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We must prioritize solving the mechanical stability issues of (Mn,Fe),(P,Si) materials to
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also on their scalability and environmental sustainability.

Unveiling the physical insights of existing materials yields more impact than the pursuit
of entirely novel ones. (this thesis)

Understanding the interplay between micro- and macroscopic properties is crucial to
unlocking the full potential of functional materials. (this thesis)

Exploring novel materials offers great potential, but often requires a significantly larger
time investment than anticipated. (this thesis)

Being a good supervisor means helping students to make the right decisions at the right
time.

Pursuing a PhD is not just an academic endeavour but a journey of self-discovery.
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Chapter 1

Introduction

Efficient energy utilization has been central to human progress, with each new
energy source driving societal and technological advancements. While fossil
fuels like coal, oil, and natural gas currently dominate, their environmental impact
and finite availability underscore the urgent need for sustainable alternatives.
Developing environmentally friendly and efficient energy conversion processes
is vital to addressing the challenges of resource scarcity and climate change.

Magnetocaloric materials (MCMs) are at the forefront of research in advanced
cooling technologies due to their ability to exhibit a magnetocaloric effect (MCE).
This area of study holds both significant fundamental scientific interest and
critical application potential. From a scientific point of view, MCMs are highly
intriguing due to their ability to exhibit a giant magnetocaloric effect (GMCE).
Uncovering the underlying mechanisms of first-order magnetic transitions
(FOMT) plays a pivotal role in advancing research and development in this field
[1-6]. From an application perspective, related research primarily focuses on
developing 3D-printed bulk materials to achieve gradient composites
manufacturing of MCMs with enhanced heat transfer coefficients [7]. This
approach is particularly relevant given the narrow operating range of FOMTs,
which necessitates multiple material layers to achieve optimal efficiency [8].
However, for the successful commercialization of magnetic cooling and heat
pump technologies, the primary future challenge lies in ensuring mechanical
stability of GMCMs, which is a critical prerequisite.

This thesis explores the unique structure and thermomagnetic properties of Fe,P-
based and potential novel MCM systems using techniques such as magnetization,
heat capacity, Mossbauer spectroscopy, Density Functional Theory (DFT), X-ray
and neutron diffraction.



1.1 Magnetocaloric Effect

The conventional magnetocaloric effect (MCE) is an intrinsic magneto-
thermodynamic phenomenon that couples a change in the magnetic field with a
corresponding temperature change in a material, thereby enabling magnetic
refrigeration technologies [1,9—17]. The magnetocaloric effect was observed in
1917 by Weiss and Piccard, who reported a 0.7 K temperature increase in a nickel
sample subjected to a 1.5 T magnetic field near its Curie temperature (7c= 627 K)
[18]. The theoretical foundations of the MCE were subsequently derived by
Debye in 1926 [19] and Giauque in 1927 [20]. In 1933, Giauque and MacDougall
[21] experimentally achieved magnetic cooling with a reduction in temperature
to a lowest temperature of 0.25 K, demonstrating the practical application of the
phenomenon. This groundbreaking application of the MCE earned Giauque the
Nobel Prize in Chemistry in 1949 and remains one of the most widely used
techniques for achieving temperatures below 10 mK. The MCE enables
advancements in magnetic refrigeration and related applications, including
magnetic cooling, magnetic heat pumps, and thermomagnetic energy harvesting.

To achieve a significant MCE for room temperature applications, it is
essential to leverage the entropy anomaly associated with a magnetic transition.
The MCE can thus be effectively represented using an entropy-temperature (S-7)
diagram. Fig. 1.1 illustrates the total entropy as a function of temperature for the
ferromagnetic (FM) to paramagnetic (PM) transition. The application of a
magnetic field promotes the formation of the ferromagnetic phase, resulting in a
significant net magnetization change during the PM-to-FM transition.
Consequently, the temperature increases under an applied magnetic field and
decreases when the magnetic field is removed. This process depends on whether
the magnetic field is applied under adiabatic or isothermal conditions. The
magnitude of the MCE is characterized by two key parameters: the adiabatic
temperature change (A7.) and the isothermal entropy change (AS). These
parameters are critical for evaluating the potential applications of MCMs. To
optimize their performance, it is essential to maximize these values in the vicinity
of the magnetic phase transition, ideally occurring near room temperature.
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Fig. 1.1. Schematic S-T" diagram representing a Brayton cycle for the magnetic phase
transition materials (with a ferromagnetic-to-paramagnetic transition) [22].

1.2 Classification of Phase Transitions in Magnetocaloric Materials

The nature of the phase transition is a critical parameter for magnetocaloric
materials. Magnetic materials can be classified into two types based on the nature
of their phase transitions: first-order magnetic phase transition (FOMT) and
second-order magnetic phase transition (SOMT). The distinction between FOMT
and SOMT is determined by the presence or absence of latent heat. In FOMTs,
latent heat amplifies the entropy anomaly at the magnetic phase transition,
resulting in a giant magnetocaloric effect (GMCE). Although FOMTs are
relatively rare, their occurrence can be induced in a limited number of systems
by coupling a structural or elastic transition with a magnetic transition.
Depending on their intrinsic physical properties, magnetocaloric materials with a
FOMT can be further classified into two types: those associated with a change in
crystalline structure, referred to as magneto-structural transitions, and those
where the lattice symmetry remains unchanged, known as magneto-elastic
transitions. FOMT materials generally exhibit large isothermal entropy changes,
that are often associated with a significant thermal hysteresis (A7xys). In contrast,
SOMT materials display an absence of ATy, but typically also show lower
isothermal entropy changes. Ideally, MCMs tailored for practical applications
should exhibit transitions without ATiy,, while maintaining a high isothermal
entropy change and a large adiabatic temperature change. However, achieving
this combination is highly challenging. Therefore, materials tuned to a state at the
border between a FOMT and a SOMT, referred to as the critical point, exhibit a
low AThys, while maintaining a high entropy change, representing an effective
compromise that leverages the advantages of both types of phase transitions. The
distinction between a FOMT and a SOMT is based on the presence of a



discontinuity either in the first derivatives or the second derivatives of the Gibbs
free energy (G), which will be discussed in the next chapter.

1.3 Scope of Magnetocaloric Materials and Related Applications

Magnetocaloric materials can be classified into two categories based on their
operating temperature range: cryogenic magnetocaloric materials (MCMs) and
high-temperature MCMs. Low-temperature MCMs primarily consist of binary
rare-earth-based intermetallic compounds (e.g., RGa, RNi, RZn, RSi, R3Co and
R12Co7) [23,24], which exhibit low-temperature phase transitions. Additionally,
rare-earth-transition metal-main group metal ternary compounds (e.g., R7Si,
RTAIl, RT>Si, RCo,B; and RCo3B,) [25], where R denotes a rare-earth element
and T represents a transition metal. These materials typically exhibit a second-
order magnetic transition (SOMT) and are known for their excellent thermal and
magnetic reversibility, as well as their high thermal conductivity.

Since the 1990s, research on room-temperature MCMs has received
significant attention, driven both by their potential applications and the scientific
interest in uncovering the underlying physical mechanisms of the giant
magnetocaloric effect (GMCE). The rare-earth element gadolinium (Gd) has been
widely used in magnetocaloric refrigeration due to its second order magnetic
phase transition temperature 7c near room temperature and its notable AT,q values
of 2.6 K and 4.0 K for magnetic field changes of 1.0 and 1.5 T, respectively
[26,27]. However, the limited availability and high cost of Gd restrict its practical
applications. In 1997, Pecharsky and Gschneidner discovered a giant
magnetocaloric effect in the Gd-based compound Gds(Si,Ge)s [28],
demonstrating AT,q values approximately 30% higher than that of Gd. Moreover,
the Tc of this compound can be tuned by varying the Si/Ge ratio. This compound
serves as a prototypical example of magneto-structural transition materials. In
addition to Gds(Si,Ge)s, several other examples exhibiting magneto-structural
transitions include NiMn-based Heusler alloys [29,30], MnAs [31], and
MnCoGeB [32,33].

Magneto-elastic transitions are characteristic for Fe:P alloys [11],
La(Fe,Si)i3 [34] and FeRh [35] alloys. In 2002 Tegus et al. [1] reported the
discovery of a GMCE in the Fe,P-based (Mn,Fe)»(P,As) compound. This material
demonstrated a remarkable performance and a wide operational temperature
range, with its 7¢ tuneable between 160 and 340 K via chemical substitution.
However, to address the necessity of eliminating the toxic element arsenic,
researchers investigated alternative (Mn,Fe),(P,X) compounds, where X
represents Ge or Si. This effort led in 2007 to the identification of second-
generation (Mn,Fe)»(P,Ge) compounds and in 2008 to third-generation



(Mn,Fe)»(P,Si) compounds [36,37]. Based on their optimal working temperature
range and potential MCE performance current research primarily focusses on
household and commercial cooling applications in the vicinity of room
temperature. However, to date, only two GMCE systems; (Mn,Fe),(P,Si)
compounds and La(Fe,Si)i13 compounds are undergoing the required scaling-up
processes. Current efforts are focused on using 3D-printing techniques to develop
the manufacturing process for gradient composites of MCMs with enhanced heat
transfer coefficients [7]. At the same time, the poor mechanical stability of the
present material systems remains a major challenge. This thesis aims to identify
novel materials to further optimize the performance of MCE materials for
magnetic cooling and magnetic heat pump applications.

1.4 Potential Novel Magnetocaloric Materials Identified from
Computational Calculations

This thesis explores the YNisCo,Si and (Mn,Fe);Sn systems as promising
candidates for novel magnetocaloric materials (MCMs), based on computational
searches [38]. These systems are expected to offer significant potential for MCM
applications. Rare-earth alloys demonstrate the potential to exhibit both a large
magnetocaloric effect and hard magnetic properties [39—41]. The RM.Si alloys,
where R represents a rare-earth element (e.g., La, Tb, Gd, Y, Tm) and M is a 3d
transition-metal element (e.g., Fe, Co, Ni), form a diverse family of materials
with intriguing physical properties, including giant magnetic coercivity, a
substantial magnetocaloric effect, and excellent hydrogen storage capabilities
[42]. The hexagonal CaCus-type structure (space group P6/mmm) formed in some
of these alloys can undergo a hexagonal-to-orthorhombic distortion, forming the
orthorhombic YNisSi-type lattice (space group Cmmm). This structural transition
represents a potential pathway for optimizing the magnetocaloric effect [43].

(3]

- as

Fig. 1.2. Hexagonal unit cell of Y(Ni,Co)sSi with the CaCus-type structure (space group
P6/mmm), with arrows representing ferromagnetic (FM) moments aligned along the
c axis.



Density functional theory (DFT) calculations predicted that the Heusler
alloy (Mn,Fe);Sn is a promising MCE material for magnetic heat pump and
thermomagnetic motor applications [44—50]. These alloys exhibit relatively high
magnetic moments and transition temperatures near room temperature, which can
be continuously tuned by adjusting the Mn/Fe ratio [51]. According to the binary
Mn-Sn and Fe-Sn phase diagrams the MnsSn and Fe;Sn compounds both
crystallize in the hexagonal Mg;Cd-type structure [52-55]. However, the spin
structures of these two compounds differ: on the Mn-rich side, the spin
configuration exhibits antiferromagnetic ordering, while on the Fe-rich side, the
spin configuration transitions to ferromagnetic ordering. The Mg3;Cd-type crystal
structure with P63/mmc symmetry (space group 194) is composed of two layers,
each containing three magnetic (Mn, Fe) atoms at the 6/ site and one non-
magnetic Sn atom at the 2d site of the hexagonal unit cell [56,57]. The magnetic
atoms are arranged in a triangle in each layer [56], as show in Fig. 1.3.

c
l“-‘\gb

Fig. 1.3. Hexagonal unit cell of (Mn,Fe);Sn with the Mg;Cd-type structure (space group
P63/mmc). Mn and Fe atoms are distributed across the 64 magnetic site, while Sn atoms
occupy the nonmagnetic 24 site.

1.5 Thesis Outline

The aim of this thesis is to optimize and examine the structural and thermo-
magnetic properties of Fe,P-based materials, as well as novel MCMs such as
Si-based Y (Ni,Co)4Si and Sn-based (Mn,Fe); Sn.

Chapter 2 presents the theoretical background related to the magnetocaloric
effect, components of heat capacity in MCMs, as well as the thermodynamic
properties near a magnetic phase transition based on the Landau theory.

Chapter 3 presents a brief overview of the experimental methods, experimental
techniques and characterization methods.

Chapter 4 presents the preparation and calorimetric measurements of the giant
magnetocaloric Fe-rich (Mn,Fe)»(P,Si) ribbons and bulk. This study focuses on
the investigation of the microstructure in ribbon samples and on heat capacity



measurements using relaxation techniques to separate the latent heat of the Fe-
rich (Mn,Fe),(P,Si) compounds, which were then scaled with the transformation
strain energy.

Chapter 5 is bridging the gap between microscopic and macroscopic descriptions
of the first-order magneto-elastic field-induced transition in (Mn,Fe)x(P,Si)
compounds. We investigated the field-induced transition in the first-order
magneto-elastic ferromagnetic transition of a polycrystalline Fe,P-based
Mny goFe1.30Po.66S10.34 sample. To uncover the underlying mechanisms connecting
the microscopic and macroscopic physical properties during the field-induced
transition, we performed comprehensive simultaneous experiments, including
X-ray magnetic circular dichroism (XMCD) measurements combined with
simultaneous Hall probe magnetometry, magnetostriction and bulk SQUID
magnetometry.

Chapter 6 presents structural and magnetic properties of YNisCo,Si alloys. In
this study we systematically investigated the magnetic properties, as well as the
crystal and magnetic structure of novel MCMs, Si-based Y NisCo,Si compounds.
A combination of oriented-powder X-ray and free-powder neutron diffraction
experiments confirmed the simple ferromagnetic structure, with spins aligned
along the hexagonal ¢ axis. Magnetic measurements performed on field-oriented
polycrystalline materials were used to calculate the magnetocrystalline
anisotropy constants K; and K.

Chapter 7 explores the complex spin structure and magnetic phase transitions of
(Mn,Fe);Sn compounds. This chapter focuses on characterizing the phase
transitions, the nature of the magnetic order, and the magnetocaloric effect in
Mn;_Fe,Sn compounds. The study identified the intricate temperature dependent
spin configuration of the Mn:FeSn compound. A low-temperature transition at 7
is attributed to a spin reorientation. Below Ts, both ferromagnetic (FM) and
antiferromagnetic (AFM) contribution form a combined homogeneous state.
Above Ts, the spin structure rearranges into a FM configuration with spins
oriented in the a-b plane.

A summary, acknowledgments, a list of publications, and a brief curriculum vitae
are included at the conclusion of this thesis.
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Chapter 2
Theoretical Aspects

This chapter provides relevant background information regarding the topics
covered in this Dissertation. The background information is divided into three
Sections. Section 2.1 presents the fundamental thermodynamics involved in the
magnetocaloric effect. Section 2.2 presents the heat capacity contributions.
Section 2.3 presents the classification of the magnetic phase transitions and their
behaviour in terms of the Landau model.
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2.1 Thermodynamics of the Magnetocaloric Effect

2.1.1 Gibbs free energy and Maxwell relations for magnetic system

The reversible magnetocaloric effect originates from fundamental
thermodynamic principles. The Gibbs free energy is the central thermodynamic
potentials that describes the state of a system. In a magnetic system, it can be
expressed in terms of the magnetization M and the external magnetic field uoH as:

G=U-TS+pV — uHM (2.1)

Where U represents the internal energy, 7 the absolute temperature, S the entropy,
p the pressure and V the volume. The differential of the Gibbs free energy can
then be expressed as:

dG = —SdT + Vdp — MduyH (2.2)
Conversely, at constant pressure, the differential of the Gibbs free energy can be
expressed as:
aG aG
dG(T,H) = (5)11 dT + (W)T duoH 2.3)

From equation 2.3, the second derivatives of G can be expressed as:

v G, ), = 57 G, | (2.4)

If these partial derivatives exist and are continuous, then according to equation
2.3, internal parameters such as the system's magnetization (M), volume (V), and
entropy (S) can be derived in terms of the partial derivatives of G [1-3], leading
to:

S(T,p,H) = — (g—j)pﬁ (2.5)
V(T,p,H) = (Z—Z)T'H (2.6)
MEpm--(E) - en

Thus, the Maxwell relations can be derived by combining Equations 2.4, 2.5, 2.6,
and 2.7, expressed as:

1 (0S oM

z(m)m, = (E)H,p 2:8)

In magnetic systems, the Maxwell relation of Equation (2.8) is often used to
derive the isothermal entropy change based on magnetization data.
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2.1.2 Isothermal entropy change derived from magnetization data

At constant pressure, the total entropy change of a magnetic solid material
resulting from a change in external field can be expressed as the sum of three
entropy components: magnetic (Sm), lattice (S;) and electronic (S.) entropy terms:

S(T, AugH) = Sy (T, AptgH) + Sy(T, ApgH) + So(T, ApgH) — (2.9)

In systems with localized magnetic moments, such as pure Gd, the entropy
change AS can be predominantly determined by the isothermal entropy change
AS. However, for magnetic materials where the magnetic moments are carried by
itinerant electrons, it may not be legitimate to separate each entropy term from
equation (2.10) for individual estimation, as all three terms contribute and are
coupled during the phase transition. In practice, the Maxwell relation remains the
most commonly used method to represent the total isothermal entropy change in
MCE materials.

Therefore, the integration of equation (2.9) yields the isothermal entropy change
induced by varying the applied magnetic field from uoH; to uoH; , expressed as:

Hf (OM(T,AuoH
AS(T, ApoH) = 17 (%)Hyodfl (2.10)

2.1.3 Magnetocaloric effect derived from calorimetry

The magnetocaloric effect (MCE) can also be determined through calorimetric
measurements. The indirect calorimetric method involves constructing the
S(T, woH) diagram. Based on the first law of thermodynamics, the total
differential of the system's internal energy can be expressed as:

dU = dQ — dW (2.11)

Where Q represents the thermal energy and W denotes the work input by an
external force. According to the second law of thermodynamics, at constant
pressure and magnetic field:

ds =% (2.12)

Where dQ represents the heat flow into the sample. On the other hand , the
specific heat at constant pressure and magnetic field is defined as:

Cup = (%)H’p (2.13)

Thus, based on equations (2.12) and (2.13) and the integral of these terms, the
entropy at constant temperature and magnetic field can be obtain :
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S(T,H) = [} “C2ar (2.14)

Once the S(7) diagram is established by integrating the C(7, uoH) data, the
calculation of the isothermal entropy change (AS) and adiabatic temperature
change (AT.q) corresponds to the vertical and horizontal shifts differences at
constant temperature or constant entropy, respectively.

AS(T, ApoH) = S(T, uoHy) — S(T, poH;) (2.15)
AToq(ApoH) = T(S, oHy) — T (S, toHy) (2.16)
2.2 Heat Capacity

The heat capacity is a basic physical quantity. Since in this thesis both the heat
capacity and the latent heat are studied, here these entropy contributions are
presented in terms of the heat capacity. According to the second law of
thermodynamics, the specific heat is defined as:

Cup=T (Z—j)H'p 2.17)

Where T represents the temperature, S is the entropy under a constant field poH
and pressure p. The thermodynamic relations between the entropy S to the Gibbs
free energy G of equation (2.5) leads to:

(Z_i)H,p - (ZZTZ)H,p (2.18)

Inserting equation 2.18 into equation 2.17 results in:
9%G
Cup=—T (W)H,p (2.19)

In a magnetic material the heat capacity can be defined by different contributions,
including magnetic, structural and electronic degrees of freedom. When a
material undergoes a first-order magnetic transition (FOMT), latent heat also
needs to be considered:

Clot=cgt+ P+ o+ )t (2.20)

The free-electron model, primarily developed by Arnold Sommerfeld and often
referred to as the Sommerfeld model, is used to describe the behaviour of
conductive electrons in a material. Within this framework, the electronic
contribution to the heat capacity can be calculated as:
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CHM)=yT (2.21)

_ 23 2Pmek} (Nee,

y = O el (e (2.22)

where y is the Sommerfeld constant, m. is the electron mass and Nc.. is the
number of conduction electrons in a volume V.

