in turn, leads to improved thermal and magnetic properties, as well as greater precision in
fabricating patterned structures with optimized surface-to-volume ratios. Furthermore, the use of fine
powders minimizes material waste*® which can allow development of thinner, flexible magnetocaloric
films that can be tailored to specific device architectures.

Transitioning from fine MPs to the nanoscale is particularly desirable due to the distinct properties of
NPs compared to their bulk counterparts. This transition from fine MPs to the nanoscale will be
particularly desirable due to further improvement in print resolution and due to the distinct properties of
NPs compared to their bulk counterparts. At the nanoscale, materials exhibit size-dependent
phenomena such as an enhanced surface-to-volume ratio, reduced hysteresis losses??, tunability of
phase transitions?* 22, and a significant magnetocaloric effect due to superparamagnetic behavior(?3 24,
Additionally, magnetocaloric NPs demonstrate a broader entropy change over a wider temperature
span, which can enhance relative cooling power (RCP), making them highly promising for next-
generation cooling technologies.?

While bulk and thin film Heusler compounds have been extensively studied, achieving magnetic Heusler
NPs remains a challenge due to the positional disorder of intermetallic atoms.?® The synthesis of
Heusler alloy NPs has been explored through both top-down and bottom-up approaches.?”%° High-
energy ball milling, a common top-down method, has been employed to reduce particle sizes from the
micron to nanometer scale. However, this approach often leads to the formation of disordered
intermediate phases due to lattice strain, as observed in Ni-Mn-Gal®® 3Y or results in core-shell
structures, as seen in (Mn,Fe),(P,Si)-based NPs®. In contrast, wet chemical techniques have been
successfully used to synthesize Heusler alloys of various compositions, including Co2FeSnf?%,
Ni:FeGal®®l FesGal*, CozFeAll®, CoFeGal®*® and Co:NiGal*"! with high purity and well-defined size



distributions. These methods enable the formation of L2;-ordered structures with minimal secondary
phases. However, the presence of residual surfactants, ligands, or precursors in wet chemical synthesis
can alter the surface chemistry and influence the overall properties of the NPs, necessitating additional
purification steps.®®

Pulsed laser ablation in liquid (PLAL) can offer a rapid, surfactant-free, and versatile alternative for
synthesizing high-purity Mn-based Heusler alloy NPs.2%42 |n this method, a target material is ablated in
an immersed solvent, and the resulting NP composition is primarily dictated by the target composition.
Unlike conventional chemical synthesis routes, PLAL eliminates the need for precursors or stabilizing
agents, reducing contamination risks. Additionally, the rapid quenching from the surrounding liquid
stabilizes metastable phases and facilitates the formation of nanostructures with tailored compositions,
which are often unattainable through solid-state or gas-phase synthesis. This technique also offers high
flexibility, as NP composition and properties can be tuned by modifying the target material or adjusting
laser parameters such as wavelength, fluence, and pulse duration.*3 44 Additionally, PLAL allows the
use of targets made by pressed and sintered elemental or pre-alloyed powders, offering a simpler and
more scalable route to achieving the desired compositions.[4>: 46l

In this work, gas atomized fine Ni-Mn-Sn MPs were used as feedstock. First, these fine MPs were
dispersed in an ink and their potential to create functional 2D structures by laser printing was
investigated. Second, PLAL was used to synthesize compositionally controlled NPs by pressing and
sintering powders into targets and compare the composition of NPs obtained from different target
fabrication techniques (see Section 2.2). By integrating these strategies, this work seeks to provide new
pathways for tailoring the properties of Ni-Mn-Sn-based magnetocaloric materials. Ultimately, our
findings will contribute to the development of advanced solid-state cooling technologies that leverage
nanoscale enhancements to optimize performance and efficiency.

2. Materials and methods
2.1. Preparation of NiMnSn finer MPs

Pre-alloyed NiMnSn MPs were custom-produced by means of gas atomization and analyzed by VTT
(Technical Research Centre of Finland). Its composition was determined by X-ray fluorescence (XRF)
as Nis7.2Mnze2Sni1so (at. %). The elemental composition and elemental mapping were visualized by
energy dispersive X-ray spectroscopy (EDX) in scanning electron microscopy (SEM, Apreo S LoVac,
Thermo Fisher Scientific). The process of target preparation, NP synthesis via PLAL, ink formulation,
and laser sintering is illustrated in Figure 1.