The Debye model (Debye, 1912 [4]) estimates the contribution of phonons to the
heat capacity of a material. This model is based on the concept that lattice
vibrations are quantized in quasi-particles known as acoustic phonons with a
linear dispersion. The phonon contribution, as calculated using this model, is
given by:

ph _ o Natoms T 3 6p/T y4€y
CPM(T) = 9 Hatoms g (g) I Sy (2.23)

where Naoms 18 the number of atoms in the volume V and ©p is the Debye
temperature. While this model effectively describes the heat capacity at low
temperatures, discrepancies become more pronounced at higher temperatures,
where often optical phonons, described by the Einstein model for dispersion-less
phonons, also start to contribute.

When the material exhibits a second-order magnetic transition (SOMT) from the
ordered to the disordered state, the magnetic contribution to the heat capacity can
be expressed as:

C(T,H)=CT%?  for T<Tg (2.24)
C™(T,H) =0 for T>T, (2.25)

Additionally, when the material undergoes a FOMT, there is a contribution
originating from the latent heat L involved in the transformation. This latent heat
results in a peak-shaped contribution described by:

CoYH (T, H) = LG(T) (2.26)

where G(T) can be described by a normalised Gaussian distribution
centred at Tc.
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2.3 Magnetic Phase Transitions

2.3.1 Landau model

The type of phase transition can be distinguished using Landau theory, which
identifies discontinuities in the derivatives of the Gibbs free energy (G) with
respect to thermodynamic variables such as magnetization (M), volume (V) and
entropy (). If the first derivatives of G with respect to the control variables H, p
and T (corresponding to M, V' and S) exhibit a discontinuous change during the
magnetic phase transition, the material is classified as undergoing a first-order
magnetic transition (FOMT). In contrast, if the second derivative of G displays a
discontinuity in C,, the material corresponds to a second-order magnetic
transition (SOMT), as shown in Fig. 2.1.

Magnetisation Volume Heat capacity Entropy Entropy change
M \% Cp S AS .
5 o ;\ Increasing
B ! \\aH
S i L
- 1|
4 AV ! as-t |
. | c \
—_— J 1
4\
T T T. T T T T T T
M \% Cp S AS
[} Increasing
o /\ T
=
S /\
o
Q
[%] —_—Nu
T T T T T T T T T. T

Fig. 2.1. magnetization M, volume V, heat capacity Cp, entropy S and entropy change AS
for first-order and second-order phase transition [5].

To investigate the thermodynamic properties near a magnetic phase transition, a
free-energy functional can be introduced to describe the energy difference
between an ordered phase and a disordered phase. In a disordered system, a phase
transition to an ordered phase may occur when the temperature decreases. The
degree of order in the ordered state is characterized by an order parameter M,
which progressively increases as the temperature decreases. This parameter
represents the ordered moment in a magnetic phase.

Close to the phase transition temperature the Gibbs free energy can be represented
by a Taylor expansion of order parameter M [6]:

46 =M% + Em* + L M6 - yoHM 2.27)
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Where M is the magnetization, uoH is the applied magnetic field, and ao > 0, S
and y = 0 are constants. At the phase transition, the Gibbs free energy can be

evaluated by 0AG/ 0 M = 0 resulting in:
aM + BM3 + yM> = uoH (2.28)

The nature of the ferromagnetic-to-paramagnetic (FM-PM) phase transition is
determined by the value of §:
e  When g < 0: first-order phase transition (FOMT), with a discontinuous
change in S, M and V.
e  When § > 0: second-order phase transition (SOMT) with a continuous
change in Cp.
e  When § = 0: critical point (CP) at the boundary between the FOMT and
SOMT.

2.3.2 Evolution of the field exponent n for the isothermal entropy change

The field exponent (#) for the isothermal entropy change (AS) in a magnetic field
was determined using the Bean-Rodbell model [7,8] and the Landau model [9],
which aids in the classification of the nature of ferromagnetic-to-paramagnetic
transitions at the Curie temperature (7c) in magnetocaloric materials. The
isothermal entropy change (AS) of the magnetic system at the phase transition
can be calculated using Equation (2.10). The field-dependence of the isothermal
isothermal entropy change follows a power law of the type:

|AS| o H™ (2.29)

where the field exponent n is a temperature- and magnetic field-dependent
function that can be expressed as [7]:

n(T,H) = %‘(AHS)” (2.30)

Van Dijk [9] derived the field exponent for ASn, using the Landau model,
characterizing its dependence on temperature and magnetic field for the SOMT,
CP and FOMT. In the low temperatures limit, » = 1 and in the high temperature
limit » tends toward 2. Below the phase transition, the minimum values of n were
determined to be 2/3, 2/5 and 0 for SOMT, CP and FOMT, respectively, as shown
in Fig. 2.2. Across the phase transition, the maximum value of n tends toward 2
for the SOMT and CP, whereas theory predicts that maximum of n —o0 for the
FOMT. However, experimental observations define n > 2 as indicative of the
FOMT.
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Fig. 2.2. Field exponent of the entropy change n = d In (JASw|)/d In (%), is analysed as a
function of the reduced temperature ¢ for SOPT, CP and reversible FOPT. This analysis is
conducted for various reduced magnetic fields 4 ranging from 0 to 0.25, where t =(T —
To)/To and h = ,LLoH/,U.oHo [9]
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Chapter 3

Experimental Methods

This chapter provides a brief overview of the sample preparation methods and
characterization techniques employed in this thesis. Several different material
systems have been investigated using different preparation techniques, including
high-energy ball milling, melt spinning and arc melting in the fundamental
aspects of materials and energy (FAME) group at the faculty of applied sciences,
delft university of technology (TU-Delft).

Magnetic measurements, including SQUID and VSM magnetometry, heat
capacity, Mossbauer spectroscopy and X-ray diffraction measurements were
performed in the department of Radiation, Science and Technology (RST). The
neutron powder diffraction measurements were performed at the Reactor Institute
Delft (RID). The scanning electron microscopy (SEM) coupled with energy-
disperse ~ X-ray  spectroscopy (EDS) and electron  backscatter
diffraction (EBSD) were performed in the department of materials science at
TU Delft. X-ray absorption spectroscopy measurements were performed at the
ID12 beamline of the European Synchrotron Radiation Facility (ESRF) in France.
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3.1 Sample Preparation Methods
3.1.1 High energy ball milling

Ball milling is a commonly employed technique for grinding and synthesizing
alloys from powders. In Chapters 4 and 5, (Mn, Fe):(P, Si) compounds were
initially homogenized using a planetary ball mill (PM100, Retsch). The starting
materials (powders) were placed into grinding pots along with seven iron balls,
maintaining a ball-to-sample mass ratio of 5:1. The milling process was
conducted for 10 hours at a rotational speed of 380 rpm. To prevent oxidation
during the milling process, the jars were sealed under an argon (Ar) atmosphere,
ensuring an inert environment. The grinding jars were mounted on a counter-
rotating disc, trapping powders between the jar walls and iron balls. This induced
mechanical deformation, altering atomic coordination shells, triggering structural
excitations, and enhancing chemical reactivity by disrupting thermodynamic
equilibrium [1]. Fig. 3.1 provides a schematic representation of the planetary ball-
milling process.

@ plate

Fig. 3.1. schematic drawing of the planetary ball-milling process [2].

3.1.2 Arc-melting

Arc melting is a widely utilized technique for synthesizing alloys and
intermetallic compounds by melting metallic components under a controlled
environment. A schematic drawing of the arc-melting setup is shown in Fig 3.2.
This process involves the generation of an electric arc between a tungsten
electrode and a conductive base to achieve the high temperatures required for
melting. The arc is generated in an inert atmosphere, typically argon, or under a
vacuum to minimize contamination from oxidation or other chemical reactions
with the surrounding environment. In Chapters 6 and 7, YNis,Co,Si and
(Mn,Fe);Sn compounds were initially homogenized using arc melting. The total
mass of 5 g starting materials, in the form of elemental powders, chips, or small

23



pieces, are weighed according to the desired composition and placed on the
copper crucible. The chamber is sealed, evacuated down to 1x107”7 mbar and then
the chamber is filled with 500 mbar high purity argon gas. An electric current is
passed through a water-cooled tungsten electrode, creating a high-energy arc. The
intense heat melts the sample on the copper crucible. To ensure the homogeneity
of the molten sample, it is flipped and remelted five times to minimize
inhomogeneities arising from variations in cooling rates within the copper
crucible. The melted material rapidly solidifies upon cooling, often forming a
homogeneous alloy.

Earth
electrode

water cooling Cu crucible
system

Fig. 3.2. schematic drawing of the arc melting process [3].

3.1.3 Melt spinning

Melt spinning is a rapid solidification technique commonly employed to produce
metallic materials with refined microstructures, often used to enhance the
properties of metals and alloys. In this process, a molten metal is extruded through
a small nozzle and subjected to rapid cooling of 10 K/s, typically using a rotating
cooled copper-wheel. This high cooling rate induces the formation of fine
microstructures, which can include amorphous or nanocrystalline phases,
depending on the material and cooling conditions. Melt spinning allows for the
production of thin ribbons or fibres with improved mechanical properties, such
as higher strength, hardness, and wear resistance, compared to conventionally
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cast materials. All the materials studied in this thesis were initially prepared using
ball milling and arc melting, followed by melt spinning. The melt spinning device
used in this work was produced by Edmund Biihler GmbH [4]. The samples were
melted in an Ar atmosphere (750 mbar) by applying radio frequency (RF) current
through a water-cooled induction coil, which induced a temperature rise and
melted the materials placed in a quartz tube. Upon completion of the melting
process, the liquid phase was ejected through a nozzle by Ar overpressure onto a
rapidly rotating copper wheel at a speed of approximately 30 m/s. The resulting
ribbons were then sealed in a quartz tube under an Ar atmosphere of 200 mbar
and annealed at 1373, 873, and 773 K for (Mn,Fe)2(P,Si), YNi4,Co,Si and
(Mn,Fe);Sn before being quenched to room temperature. The primary advantage
of samples prepared using this technique is the improved purity of the main phase.
In particularly, oxide impurities are rejected during the melt spinning process,
leading to enhanced magnetic properties in the final product [5]. A schematic
drawing of the melt-spinning process is shown in Fig 3.2.

Crucible
Metal

; }1- Induction coils

Rotating copper wheel

Fig. 3.3. schematic drawing of the melt spinning process [6].
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3.2 Sample Characterization

3.2.1 Superconducting quantum interference device

A Superconducting Quantum Interference Device (SQUID) is an ultra-sensitive
magnetometer used to measure extremely weak magnetic fields down to 1014 T.
SQUIDs exploit the quantum mechanical properties of superconducting materials,
particularly Josephson junctions, to achieve a remarkable sensitivity. These
devices are widely used in various fields, including physics and material science.
Atits core, a SQUID consists of a closed loop made of a superconducting material,
which exhibits zero electrical resistance below a critical temperature. A SQUID
includes one or more Josephson junctions—narrow insulating barriers separating
two superconductors. These junctions allow the quantum tunnelling of Cooper
pairs (pairs of electrons in a superconducting state) and give the device its unique
properties. Changes in the external magnetic field modify the phase of the
superconducting wavefunction, generating a measurable voltage across the
SQUID. A SQUID magnetometer is employed to measure the magnetization of a
specimen as a function of both temperature and applied magnetic field [7,8].
Transition temperatures (7c) and thermal hysteresis (A7xys) were determined from
measurements at 0.01 T. Isothermal entropy change (AS) was calculated using
Maxwell relations from magnetization-temperature (M-7) measurements at
different magnetic fields. Magnetic measurements were performed with MPMS-
XL magnetometers (Quantum Design) in fields up to 7 T and temperatures
ranging from 5 to 370 K at a 2 K/min sweep rate, using the reciprocating sample
option (RSO) mode. Samples weighing 1-3 mg were placed in a gelatine capsule
and secured in a polypropylene (PP) straw.

3.2.2 Vibrating sample magnetometer

A Vibrating Sample Magnetometer (VSM) is an advanced laboratory instrument
used to measure the magnetic properties of materials. It is especially useful for
determining the magnetization of a sample as a function of an applied magnetic
field. The VSM operates on the principle of detecting the change in magnetic flux
generated by a vibrating magnetic sample in the presence of an external magnetic
field. In our experimental measurements, a vibrating sample magnetometer
(VSM) integrated into the Quantum Design VersaLab for the Physical Property
Measurement System (PPMS) was employed to investigate the magnetic
properties of compounds with 7¢ above the calibration range of the SQUID
magnetometer [9]. The VSM enables the measurement of magnetic properties
over a temperature range of 50-650 K and magnetic fields of 0-3 T. During VSM
operation, the specimen (5-10 mg) oscillates at a frequency of 40 Hz near a
detection coil, inducing a voltage due to changes in the magnetic flux.
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3.2.3 Semi adiabatic heat capacity measurements

Heat capacity measurements were performed using a semi adiabatic heat capacity
measurements [10], based on the standard “2t” relaxation method of a physical
properties measurement system (PPMS VersalLab, Quantum Design),
supplemented by a scanning single pulse method (SPM) with AT = +7 K at the
transition. This approach ensures covering the full transition to avoid
overestimation or underestimation of the latent heat (L) [11]. The thermal analysis
models for heat capacity measurements are central to converting raw data into
heat capacity. These models rely on a mathematical framework that describes the
temperature response of the platform as a function of time.

Two distinct models, so-called the 1t and 2t models, are available for
analysis. The 1T model, being the simpler of the two, represents the most basic
approach to analysing raw measurement data. It assumes that the sample and the
sample platform are in excellent thermal contact and maintain the same
temperature throughout the measurement process. In this model, the platform's
temperature 7 as a function of time ¢ is governed by the following equation:

dr
Crotal i —K,, (T —Tp) + P(t) (3.1)

where Ciwm represents the total heat capacity of the sample and the sample
platform, K, denotes the thermal conductance of the supporting wires, 7} is the
temperature of the thermal bath (puck frame) and P(t) is the power applied by the
heater. During the heating portion of the measurement, the heater power P(¢) is
equal to Py, while it becomes zero during the cooling portion. The solution to this
equation involves exponential functions characterized by a time constant t, which
is defined as T = Cioul/K.

The heat capacity option employs the 2t model to measure the heat capacity of a
sample when poor thermal contact between the sample and the platform results
in a temperature gradient between them. The 2t model accounts for the heat
transfer dynamics both between the sample and the sample platform, and between
the sample platform and the puck. The model is mathematically represented by
the following equations:

Cotatrorm 52 = P(&) = Ky [Ty(6) = Tp] + K, [Ts() = T,(0]  (3.2)
Csample % = _Kg [Ts(t) - Tp (t)] (3.3)

Here, Cylaitorm represents the heat capacity of the sample platform, Csamplc denotes
the heat capacity of the sample and Kj is the thermal conductance between them,
attributed to the grease. The temperatures of the platform and the sample are
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expressed as 7p(f) and T7y(f), respectively. In this thesis, heat capacity
measurements were performed using a vertical sample puck. The compacted thin
ribbon samples were sintered at 1373 K for 24 hours, then weighed (5-10 mg)
and mounted using Apiezon H grease. For each experiment, measurements of the
addenda (i.e., the platform and grease) were preformed prior to measuring the
heat capacity of the sample.

3.2.4 Mossbauer spectroscopy

Mossbauer spectroscopy is widely used to study magnetic materials, such as
ferromagnets, ferrimagnets, and antiferromagnets. It can provide information
about the local magnetic fields and magnetic interactions at the atomic level,
allowing for detailed studies of the magnetic properties of materials. Mdssbauer
spectroscopy is based on the Mdssbauer effect, which refers to the resonant and
recoil-free absorption and emission of gamma radiation by atomic nuclei in a
solid. The fundamental features of the Mossbauer effect that make it distinct from
other forms of spectroscopy are the isomer shift, quadrupole splitting and
magnetic hyperfine splitting. The isomer shift is sensitive to the electronic
environment of the nucleus, especially the electron density around the nucleus.
This sensitivity allows the technique to detect slight changes in the electron
configuration, which is useful for studying chemical bonding, oxidation states,
and coordination environments of specific elements, such as iron (Fe), tin (Sn),
and others. Quadrupole splitting occurs when the nuclear energy levels interact
with the electric field gradients generated by the surrounding atoms. The presence
of these gradients causes the energy levels to split, leading to two distinct peaks
in the Mossbauer spectrum. The magnitude of this splitting offers insights into
the symmetry of the atomic environment surrounding the nucleus. If the nucleus
has a magnetic moment and the material is placed in an external magnetic field,
the interaction between the nuclear spin and the magnetic field can split the
energy levels into multiple components, producing a magnetic hyperfine field.
This is used to study the magnetic properties of the material, such as the magnetic
moment of specific atoms and the local magnetic environment [12,13]. In the
present study, Mossbauer spectroscopy was employed to investigate the complex
spin structure of (Mn,Fe);Sn compounds. Transmission >’Fe Mdssbauer spectra
were recorded at temperatures from 5 K up to 350 K. A constant-acceleration
spectrometer, equipped with a sinusoidal velocity drive and utilizing a >’Co(Rh)
source, was used for the measurements. The spectra were analysed and fitted
using the Mosswinn 4.0 software.
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3.2.5 X-ray diffraction

X-ray Diffraction (XRD) is the most common analytical technique employed to
study the crystallographic structure, chemical composition, and physical
properties of materials. It provides detailed information about the atomic
arrangement and symmetry in crystalline substances by measuring the X-rays
interact with the material. In the preset research, X-ray diffraction patterns were
collected using an PANalytical X-pert Pro diffractometer with Cu K, radiation
(A= 1.5406 A) in the 20 range from 10 to 100° at a step size of 0.02°.
Temperature-dependent XRD measurements were conducted using an Anton Paar
TTK450 sample chamber. The obtained diffraction patterns were refined using
the Rietveld refinement implemented in the Fullprof software [14,15]. The
refined XRD results allowed for the identification of the main and impurity
phases, determination of phase fractions, indexing, and calculation of lattice
constants and site occupancies.

3.2.6 X-ray absorption

X-ray absorption (XAS) provides detailed information about the local atomic
environment, including oxidation states, coordination geometries, and the
electronic structure around a specific atom in the material. When the energy of
the absorption edge (a sharp rise in absorption) matches the binding energy of a
core state in the absorber, electrons are excited from the core state to the lowest
available unoccupied state just above the Fermi level. These absorption edges
occur at different energies due to the varying nuclear charges of the absorbing
element and the specific orbitals involved, which makes XAS an element-specific
and orbital-specific probe. In general XAS can be divided into two regions: X-
ray absorption near-edge structure (XANES) and Extended X-ray absorption fine
structure (EXAFS). In this study XAS measurements were performed at the ID12
beamline of the European Synchrotron Radiation Facility (ESRF) in France [16].
The X-ray absorption spectra at the K edge of Mn and Fe were recorded using the
total fluorescence yield detection mode in backscattering geometry. From the
difference in absorption of right and left circularly polarized X-rays, we can
obtain the X-ray magnetic circular dichroism (XMCD) signal.