2.2. Preparation of NiMnSn targets

To enable compositionally controlled synthesis of NiMnSn NPs, different target materials were prepared
for PLAL.

e Type 1 target: For the preparation of polycrystalline NiMnSn alloy targets, arc melting was
performed under an argon atmosphere using a water-cooled Cu crucible. The resulting ingot
was annealed for 2 hours in a quartz glass tube at 1000°C under an argon atmosphere to ensure
compositional homogeneity resulted in the formation of NisoMnssShu4 (at. %) alloy. The solidified
ingot was cut into thin slices using a low-speed diamond saw and immersed in distilled water
for subsequent PLAL.

o Type 2 targets: Elemental Ni (purity: 99.5%, particle size: 45-60 um), Mn (purity: 99.2%, average
particle size: ~3 pm), and Sn (99%, ~10 um) MPs at different ratios were mixed with 10 wt.%
polyvinylpyrrolidone (PVP, Molecular weight = 40 k) for the preparation of powder-pressed
targets.

e Type 3 targets: Pre-alloyed MP composed of Nis7.2Mnss2Snizo (at. %) fabricated by means of
gas atomization was mixed with elemental Mn (99.2%, ~3 um) with different ratios and 10 wt.%



PVP. The powders were manually ground using a pestle and mortar for 30 minutes to ensure
uniform mixing. Afterward, the mixtures were compressed at 100 MPa to form cylindrical pellets
of 10 mm in diameter and 2 mm in thickness. The pellets were then heat-treated in a nitrogen
atmosphere at 500°C for 2 hours, followed by slow cooling inside the furnace.

2.3. Synthesis of NiMnSn NPs

NiMnSn NPs were synthesized via PLAL of Type 1, 2 or 3 targets in molecular sieve treated ethanol
using a near-infrared picosecond pulsed Nd:YAG laser (Coherent, HyperRapid NX, Kaiserslautern,
Germany, 10 ps, 1064 nm). The laser beam was focused with an f-theta lens (f = 167 mm) and guided
using a galvanometric scanner (Raylase, SS-1V-15 [1070], Wessling, Germany) to generate a 6 mm-
diameter hollow spiral ablation pattern on the target surface at a scanning speed of 10 m/s. The distance
between the target and the lens was kept constant, and the laser fluence was set at 2.8 J/cm2. The NPs
were collected in 2 L of ethanol, which was continuously circulated in a closed-loop system to ensure
efficient collection while minimizing solvent usage.

The size distribution and morphology of the NPs were characterized using scanning electron microscopy
(SEM) in scanning transmission electron microscopy (STEM) mode. Their elemental composition and
mapping were analyzed by EDX in STEM mode using an aberration-corrected JEOL JEM-ARM200F
NEOARM, equipped with two 100 mmz2 EDX detectors. For both techniques, NP colloids were dispersed
onto a copper grid and allowed to dry before imaging. The crystal structure of NPs synthesized from
each target was examined using X-ray diffraction (XRD) with Mo Ka radiation in transmission geometry.
Measurements were conducted on a custom-built setup featuring a Mythen2 R 1K detector (Dectris Ltd.,
Baden, Switzerland). To correct for geometric errors, the dried NP powder was mixed with NIST 640d
standard silicon powder and adhered to a graphite foil. Magnetic properties were assessed using
vibrating sample magnetometry (VSM). The NP powder was pressed into small pellets (~3 x 2 mm, ~10
mg) and mounted on the heater stick of the VSM. Temperature-dependent magnetization M-T curves
were recorded during both heating and cooling under applied magnetic fields of 1 mT and 1 T across a
temperature range of 0—400 K.

2.4. Ink Formulation, Dispersion, and Sintering of NP/MP Ink

The synthesized colloidal NiMnSn NPs were used to formulate a 1 wt.% ink by partial evaporation of
ethanol, followed by polymer addition to stabilize the dispersion. The NiMnSn MP ink was prepared by
dispersing 10 wt.% commercial NiMnSn MP and 20 wt.% PVP in ethanol. The mixture was
ultrasonicated using an ultrasonic tip operating at 2000 kHz for 5 minutes. A volume of 200 uL of the ink
was then dispersed onto a glass substrate, covering an area of approximately 25 x 15 mm2,

The dispersed NP and MP inks were sintered using a continuous-wave (CW) laser (Laser Quantum,
532 nm) and a programmable 2-axis linear stage (Thorlabs DDSM100/M). Laser parameters were
optimized to achieve uniform sintering while preventing excessive ablation, and additional details on the
sintering process can be found in previous studies.!8!