3.2.7 Neutron powder diffraction

Neutrons are neutral particles, and their interaction with atomic nuclei is
governed by the nuclear scattering cross-section. Unlike X-rays, which are
primarily scattered by the electron cloud surrounding atoms, neutrons interact
with the nucleus of atoms, making neutron diffraction sensitive to the positions
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of different elements, including those with low atomic numbers like hydrogen.
Neutron powder diffraction (NPD) is uniquely suited to studying the magnetic
properties of materials. Since neutrons have a magnetic moment, they interact
with the magnetic moments of atoms within a material. This allows NPD to
investigate the magnetic structure and determine the magnitude of the magnetic
moment at specific magnetic sites within the material. In this thesis, neutron
diffraction was conducted using the neutron powder diffractometer PEARL at the
Reactor Institute Delft (the Netherlands) with a neutron wavelength of A =
1.667 A. The experiments employed to study the spin structure and magnitude of
the spin in the YNisCo,Si and (Mn,Fe);Sn material systems. The samples, each
with a mass of approximately 5 g, were placed in a vanadium sample can and
measured at various temperature points. The Rietveld refinement implemented in
the Fullprof software was used to refine nuclear and magnetic structures [14,15].

3.2.8 Electron microscopy

Scanning Electron Microscopy (SEM, JEOL JSM 6500 F, Japan), coupled with
Energy Dispersive X-ray Spectroscopy (EDS), was employed to investigate the
microstructure and chemical composition of selected compounds. Additionally,
measurements performed using the Backscattered Electron (BSE) detector were
used to investigate the distribution of various phases within the samples. During
measurements, an accelerating voltage ranging from 10 to 15 kV was applied.
Lower voltages provided greater surface sensitivity, whereas higher voltages
offered detailed insights into subsurface layers, albeit with a reduction in surface
morphology resolution. Electron Backscatter Diffraction (EBSD) is a powerful
microstructural characterization technique widely used in materials science to
determine the crystallographic properties of materials. It is an extension of SEM
that provides detailed information about the orientation of the grains, phase and
texture of crystalline materials at the microscale. Following synchrotron
measurements, the locations of small beam spots were identified in SEM images.
Consequently, EBSD measurements were preformed to analyse the grain
orientation of the Mng oFei 30Po.66510.34 bulk sample.
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Chapter 4

Preparation and calorimetric measurements of the
first order magnetic phase transformation in giant
magnetocaloric Fe-rich (Mn,Fe):(P,Si) ribbons and

bulk

Abstract

The (Mn,Fe)»(P,Si) compounds are one of the rare materials systems that exhibit
an isostructural first-order ferromagnetic transition (FOMT) near ambient
temperature. Since its giant magnetocaloric effect (GMCE) was discovered, this
system has garnered ongoing interest, both for its promising applications and for
the scientific interest in uncovering the fundamental mechanisms driving the
FOMT. In particular, in elastic FOMTs, magnetic interactions, lattice deformation
and electronic redistribution endure cooperative changes leading to a
discontinuous transition with latent heat. This study examines the evolution of
microstructure and thermomagnetic properties in Mng so+xFe1.3-x<Po.66-ySio 34+y (With
x=0.02, y=0.01) compounds prepared by the melt-spun technique. The
simultaneous increase in Mn and Si concentrations reflects to a 40% enhancement
in the isothermal entropy change AS (equation 2.9) compared to parent compound.
Furthermore, we separate the pure latent heat (L) from the reversible specific heat.
This allows us to establish a convincing correlation of intrinsic quantities between
latent heat (L) and elastic strain energy (U.). Notably, our results demonstrate that
both the latent heat (L) and thermal hysteresis (AThys) are proportionally linked
and vanish simultaneously at a supercritical end point.
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4.1 Introduction

The conventional magnetocaloric effect (MCE) is an intrinsic magneto-
thermodynamic phenomenon that links a change in the magnetic field with a
corresponding temperature change in a material, thereby enabling magnetic
refrigeration technologies [1-10]. Integrating this effect opens up novel
possibilities for magnetic cooling [2,4,11,12], heat pumping [13—17], and energy
conversion, such as thermomagnetic harvesting applications [18,19]. These
applications are particularly useful for household and commercial cooling
applications in the vicinity of room temperature. Magnetic refrigeration is
beneficial for reducing greenhouse gas emissions, to mitigate global warming and
to stabilize climate change. A giant magnetocaloric effect (GMCE) is typically
associated with a first-order magnetic transition (FOMT). Depending on their
intrinsic mechanisms, the FOMT can be classified into two types: the magneto-
elastic transition that do no change the crystal symmetry, observed in materials
like La(Fe,Si)13 [20-22], FeRh [23,24], Eu,In [25] and (Mn,Fe)»(P,Si) [4,6], and
the magneto-structural transition, where the change in magnetic state is
associated with one of crystal symmetry, found in compounds such as
Gds(Si,Ge)s [26], MnMX [27,28] and NiMn-based Heusler alloys [29,30], etc.
Among these different material systems, Fe,P-based compounds, particularly
(Mn,Fe),(P,Si), stand out as one of the most promising for real application due to
their low raw material costs, absence of rare earth elements, no toxic elements
and a tuneable Curie temperature near room temperature. These features make
this system especially suitable for eco-sustainable applications.

From a materials point of view, minimizing thermal hysteresis (A7hys) is
crucial to enhance the reversibility under cycling conditions [7,31]. Another
challenge with GMCE materials is their mechanical stability. At the FOMT, not
only a sharp magnetization jump is observed, but also discontinuities in other
physical parameters are found [32]. For example, the for the (Mn,Fe),(P,Si)
system the unit-cell contracts in the hexagonal basal plane across the FOMT,
while it expands along the hexagonal axis. This overall lattice deformation results
in a discontinuities of the c/a ratio of up to 10%, with a negligible unit-cell
volume change of AV/V = 0.1-0.3% at the ferromagnetic transition temperature
(Tc). Previous studies indicate that, on the Fe-rich side, higher Si concentrations
result in smaller discontinuities in Aa and Ac across the FOMT [6,33]. Such
discontinuities can induce strong shear strains and stresses at the grain boundaries
of random orientated polycrystals, particularly for larger grains.

Thermal or magnetic field cycling potentially results in the formation of
fractures or even the destruction of the bulk materials. These issues can be
addressed through various technical solutions, such as embedding the MCE
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material in a resin or using porous shaping techniques. However, these
approaches often dilute the MCE effect, which is not satisfactory as this results
in an inefficient use of the magnet's capabilities and it reduces the thermal
conductivity required for an effective heat transfer. Therefore, in recent years,
numerous studies have explored the introduction of a fifth element to go from
quaternary to quinary alloys. This includes doping with 3d through 5d transition
metals [31,34-38], which can potentially fine-tune the Curie temperature (7¢) and
reduce ATnys. On the non-metallic side, elements such as As, Ge, Al and B have
also been investigated as potential dopants [39—43]. In particularly, Guillou ef a!.
reported that even a small amount of boron doping can significantly reduce AThys,
and simultaneously enhance the mechanical stability [5,32]. However, from a
commercialization or scaling-up perspective, this approach is not prioritized due
to challenges in controlling tiny amounts of added B to tune 7¢. Even slight
variations in concentration can significantly impact the performance and
introduce impurity phases. This is particularly critical for active magnetic
regenerator (AMR) systems, which require multiple layers of material for optimal
efficiency [44], as FOMT materials exhibit a GMCE over a finite temperature
range. Therefore, additional research is required to manipulate the microstructure
of quaternary compounds without doping by employing different synthesis
methods to optimize and tailor their properties. Understanding this mechanism is
crucial for the successful commercialization of the magnetic cooling technology.

FOMTs are defined by the presence of a latent heat (L) at the phase
transition, connected to the transition entropy as L = |ASs| Tc, stacked
(superimposed) over a reversible specific heat background. As such, the latent
heat is an intrinsic quantity most relevant for the development of GMCMs.
Previous heat capacity measurements on the binary parent compound Fe,P have
shown a relatively small L at the FOMT [45-47], while (Mn,Fe)(P,Si)
compounds potentially exhibit much stronger FOMTs with a larger L. Early
theoretical studies suggested that L is predominantly of magnetic origin [48]. In
contrast, recent inelastic scattering experiments and phonon calculations indicate
that nearly all of the transition entropy (AS) has a structural origin [49,50].
However, the origin of L is difficult to determine because magnetic ordering,
structural distortions and electron redistribution are all involved simultaneously
in the FOMT of Fe,P-based materials. Moreover, as these degrees of freedom can
be coupled, it may be not legitimate to separate them. The relation between
intrinsic quantities, such as L and U. (magneto-elastic coupling) in these
compounds, it still not fully resolved. Therefore, it is important to find an accurate
method to quantify L from the thermal response of the material. Understanding
the driving mechanisms controlling the strength of L in GMCMs is crucial for
practical applications, as optimization largely involves maximizing the response
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in L with minimal changes in the external magnetic field. The MCE is
characterized by the isothermal isothermal entropy change AS (equation 2.9) or
the adiabatic temperature change (ATa.q), depending on whether the magnetic field
change is applied isothermally or adiabatically. When the MCE for different
materials are compared, it is important to note that a large |AS| does not always
correspond to a large AT.q, so both quantities must be optimized simultaneously.
These parameters directly influence the temperature span of the working device
and are critical to enhance the heat transfer from the cold end to the hot end during
each cycle [5,51].

In the present work, precisely this approach has been used to investigate
three problems of the previous generation of (Mn,Fe)(P,Si) materials. (i) The first
improvement needed is manipulating the microstructure to achieve smaller grain
sizes. This is directly linked to the thermal hysteresis and the mechanical stability.
Hysteresis is known to be influenced by external features like microstructure. It
is important to note that a large thermal hysteresis is not an intrinsic property for
a FOMT, as materials with nearly negligible hysteresis, but with a sizable L can
be observed in vanadium and boron doped (Mn,Fe):(P,Si) compounds [52].
Additionally, smaller grains can help alleviate shear strains and stresses at grain
boundaries, leading to improve mechanical stability, particularly considering the
inherent brittleness of this type of materials. (i7) The second target is to separate
the pure L from total specific heat observed in (Mn,Fe),(P,Si) compounds to
explore its relationship with structural deformations (elastic strain energy) across
the FOMT. These two parameters serve as intrinsic quantities to distinguish
strong and weak FOMTs. We propose a convenient method based on commercial
calorimeter to separate L from the total thermal response of the material in
(Mn,Fe)»(P,Si) bulk samples. (iif) The last objective is to demonstrate that
materials with a FOMT show a change in the nature of the phase transition when
the applied magnetic field causes 7c to reach a critical end point, leading to a
gradual reduction of both ATy and L with applied magnetic field, vanishing at
the field of the critical end point. For this purpose, we investigates the effect of
simultaneously varying the Mn/Fe and P/Si ratios on the microstructure and the
magnetic properties by employing the melt spinning technique.
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4.2 Materials and Methods

The Mng so+:Fe13-xPo.66-yS10.34+, alloys (with x = 2y ranging from x = 0.00 until x =
0.08) were synthesized by ball milling from powders of high-purity starting
materials of Mn (99.7%), Fe (99.8%), Fe,P (99.5 %), and Si (99.6%), using a ball-
to-sample mass ratio of 5:1 and ball milling for 10 hours at 380 rpm. Subsequently,
the resulting powders were compacted into cylinders of approximately 2.5 g each
using a uniaxial press with a force of 8 tons. Then the pallets were melted and
quenched by melt spinning with a copper-wheel speed of v = 30 m/s. Melt spun
ribbons with widths of 2-3 mm and a thickness of the 20-40 um were produced.
Following this, the samples were sealed in quartz tubes filled with argon gas at a
pressure of 200 mbar. Sintering of the samples took place in a vertical furnace,
which had been preheated to 1100°C. This sintering process lasted for 2 hours
before the samples were quenched in room temperature water. The choice of the
sintering temperature of 1100°C was based on previous studies, which identified
it as the optimal temperature for sintering [53,54].

Powder X-Ray Diffraction (XRD) was carried out on a PANalytical X-
Pert PRO diffractometer, using Cu-K, radiation with a wave length of 1.5405 A
(probing an angular range of 10°- 90°, with an angular step of 0.02°, 1s exposure
per step). Temperature-dependent XRD measurements were performed with an
Anton Paar TTK450 temperature chamber. The Rietveld method [55], as
implemented in the FullProf software, was used for the crystal structure
refinement [56].

SEM measurements were performed on the free side of the ribbon
samples and on eroded surfaces of compacted pellets, using a Nital etchant. For
the grain size evaluation, about 15 SEM images per samples were analysed using
the MIPAR software [57] for a quantitative estimate of the average grain size.

The temperature- and field-dependent magnetization was measured with
a superconducting quantum interference device (Quantum Design MPMS XL)
magnetometer, using the reciprocating sample option mode (RSO) were
employed to collect the magnetization data in the temperature range of 5 to 370
K with a constant sweep rate of 2 K/min and in applied magnetic fieldsup to 5 T.
Isofield magnetization curves were recorded as a function of the temperature in
sweep mode at a rate of £ 1.0 K/min. Heat capacity measurements were
performed using a semi adiabatic heat capacity measurements, based on the
standard “21” relaxation method of a physical properties measurement system
(PPMS VersalLab, Quantum Design), supplemented by a scanning single pulse
method (SPM) with AT =+7 K at the transition. This approach ensures covering
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the full transition to avoid overestimation or underestimation of the latent heat (L)
[58].

4.3 Results and Discussion
4.3.1 Crystal structural information and average crystallite size

The X-ray diffraction patterns at 400 K shown in Fig. 4.1a confirm that the
synthesized Mno go+Fe13.Po.66-Sio.34+, (x =0.02, y = 0.01) samples were found to
be single phase with the expected hexagonal P.sm symmetry. With a
simultaneous increase in Mn and Si content no secondary phase is observed
indicating that all samples are single phase. As shown in Fig. 4.1b and 4.1c the
lattice parameter a and the unit-cell volume V present a clear increasing trend for
an increase in Mn and Si contents, while the ¢/a ratio shows a simultaneous
decrease for an increase in Mn and Si contents. In contrast, the lattice parameter
c only shows a very minor change for an increase in Mn and Si contents, as shown
in Fig. 4.1b. The structural refinement parameters obtained from the XRD data
are summarized in Table 4.1. The temperature evolution of the (300), (211) and
(002) powder XRD reflections upon heating is illustrated in Fig. 4.1d for the
Mng ssFei24Po63Sions7; compound. The effect of temperature on the unit cell
dimensions is directly visible in Fig. S4.1 (Supplementary Information). Across
the magnetic phase transition the a and ¢ axes undergo discontinuous changes
with a phase coexistence region for the paramagnetic (PM) and ferromagnetic
(FM) phases, which is a distinctive feature of the isostructural FOMT in Fe,P-
type materials [S9—61]. The FM and PM phases show a phase transition centred
at Ty = 320 K with step-like anomalies of: Aa/a = -0.98%, Ac/c = 1.88%,
A(c/a)/(c/a) = 2.81 %, AVIV = 2(Aa/a) + Ac/c = -0.1%, as shown in Fig. Sl
(Supplementary Information). Theoretical calculations have noted that the c/a
ratio bears a significant correlation with the magnetic exchange interactions
governing the magnetoelastic coupling in Fe,P-type materials [62,63].

When comparing the grains size of the hexagonal phase between samples
with x = 0.60 and 0.68, no clear trend is observed for a simultaneous increase of
Mn and Si contents. As shown in Fig. 4.2 both samples show low porosity and a
similar log-normal distribution of grain size with an average size of about 8 um.
Numerous publications have highlighted that ball-milled bulk samples on the Mn-
rich side exhibit an average grain size of about 27 pum [64], whereas for
compounds with an Mn/Fe = 1 ratio, the grain size slightly diminishes, resulting
in an average grain size in the range of 24-26 um [65,660]. In contrast, the
microstructure of melt-spun ribbons demonstrates significantly smaller average
grain sizes and a finer overall structure compared to materials synthesized via ball
milling. This is critical for the stabilization of the mechanical properties, as the
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reduction in grain size reduces the maximum shear strain at grain boundaries,
thereby enhancing the mechanical stability of these materials. However, grain
sizes are also influenced by the sintering temperature and the annealing time. A
recent study by Qianbai ef al. [67] investigated the microstructure of materials
with a Mn/Fe = 1 ratio as a function of the sintering duration and observed a
significant increase in grain size with time. This increase results from grain
growth during sintering, where grains merge with neighbouring grains. Using
these ribbons samples, we reconstructed a bulk sample, sintered it at the 1100°C
for 24 h, and re-examined the average grain size. Encouragingly, the average
grain size remained constant, as shown in Fig. S4.2 (Supplementary Information),
highlighting the potential of shaping bulk samples from ribbon materials.
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Fig. 4.1. (a) Powder XRD patterns collected at 400 K for samples of
Mno so+xFe1.3-4Po.s6yS10.34+, (x = 2y), with simultaneous changes in the Mn/Fe and P/Si
ratios. (b) Lattice parameter a and c, (¢) Unit-cell volume ¥ and c/a ratio derived from
XRD as a function of the Mn concentration for Mno.so-Fe1.3-<Po.664S10.34+, (x = 2y).
(d) Intensity versus scattering angle 20 (°) as a function of temperature T (K) for the
Mny gsFe1.24P0.63S10.37 compound.
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Table 4.1. Lattice parameters a and ¢, c¢/a ratio and unit-cell volume V obtained from
XRD at 400 K, saturation magnetization Ms and Curie temperature 7c¢ for the
Mng eo+xFe13xPo.665S10.34+y (x = 2y) compounds. M;is obtained from magnetisation
measurements at 5 K and the transition temperature 7¢c is defined as the minimum in
dM/dT in an applied field of 0.01T.

x a c c/a vV Ms skast — Tytleating
A) A) (A% (Am*kg™) (K)
0.60 6.01832(4) 3.44676(6) 0.57271(14) 108.11633) 16238 2953
0.62  6.02322(8)  3.44584(5) 057209(11) 108263(2) 16639 3052
0.64  6.0271509)  3.44692(5)  0.5719(11)  1084393) 15193 3123
0.66 6.031548)  3.44719(5) 057153(11) 108.6053) 16138  322.1
0.68  6.04076(8)  3.44771(5) 0.57074(11) 108.954(3) 15338 3312
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Fig. 4.2. SEM images of (a) Mnyg soFe1.30Po.6651034 and (b) Mnyg ssFe122P0.62S10.38 samples
sintered at 1100 °C for 2 h. The colour code highlighting the equivalent diameter of each
grain is superposed on the images.