The morphology of the sintered MPs and NPs was analyzed using SEM. Further structural
characterization of the sintered NPs was performed using an aberration-corrected JEOL JEM-2200FS
transmission electron microscope (TEM) operating at 200 kV. The magnetic properties were determined
using a vibrating sample magnetometer (VSM), as described earlier.



Type 3 targets: Pre-alloyed NiMnSn
MPs with additional Mn MPs

Powder pressing

Type 1 target: Arc melting b Type 2 targets: Mixture of
(a ) of elemental powders elemental powders
Electrode o.
.0.0. .95,
Liquid metal Mn MPs Sn MPs

pool ]

..
Water out Ingot .

N| MPs

Waterin '

Furnance heating

Nitrogen out

ultrasonic mixing

=) ->->

Mn MPs
¥
&
) =
NiMnSn alloy -
MPs — Nitrogen
¥ (] in
500°C
.:‘... Pellet 120 min
(]
.. PP target
g
(C) PLAL Solvent evaporation and Polymer dispersion NP ink dispersion

MP and polymer

Ultrasonic mixing Ink dispersion

dispersion
~
\_\.._
=
N|MnSn
alloy ’ |

Laser sintering of
NP/MP ink

Programmable XY stage

Figure 1. Schematic representation of the synthesis, NP generation,

2D structures.
3. Results and discussion

3.1 Composition analysis and particle size distribution

ink formulation, and laser sintering processes
for NiMnSn alloy. (a) Preparation of Type 1 target by arc melting elemental Ni, Mn, and Sn in appropriate ratio to
obtain NisoMnssSn14 bulk alloy. (b) Preparation of Type 2 and 3 targets: Type 2 targets are synthesized by mixing
elemental Ni, Mn, and Sn MPs with varying ratios, while Type 3 targets are prepared by mixing commercial NiMnSn
MPs and Mn MPs with varying ratios. Both mixtures are pressed into pellets and sintered in a nitrogen environment.
(c) PLAL of Type 1, 2, or 3 targets in ethanol to generate NiMnSn NPs, followed by ink formulation through solvent
evaporation, ultrasonic mixing, and polymer dispersion before deposition on a glass substrate. (d) Ink formulation
using commercial NiMnSn MPs, involving polymer dispersion and ultrasonic mixing before deposition on a glass
substrate. (e) Laser sintering of NP/MP ink using a continuous-wave laser on a programmable XY stage to fabricate




Fig. 2a presents the elemental composition analysis of commercial NiMnSn MPs and NPs synthesized
using PLAL of Type 1, 2 or 3 targets. The composition of the commercial NiMnSn MP closely aligns with
the desired composition NisoMnsoxShx (at.%; for 13 at.% < x < 15 at.%) as indicated by the dashed lines.
A slightly higher Mn content was used to compensate for the loss during evaporation during laser
printing.

NPs from Type 1 target: NPs synthesized via PLAL of the arc-melted NisoMnzsSni4 (at.%) bulk target
show a significant depletion of Mn (about 14 at.% lower) compared to the initial target composition
suggesting that Mn is selectively lost during laser ablation. This Mn loss is commonly observed in
PLALE® due to differences in volatility, as Mn has a lower boiling point (2095°C) compared to Ni
(2913°C) and Sn (2602°C), making it more prone to vaporization during ablation. Additionally, the
difference in ionization potential among the elements contributes to this selective loss.

NPs from Type 2 targets: To achieve NPs with a composition closer to the desired NiMnSn ratio,
powder-pressed targets using elemental Ni, Mn and Sn were used with an increased Mn content. The
composition with 37 at.% Ni, 53 at.% Mn, and 10 at.% Sn were the closest composition to achieve the
average desired ratio after PLAL, but substantial deviations (maximum 30 at.% in Ni) were still observed
between individual NPs. The composition of individual alloy NPs remained inconsistent, and the trend
seemed independent of stoichiometric ratio (Fig. S1). This variation can again be attributed to
differences in the latent heat of fusion and vaporization of Ni, Mn, and Sn, which affect alloy formation.
Ni has approximately 1.4 times higher latent heat of fusion and vaporization compared to Mn and about
2.5 and 1.25 times higher latent heat of fusion and vaporization than Sn, respectively. This disparity in
thermal properties leads to uneven element distribution during the rapid quenching process in PLAL.
Interestingly, apart from lower Mn content, such compositionally random NPs were not observed in
Cantor alloy NPs composed of NiCoFePtRh which was also produced by PLAL of elemental powder
pressed targetsi“f, likely because the latent vaporization of its constituent elements (Co, Cr, Fe, and Ni)
except Mn are quiet close to each other.

NPs from Type 3 targets: The synthesis of NPs by PLAL using a mixture of NiMnSn MPs and additional
Mn MPs in a pressed target showed that increasing Mn content in the target effectively increases the
Mn content in the resulting NPs, bringing the composition closer to the desired stoichiometry NisoMnso.
xShx (at.%; for 13 at.% < x < 15 at.%) when 20 at.% additional Mn was added to the pre-alloyed
Nis7.2Mnze.2Sn13.0 (at.%) MP. The Fig.2a also indicates that the deviations in composition are significantly
lower compared to NPs synthesized from PLAL of Type 2 targets. Fig. S2 further confirms that increasing
Mn content in the target leads to a corresponding increase in Mn within the NPs. This improvement
could be due to the smaller difference in latent heat of fusion and vaporization between NiMnSn alloy
and Mn, which enhances the probability of forming particles with the desired composition. Despite this,
some agglomerated smaller NPs appear Mn-rich (Fig. S3), contributing to compositional deviation,



whereas most NPs exhibit a composition close to the desired ratio. The EDX mapping shows that both
MPs and NPs display well-defined distributions of Mn, Ni, and Sn (Fig. 2b).
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Figure 2. (a) Average elemental composition
of commercial NiMnSn MPs and PLAL-
synthesized NiMnSn NPs from Type 1, 2, and
3 targets, determined via EDX mapping. The
dashed lines indicate the desired composition.
(b) Elemental distribution maps of Ni, Mn, and
Sn for commercial NiMnSn MPs (top row) and
PLAL-synthesized NPs from Type 3 target
(bottom  row), showing homogeneous
elemental dispersion. (c) Particle size
distribution of commercial NiMnSn MPs and
PLAL-synthesized NPs from Type 3 target.
Insets show representative SEM images of
NPs and MPs.

From this point onward (in the following
sections), all characterizations related to
NPs will refer specifically to those
synthesized via PLAL of Type 3 target
(NiMnSn MP + 20 at. % Mn MP), unless
stated otherwise. Fig. 2c presents the
particle size distribution of NiMnSn MPs
and NPs synthesized via PLAL. The two
insets show SEM images of the NPs (left)
and MPs (right). The average particle size
(xc) for the NPs is 12.4 nm, whereas the
MPs have a significantly larger average
size of 10.0 um. The size distribution
curve for the PLAL-synthesized NPs (red)
is narrow and monomodal, indicating a
relatively uniform NP size. Both the NPs
and MPs exhibit a spherical morphology
with a similar composition and phase
structure (Fig. S4), making them a
suitable basis for comparative analysis of
their properties and potential
applications.

The temperature-dependent magnetization (M-T) curves of NiMnSn MPs were measured under two
different applied magnetic fields (10 mT and 1 T) to study the phase transitions and magnetic properties



of the material (Fig. 3a). In the low-field measurement (10 mT, red curve), two distinct transitions are
observed. The first transition at ~300 K and second at ~200 K. Both transitions are associated with the
transformation from the high-temperature austenite phase (crystal structure shown in Fig. S4) to the
martensite phase. The presence of two transitions is likely due to compositional inhomogeneity within
the powder, causing different regions to undergo phase transformations at slightly varying temperatures.
This suggests that the segregation commonly observed in gas atomized powders leads to compositional
heterogeneity among the MPs, resulting in multiple Curie temperatures. The Curie temperature of the
austenite phase Tc (austenite) = 315 K and the martensitic phase Tc (martensite) = 230 K indicate a
mixed-phase system, which is common in NiMn-based Heusler alloys due to the complexity of phase
coexistence and atomic ordering effects.! Under higher applied field (1 T, blue curve), the transition
temperature of the first transformation shifts downward by = 5 K to 295 K, due to the influence of the
external magnetic field stabilizing one of the phases. The second transition is no longer visible, because
the magnetization values of the martensite and austenite phases become comparable, leading to dM/dT
= (0, which makes the transition indistinguishable.