4.3.2 Magnetic and magnetocaloric properties

The temperature dependence of magnetization M(7), is shown in Fig. 4.3a for
zero-field-cooled (ZFC) and field-heating (FH) conditions. The overall magnetic
response with a relatively sharp ferromagnetic FOMT of finite thermal hysteresis
(AThys) is found for all samples. As shown in Fig. 4.3b the saturation
magnetization does not exhibit a distinct trend with varying Mn/Si concentration,
falling within the range of 140-160 Am?kg! at 5 K in an applied field of 5 T, and
saturated at an applied field of 1 T. This aligns well with literature values reported
for similar Fe,P-based compounds [37,68,69]. The transition temperature (7c)
increases linearly with the simultaneous increase in Mn and Si concentrations,
leading to a slightly increase in AThys, as shown in Fig. 4.3c. The value of Tc is
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estimated from the minimum in the temperature derivative of the magnetization
(dM/dT), as shown in the inset of Fig. 4.3c. The FOMTs are always accompanied
by thermal hysteresis associated with the metastability of the two phases across
the transition. However, the observed ATy was relatively small, remaining
within 5 K for all compounds. For the parent compound Mng ¢Fe1 3Po.66S10.34, AThys
was observed to be 3 K. The origin of the thermal hysteresis can be separated into
intrinsic (associated with electronic properties on the atomic scale [7]) and
extrinsic contributions related to microstructure; the presence of nano-
precipitates [70], micro-cracks [71] or micro-pores [72], strains and stresses at
interfaces [7], etc. Besides this, recent studies by Suye et al. [65] and Fengqi et
al. [73] have reported that ATqys was influenced by the particle size and found that
AThys shows a continuous decrease for a reduction in particle size. It is found that
smaller fragments require less elastic energy to complete the transformation, and
consequently, a reduced AThys is observed [3,21].
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Fig. 4.3. (a) Magnetization as a function of temperature in an applied field of 1 T and (b)
magnetization as a function of magnetic field at 5 K of Mno.so+Fe1.3-cPo.s6-yS10.34+, (x = 2).
(c) Values of T, Heating and T, e°line 35 3 function of the Mn content (inset shows dM/dT
curves and thermal hysteresis AThys as a function of the Mn content at an applied field of
0.01T). (d) Isothermal entropy change -AS from the temperature-dependent
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magnetization M(T) upon heating for a magnetic field change of 2 T for
Mng 0+:Fer13.4Po.66-5S10.344y (x = 2y).

The magnetocaloric performance expressed as the isothermal entropy
change AS is shown in Fig. 4.3d. The isothermal entropy change is calculated by

applying the Maxwell relation AS,,(T)ay = f: T uo (%)H dH [26,74] to

the isofield M(T) data. All samples show high |[ASmax| values typical of the GMCE
observed at the FOMT in Mno.so+Fe1.3.xPo.66S10.34+y compounds. For the parent
compound Mny 6Fe1 3P 6651034 exhibiting the |ASmax| = 12 J kg! K! for an applied
field change of 2 T, with the simultaneous increase of Mn and Si concentrations,
the |ASmax| value increased by 40% and remained constant for the subsequent
compounds. Furthermore, due to the hysteresis, a reversible AS effect can only
be obtained from the overlapping area of the heating and cooling processes, as
showed in the inset of Fig. 4.3d. This indicates that a large ATy is a major
obstacle for the application of giant MCMs. A large ATy, significantly reduces
the MCE under cycling conditions when the magnetic field is applied [75-77],
and therefore significant efforts are focused on overcoming the transitional
hysteresis. The present results demonstrate a well-balanced combination of a
small hysteresis and a large |ASmax| in the Fe-rich Mn-Fe-P-Si quaternary system,
achieved without other doping with other elements.
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Fig. 4.4. Field exponent of the isothermal entropy change n = ————— for the

dIn(H)
Mno 60-xFe1.3..Po.66.ySio 34y (x = 2y) compounds.

To qualitatively evaluate the order of the magnetic phase transition in
Mnyo so0+xFe1.3.<Po.s6-»Si0.34+, compounds the field exponent of the entropy change is
examined. As proposed by Franco and coworkers [78,79] and Van Dijk [80] the
field-dependence of the isothermal entropy change follows a power law of the
form |AS| o< H™. The field exponent n can be employed to determine the FOMT
or SOMT nature of the magnetic phase transition can be established. The field

42



exponent has a minimum value of #» = 0 and a divergent maximum value (n—o0)
near the transition [80]. This behavior is due to the step change in entropy (S)
associated with the FOMT. In experimental studies, a maximum value of the field
exponent n above 2 is taken as indication of a FOMT. Fig. 4.4 shows the field
exponent n of the isothermal entropy change (AS) for the Mnyg.so+:Fe13..Po.ss-
1S10.34+y compounds. The field exponent # is consistently above 2 near 7¢ for all
compounds and for all the applied magnetic field changes. This is line with a
finite AThys in the M(T) curves for these materials. Note that the minimum value
of n remains above zero near the transition due to the persistence of short-range
ferromagnetic fluctuations above 7¢.

4.3.3 Indirect measurements of the giant magnetocaloric effect from
specific heat

To evaluate the MCE performance, both the isothermal entropy change (AS) and
the adiabatic temperature change (AT.q) are considered simultaneously. The
methods for measuring AT, are generally divided into direct and indirect
approaches. In indirect measurements, A7;q¢ can be derived from a conventional
S-T diagram based on heat capacity (C,) measurements, which reflects the
system’s thermal equilibrium state [7]. So far, only few studies have been
performed heat capacity measurements on (Mn,Fe)»(P,Si) compounds [66,81].
Therefore, experimental data of AT, on (Mn,Fe),(P,Si) compounds are rather
scarce. For this purpose, in-field heat capacity measurements were carried out to
indirectly determine the AS and AT. for all five compounds over applied
magnetic fields ranging from 0-3 T. The total C, upon heating in different applied
magnetic fields is illustrated in Fig. 4.5a for the Mnyg ¢sFe0.24P0.63510.37 compound.
An intense specific heat peak with a maximum value of 3.12 Jg'K"! is found at
320 K. The maximum value of C, decreases continuously with increasing applied
magnetic field. At the same time the applied magnetic field stabilises the
ferromagnetic order, causing a shift in 7c¢ to higher temperatures [82]. The shift
of Ty with the applied magnetic field corresponds to dTw/uodH = 3.9 K T, as

listed in Table 4.2. The S-T diagram derived from total C, is divided by

350 Ctotal

temperature T and integrated to give the total entropy Siptq1(T) = f3 o1 T drT,

as show in Fig. 4.5b. Calorimetric measurements revealed a |[ASmax| = 16.5 J kg™!
K'! at 2 T, as show in Fig.4.5c, which aligns well with magnetization
measurements showing |[ASmax| = 16.2 J kg! K°!. This agreement confirms that the
AS data from magnetization measurements are unaffected by spike artifacts.
Furthermore, an indirectly determined AT,q of 5.4 K was observed at 2 T, as show
in Fig. 4.5d and Table 4.2, which is in good overall agreement with former studies
reported by Suye et al. [66]. The high values of both |ASmay| and AT.qunderscore
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the potential of (Mn,Fe)»(P,Si) type materials for heat pump applications,

particularly given the ability to fine tune the transition temperature.
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Fig. 4.5. Thermal and magnetocaloric properties of Mng ssFe1.24P0. 63S10.37. (a) In-field heat
capacity measurements upon heating. (b) Total entropy change versus temperature (S-7
diagram) in a magnetic field of 0, 1, 2 and 3 T. (c) Isothermal entropy change. (d)
Adiabatic temperature change from calorimetry measurements.

4.3.4 Correlation of pure latent heat with strain energy

The heat capacity is a basic physical quantity reflected by magnetic, structural
and electronic degrees of freedom; C}°F = C;l + Cg "y Cp*. In metallic systems
it can be decomposed into several contributions: the electronic contribution
Cgl =y T (where y is a constant), the phonon contribution with a high

temperature limit of C;; "= 3R /M (where R is the gas constant and M is the

molar mass), and the magnetic contribution with C* = C T% for T<T¢, and C* =
0 for T>T.. Additionally, when the material undergoes a FOMT, there is a
contribution of the latent heat L involved in the transformation. This latent heat
results in a peak-shaped contribution of the form C;"'L = LG(T) , where G(T) is
a normalised Gaussian distribution centred at 7c. Recently, Guillou et al. [81]
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investigated the influence of latent heat and magnetic contributions in Fe,P-based
compounds by theoretical calculations to separate electronic and lattice
contributions from the experimental heat capacity. In order to separate the latent
heat L we must also account for the magnetic specific heat. Therefore, we
performed two types of specific experiments that probe: the total contribution
Cpt®(T) = C,(T) + dL/dT(T) and the specific heat only C,(T) in zero
applied magnetic field, as show in Fig. S4.3 (Supplementary Information). The
difference gives the temperature derivative of the latent heat (dL/dT), which is
demonstrated to show a symmetric peak, as shown in Fig. 4.6a. Integration of this
term yields the latent heat L at the transition, which decreases with increasing
applied field and eventually vanishes at a critical field uoH.. The critical field
corresponds to the critical endpoint of the phase line 7¢ («oH). Detailed in-field
calorimetry results and their data analysis are provided in Fig. S4.4
(Supplementary Information). A linear extrapolation of L indicates that the
critical field is 6.4 T for the Mng ¢sFe1.24P0.63510.37 compound, as shown in the inset
of Fig. 4.6a. The full width at half maximum (FWHM), derived from a Gaussian
fit of dL/dT, increases with the applied magnetic field due to a broadening of the
transition in higher fields, as shown in Fig. 4.6b. Estimating the critical end point
based on only four points is challenging due to the limitations of the applied
magnetic field range in the heat capacity measurements. Complementary, the
temperature (7) and field (uoH) dependence of the magnetisation near the FOMT
were used to quantitatively investigate the critical field of the present compounds.
A magnetic phase diagram was constructed from temperature-dependent
magnetization M for different applied fields (uoH = 0.1-7 T), as show in the Fig.
S4.5a-b (Supplementary Information). The thermal hysteresis AT1ys decreases as
the first-order nature of the transition is gradually suppressed by the applied
magnetic field, with a linear extrapolation indicating that A 71y vanishes at 6.4 T,
as show in Fig. 4.6¢. In contrast, the field induced transition reveals that hysteresis
loop gradually closes as temperature increases, with the derivative dM/ducH
clearly demonstrating that hysteresis vanishes beyond 6.6 T, as show in Fig.
S4.5¢c-d (Supplementary Information). Both the magnetization and the
calorimetric results identify the critical field value within the range of 6.4-6.6 T.
Beyond this critical field L and ATy are no longer observed and (in analogy with
supercritical liquid-vapour systems) the FM and PM states can no longer be
distinguished. The overall behaviour aligns with previous findings that the FOMT
vanishes above the critical endpoint [64,83]. Fig. 4.6d shows the correlation of L
and ATy at different fields, indicating that these two parameters are
proportionally linked and vanish simultaneously at the critical endpoint.
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Table 4.2. FOMT parameters as a function of the Mn concentration, showing changes in
the lattice parameters Aa and Ac at Tc, thermal hysteresis determined from isofield
magnetic data recorded in uoH = 0.01 T, shift of the transition in magnetic field (d7T/podH)
from isofield magnetization data. Latent heat (L) upon heating by integration of dL/dT
data at uoH = 0; Elastic strain energy calculated from the step changes in lattice parameters
observed from the XRD vs T at uoH = 0.

X |ASmax,21| ATaa2r  dTulpodH L Aa Ac AThys Ue
Units  (Jkg'K™) (K) (KT Jgh  (A)  (A) ® (g
0.60 11.96 3.6 3.9(1) 2.02 -0.047  0.050 3.0 2.49
0.62 16.18 5.1 4.0(1) 3.29 -0.051 0.054 34 3.20
0.64 15.61 4.8 4.2(1) 3.83 -0.053  0.058 4.5 3.49
0.66 16.20 5.4 3.9(1) 4.35 -0.060  0.064 49 4.37
0.68 15.89 5.1 4.2(1) 5.79 -0.065  0.069 5.4 5.13
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Fig. 4.6. Thermal and magnetocaloric properties of the Mno.¢sFe1.24P0.63S10.37 compound
(a) dL/dT peak from substruction of the latent heat (L) (insert shows an value of L at
different magnetic field). (b) Full width at half maximum (FWHM) of the dL/dT peak for
recorded in different applied field. (c) Thermal hysteresis (ATnys) versus magnetic fields,
derived from magnetization measurements, with £1K/min of heating and cooling curves
recorded at different applied field. (d) Proportional relation between latent heat (L) and
thermal hysteresis (AThys) in the presence of an applied field, as derived from calorimetric
and magnetization measurements.
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Fig. 4.7a. demonstrates that all compounds follow the same trend, where
the latent heat L decrease as the applied field increases. A simultaneous increase
in Mn and Si (with x = 2y) results in an increase in L from 2.02 Jg! to 5.79 Jg'!,
serving as an intrinsic parameter to quantity the strength of the FOMT. This trend
is consistent with the observed increase in AThys for increasing Mn and Si
concentrations. In former studies [6,60,84] an attempt was made to establish a
relation between various factors involved in the FOMT of Fe,P-based compounds.
These studies primarily focused on the relation between thermal magnetic
properties and structural deformation parameters. However, it must be
emphasized, that all these previous observations carry some ambiguities. A recent
studies by Miao et al. [31] proposed the existence of a relation between A Thys and
U. for a large panel of Fe,P-based compounds. However the ATy is cannot be
regarded as an intrinsic quantity for a FOMTs as we disused above. In contrast, a
report by Guillou et al. [85] demonstrates a striking relation between entropy
change at the transition (ASy) and the lattice deformation (c/a ratio). As these two
are intrinsic physical quantities, they provide a more reliable basis for scaling
relations. This prompted us to investigated the relationship between the latent
heat and the elastic strain energy (magneto-elastic coupling). The transition-
induced elastic strain energy could be expressed as: U, = (C;; + Ci5)e? +
2C,3e1e3 + C33e2 /2 where ¢; ; represents the tensile strains and C;; corresponds
to the elastic constants [31,60]. For an hexagonal lattice: e; = e, = 4a/a within
the a-b plane and e5 = Ac/c along the ¢ axis. For the evaluation of the elastic
strain energy we applied the elastic constants from DFT calculations reported by
Roy et al. [86] and the experimental elastic strain values for Aa/a and Ac/c at T,
as show in Fig. S4.1 (Supplementary Information).

A striking proportional relation is observed between L and U., with data
points aligning along the diagonal, as show in Fig. 4.7b. The direct scaling of
intrinsic quantities of L and U, suggest that these quantities are equivalent. This
correlation indicates that, in the FOMT of these compounds both L and U.
originate from the same sources (magnetic transition, lattice distortion and
electronic distribution), which simultaneously influence both quantities during
the phase transition. However, the dominant factor that controls the FOMT
remains under discussion. To strengthen the statistical robustness of our analysis,
we incorporated findings from previous studies on the Fe,P-based system
[31,32,87-89] , as shown in Fig. 4.8. As expected, the values of the latent heat
from previous studies are generally higher than those for our current data. This
difference is due to the method of subtraction a linear background in DSC
experiments. As this also contains the contribution of the magnetic specific heat
near the transition it generally overestimates the latent heat. Nevertheless, the
slope remains consistent with the diagonal, supporting our proposition that an
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intrinsic correlation exists between these two quantities. Further experiments are
needed to refine these results. The present scaling strategy may also be extended
to other magnetoelastic FOMT materials, such as La(Fe,Si)i3 [20-22], FeRh
[23,24], and EuxIn [25], where elastic strains energy similarly impact the first-

order magnetic phase transition.
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4.4 Conclusions

In summary, the present findings reveal that the Fe-rich (Mn,Fe)»(P,S1) quaternary
system exhibits an good balance between a minimal thermal hysteresis (A 7hys)
and a substantial isothermal entropy change (|ASw|), which can be achieved
without the introduction of additional doping elements. Melt spinning can be used
to tailor the microstructure of the (Mn,Fe)»(P,Si) alloys, demonstrating its
viability as a method to shape high-performance bulk samples from ribbon
precursors. Both the adiabatic temperature change (A7.1) and the isothermal
entropy change (JASmax|) are markedly enhanced with a simultaneous increase in
Mn and Si concentrations. To uncover the underlying mechanism of the latent
heat (L) and elastic strain energy (U.) associated with the FOMT we performed
two different types of calorimetry measurements to separate the latent heat and
the heat capacity and quantified the elastic transformation strain energy by XRD.
Consequently, a direct correlation between the latent heat L and the elastic
transformation strain energy U. was established in the (Mn,Fe)»(P,Si) family. The
application of an external magnetic field was found to gradually weaken the first-
order character of the transition, with both L and ATys decreasing proportionally
and disappearing simultaneously at the critical end point. However, achieving a
GMCE requires a sizable latent heat, which is inherently accompanied by
significant lattice deformations that can introduce undesirable effects, such as
thermal hysteresis or mechanical embrittlement. Therefore, we propose that
utilizing melt spinning to tailoring the microstructure, combined with
simultaneous increases in Mn and Si concentrations to fine-tune the latent heat
(L), are critical strategies for the development of magnetocaloric materials
compatible with practical applications.
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Fig. S4.1. Temperature dependence of the lattice parameters a, c, the ration c¢/a and the
unit-cell volume (V) of the Mny.so+rFei.3.4Po.66-ySio.34+y compounds derived from X-ray
diffraction patterns measured upon heating at zero field uoH = 0 T (arrows indicate the

jump in lattice parameter in the two-phase region).
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Fig. S4.2. SEM images of bulk ribbons of (a) MngsoFei30PossSioss and (b)
MngssFe1.22Po.62S1038, sintered at 1100 °C for 24 h. The colour code indicating the
equivalent diameter of each grain is superimposed on the images.
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Fig. S4.5. (a) Temperature-dependent phase transition of the MnggssFer24Po.63Si0.37
compound in applied fields ranging from 0.1 to 7 T. (b) Transition temperature 7 versus
applied field obtained from the inflection points of the heating and cooling M(T) curves
up to 6 T. (c) Field-induced transition of the Mno ¢sFe1.24Po.63S10.37 compound at different
temperatures (324-351 K). (d) Field derivative of the magnetization, dM/duoH, plotted as
a function of the applied magnetic field.
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Chapter 5

Bridging the gap between microscopic and
macroscopic descriptions of the first-order
magneto-elastic field-induced transition in

(Mn,Fe)2(P,Si)

Abstract

A first-order magnetic phase transition (FOMT) involves structural, magnetic and
electronic changes that affect the crystal lattice defined by the unit cell. The
FOMTs generally demonstrate dramatic changes in bulk physical properties such
as the magnetization, thermal properties, and transport properties, which often
form the basis of their applications. However, the intermediate microscopic
length scale of the microstructure often remains widely unexplored and poorly
described. To understand how the field induced paramagnetic-to ferromagnetic
first-order magnetic phase transition in (Mn,Fe),(P,Si) develops on different
length scales X-ray magnetic circular dichroism (XMCD) measurements are
conducted with an X-ray beam that could be focussed from a millimetre to a
micrometre size. The micro-beam signals show significant differences compared
to the macro-beam signal, indicating that the local field-induced transition varies
substantially depending on the location. The XANES spectra at the K edge of
both Mn and Fe are found to be temperature independent, particularly in the edge
region. When the XMCD spectra at the K edge of Mn and Fe are compared for
temperatures of 250 and 320 K across the FOMT, it is found that the spectral
features of the XMCD spectra are largely unchanged, indicating that no valence
change takes place for both Mn and Fe during the FOMT.
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5.1 Introduction

(MnFe)»(P,Si) belongs to one of the rare material families presenting an
isostructural first-order magnetic transition (FOMT) at the ferromagnetic (FM) to
paramagnetic (PM) transition at ambient conditions. Since the discovery of their
giant magnetocaloric effect [1-6], these materials attract continuing attention
both for their potential applications and for the scientific interest to unravel the
underlying mechanisms responsible for the FOMT. Experimental and theoretical
studies have shown that the FOMT involves an anisotropic deformation of the
hexagonal unit cell with a change in the lattice parameter ratio c¢/a of up to 10%.
The change in ¢/a ratio at the FOMT is accompanied by an electronic structure
reconstruction and an instability of the magnetic moments. The FOMT is
reflected by a sharp change in magnetization, a large latent heat, a noticeable
electrical resistivity anomaly and a giant magnetocaloric effect. The influence of
microstructural features on the FOMT remains however largely unaddressed.
Recent single-crystal magnetization measurements revealed magnetization jumps
when the FOMT is crossed [7,8]. These steps fingerprint local burst-like
developments of the FOMT. The lattice mismatch for a partial FM-to-PM
transition necessarily generates strains at the FM-PM interfaces. The formation
of elastic energy associated with the FOMT opposes the chemical driving force
for the transition. For single crystals it was found that such metastable states can
be particularly robust, and that the transition front between the two phases will
only propagate further if sufficient additional driving force is applied (in the form
of a temperature or field change).

Even though the basic origin of these steps is intrinsic (structural
mismatch), the sample response necessary involves microstructural features,
which are extrinsic. Due to a low defect concentration, the magnetization steps
are prominent in single crystals and correspond to relatively large fractions being
transformed at each event. In polycrystalline samples, the microstructure
(secondary phases, porosity, grain boundaries, etc.) provides local features that
affect how the FOMT progresses in space. While bulk macroscopic
magnetization measurements on polycrystalline samples do not resolve
individual steps due to averaging, the transition path is likely not linear and
should also involve local burst-like conversions between the two magnetic states.
No detailed description of how the transition develops is currently available for
materials with a FOMT. Most of the available models and experimental studies
neglect the role of the microstructure [9—11]. Previous studies on transport [12],
magnetization [ 10], magneto-optical imaging [13], and X-ray microtomography
and Hall probe imaging [14] have highlighted the role of magnetic interactions
and their competing influence with strains during the FOMT in La(Fe,Si)3 alloys.
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However, extending these findings to (Mn,Fe)»(P,Si) compounds, which have a
markedly different metallurgy and microstructure, still remains unexplored. A
direct micrometre-scale observation of how the FOMT develops locally with a
simultaneous comparison to the behaviour on the macroscopic length scale is
therefore required. In this experiment we aim to gain new insights into the local
evolution of the field-induced FOMT in (Mn,Fe):(P,Si) by using the
complementarity between the local magnetic contrast offered by a X-ray
magnetic circular dichroism (XMCD) beam focussed to a micrometre length
scale and simultaneous bulk physical property measurements.

5.2 Materials and Methods

A fresh batch of MngeoFei30Po66Sioss was synthesized by ball milling the
elemental starting material powders, including Mn (99.7%), Fe (99.8%), Fe,P
(99.5 %), and Si (99.6%) at a ball-to-sample mass ratio of 5:1 for 10 hours at 380
rpm. Subsequently, the resulting powders were compacted into cylinders of
approximately 2.5 g each, using a uniaxial press with a force of 8 tons. Then the
pallets were melted and quenched by melt spinning with a copper-wheel speed of
v =~ 30 m/s. The melt spun ribbons showed a width of the 2-3 mm and a thickness
of 20-40 pm. After this, the as-cast ribbons were pressed into pallets with a
diameter of 3 mm, sealed in quartz tubes filled with argon gas at a pressure of
200 millibars. Sintering of the samples took place in a vertical tube furnace, which
had been preheated to 1100°C. This sintering process lasted for 2 hours before
the samples were quenched in room temperature water. The sintering temperature
of 1100°C was selected based on previous studies, which identified it as the
optimal temperature for sintering [15,16]. Powder X-Ray Diffraction (XRD) was
carried out on a PANalytical X-Pert PRO diffractometer, using Cu-K, radiation
with a wave length of 1.5405 A (angular range 10°- 90°, angular step 0.02°,
exposure time 1 s per step). Temperature-dependent XRD measurements were
performed with an Anton Paar TTK450 temperature chamber. The Rietveld
method [17], as implemented in the FullProf software, was used for the crystal
structure refinement [18]. Scanning Electron Microscopy (SEM) measurements
were conducted on polished pellets using a Nital etchant. For the grain size
evaluation, about 15 SEM images per samples were analysed using the MIPAR
software [19] for a quantitative estimate of the average grain size. The
temperature- and field-induced magnetization was measured with a
superconducting quantum interference device (Quantum Design MPMS XL)
magnetometer, using the reciprocating sample option mode (RSO) to collect the
magnetization data in the temperature range from 250 to 350 K with a constant
sweep rate of 1 K/min and in applied magnetic fields up to 7 T. Isothermal
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magnetization curves were recorded as a function of the field in a temperature
sweep mode with a +3 K variation from 294 to 324 K.

To remove the virgin effect for the FOMT, the samples were thermally
cycled five times between liquid N> and room temperature. The X-ray absorption
measurements were carried out on pellets of polycrystalline Mng soFe1.30Po.66S10.34
material. XAS and XMCD measurements were performed at the ID12 beamline
of the European Synchrotron Radiation Facility, France [20]. The source was the
helical undulator Hu52a or Hu38c at ID12 (Helios-II). The X-ray absorption
spectra at the K edge of Mn and Fe were recorded using the total fluorescence
yield detection mode in backscattering geometry. For the XMCD measurements,
X-ray absorption spectra were collected consecutively for right and left circularly
polarized X-rays with the external magnetic field flipped between -6 and 6 T at
each energy point (the magnetic field was applied parallel to the direction of the
X-ray beam).

5.3 Experimental Results and Discussion

Fig. 5.1 (a) presents powder XRD patterns for the sintered Mng.soFe1.30P0.66510.34
sample prepared using compacted ribbons. Rietveld refinement confirmed that
the synthesized Mno.soFe1.30Po.66510.34 sample was single phase with the expected
hexagonal symmetry (space group P-62m) phase. No secondary phase was
detected. The X-ray diffraction patterns were recorded in the PM state at 7= 400
K to avoid the coexistence of FM and PM states at room temperature. SEM
measurements coupled with EDS confirmed that the synthesized
Mnyg soFei.30Po.66S10.34 samples were single-phase. The grain size distribution of the
hexagonal Mng eoFei.30Po.66S10.34 sample shows a log-normal distribution, with an
average size of about 8 pm, as shown in Fig. 5.1(b). A significant amount of
porosity (5-6%) is visible in the SEM images, which is commonly observed in
compacted samples [21,22].
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Fig. 5.1. (a) Powder XRD pattern collected at 400 K for the MngsoFei30Po.66510.34
compound. (b) Microstructure of the Mng soFe1.30Po.66510.34 sample sintered at 1100 °C for
2 h. The colour code highlights the equivalent diameter of each grain. Black regions
indicate the pores.

To establish the temperature (7) and field (uoH) dependence of the FOMT,
we have first analysed the temperature-dependent magnetization M for different
fields uoH. As shown in Fig. 5.2(a) it is clear that the ferromagnetic transition is
sharp in low field and gradually loses its sharpness for increasing fields. The
applied magnetic field stabilises the ferromagnetic order, causing a shift in Curie
temperature (7c) to higher temperatures, as shown in Fig. 5.2(b). To
quantitatively describe the FOMT, we derived the thermal hysteresis (A7hys) from
the difference in dM/dT between heating and cooling, and determined the full
width at half maximum (FWHM) from dM/dT at different fields, as shown in the
insert of Fig. 5.2(b). The value of ATy decreases linearly with the applied
magnetic field and vanished at 5.2 T, while the FWHM increases linearly up to
LoH = 4 T, after which it increases sharply due to the broadening of the transition.
These results indicate that uoH.- = 5.2 T is the critical field where the nature of
the magnetic phase transition changes. The field-induced steplike jump in M
together with the hysteresis are key characteristics of the FOMT, as shown in Fig.
5.2c. For increasing magnetic field (and increasing temperature) the jump
progressively reduces in size, and vanishes at the critical end point for the PM-
FM phase line.

Theoretical calculations indicate that quenched Fe moments in the PM
state near the FM phase transition induce short-range order, resulting in an
inhomogeneous state. When a external magnetic force is applied in this PM state
with short-range order, it can potentially induce FM order. This transition causes
aredistribution of electron density, favouring the magnetically ordered state (FM)
from the unordered state (PM), results in a distinct change in the ¢/a ratio during
this process. The field derivative, dM/duoH, clearly shows that the hysteresis
gradually vanishes beyond 5.6 T, as illustrated in Fig. 5.2(d). This indicates that
the system possesses a critical end point uoHc = 5.2-5.6 T, that separates the
boundary between a PM-FM phase line with a FOMT (with hysteresis) and a
supercritical state (without hysteresis). The overall behaviour agrees with
previous observations that the FOMT features disappear above the critical point
[21]. As the estimates for the critical field from the hysteresis in temperature and
field slightly differ, some uncertainty is unavoidable.
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Fig. 5.2. (a) Temperature-dependent phase transition of the MnggoFer30Po.6651034
compound in applied fields ranging from 0.1 to 7 T. (b) Transition temperature as a
function of the applied field during heating and cooling. The inset shows the variation of
thermal hysteresis with the applied magnetic field, along with the full width at half
maximum (FWHM) of dM/dT in relation to the field. (c) Field-induced transition of the
MnggoFei1.30Po.s6Sioss compound at different temperatures (294-324 K). (d) Field
derivative of the magnetisation, dM/duoH, plotted against the applied magnetic field.

Through the analysis of the structural and magnetic properties, we have
gained valuable insight into the bulk physical properties. However, bridging the
gap between atomic and macroscopic descriptions still requires investigation at
the intermediate scales. A key focus point is understanding how the field-induced
transition evolves locally. To address this, we utilized X-ray absorption
spectroscopy (XAS) to conduct XMCD measurements with both macro- and
micro-beams, enabling a deeper investigation of the local field-induced
transitions. Fig. 5.3(a,b) illustrates the XAS spectra recorded in an applied
magnetic field of 6 T below (FM state) and above (PM state) the FOMT. The
XANES spectra at the K edge of both Fe and Mn are found to be temperature
independent. In the rising edge region pre-edge structures are absent. When the
XMCD spectra at K edge of Mn and Fe at temperatures of 250 and 320 K are
compared, it is found that the maxima in the XMCD signals remain at the same
energy and that the spectral features remain roughly the same, as illustrated in
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Fig. 5.3(c,d). This observation indicates that there is no valence change for Mn
and Fe across the FOMT, which is in good agreement with previous findings
reported by Guillou et al. [23]. Furthermore, it indicates that the 4p states of both
Fe and Mn are not significantly affected by the FOMT. In contrast, Guillou et al.
[23] reported that the XAS at the P K edge (1s—3p) was strongly modified across
the FOMT, providing another key indicator for the electronic changes at the
transition [23]. Both the Fe and Mn XMCD signals become weaker at high
temperature and thereby mimic the temperature dependence of the magnetization.

Based on these pre-characteristics, we focused on studying the field-
induced transition through field-dependent XMCD measurements at fixed energy
and temperature, along with simultaneous (Hall probe) magnetisation and (strain
gauge) magnetostriction measurements on the MnggsoFei30Po.66S10.34
polycrystalline sample. Fig. 5.4 compares the field-dependent XMCD signal at
the Fe K edge using a large beam (500x500 pm?), along with simultaneous Hall
magnetometry and bulk SQUID magnetometry measurements on the
Mng soFe130P0.6651034 polycrystalline sample at 305 K. After normalizing all
signals, a good overall agreement for the amplitude of the FOMT is observed
between XMCD and the macroscopic magnetic properties. Magnetostriction
measurements of the strain as a function of the applied magnetic field show a
similar profile, with a weaker relative field dependence in the low field region (<
1.5 T). The magnetic response in this field range originates from the susceptibility
of the paramagnetic state. The relatively low magnetostriction in the
paramagnetic state signals a weak magneto-elastic coupling in this state.
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To investigate the local field-induced transition, the beam size was
reduced to a micro-beam (5x5 um?) and the field dependence of the XMCD was
recorded at 11 individual spots within the large beam area, as shown in Fig. 5.5.
The micro-beam signals show a significantly different profile in terms of the
hysteresis and critical field of the FOMT at different spots, which is incompatible
with the macro-beam signal. This indicates that the local field-induced transition
varies substantially depending on the location. To identify the causes of these
differences, we are considering the following factors: (i) variations in local
chemical composition, (ii) different relative grain orientation and (7i7) different
strain levels. The small beam positions are visible in the SEM image due to local
changes in colour. EDS mapping and line scans of the elemental analysis at each
spot showed no differences in chemical composition, with a uniform distribution
of Fe, Mn, P, and Si, as show in Fig. 5.6. It was found that surface carbon
deposition caused the colour change observed on the surface. Complementary
electron backscatter diffraction (EBSD) mapping is shown in Fig. S5.1
(Supplementary Information). The grain orientation map clearly indicates that
reddish regions are close to the c-axis orientation, while bluish regions
correspond to the ab-plane orientation. The inverse pole figure suggests a slight
preferential orientation toward the c-axis. In contrast, the ribbon samples exhibit
a random orientation, as shown in Fig. S5.2 (Supplementary Information).
However, addressing possibilities (i7) and (iif) based on the EBSD results is
challenging, as some grain sizes are similar to the micro-beam size, resulting in
multiple grains involved within a micro-beam area. Nonetheless, we believe that
the grain orientation and strain levels in different grains play a significant role in
the local field-induced transition.

Fig. 5.7 also shows the sum of the micro-beam signals which is in
reasonable agreement with the macro-beam signal, demonstrating that the
average of these 11 spots is representative for the macro-beam signal and the
macroscopic magnetic properties. However, for some spots the noise level was
on par with the XMCD signal, likely due to the presence of holes or other surface
imperfections in the microstructure. For a complete reconstruction of the
macroscopic magnetic properties additional micro-beam measurements would be
required to cover the complete surface area of the macro-beam measurements.
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5.4 Conclusions

We have investigated the field-induced transition in the first-order magneto-
elastic ~ ferromagnetic  transition of a  polycrystalline Fe,P-based
Mnyg soFe1.30Po.66510.34 sample. To uncover the underlying mechanisms connecting
the microscopic and macroscopic physical properties during the field-induced
transition, we performed comprehensive simultaneous experiments, including
polarized X-ray absorption measurements combined with simultaneous Hall
probe magnetometry, magnetostriction and bulk SQUID magnetometry on the
Mnyg soFe130P0.66S10.34 polycrystalline sample. The temperature-induced and field-
induced transitions up to 7 T indicate the presence of a critical end point at an
applied field of 5.2-5.6 T, where the first-order magneto-elastic transition
changes into a supercritical state without hysteresis. The field-dependent XMCD
signal from several micro-beams and a macro-beam shows significant differences,
suggesting that the mechanisms of the field-induced transition strongly depends
on the local conditions, like the grain orientation, variations in chemical
composition and local strain. It is found that the reconstruction based on the sum
of 11 spots is quantitively representative of the macro-beam signal and the
macroscopic bulk magnetic properties. Further complementary research is needed
to fully understand the observed local variation in behaviour in detail.

72



References

[1] O. Tegus, E. Briick, K.H.J. Buschow, F.R. De Boer, Transition-metal-based magnetic
refrigerants for room temperature applications, Nature 415 (2002) 150-152.
https://doi.org/10.1038/415150a.

[2] N.H. Dung, L. Zhang, Z.Q. Ou, E. Briick, Magnetoelastic coupling and
magnetocaloric effect in hexagonal Mn-Fe-P-Si compounds, Scripta Materialia 67 (2012)
975-978. https://doi.org/10.1016/j.scriptamat.2012.08.036.

[3]N.H. Dung, Z.Q. Ou, L. Caron, L. Zhang, D.T.C. Thanh, G.A. De Wijs, R.A. De Groot,
K.H.J. Buschow, E. Briick, Mixed Magnetism for Refrigeration and Energy Conversion,
Adv. Energy Mater. 1 (2011) 1215-1219. https://doi.org/10.1002/aenm.201100252.

[4] H. Yibole, F. Guillou, L. Zhang, N.H. Van Dijk, E. Briick, Direct measurement of the
magnetocaloric effect in MnFe-(P,X)(X=As,Ge,Si) materials, J. Phys. D: Appl. Phys. 47
(2014) 075002. https://doi.org/10.1088/0022-3727/47/7/075002.

[5] F. Guillou, H. Yibole, G. Porcari, L. Zhang, N.H. Van Dijk, E. Briick, Magnetocaloric
effect, cyclability and coefficient of refrigerant performance in the MnFe(P, Si, B) system,
J. Appl. Phys. 116 (2014) 063903. https://doi.org/10.1063/1.4892406.

[6] F. Guillou, H. Yibole, A. Kamantsev, G. Porcari, J. Cwik, V. Koledov, N.H. Van Dijk,
E. Brick, Field Dependence of the Magnetocaloric Effect in MnFe(P,Si) Materials, IEEE
Trans. Magn. 51 (2015) 1-4. https://doi.org/10.1109/TMAG.2015.2445975.

[7] H. Yibole, F. Guillou, Y.K. Huang, G.R. Blake, A.J.E. Lefering, N.H. Van Dijk, E.
Briick, First-order ferromagnetic transition in single-crystalline (Mn,Fe)»(P,Si), Appl.
Phys. Lett. 107 (2015) 162403. https://doi.org/10.1063/1.4934500.

[8] L.L. Bao, W. Meijuan, H. Yibole, Z.Q. Ou, F. Guillou, Magnetization steps at the
ferromagnetic transition of (Mn,Fe)(P,Si) single crystals, J. Alloys Compd. 970 (2024)
172612. https://doi.org/10.1016/.jallcom.2023.172612.

[9] T. Gottschall, D. Benke, M. Fries, A. Taubel, I.A. Radulov, K.P. Skokov, O. Gutfleisch,
A matter of size and stress: understanding the first-order transition in materials for solid-
state  refrigeration, Adv. Funct. Materials 27 (2017) 1606735. https://
doi.org/10.1002/adfm.201606735.

[10] E. Lovell, A.M. Pereira, A.D. Caplin, J. Lyubina, L.F. Cohen, Dynamics of the first-
order metamagnetic transition in magnetocaloric La(Fe,Si)i3: reducing hysteresis, Adv.
Energy Mater. 5 (2015) 1401639. https://doi.org/10.1002/aenm.201401639.

[11] A. Waske, L. Giebeler, B. Weise, A. Funk, M. Hinterstein, M. Herklotz, K. Skokov,
S. Fahler, O. Gutfleisch, J. Eckert, Asymmetric first-order transition and interlocked
particle state in magnetocaloric La(Fe,Si)13, Phys. Status Solidi RRL 9, No. 2, (2015)
136-140. https://doi.org/10.1002/pssr.201409484.

[12] A. Fujita, T. Kondo, M. Kano, H. Yako, Shape-anisotropic heterogeneous nucleation
and magnetic Gibbs-Thomson effect in itinerant-electron metamagnetic transition of
La(Feo.ssSio.12)13 magnetocaloric compound, Appl. Phys. Lett. 102 (2013) 041913.
https://doi.org/10.1063/1.4789902.

[13] C. Bennati, F. Laviano, G. Durin, E.S. Olivetti, V. Basso, G. Ghigo, M. Kuepferling,
Local magnetic behavior across the first order phase transition in La(Fe.90C00.015S10.085)13

73



magnetocaloric compound, J. Magn. Magn. Mater. 400 (2016) 339-343.
https://doi.org/10.1016/j.jmmm.2015.07.105.