The M-T curve for the NPs exhibits a gradual decrease in magnetization with increasing temperature,
measured under two different applied fields (10 mT and 1 T) (Fig. 3b). Unlike the MPs, which show two
distinct magnetic transitions at approximately 200 K and 300 K, the NPs display broad and weak features
around these temperatures. These diffuse transitions could be attributed to oxidation effects in some
NPs, superparamagnetic behavior in smaller particles, or antiferromagnetic interactions, typically
originating from oxides. Additionally, compositional inhomogeneity in the NPs may result in a lower
overall fraction of austenite-martensite phase conversion. Interestingly, these broad transitions are
absent in NPs synthesized via PLAL of Type 1 target (Fig. S5), suggesting that compositionally
controlled synthesis is crucial for achieving a distinct austenite-martensite transition near room
temperature. At 1 T, the transition is further suppressed due to the comparable magnetization values of
the austenite and martensite phases, leading to a reduced magnetic contrast between phases, similar
to what is observed in MPs.
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Figure 3. (a) Temperature-dependent magnetization (M-T) curves of NiMnSn MPs measured under applied fields
of 10mT and 1 T, showing distinct magnetic transitions associated with the austenite-martensite phase
transformation. (b) M-T curves of NiMnSn NPs measured under 10 mT and 1 T, displaying a more gradual
magnetization change with broad transition features.

3.3. Laser printing of MP and NPs

Laser irradiation of MP- and NP-dispersed inks resulted in the successful sintering of both particle types
(Fig 4). For the MP ink, sintering began at a fluence of 0.76 J/cmz2, although some regions remained
unsintered due to difference in the homogeneity of dispersed ink, leading to difference optical
absorption. Complete and uniform sintering occurred at 0.89 J/cm?, where the entire irradiated region
fused effectively (Fig 4a), resulting in an average sintered line width of 254 + 17 um (at 325 mW). At
fluences above this threshold, partial ablation of the particles was observed. The sintering and ablation



mechanisms have been discussed in our previous work, where it was noted that ablation occurs once a
critical fluence is exceeded.[*’ The ablation initiates at the center of the laser-exposed region, where
the intensity is highest due to the Gaussian intensity profile of the laser beam.

For NP ink, sintering initiated at a lower fluence of 0.66 J/cm?2 and was fully achieved at 0.87 J/cm?,
which is comparable to the sintering threshold of the MP ink. This indicates that the sintering temperature
for NPs and MPs is quite similar. Above this fluence, the NPs were ablated similar to what was observed
for MPs. The average sintered line thickness of NPs was measured at 65 + 4 um (at 90 mW), significantly
narrower than the 254 + 17 um obtained for MP sintering. This difference can be attributed to objective
focusing adjustments affecting the beam spot size, which influences the sintered line thickness. As a
result, lower laser power was used for NP sintering, while maintaining a similar fluence.

The standard deviation for the width of the sintered line was found to be about 4 times smaller for NPs
compared to MPs, which could be due to the size variation in MPs affecting the uniformity of the sintering
process. This distinction is particularly important for precision printing of miniaturized devices, where
NPs offer higher resolution and consistency. Furthermore, the ratio of the ablation regime to the total
sintered regime was higher for NPs than for MPs. This could be due to differences in their specific
surface areas, which profoundly affect their sintering activity, or the higher particle concentration in MP
inks, which increases the film thickness, enhances heat distribution, and therefore reduces ablation
effects (Fig. 4b). The SEM images confirm the sintering behavior, showing clusters of NPs fused
together, forming larger aggregates. Additionally, HRTEM analysis of sintered NPs reveals the merging
of a large single-crystal NP with a smaller polycrystalline NP. The sintered surface appears to retain its
crystallinity, although the lattice spacing within the sintered region is difficult to compute, likely due to
localized lattice distortions and partial disorder induced by laser sintering.
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Figure 4. (a) Optical microscopy images of laser-sintered NiMnSn MP ink, highlighting the partially sintered, fully
sintered, and ablated regions. The SEM image shows the sintering behavior of two adjacent patrticles,
demonstrating partial fusion. (b) Optical microscopy images of laser-sintered NiMnSn NP ink, illustrating the
transition from partially sintered to fully sintered and ablated regions. The SEM image reveals sintered NP clusters,
while the high-resolution TEM image provides insight into the atomic-scale bonding between sintered NPs.

3.4. Magnetic response of laser printed structures

The M-T curves for sintered NiMnSn MPs were measured at low fluence (sintered regime) and high
fluence (sintered + ablation regime) under two different applied fields (1 mT and 1 T). At low fluence
(Fig. 5a) the M-T curve at 1 mT (red) is very similar to the MP, showing characteristic magnetic phase
transitions around 200 K and 300 K, which are associated with the martensitic transformation and Curie
temperature transitions of the NiMnSn Heusler phase. Higher magnetization values are observed in the
sintered sample compared to raw MPs, which can be attributed to improved particle connectivity and
enhanced ferromagnetic coupling due to sintering, or the differences in the estimated and actual mass,



since the dispersion could have resulted in different concentration of MPs on the surface. For T <50 K,
the M-T curve shows an increasing trend, likely due to contributions from paramagnetic impurities in the
glass substrate.

At high fluence (Fig. 5b), the overall magnetization is lower compared to the low-fluence sample due to
the loss of material caused by ablation at high laser power. The M-T curve at 1 mT still shows a similar
trend to the powder, but the peak at 300 K is reduced, indicating that some fraction of the material no
longer undergoes a complete austenite-martensite transition. At 1 T, the M-T curve is again comparable
to the powder, but magnetization is lower than in the low-fluence case. This is either due to higher
ablation-induced mass loss, potential oxidation effects, compositional inhomogeneity, or structural
disruptions due to excessive heating, which may lead to partial decomposition of the Heusler phase.
The M-T trend for T < 50 K remains similar, again attributed to the glass substrate contribution.

The M-T curves for sintered NiMnSn NPs at low fluence (Fig. 5¢) and high fluence (Fig. 5d) provide
insight into the effect of laser printing on the magnetic properties of the deposited ink. Since the mass
of these dispersions cannot be accurately measured, the magnetization values are normalized with
respect to the NPs, and the discussion will focus on the differences in curve shape rather than absolute
magnetization values. For low-fluence (sintered structures) the overall shape of the M-T curve closely
resembles that of unsintered NPs, with a gradual decrease in magnetization with increasing
temperature. No sharp magnetic transitions are observed, further confirming that austenite-martensite
transformation is either highly suppressed or absent in the NPs. A broad feature near 200-300 K can
still be noticed, similar to unsintered NPs, suggesting austenitic-martensitic transformation. At T < 50 K,
the magnetization shows a slight increase as for MP sintering, which can be attributed to paramagnetic
contributions from the substrate. For high-fluence NP laser printing, The M-T curve shape is similar to
the low-fluence NP laser printing, but the broad feature around 200-300 K is further suppressed. This
suggests that at higher fluences, increased thermal energy and ablation effects disrupt the structural
transitions, leading to a more uniform paramagnetic-like response. The increased laser fluence may
enhance diffusion and disorder, further suppressing the characteristic transitions seen in the low-fluence
sample.
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Figure 5. Temperature-dependent magnetization (M-T) curves measured under applied fields of 1 mT and 1 T for
laser-sintered NiMnSn inks. (a) M-T curves of NiMnSn MP ink sintered at low fluence, showing preserved magnetic
phase transitions similar to the raw powder. (b) M-T curves of NiMnSn MP ink sintered at high fluence, exhibiting
reduced magnetization due to ablation effects and possible structural modifications. (c) M-T curves of NiMnSn NP
ink sintered at low fluence, displaying a gradual magnetization decrease with broad transition features. (d) M-T
curves of NiMnSn NP ink sintered at high fluence, where further suppression of transition features suggests
increased thermal and ablation-induced structural disruption.

Conclusion

In this study, we explored the utilization of fine NiMnSn MPs through high-resolution 2D laser printing
and investigated their role in achieving compositionally controlled NP synthesis via PLAL. These
approaches provide cost-effective strategies for device miniaturization, particularly in applications such
as microcoolers, actuators, and microsensors, where precise material structuring is essential. The
successful development of structured magnetocaloric materials through 2D printing and the controlled
synthesis of Heusler alloy NPs highlight the potential of fine MPs and NPs in enhancing the performance
and integration of magnetocaloric materials into micro-scale devices.