[14] A. Waske, E. Lovell, A. Funk, K. Sellschopp, A. Rack, L. Giebeler, P.F. Gostin, S.
Féhler, L.F. Cohen, The impact of surface morphology on the magnetovolume transition
in  magnetocaloric  LaFe;;sSii,, APL  Materials 4  (2016) 106101.
https://doi.org/10.1063/1.4963840.

[15] N.V. Thang, H. Yibole, N.H. Van Dijk, E. Briick, Effect of heat treatment conditions
on MnFe(P,Si,B) compounds for room-temperature magnetic refrigeration, J. Alloys
Compd. 699 (2017) 633—637. https://doi.org/10.1016/j.jallcom.2016.12.402.

[16] F. Guillou, S. Liting, O. Haschuluu, Z.Q. Ou, E. Briick, O. Tegus, H. Yibole, Room
temperature magnetic anisotropy in Fe,P-type transition metal based alloys, J. Alloys
Compd. 800 (2019) 403—411. https://doi.org/10.1016/j.jallcom.2019.05.327.

[17] H.M. Rietveld, A profile refinement method for nuclear and magnetic structures,
J .Appl. Crystallogr. 2 (1969) 65-71. https://doi.org/10.1107/S0021889869006558.

[18] J. Rodriguez-Carvajal, Recent advances in magnetic structure determination by
neutron powder diffraction, Physica B: Condensed Matter 192 (1993) 55-69.
https://doi.org/10.1016/0921-4526(93)90108-1.

[19] J.M. Sosa, D.E. Huber, B. Welk, H.L. Fraser, Development and application of
MIPAR™: a novel software package for two- and three-dimensional microstructural
characterization, Integr.  Mater. Manuf. Innov. 3  (2014) 123-140.
https://doi.org/10.1186/2193-9772-3-10.

[20] A. Rogalev, F. Wilhelm, J. Goulon, G. Goujon, Magnetism and synchrotron radiation:
towards the fourth generation light sources, Springer Proc. Phys. 151 (2013) 289-312.
https://doi.org/10.1007/978-3-319-03032-6.

[21] M. Fries, L. Pfeuffer, E. Bruder, T. Gottschall, S. Ener, L.V.B. Diop, T. Grob, K.P.
Skokov, O. Gutfleisch, Microstructural and magnetic properties of Mn-Fe-P-Si (Fe,P-
type) magnetocaloric compounds, Acta Materialia 132 (2017) 222-229.
https://doi.org/10.1016/j.actamat.2017.04.040.

[22] B. Suye, H. Yibole, Z.Q. Song, B. Tana, W. Wei, O. Haschuluu, O. Tegus, F. Guillou,
Influence of cold compaction pressure on intergranular secondary phase distribution and
magnetocaloric/thermomagnetic performances of MnFe(P,Si,B) compounds, J. Alloys
Compd. 976 (2024) 172918. https://doi.org/10.1016/j.jallcom.2023.172918.

[23] F. Guillou, K. Ollefs, F. Wilhelm, A. Rogalev, A.N. Yaresko, H. Yibole, N.H. Van
Dijk, E. Briick, Electronic and magnetic properties of phosphorus across the first-order
ferromagnetic transition of (Mn,Fe)»(P,Si,B) giant magnetocaloric materials, Phys. Rev.
B 92 (2015) 224427. https://doi.org/10.1103/PhysRevB.92.224427.

74



Supplementary Material for Chapter 5
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Fig. S5.1 Electron backscatter diffraction (EBSD) map including all 11 spots, along with
the inverse pole figure of the Mng.soFei.30Po.66S10.34 polycrystalline sample.
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Fig. S5.2 The inverse pole figure of the Mng soFe1 30Po.66S10.34 ribbon sample.
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Chapter 6

Structural and magnetic properties of

YNisxCoxSi alloys

Abstract

The transition-metal based alloy system YNi4..Co:Si shows a second-order
ferromagnetic-to-paramagnetic transition near room temperature. Here, the
magnetic structure, the magnetocaloric properties and the magnetic anisotropy of
YNigCoxSi (x = 0-4) are investigated. For x = 3.5, 3.75 and 4.0 a Curie
temperature near room temperature is observed with 7¢c = 250, 283 and 310 K,
respectively. In orientated YNi4Co,Si powder samples the caxis of the
hexagonal crystal structure is found to be the easy magnetic axis, with a large
dominant K anisotropy constant (K> > K; > 0). The magnetic structure and the
preferred atomic position for Ni are demonstrated by neutron diffraction
measurements. We have found a dramatic decrease in the magnetic moment at
the 3g site in the CaCus-type structure (space group P6/mmm), the saturation
magnetization and the Curie temperature with increasing Ni concentration.
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6.1 Introduction

Rare-earth alloys can exhibit both a large magnetocaloric effect and hard-
magnetic properties [ 1-5]. The RM4Si alloys, where R is a rare-earth element (La,
Tb, Gd, Y, Tm) and M a 3d transition-metal element (Fe, Co, Ni), form a rich
materials family with intriguing physics, including a giant magnetic coercivity, a
large magnetocaloric effect and good hydrogen storage properties [6]. The
hexagonal CaCus-type structure (space group P6/mmm) shows for some
compounds an hexagonal-to-orthorhombic distortion into the orthorhombic
YNisSi-type lattice (space group Cmmm), which is a potential route to optimize
the magnetocaloric effect [7]. The relation between the lattice parameter in the
orthorhombic (O) YNisSi-type lattice and the hexagonal (H) CaCus-type lattice
is bg = (V3 ay) [8]. In recent years, TbNisSi (7c = 30 K) and GdNisSi (T¢c = 25
K) alloys are reported to show a giant magnetocaloric effect (MCE) at low
temperatures [9], but their giant MCE is not optimized to room temperature. In
the RNi4Si alloy series a maximum isothermal entropy change was reported to be
|ASmax| = 9.95 T kg™! K™! for TbNisSi and [ASmax| = 12.8 T kg ! K™! for GANi4Si in
a field change of 5 T [9]. These reports have received much attention for their
potential use in green energy-efficient magnetic refrigeration technology and
magnetic heat pump applications. In order to make use of this giant MCE in
applications, several challenges need to be dealt with: (1) the cost of heavy rare-
earth elements brings one of the main challenges for applications, (2) large
magnetic field changes are required to achieve the reported MCE effect, (3) the
maximum adiabatic temperature changes at the ferromagnetic transition
temperature need to be brought near room temperature. Considering the
pronounced sensitivity of the structural and magnetic properties of RM4Si
materials to alloying, it is reasonable to anticipate that these drawbacks can be
mitigated through careful adjustment of the chemical composition. First, in the
heavy rare-earth ferromagnetic orthorhombic ternary alloys with M = Ni, such as
GdNisSi or DyNisSi, Gd and Dy occupy the pyramidal sites and carry most of the
magnetic moments 7.94 ug (Gd) and 10.65 s (Dy), while Ni only carries 0.57
and 0.63 ug, respectively [17]. However, in the light rare-earth YNi4Si compound,
the theoretical magnetic moment of Y is zero, while the Ni magnetic moment of
the above compound is 0.80 ug [6]. In order to maximize the magnetic density
and the MCE, substitutions with heavy rare-earth elements such as Gd, Dy, Tb
should be avoided. Second, in the series of alloys with R fixed to unity, extensive
investigations have been carried out on the RNis7:Si (T = Co, Fe, Cu, Mn)
compounds [9]. The coupling between the 3d transition metals has been identified
as a significant factor affecting the magnetic and structural transitions. However,
the specific magnetic properties and structural transformations resulting from
variations in the ratio of different 3d elements remains unclear. Recent research
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involving the substitution of heavy rare-earth elements (R) has demonstrated
relatively high values for the magnetic saturation polarization (Js = uoMs) and the
maximum energy product (BH)max at low temperatures [6, 9], accompanied by
uniaxial magnetic anisotropy [13]. These properties are essential for permanent
magnets. Nevertheless, it is important to note that the temperature dependence of
magnetization indicates a complex magnetic transition occurring below the Curie
temperature [9].

On the other hand, the effect of substituting Si or Al for one of the Co
atoms in YCos has been investigated by neutron diffraction and X-ray diffraction,
where the Si and Al atoms are found to preferentially occupy the 3g site of the
CaCus-type structure [10-12]. Substitution in YCos of Co by Si or Al induces
important effects on the magnetic properties: a decrease in the Curie temperature
(Tc) and the saturation magnetization (Ms), as well as a change in the magnetic
anisotropy. The dilution of the Co sublattice by substitution of the nonmagnetic
Al atom for Co decreases the magnetic moment uc, from 1.6 ug to 1.05 us for
YCos [28] and YCosAl, respectively. With the substitution of Si for Co, the Co
magnetic moment uc, of the YCo4Si compound dramatically decreases to 0.75 us.
Thus, Si and Al substitution have shown a similar trend for their effect on the
magnetic properties, although the Co moment uc, and transition temperature 7¢
are reduced more strongly by Si substitution compared to Al substitution.

Here, we aim to study a series of Si-based alloys with Y fixed to unity and
introduce Co as substitutional element for Ni to explore the magnetic phase
transition, in order to understand the evolution of the properties. First Y has no
magnetic moment and this can help to better understand specific magnetic
properties and structural transformation, resulting from variations in the ratio of
different 3d elements. There is also a Si-based compound YCo4Si whose
transition temperature is near room temperature. This is one of the key conditions
for magnetic heat pump applications. Therefore, the main focus of this study is
on the quantitative evaluation of magnetic anisotropy parameters and magnetic
phase transitions in YNi4..Co,Si compounds.
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6.2 Experimental Details

The YNisCo,Si compounds have been prepared by melting high-purity starting
elements Y (99.9 %), Ni (99.98 %), Co (99.8 %) and Si (99.9 %) in an arc melting
furnace under a purified argon atmosphere. The molten ingots were turned and
remelted five times to ensure homogeneity. Then the as-cast ingots were put into
a quartz tube with a nozzle at the bottom, melted and ejected through the nozzle
onto a cold Cu wheel rotating at a surface speed of 36 m/s. The thickness of the
melt spun ribbons was 20-40 um. To ensure the samples are single-phase, we
added 3% of yttrium to compensate for oxides in the starting material. To explore
the impact of the heat treatment on the crystal structure, we subjected the
YNisCoxSi compounds that were sealed in quartz ampoules filled with Ar, to an
annealing at 873 K for 24 h, followed by rapid quenching in ice-cold water. The
structure, purity and composition of the polycrystalline samples were evaluated
using powder X-ray diffraction (XRD), electron microscopy and energy
dispersive spectroscopy (EDS). The X-ray data are obtained on a PANalytical X-
Pert PRO diffractometer (Cu-K, radiation, angular range 10°- 90°, angular step
0.02°, 1 s per step). The temperature- and field-dependent magnetization was
measured with a superconducting quantum interference device (Quantum Design
MPMS-XL) at a ramp rate of 2 K/min using the reciprocating sample option
(RSO). The sample mass for the SQUID magnetisation experiments was
approximately 1-2 mg. Neutron diffraction (ND) experiments were carried out at
the research reactor of the TU Delft [14]. A neutron wavelength of 1.67 A was
selected by the (5 3 3) reflection of a germanium single crystal monochromator.
The powder samples with a mass of 5 g were loaded under argon in a 6 mm
diameter air-tight vanadium sample can (wall thickness of 100 um). The data
were collected at temperatures of 5, 298 and 350 K. Refinements of the diffraction
data were performed using the Rietveld method [15] as implemented in the
Fullprof software [16]. Field-oriented samples were prepared by solidifying a
mixture of glue and powdered specimen in a magnetic field of 1 T in the
ferromagnetic state. Prior to orienting in field, the samples were powdered and
then sieved down to a particle size smaller than 30 um.

6.3 Results and Discussion

6.3.1 Crystalline structure

X-ray diffraction analysis confirms that the as-cast YNis.CoxSi compounds
crystallize in the hexagonal CaCus-type structure (space group P6/mmm). Both
X-ray diffraction and EDS shows that the YNis..Co,Si compounds are single
phase, as shown in Fig. 6.1a. The unit cell includes the 1a site (0,0,0) for Y and
the two different crystallographic positions 2¢ (1/3,2/3,0) and 3g (1/2,0,1/2) for
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Co, Ni and Si, where the Ni and Si atoms predominantly occupy the 3g site
[10,12]. The 2c¢ site lies within the same plane as the 1a site, while the 3g position
is positioned halfway in between the layers containing the 2¢ and la sites. In
YNisCoxSi compounds the lattice parameters a and ¢ show an opposite trend
when Co substitutes Ni, with an increase in unit-cell volume for an increasing Co
content x. The c¢/a ratio decreases for an increasing Co content, as shown in Fig.
6.1(b,c) and Table 6.1.

The CaCus-type hexagonal phase was not detected in the annealed YNi4Si
compound, which crystallizes in YNisSi-type orthorhombic phase (space group
Cmmm). The unit cell includes the 2c¢ site (1/2,0,1/2) for Y, the 2a site (0,0,0) for
Si and the two different crystallographic positions 4;j(0,0.15,1/2) and 4e
(1/4,1/4,0) for Ni. Fig. 6.1d, reveals the orthorhombic distortion of the CaCus
structure (as-cast sample), in line with the report by Morozkin and coworkers [6].
The bo/v/3ay ratio can be used to estimate the degree of distortion. The obtained
value of bo/v/3ay = 1 corresponds to the transformation of the hexagonal CaCus-
type lattice into the orthorhombic YNisSi-type lattice [8]. In the present results,
only the YNi4Si compound shows a clearly different structure between the as-cast
and annealed samples with bo/v/3ag= 0.97016(8) at room temperature (298 K).
After Co substitution for Ni, the studied YNis..Co,Si (x =1-2) compounds show a
disordered orthorhombic phase, which may be viewed as the disordered variant
of the YNi4Si-type structure (mixed occupancy of the 2¢, 4f and 4i sites in the
orthorhombic lattice) [9]. The YNiCo3Si and YCo4Si compounds do not show a
disordered phase after annealing. In our results the disordered structure exists
until 50% Co substitution (x = 2). The temperature for the appearance of the
distorted phase strongly depends on the Co concentration. Therefore, in this study
we mainly focused on intrinsic physical properties of the as-cast YNisCo,Si (x =
0-4) compounds with the hexagonal structure.
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Table 6.1. Lattice parameters a and ¢, ¢/a ratio and unit-cell volume ¥ obtained by room-
temperature XRD, saturation magnetization M, and Curie temperature 7¢c for the YNia.
+Co,Si (2 < x < 4) compounds. M is obtained from magnetisation measurements at 5 K
and 7¢ from magnetisation measurements in an applied field of 0.01 T.

X a c cla 14 M Tc ASax
A A) (A% (Am*kg™) K)  (Jkg'K™h

00  4.88695(6)  3.96460 (6)  0.81126(1)  81.998 (2) - - -
1.0 4.89615(7)  3.96746(7)  0.81032(2)  82.367(2) - - -

20  490510(8)  3.95833(7)  0.80698(2)  82.478 (3) 4.61 32 0.18
3.0 491887(9)  3.95132(8)  0.80330(2)  82.795 (3) 21.51 150 0.29
3.5 49350(13)  3.93569(11) 079750 (3)  83.010 (4) 31.54 250 0.60
375 49459 (14)  3.92199(12)  0.79296 (3)  83.089 (4) 36.83 283 0.66
4.0 49550 (13)  3.91280(13)  0.78967(3)  83.196 (4) 42.67 310 0.75

82



6.3.2 Magnetic phase transition

From the temperature- and field-dependent magnetization in Fig. 6.2(a,b) we note
that a substantial increase in the ferromagnetic transition temperature (7¢) and the
saturation magnetization (M) is evident upon substituting Co for Ni. For
YNisCo,Si (x= 2-4), a ferromagnetic-to-paramagnetic transition without
thermal hysteresis is observed. In the insert of Fig. 6.2a, it can be seen that for the
parent YNisSi compound a paramagnetic behaviour is found in the complete
temperature range from 5 to 370 K. For YNi4Si the effective magnetic moment
Uerr obtained from the Curie-Weiss law is 0.3 ug/fu. [8, 9]. As shown in the insert
of Fig. 6.2b the field-dependent magnetization of YNisSi shows a magnetization
per formula unit (Mst) of 0.01 us/f.u. in a field of 5 T (1/H — 0 gives Mo, — 0.02
us/fu.). These observations suggest a negligible Ni magnetic moment in YNisSi
compounds. The nearly filled Ni (3d) band implies that the Ni magnetic moment
is negligible [17, 18]. For the YNi3zCoSi compound the field-dependent
magnetization measurements at 5 K show an unusual ferrimagnetic behaviour
without a saturation in fields up to 5 T with Msr = 0.03 us/f.u. (1/H — 0 gives M.,
— 0.04 us/fu.). This indicates that the magnetic moments are enhanced with
partly antiferromagnetic (or more complex) spin orientations. A enlargement of
the weak magnetization curve for YNi3CoSi is shown in the inset of Fig. 6.2b.
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Fig. 6.2. (a) Magnetization as a function of temperature in an applied field of 1 T and (b)
magnetization as a function of magnetic field at 5 K of YNi4..Co,Si (x = 0 - 4) (inset

83



shows an enlargement of the weak magnetisation curves for x = 0 - 1). (c) Values of T¢
and M for YNi4.Co,Si (x = 0 - 4) as a function of the Co content. (d) Isothermal entropy
change -AS obtained from the magnetisation M(7) upon heating in a field change of 1, 2
and3 T.

Fig. 6.2c shows Tc and M; as a function of the Co content, indicating that
the transition temperature 7¢ increases from 32 to 310 K in the YNi4..Co,Si (x =
2- 4) compounds and can continuously be varied near room temperature by
adjusting the Ni/Co ratio. Since the temperature dependence of the magnetization
exhibits a relatively broad transition, the transition temperature defined as the
maximum in the first derivative |dM/dT] is not necessarily accurate. However, the
mean field models are an alternative option for predicting transition temperature.
Therefore, we used the equation M (T)? = A%(T; — T) to estimate Tc (Table 6.1).
For a Co concentration above 50% (x > 2), a strong increase in saturation
magnetization is observed from 5 (x = 2) to 43 (x = 4) Am? kg!. The isothermal
entropy change is calculated by applying the Maxwell relation AS(T)xy =

[ Hr Uo (aM(T’H)) dH [20, 21] to the M(T) data at different fields. The magnetic
Hi oT H

or indirect calorimetric determinations of the entropy change suffer from
uncertainties, typically of the order of 10% [22]. As indicated in Fig. 6.2d, the
YNip.5C03.5S1, YNig.25Co3.75S1 and YCo4Si compounds (x = 3.5, 3.75, 4.0) show a
maximum |[ASmax| of 0.60, 0.66 and 0.75 J kg! K! for a field change of 3 T,
respectively. While the values for the isothermal entropy change are limited, the
magnetocaloric effect is spread out over a wide temperature range due to the
broadening of the M(7T) curve in higher magnetic fields. Typically, this behaviour
is observed in magnetocaloric materials with a second-order magnetic phase
transition as a result of the temperature- and field-dependence of the
magnetocaloric effect. To get further insight into the order of the ferromagnetic
transition in YCo4Si, we used a method recently proposed by Franco and
coworkers [23,24]. Assuming that the field-dependence of the isothermal

isothermal entropy change follows a power law of the type |AS| < H™. The field
dIn(]As))

dIn(H)
temperature [24, 25]. In particular, n > 2 was proposed for materials characterized
by a first-order magnetic phase transitions (FOPT). Fig. 6.3 shows the local field
dependence of the isothermal entropy change (AS) for the YCo04Si compound. It
is clearly seen that n < 2 near T¢ for AuoH =2 and 3 T, reflecting a second-order
magnetic phase transition (SOPT) [24]. Similar results were obtained for the other
Ni/Co compounds (x = 3.5, 3.75, 4). In a conventional paramagnet (7 > T¢) the
value of n tends to 2. The analysis of the field dependence of AS thus
demonstrates the SOPT character of the ferromagnetic transition. This is

exponent n = generally shows a significant variation near the transition
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consistent with the absence of thermal hysteresis in the M(T) curves for these
materials.
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Fig. 6.3. Field exponent n of the isothermal entropy change in a field change of 2 and 3
T.