PLAL successfully synthesized NiMnSn NPs with tailored compositions using different target types.
Among all targets, ablation of Type 3 target, fabricated from powder pressing and sintering of NiMnSn
alloy MP and an additional 20 at.% elemental Mn MP, achieved compositional homogeneity closer to
closer to desired NisoMnso-xShx (at. %; for 13 at. % < x < 15 at. %) composition, with deviations limited
to ~7 at. % Mn. The synthesized NPs had a monodisperse size distribution (12 = 6 nm), a significant
reduction from the starting MPs (xc = 10 ym). Their magnetization behavior differed notably from MPs,
exhibiting a 4x lower magnetization with a gradual M-T decrease and no sharp transitions at 200 K or
300 K, unlike MPs, which showed distinct magnetic phase transitions.

Laser printing of MP and NP inks successfully produced 2D structures with distinct sintering behaviors.
NP-sintered structures exhibited 4x better uniformity than MP-based ones, highlighting their advantage



for high-resolution structuring. MP laser printing at low fluence resulted in twice the overall magnetization
of MPs at 1 T, but high fluence reduced magnetization by 20-30%, likely due to ablation-induced
material loss. NP laser printing followed a similar trend, showing broad transitions at 200 K and 300 K
at low fluence as NPs, which were further suppressed at high fluence.

This study demonstrates a compositionally controlled method for synthesizing NiMnSn NPs using fine
MPs. Laser sintering offers a precise approach for structuring functional magnetic materials, though
suppression of magnetization and phase transitions at high fluence emphasizes the need for optimized
processing conditions. Future work will focus on minimizing oxidation effects, refining laser sintering
parameters, and exploring further flexibility in PLAL NP synthesis technique to enhance the magnetic
performance of structured NiMnSn materials.
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1. Elemental composition of NPs by PLAL of NiMnSn elemental pressed powders

Figure S1 shows the elemental composition of synthesized NPs obtained from pressed powder targets
with varying Ni-Mn-Sn ratios. Despite systematically altering the target composition, the resulting NPs
exhibit significant variations, with no clear correlation to the intended composition. The large standard
deviations indicate substantial heterogeneity in elemental distribution, suggesting that the ablation and
synthesis process does not lead to uniform incorporation of elements into the nanoparticles.

These discrepancies can be attributed to the differences in the volatilities and ionization potentials of
Ni, Mn, and Sn during PLAL. Mn, being more volatile, tends to be lost more easily, leading to Mn
depletion and an enrichment of Ni or Sn in certain cases. The laser-material interaction further
contributes to selective vaporization and recondensation, making precise composition control
challenging. This suggests that using alternative synthesis strategies, such as pre-alloyed bulk targets
or optimized laser parameters, may be necessary to achieve more consistent nanoparticle
compositions.
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Figure S1. Average elemental composition of NiMnSn NPs produced using PLAL of elemental-pressed and
sintered targets with varying elemental ratio.

2. Elemental composition of NPs by PLAL of powder pressed and sintered NiMnSn
alloy MPs with Mn MPs

Fig S2 illustrates the elemental composition of NP synthesized via PLAL using NiMnSn MP mixed with
additional Mn powder, which was pressed and sintered into targets. Unlike the previous results where
nanoparticle composition showed little correlation with the target, here a clear trend emerges: as the
Mn content in the pressed target increases, the Mn content in the resulting NPs also increases. This
suggests that compensating for Mn loss by preloading the target with excess Mn is an effective strategy
for achieving the desired composition in the synthesized NPs.

The observed linear trend is likely due to the similar volatility of the NiMnSn alloy and Mn during the
PLAL process. Since the alloy and the added Mn have comparable ablation and ionization
characteristics, their relative evaporation rates remain balanced, preventing the disproportionate loss
of Mn. This minimizes compositional drift and ensures better retention of the intended Ni-Mn-Sn ratios.
These results highlight that adjusting the target composition by compensating for elemental losses—
rather than relying solely on bulk alloy targets—offers a more reliable method for tailoring the final NP
composition.
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Figure S2. Average elemental composition of NiMnSn NPs produced using PLAL of powder pressed and sintered
NiMnSn alloy MP and varying Mn MPs.

3. Mn-rich NPs produced during PLAL of powder-pressed and sintered NiMnSn and
Mn MPs

The image presents a scanning transmission electron microscopy (STEM) image (top) and an energy-
dispersive X-ray spectroscopy (EDX) line scan (bottom) of NPs synthesized via PLAL of powder-
pressed and sintered NiMnSn and Mn MPs. The EDX line scan shows the spatial distribution of Ni
(green), Mn (purple), and Sn (red) across the selected NP. The intensity of Mn (purple) is significantly
higher than that of Ni and Sn, indicating preferential incorporation or segregation of Mn during the
ablation process. This Mn enrichment likely results from differences in the volatility and ionization
potential of the constituent elements. During PLAL, Mn atoms may ablate more efficiently due to their
higher vapor pressure and lower bonding strength in the target material, leading to the preferential
formation of Mn-rich nanoparticles. The Ni and Sn signals are weaker and more dispersed, suggesting

that these elements either coalesce into separate patrticles or are less efficiently incorporated into the
Mn-rich phase.
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Figure S3. STEM image and EDX elemental line scan of NiMnSn NPs produced using PLAL of powder pressed
and sintered NiMnSn alloy MP and varying Mn MPs, showing rich Mn phases.

4. Crystal structure of NiMnSn NPs

The X-ray diffraction (XRD) pattern in the figure S4 represents the structural analysis of a cubic Heusler
alloy, specifically in the austenite phase, recorded at room temperature (RT). The diffraction data
consists of measured intensities (red circles) and a calculated fit (black line) obtained from Rietveld
refinement, showing an excellent match between the experimental and theoretical patterns. The
difference curve (blue line) at the bottom highlights the minimal deviation between the measured and
calculated data, confirming a good fit.

The identified phase corresponds to a cubic Pm-3m (space group 221) Heusler structure, with a refined
lattice parameter of a = 5.987 A, indicative of the austenitic (high-temperature) phase of the alloy. The
presence of well-defined Bragg peaks (green markers) at expected positions confirms the phase purity
and crystallinity of the sample. The absence of additional peaks suggests that no significant secondary
phases are present, reinforcing that the synthesized material predominantly adopts the cubic Heusler
structure.

The austenite phase is characteristic of Ni-Mn-Sn-based Heusler alloys at higher temperatures, where
the structure is cubic before undergoing a martensitic transformation at lower temperatures. The fact
that the diffraction pattern corresponds to the cubic phase at room temperature suggests that either the
material has a high martensitic transformation temperature or Mn depletion during synthesis has
suppressed the transformation, stabilizing the austenite phase. This is consistent with previous findings
where deviations in stoichiometry, especially Mn content, influence the phase stability and
transformation behavior of Heusler alloys.
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Figure S4. XRD pattern of NiMnSn nanoparticles synthesized via PLAL, showing a cubic Heusler structure in the
austenite phase at room temperature. The measured data (red circles) and calculated fit (black line) exhibit a good
match, with the difference curve (blue) confirming minimal deviation.

4. Magnetic response of NiMnSn NPs produced by PLAL of bulk NiMnSn target (target
type 1).

The figure S5 shows the M-T curves for nanopatrticles synthesized via PLAL of bulk NiMnSn alloy (target
type 1) under different applied fields. In the low-field measurement (10 mT), the ZFC curve exhibits a
small peak at low temperatures, likely due to blocked nanoparticles or weak interactions, while the FC
and FW curves show a smooth and gradual decrease in magnetization with increasing temperature. At
a higher field (1 T), the magnetization follows a continuous decay without any abrupt changes, indicating
the absence of a magnetostructural phase transition. This behavior contrasts with the results from PLAL
using target type 3 (NiMnSn MP + Mn MP), where a clear phase transition was observed.

The lack of a distinct transition in these nanoparticles suggests that Mn depletion during PLAL of bulk
NiMnSn alloy significantly alters the composition, suppressing the expected magnetocaloric
transformation. Instead, the magnetization decreases in a smooth manner, resembling a disordered
ferromagnetic or superparamagnetic system. This highlights the impact of elemental loss on the final
magnetic properties and reinforces the effectiveness of compensating for Mn loss in the target
preparation process, as seen with target type 3, to retain the desired phase transformation behavior.
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Figure S5. Temperature-dependent magnetization M-T and magnetization vs. field M(H) curves of NiMnSn NPs
synthesized via PLAL from target type 1 (bulk NiMnSn alloy).
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