To study the characteristics of the magneto-elastic coupling, high-
resolution XRD measurements are performed as function of temperature. Fig.
6.4a shows that the (111) reflection for the YCo4Si compound shifts to a smaller
angle at higher temperature as a result of the magnetic transition. This behaviour
is linked to the magneto-elastic coupling of the magnetic order with the thermal
expansion of the lattice. Fig. 6.4b shows the unit-cell volume as a function of
temperature in the temperature range from 150 to 400 K. Due to the magnetic
phase transition the linear continuous change in volume shows a kink at the
ferromagnetic transition temperature (310 K). The volume difference AV between
the ferromagnetic state and the linear extrapolation of the paramagnetic state can
be regarded as the contribution from the magneto-elastic coupling. The transition
temperature determined from the temperature-dependent XRD is in agreement
with the transition found in the magnetization. The value is in agreement with the
transition temperature of 320(5) K reported by Isnard and coworkers for the
YCo4Si compound [10] and is lower than the value of 7c = 350 K reported by
Thang and coworkers [26].
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0of 0.01T for the YCo4Si compound.

6.3.3 Magneto-crystalline anisotropy

To highlight the significant magneto-crystalline anisotropy in the
quaternary Y Nis.Co,Si compounds, we selected three representative polycrystal
samples (x = 3.5, 3.75 and 4.0) with a 7¢ near room temperature and hand crushed
them into particles with a size smaller than 30 pm. During the field orientation
process the powder was mixed with glue and placed on a plate in a magnetic field
of 1 T orientated perpendicular to the plate.

XRD measurements were performed on the surface of the plate. The XRD
measurements show a large difference between the results for field-oriented
powders and free powders. Due to the magnetic orientation, one observes in Fig.
6.5a that reflections with a or b axis components, like (1 1 0) and (2 0 0),
disappear almost completely. Simultaneously, reflections with a pure ¢ axis
component, like (0 0 1) and (0 0 2), are strongly enhanced. This indicates that in
polycrystalline YNisCoxSi (x = 3.5-4) compounds the c-axis is the easy
magnetization direction (EMD), and the a-b plane is a hard magnetization
direction (HMD). This result is in agreement with previous studies on YCos,
YCosAl, YCo045Geos and YCo4B [11, 27-29]. The YCo04B compound however
shows a spin reorientation at low temperature (150 K) with the EMD in the a-b
plane below the spin reorientation temperature [19, 27].
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SK.

Isothermal magnetization curves were systematically recorded in all
quadrants and reveal magnetic hysteresis loops with a significant coercive field
at low temperature. In Fig. 6.5(b-d) only the first quadrant measurements were
performed at 5 K along c axis and in the a-b plane for each compound. The M(H)
curves measured at low temperature (5 K) clearly indicate a particularly large
magnetic anisotropy, as the anisotropy field (1oHan) is significantly higher than
our applied field of 5 T. A linear extrapolation suggests that y0Ha is of the order
of 10 T, which is half of the value uoHa.n = 20 T obtained for YCo45Geos[29]. This
anisotropy slowly decreases with increasing temperature until it approaches the
Curie temperature where it decreases more rapidly and finally vanishes. As shown
in Fig. 6.6 the coercive field of YCo4Si significantly reduces from 160 kA/m at
5K to0 0.55 kA/m at 300 K. The RMs-type materials exhibit relatively large values
for the saturation magnetic polarization J; = uoMs, the maximum energy product
(BH)max, and the uniaxial magnetic anisotropy, with the hexagonal ¢ axis serving
as the easy magnetic direction [6, 9]. These properties are of utmost importance
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for the development of permanent magnets. The insert in Fig. 6.6 shows the B(H)
hysteresis measurements at 5 K (including the virgin magnetization curve). It can
be seen (BH)max of the present YC04Si compound is 19 kJ m= at 5 K (it is 1.0 kJ
m> at 200 K). The saturation magnetic polarization Js is listed in Table 6.2.
Polarized neutron diffraction experiments [28] have demonstrated that the high
anisotropy in YCos is associated with an important orbital contribution on the Co
2c¢ site. As reported by Pareti and coworkers [30] the CaCus -type structure
contains two different Co sites: 2¢ and 3g. These two Co sites give opposite
contributions to the magneto-crystalline anisotropy: axial for 2¢ and planar for 3g
[11, 28, 30, 33]. The overall axial anisotropy of YCos is the sum of the two
contributions. Therefore, it deserves a study dedicated to other 34 metals
substitutions (often considered are Co, Ni and Fe).

Table 6.2. Comparison of the magnetocrystalline anisotropy constants K; and Ko,
saturation specific magnetization (M), saturation magnetic polarization (Js = uoMs) and
coercive field Hc for the YNi4.Co,Si (x = 3.5, 3.75 and 4.0) compounds.

Ki(5K) K2(5K) M (5K) JGK) He(5K)

Material MIm?)  (MIm?)  (us/fu) (T) (kAm™)

YCosSi 0.18(1)  1.052)  2.69(1)  0412)  160(1)
YCossNio2sSi 0.34(2)  0.98(3)  232(2)  0372)  143(3)
YCossNiosSi  038(1)  0.893)  1.992)  036(1)  135(1)

160

0 50 100 150 200 250 300 350 400
T (K)
Fig. 6.6. Coercive field Hc versus temperature for field-oriented YCo4Si powder. The
insets shows the B(H) hysteresis measurements at 5 K.
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In order to calculate the anisotropy constant, first the effect of the
demagnetizing field was included assuming an internal field Hi, = Hap — NM,
where Hy, is the applied magnetic field, M the magnetization and N the sample-
shape dependent demagnetizing factor. For an uniaxial system the magnetic
anisotropy constants are K and Az. The magneto-crystalline anisotropy energy
Ex in a crystal can be expressed as Ea = Kisin20 + K; sin*0, where 6 is the angle
between the magnetization vector and the axial symmetry direction of the crystal
(in this case ¢ axis for the hexagonal lattice). The A1 and K> magnetocrystalline
anisotropy constants can be estimated from the magnetization curves recorded
parallel and perpendicular to the c axis in the temperature range from 5 to 350 K,
using the Sucksmith and Thompson method [31]. In this method the following
relation is considered: % + 4}# ]2 = ?, where J = uoM is the magnetic

S S

polarization and H the internal magnetic field. Fig. 6.7 presents the obtained
temperature evolution of Ki and A for each compound. The values at low
temperature (5 K) are listed in Table 6.2. The K1 and A2 magnetic anisotropy
values are both positive, as is expected for materials with a ¢ easy magnetization
axis (an easy axis is predicted under the condition that K; > 0 and K, > -K;). For
all three alloys we find K> > K; > 0. For YCo4Si we find K1 = 0.18 MJ m™ and
K>~1.05MJm™ at 5 K. The K»/K, ratio decreases for increasing Ni substitutions.
As expected, the magneto-crystalline anisotropy constants K; and K decrease for
increasing temperature and vanish at 7c.
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Fig. 6.7. Magneto-crystalline anisotropy constants K; (open symbols) and K (full
symbols) determined as a function of the temperature by the Sucksmith and Thompson
method for YNisCo,Si (x = 3.5, 3.75 and 4.0).
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6.3.4 Magnetic structure

Powder neutron diffraction (ND) is a powerful method to determine the
magnitude and direction of magnetic moments. A precise structure determination
of the Ni location in the CaCus-type structure was completed by powder ND
investigations. For YCo4Si the 1a site is occupied by Y and the 2¢ and 3g sites
are occupied by Co and Si. It is well known that in the RCos structure the Si atoms
preferentially occupy the 3g site [10, 32, 33]. Fig. 6.8a shows a comparison of
the neutron diffraction pattern of YCo4Si at 5 and 350 K. No new peaks appear
in the ferromagnetic (FM) state in comparison with the paramagnetic (PM) state
of YCo4Si. Therefore, the propagation vector of the magnetic structure
corresponds to k = (0,0,0). From the enhancement of the peak intensity of the
(100) and (201) reflections and the absence of an enhancement for the (002)
reflection it can be deduced that the spins in the FM state are aligned along the c-
axis. Thus, the irreducible representation used for the magnetic basic vector is @
=(0 0 1). The refinement of the neutron patterns shown in Fig. 6.8b confirm the
hexagonal CaCus-type structure (space group P6/mmm) for all compounds. This
is in line with the XRD results. For the YCo4Si compound magnetic moments of
0.56up on the 2¢ site and 0.58ug on the 3g site have been found. These values
are almost equal, as was found for the YCo4Ga compound by Thang and
coworkers [11]. The sum of the Co magnetic moments (2.86(7) us/f.u.) is slightly
larger than the value obtained by bulk magnetization (2.69 ug/f.u.) in the present
results. The total magnetic moment obtained from neutron diffraction 2.86(7)
us/fu. is comparable with the value of 3.0 wup/f.u. reported by Isnard and
coworkers [10] and obtained by SPR-KKR calculations reported by Benea and
coworkers [34].

After a partial Ni substitution for Co, the Ni atoms preferentially occupy
the 3g site. As a result, the magnitude of the magnetic moments on the 3g site
decreases more rapidly compared to the 2c site. For instance, as shown in Fig.
6.8c and Table 6.3 the magnitude of the Co-3g magnetic moment (0.27ug) is only
about half of that obtained on the Co-2c¢ site (0.54ug) in the YNigsCoss5Si
compound. However, we observe a rather constant (within 0.01ug) contribution
of the Co-2¢ magnetic moments at low temperature (5 K) for the three different
compounds. Fig. 6.8d shows a representative magnetic unit cell for YNisCo,Si
compounds. In YNi4..Co,Si compounds the nuclear unit cell has the same size as
the magnetic unit cell and the magnetic moments are aligned with the ¢ axis. This
alignment serves as a dual confirmation that the YNisCo,Si compounds are
uniaxial systems with the ¢ axis as easy magnetization axis. Furthermore, the
replacement of Ni leads to a marginally reduced atomic separation between the
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Co atoms at the dac-o- and dsg.3, spacings. The specific atomic distances between
various atomic positions can be found in Table 6.3.
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Table 6.3. Results of the neutron diffraction data analysis for YNis..Co,Si (x = 3.5, 3.75
and 4.0) at 5 K.

Parameters YCoasSi Y Co3.75Ni0.25S1 YCo3.5Nio.sSi
(5K (5K 5K
a(R) 4.93395 (5) 4.92382 (4) 491219 (3)
c(A) 3.90145 (7) 3.91145 (6) 3.92268 (5)
V(A% 82.252 (2) 82.125 (2) 81.972 (1)
easy magnetization axis ¢ axis ¢ axis ¢ axis
lCo-2¢ (UB) 0.5580 (272) 0.54849 (127) 0.539 (216)
lco-3g (UB) 0.58028 (384) 0.42549 (127) 0.27411 (451)
M (ps/fu.) 2.85684 (768) 2.37345 (284) 1.90033 (838)
2¢ site (%Co) 100 (2) 100 (2) 100 (2)
3g site (%Co) 63 (3) 56 (3) 50 (3)
dacac (A) 2.84863(3) 2.84278(2) 2.83607(2)
d3g3g(R) 2.46697(3) 2.46191(2) 2.45610(2)
dia1a(A) 3.90145(7) 3.91145(6) 3.92268(5)
drc3g (R) 2.41536(2) 2.41768(3) 2.42025(2)
diaac (A) 2.84863(3) 2.84278(2) 2.83607(2)
diasg (R) 3.14504(2) 3.14418(2) 3.14313(2)
Rexp, Rwp, Rp (%) 3.14,8.80,10.7  4.06,9.27,10.7  4.03, 8.33,9.36

6.4 Conclusions

YNis.CoxSi (x = 0-4) compounds were synthesised and characterized to
investigate their magnetic properties. By analysing the field dependence of the
magnetocaloric effect, it was found that the ferromagnetic-to-paramagnetic
transition is a second-order magnetic phase transition, which is compatible with
the absence of thermal hysteresis related to the phase transition. X-ray diffraction
experiments and magnetic measurements on field-oriented polycrystalline
materials confirm the relatively strong magneto-crystalline anisotropy obtained
at the Co rich side (x = 3.5, 3.75 and 4.0), with the ¢ axis as the easy axis for the
magnetisation direction and the a-b plane as the hard magnetic direction. The
magnetocrystalline anisotropy constants are determined over a broad temperature
range and show K; > Ki > 0, in line with the easy direction for the magnetisation.
Powder neutron diffraction experiments demonstrate the preference of Ni atoms
for the 3g site. The magnetic properties are dramatically affected by the Ni/Co
ratio. A dramatic decrease in the mean Co magnetic moment at the 3g site, the
saturation magnetization and the Curie temperature was found for increasing Ni
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concentrations. The transition temperature 7¢ can be adjusted continuously over
a broad temperature range for different Ni/Co ratios. This fulfils one important
application requirement for the magnetocaloric materials. In this study, the
evolution of the crystalline and magnetic structure, as well as changes in magnetic
properties, are identified. They reveal large changes in the bulk physical
properties, such as the magnetization, transport and thermal properties, which
form the basis for their applications.
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Chapter 7

Complex spin structure and magnetic phase
transition of Mn3.xFe.Sn alloys

Abstract

The hexagonal Mns..Fe.Sn compounds possess several desirable properties that
make them suitable novel magnetocaloric materials (MCMs), including a
ferromagnetic-to-paramagnetic transition near room temperature and soft
magnetic behaviour. In this study, we used the melt spinning technique to explore
the Mn-Fe-Sn ternary system. By combining magnetisation measurements,
Mossbauer spectroscopy, neutron diffraction, oriented powder X-ray diffraction
and density functional theory (DFT) calculation, the magnetocaloric effect
(MCE), spin structures and the intrinsic magnetic properties of polycrystalline
Mns..Fe.Sn (x = 0.8-1.4) compounds are determined. The ferromagnetic-to-
paramagnetic transition temperature 7¢ ranges from 253 K (x = 0.8) to 394 K (x
= 1.4). At low temperature a spin reorientation at 7s is observed, where below Ts
a coexistence of ferromagnetic (FM) order with spins along the ¢ axis and
antiferromagnetic (AFM) order with spins within a-b plane occurs for x = 0.8 and
1.0. However, for compounds with x = 1.2 and 1.4, FM order with spins along the
¢ axis has been found below Ts. Above Ts, the spin structure corresponds to FM
order with spins aligned within the a-b plane. The magnetic moments of Mn and
Fe were evaluated using Density Functional Theory (DFT), demonstrating a good
agreement with the neutron diffraction results.
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7.1 Introduction

The investigation and utilization of Heusler alloys have attracted increasing
attention due to their fascinating physical properties and potential applications as
giant magnetocaloric effect (MCE) materials [1-3], ferromagnetic (FM) shape-
memory alloys [4-6], topological insulators [7] and half-metals [8,9]. In the
X>2YZ-compounds, where X and Y are 3d transition metals and rare-earth metals,
Z is a main group element (like Si, Al, Ge, Ga, Sn and Sb). They manifest diverse
crystalline symmetries, such as cubic, tetragonal and hexagonal [10,11]. Since the
rare earth crisis of 2011, persistent supply chain vulnerabilities and price
fluctuations of rare-earth metals, there has been a growing research interest in the
development of rare-earth-free materials for various applications [12,13]. Hence,
particularly Sn-based Mn-Fe-Sn alloys offer markedly superior properties
compared to commercially available alternatives, with the added benefits of good
availability and sustainability [14]. Properties like a sizeable magneto-crystalline
anisotropy, a high spin polarization and high transition temperatures qualify them
as good candidates for magnetic materials with high performance for spintronics
[15-17]. Subsequently, density functional theory (DFT) calculations predicted
that the Heusler alloy (Mn,Fe);Sn is a promising MCE material for magnetic heat
pump and thermomagnetic motor applications [18-24]. Due to their relatively
high magnetic moments and transition temperatures they can be adjusted
continuously by their Mn/Fe ratio [14]. According to the binary Mn-Sn and Fe-
Sn phase diagrams the Mn3Sn and FesSn compounds both crystallize in the
hexagonal Mgs;Cd-type structure [25-28]. However, the processing route for
these two compounds requires a different heat treatment. The Mg;Cd-type crystal
structure with P63/mmc symmetry (space group 194) is composed of two layers,
each containing three magnetic (Mn, Fe) atoms at the 64 site and one non-
magnetic Sn atom at the 2d site of the hexagonal unit cell [29,30]. The magnetic
atoms are arranged in a triangle in each layer [29].

Previous studies on the Sn-based Mn-Fe-Sn system have identified
several different applications based on their different intrinsic properties. Neutron
diffraction studies of Mn3Sn [25,31-43] have revealed an inverse
antiferromagnetic (AFM) triangular spin structure below In~ 420 K [30,35]. It
is proposed that these properties enable promising applications in data storage
high-density memory integration, and ultrafast data processing [15] due to the
insensitivity of AFM spin structures to perturbations, the absence of stray fields,
and fast spin dynamics [44,45]. However, a single crystal of Mn3;Sn measured in
an applied magnetic field oriented along H || (0 1 0), revealed the presence of
weak ferromagnetism with hysteresis at 77 = 300 K [30]. Polarized neutron
diffraction studies elucidated that the weak ferromagnetism observed in MnsSn
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originates from the triangular AFM structure itself. This phenomenon is attributed
to the change in orientation induced by the interaction between the magnetic field
and the ferromagnetic moment, which varies depending on the orientation of the
triangular AFM structure [35,42,46]. On the other side the nature of FM ordering
in the Fe;Sn compound [27,47-49] has been examined for permanent magnetic
applications, revealing a high Curie temperature (7c = 725 K), a basal plane
magnetic anisotropy constant of 1.8 MJ m™ and a sizeable magnetization M; =
120 Am?kg! at room temperature [27,28,49-52]. While the magneto-crystalline
anisotropy corresponds to easy plane, its considerable absolute value has led to
investigations into potential modifications aimed at shifting the anisotropy from
easy plane to easy axis. Subsequently, theoretical calculations predicted that
tuning the anisotropy from easy plane to easy axis is feasible by replacing Sn with
Sb [49,53]. For the above compounds, both experimental studies and DFT
calculations were employed to evaluate the magnitude of the magnetic moments
on the 64 site. DFT calculations yielded a magnetic moment of about 3.0 us/Mn
for Mn3Sn [34,35,43,54] and 2.4 us/Fe for FesSn. However, previous
experimental results for the Mn3Sn compound exhibited slightly lower magnetic
moments, ranging from 2.1 to 2.75 us/Mn [33,55,56]. Later research by Brown
et al. and Cable et al. presented experimental values closer to the theoretical
prediction of about 3.0 us/Mn for Mn3;Sn [35,37]. For Fe;Sn, the calculated
saturation magnetization of 2.4 ug/Fe is slightly higher than the experimental
value of 2.2 ug/Fe at 10 K [27,49,53]. This difference is attributed to the 4s
electrons that in metallic iron are negatively polarized by about 0.2 ug per atom,
with respect to the 3d electrons. Therefore, experimental results suggest that the
atomic moment of iron metal, 2.2 ug/Fe would be composed of about 2.4 ug/Fe
from the 3d electrons and about -0.2us/Fe from the 4s electrons [57].

The characteristics of the aforementioned compounds are not suitable for
applications in magnetic heat pumps or thermomagnetic motors, as they require
a significant MCE centred around a Curie temperature near room temperature.
Hence, a transition temperature (7¢c) that is tuneable near room temperature is
required for magnetocaloric materials (MCM) in magnetic heat pump
applications. This is achievable by switching from binary Mn-Sn and Fe-Sn to
ternary Mn-Fe-Sn alloys by partially replacing Mn by Fe [14]. When in Mn3;Sn
1/3 of the Mn is replaced by Fe, then the transition temperature of Mn,FeSn is
shifted to a value near room temperature. The magnetic moments that were
originally lying on a Kagome lattice for Mn3Sn will be broken in Mn,FeSn by a
rearrangement of the spin structure. The rearrangement of the magnetic moments
has the potential to generate new spin configurations [54]. The ferromagnetic
interaction in the Mn,FeSn compound is enhanced and as a result the magnetic
structure has changed [58,59]. Hence, the ferromagnetic-to-paramagnetic
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transition in Mns..Fe,Sn alloys holds the potential to generate promising MCEs.
The spin configuration of Mn,FeSn and the complex magnetic structure evolution
with temperature has not yet been resolved. Therefore, the influence of the Mn/Fe
ratio on the magnetic properties of Mns..Fe,Sn alloys constitutes the primary
focus of this study. This article combines magnetisation measurements, X-ray
diffraction, Mdssbauer spectroscopy, neutron powder diffraction and DFT
calculations to investigate the MCE effect, the structural and magnetic properties
of Mns.,Fe,Sn (x = 0.8-1.4) alloys.

7.2 Experimental and Calculation Methods

High-quality polycrystalline Mns.,Fe,Sn alloys with x ranging between 0.8 and
1.4 were prepared by the traditional arc-melting method in a high-purity argon
atmosphere. Elemental starting materials with a purity of 99.9% for Mn, Fe and
Sn were weighted in terms of the stoichiometric amount. 2 wt.% excess Mn was
added to compensate the weight loss during the melting. Homogeneity for the
sample of 5 g was ensured by turning and re-melting for five times. The
evaporation was found to vary between 1.05 and 2.05 wt.%. Then the as-cast
ingots were melted and quenched by melt spinning with a copper-wheel speed of
v =~ 30 m/s. The melt spun ribbons with a width of 2-3 mm and a thickness of 15-
25 um were produced. In order to ensure the phase homogeneity the Mns..Fe,Sn
compounds were sealed in a quartz tube filled with a high-purity argon
atmosphere. Finally, the samples were annealed at 500°C for 2 h and then
quenched in cold water.

The crystalline structure and phase composition of the polycrystalline
samples were evaluated using powder X-ray diffraction (XRD), electron
microscopy (SEM, JEOL JSM 6500 F, Japan) coupled with energy-disperse X-
ray spectroscopy (EDS). X-Ray Diffraction (XRD) was carried out on a
PANalytical X-Pert PRO diffractometer, using Cu-K, radiation 1.5405 A (angular
range 10°- 90°, angular step 0.02°, 1 s per step). The samples were placed on a
spinner to limit preferential crystalline orientation. Neutron diffraction (ND)
experiments were carried out at the research reactor of the TU Delft [60].
A neutron wavelength of 1.67 A was selected by the (5 3 3) reflection of a
germanium single crystal monochromator. The data were collected at
temperatures of 5, 80, 250 and 500 K. Refinements of the X-ray and neutron
diffraction data were analysed by the Rietveld method [61], as implemented in
the Fullprof Suite [62]. The temperature- and field-dependent magnetization was
measured with a superconducting quantum interference device (Quantum Design
MPMS XL) magnetometer, using the reciprocating sample option mode (RSO),
was employed to collect the magnetization in a temperature range from 5 to 370
K with a constant sweep rate of 2 K/min and in applied magnetic fieldsup to 2 T.
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The magnetic hysteresis loops were measured at different temperatures in
magnetic fields ranging from -5 T to 5 T. The magnetic measurements at
temperatures higher than 370 K were performed in a VersaLab vibrating-sample
magnetometer (VSM) with an oven function. Field-oriented samples were
embedded in an epoxy glue and oriented with an applied magnetic field of uoH =
1 T in the ferromagnetic state. Prior to orienting in field, the samples were hand
milled and then sieved down to a powder size smaller than 10 pm. The
transmission *’Fe Mdssbauer spectra were collected at different temperatures
with a conventional constant-acceleration spectrometer using a 3’Co(Rh) source.
Velocity calibration was carried out using an a-Fe foil at room temperature. The
Mossbauer spectra were fitted using the Mosswinn 4.0 program [63].

Density functional theory (DFT) calculations were carried out with the
Vienna ab initio simulation package (VASP) [64] using the Perdew-Burke-
Ernzerhof (PBE) exchange correlation functional [65,66] and the PAW method
[67,68]. The DOS of MnyFeSn in the FM state was calculated with fixed
hexagonal lattice parameters of @ = 5.57 A and ¢ = 4.45 A (cf. Table 7.1). Layers
of composition Mn,Fe were stacked along the ¢ axis and internal coordinates
were optimized for the hexagonal symmetry. The kinetic energy cutoff was
270 eV. PAW data sets from the VASP distribution were used with a frozen
[Ne](2s)%, [Ar] and [Kr] core for Mn, Fe and Sn, respectively. The DOS was
obtained with a /-centred 10 x 10 x 14 k-point mesh using the tetrahedron
method [69].

To establish trends in total energy and net magnetic moment without
using supercells, calculations were carried out using the virtual crystal
approximation (VCA) with special PAW data sets. These data sets were
constructed inspired by the GW-style data sets for Mn and Fe with frozen [Ne]
core from the VASP distribution. They interpolate, using fractional charges,
between Mn (Z = 15 effective core charge) and Fe (Z = 16 effective core charge).
These were generated for Z = 15, 15.3333, 15.6667, 16 keeping these four
potentials as similar as possible.

Calculations were done in a primitive hexagonal cells with 8 atoms that
were fully optimized (c, a, internal coordinates) observing only symmetry
requirements. The kinetic energy cutoff was 600 eV and a /-centred 7 x 7 x 10
k-point mesh with Methfessel-Paxton smearing of 1% order (o = 0.1 eV) was
employed [70].
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7.3 Results and Discussion

7.3.1 Structural properties

The room-temperature XRD refinements at ambient temperature confirm that the
Mns_Fe Sn (x = 0.8-1.4) compounds all crystallize in the Mg;Cd-type hexagonal
structure with space group P6s/mmc (194). The Mn and Fe atoms share the
Wyckoft positions of the 64 site, while the Sn atoms occupy the 2c¢ site. This
result is in agreement with those for other Sn-based Mn3;Sn and Fe;Sn compounds
[14,49,51]. Fig.7.1a shows the Rietveld refinement results for the polycrystalline
Mn,FeSn compound. All of the diffraction peaks marked with their crystal plane
index can be identified as the Mg;Cd-type hexagonal structure with a minor
secondary phase. According to literature reports, compounds prepared by
traditional arc melting methods show texture [58,59]. However, the compounds
prepared by melt-spinning do not exhibit a preferred crystallographic orientation
in the Rietveld refinement results.

To identify the impurity phase and examine the microstructure of the
Mns.Fe,Sn compound, SEM imaging coupled with EDS chemical analyses
unveiled coexistence of Mns..Fe.Sn and Mn, 75..Fe.Sn phases in the Mn,FeSn
compound. The insert in Fig.7.1a shows the backscattered electron image of the
Mn,FeSn compound. Obvious contrast can be seen, where the grey region is the
MgsCd-type main phase and the light grey area represents the compositional
segregation of the Sn-rich phase Mn;s.Fe.Sn, which is identified as the
Mn, 75Sn-type hexagonal structure (space group P63/mmc). This is in good
agreement with the results reported by Felez et al. and Liu et al. [14,59].
Furthermore, the grain size and grain boundaries of the compounds are clearly
visible in the inset of Fig.7.1a. This is because Sn tends to segregate to grain
boundaries [71,72]. It was found that the impurity phase preferentially occupies
the grain boundaries. When the grains of the main phase in samples with x = 0.8
and 1.4 are compared, a clear trend can be observed. Specifically, the x = 0.8
sample exhibits a log-normal distribution with an average grain size in the range
of 3 - 4 um. An increase in Fe content to x = 1.4 causes an increase in average
grain size to 7 - 8 um, as shown in Fig. S1 (Supplementary Information). For the
grain size evaluation, about 15 SEM images per samples were analysed using the
MIPAR software [73] to obtain a quantitative estimate of the average grain size.
Compared with other MnNi-X-Y (X = Co, Fe; Y = Sn, In) based Heusler alloys,
this grain size is significantly smaller [74—77] and microstructure very different
from previous reports.

The weight fractions of the main phase and the impurity phase in the
Mns Fe.Sn compounds are shown in Fig. 7.1b and Table 7.1. For 0.8 <x < 1.4
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the impurity phase was 1-2 wt.%. In our experimental results the ratio of Mn:Fe
= 1.6:1.4 is the limit for Mn/Fe substitution at 500 °C. This is because according
to the binary Mn-Sn phase diagram the Mn3Sn phase stable at 500 °C [26] and
according to the binary Fe-Sn phase diagram the Fe;Sn phase is stable in a
temperature range of 750-1080 °C [10,52,59]. Meanwhile, it is reasonable to
assume that a further increase in the Fe/Mn ratio for the Mn;..Fe,Sn compounds
will lead to an increase in annealing temperature up to 800 °C [10,52]. Fig. 7.1 (c,
d) and Table 7.1 shows the refined lattice parameters and the unit-cell volume.
By replacing Mn by Fe, the lattice parameters a, ¢ and the unit-cell volume V
decrease linearly. In general, Fe substitution for Mn leads to a contraction of the
unit cell with a decrease in both hexagonal lattice parameters, due to the fact that
the atomic radius of Fe is smaller than that of Mn. The linear continuous change
in lattice parameter a and volume ¥ exhibits a kink at the transition from the PM
to the FM state as a result of the magneto-volume contribution. In contrast, the
lattice parameter ¢ exhibits a linear continuous change, which most likely
indicates that the magnetic moments are aligned within the a-b plane at room
temperature.

Table 7.1. Lattice parameters a and ¢, c¢/a ratio and unit-cell volume V obtained by room-
temperature XRD, phase fractions, saturation magnetization M, and Curie temperature 7c
for the Mns..Fe,Sn (0.8 < x < 1.4) compounds. M; is obtained from magnetisation
measurements at 5 K and the transition temperatures 7¢ defined as the minimum in dM/dT
in an applied field of 0.01 T.

X a c c/a 14 Main Impurity M skast Tc

&) &) &) wt. (%) wt.(%)  (Am’kgh)  (K)
0.8  5.58989(7)  4.46896(6)  0.79947(1) 120.933(3)  98.7(6) 1.3(1) 64.27 253
09 5.57903(8)  4.46021(7)  0.79946(2)  120.227(3)  98.3(5) 1.7(1) 70.25 272
1.0 5.5695(1) 4.45097(1)  0.79917(2) 119.569(4)  98.2(7) 1.8(1) 76.47 305
1.1 5.56233(7)  4.44581(6)  0.79927(1) 119.123(3)  97.9(5) 2.1(2) 82.64 325
1.2 5.55709(7)  4.43921(6)  0.79884(1) 118.722(3)  97.7(6) 2.3(2) 86.42 351
1.3 5.54841(7)  4.43167(6)  0.79873(1) 118.151(3)  97.9(6) 2.1(2) 92.26 371
1.4 5.5447(1) 4.42473(9)  0.79800(2) 117.8113)  98.2(7) 1.8(2) 95.48 394
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Fig. 7.1. (a) Refined XRD pattern for the Mn,FeSn compound. The insert shows the
backscattered electron image of the MnoFeSn compound. (b) Phase fraction (wt.%) for
the Mns..Fe,Sn alloys. (c¢) Lattice parameter a and ¢ of (Mn,Fe);Sn (x = 0.8 -1.4). (d) Unit-
cell volume V of (Mn,Fe);Sn (x = 0.8 -1.4).

7.3.2 Magnetic phase transition

To understand the magnetic properties of the Mnj3_.Fe.Sn (x = 0.8-1.4) compounds,
the temperature dependence of magnetization employing zero-field cooled (ZFC)
and field cooled (FC) mode from 5 to 370 K under a magnetic field of 1 T is
measured, as shown in Fig. 7.2a. The ZFC (lower curve) and FC (upper curve)
magnetization curves for samples with 0.8 <x<1.4 do not overlap at low
temperatures, indicating magnetic anisotropy. The M-T curves for heating and
cooling coincide without thermal hysteresis. This suggests that these compounds
show a second-order phase transition (SOPT) at 7¢. Fig. 7.2b shows the FC
magnetization vs temperature (M-T) curves recorded at temperatures from 370
to 5 K under an applied field of 0.01 T for Mn;.Fe,Sn (x = 0.8-1.1) compounds,
two distinct magnetic transitions were evident in this material system. One
transition occurs at higher temperatures, marking the transition from the PM state
to the FM state. The Curie temperature defined as the minimum of dM/dT in a
field of 0.01T is shown in the insert of Fig. 7.2b. Additionally, a low-temperature
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feature is observed in Fig. 7.2b, which indicates a spin reorientation transition or
the formation of a complex antiferromagnetic state, which is incompatible with a
collinear FM arrangement. This structure can easily evolve into ferromagnetism

at intermediate magnetic fields [58,59].
100
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Fig. 7.2. (a) Magnetization as a function of temperature in an applied field of 1 T and (b)
Magnetization versus temperature in an applied field of 0.01 T. The insert shows the
dM/dT curves in a field of 0.01 T for x = 0.8 - 1.1. (c) Magnetization as a function of
magnetic field of Mnj_Fe,Sn (0.8 <x < 1.4) at 5 K. The insert shows a zoomed part of
the magnetic hysteresis loop of Mns.,Fe,Sn (x = 0.8 and 1.4). (d) Values of T¢ and M; for
the Mn;3.cFe.Sn (0.8 < x < 1.4) compounds as a function of the Fe content.

Fig. 7.2c shows the systematically recorded M-uoH magnetization versus
magnetic field for the free-powder polycrystalline samples, showing data for the
most representative temperature of 5 K. The measurements were performed along
5 quadrants and point towards a soft ferromagnetic behavior with a small
magnetic hysteresis loop. For instance, the x = 1.4 compound shows the highest
coercive field of uoHc = 18 mT and remnant magnetization Mem = 9.87 Am?kg ™!
at 5 K, as shown in the insert of Fig. 7.2c. The magnetic saturation is effectively
reached at 2 T for 1.1 <x < 1.4. This is in agreement with the field dependent
magnetization results reported by Felez et al. [14] for Mns..Fe,.Sn compounds.
One can note that for x = 0.8, 0.9 and 1.0 the field-dependent magnetization
measurements at 5 K show an ferrimagnetic behaviour without a saturation for
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fields up to 5 T. This indicates that the magnetic moments are sizeable and most
likely have an antiferromagnetic component. In previous studies of the
polycrystalline Mn-Fe-Sn system, the coexistence of FM and AFM phases is not
uncommon [58,78—80], which we will discuss in the next section. Fig. 7.2d shows
the linear correlation between the saturation magnetization and the transition
temperature. In the Mns.Fe.Sn (x=0.8-1.4) compounds the transition
temperature can be varied continuously in the temperature range from 250 to 396
K by adjusting the Mn/Fe ratio. This satisfies a crucial requirement for the
application of MCMs, ensuring that the transition temperature can be adjusted
continuously across the temperature range required for magnetic heat pump
applications, particularly considering the finite MCE centered around the Curie
temperature. As shown in Fig. S7.2 (Supplementary Information) and Table 7.2,
the saturation magnetization (M) in a field of 7 T for MnysFeosSn and
Mn; ¢Fe1 4Sn correspond to 69.96 and 95.98 Am?kg™!, respectively. These values
for the saturation magnetization are comparable to those of most existing MCMs
[77,81-83].

The magnetocaloric performance expressed as the isothermal entropy
change AS is shown in Fig. 7.3a. The isothermal entropy change is calculated by

applying the Maxwell relation AS(T)ay = |, fy Uo (aM(T'H))H dH [84,85] to the

Hi oT
isofield M(T) data. The magnetic or indirect calorimetric determinations of the
isothermal entropy change suffer from uncertainties, typically of the order of 10%
[86]. The maximum values in isothermal entropy change (ASmax) measured for
the Mns..Fe,Sn (x = 0.8, 1.0, 1.2, 1.4) compounds are shown in Table 7.2. It is
evident that the increase in Fe content from 0.8 to 1.4 results in a 30%
enhancement in |ASmax|, with the maximum value of |[ASmax| from 1.10to 1.41J
kg! K for a magnetic field change of 2 T. Unlike first-order phase transition
(FOPT) materials, the observed isothermal entropy change is relatively low,
which is typical for second-order phase transition (SOPT) materials. To
qualitatively evaluate the order of the magnetic phase transition in Mns..Fe.Sn
materials the field-dependence of the isothermal entropy change with a power
law behaviour of the type |4S| o< H™ is evaluated [87,88]. The field exponent 7

can be used to classify the nature of the magnetic order: FOPT or SOPT. The field
dIn(|AS))

dIn(H)
field are evaluated. In Fig. 7.3b the high-temperature limit » = 2 and the low-
temperature limit n = 1 are clearly depicted [89]. When the FM-to-PM phase
transition is crossed the minimum value for the exponent corresponds to the value
predicted for the SOPT of #min= 2/3 and a maximum value of nmax < 2 is obtained
[89], which is also a characteristic feature for the SOPT. In Fig. 7.3b is clearly
seen that field exponent is restricted by the high-temperature value as an upper

exponent 7 = for the isothermal entropy change as a function of magnetic
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limit: nmax < 2 near Tc¢. Similar results were obtained for other magnetic field
change values. Not only the 7max values, but also their temperature evolution, and
nmin ~ 2/3 is typical for materials with a second order phase transition [88]. This
is consistent with the absence of thermal hysteresis in the M(7T) curves for these
materials.
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Fig. 7.3. (a) Isothermal entropy change -AS from the temperature-dependent
magnetisation M(7) upon heating in a magnetic field change of 1 T (open symbols) and 2
T (closed symbols) for the Mns..Fe,Sn (x = 0.8-1.4) compounds. (b) Field exponent n of
the entropy change for the Mns.,Fe,Sn (x = 0.8-1.4) compounds.

-AS, (JIkg/K)
o o -
g o S

0.25+

0.00

Table 7.2. Calculated |ASmax| for Mns_«Fe.Sn (x = 0.8, 1.0, 1.2, 1.4) in a field change of 2
T. The magnetic moment per formula unit derived from the SQUID measurements in a
maximum applied magnetic field of uoH =7 T at 5 and 80 K. The magnetic moment per
atom of the FM and AFM structures were calculated from neutron powder diffraction data
at 5 and 80 K.

ASmax Ms, 71 FM AFM
(Jkg 'K (us/fu.) (us/atom) (u/atom)
5K 80 K 5K 80 K 5K 80 K
0.8 1.10 3.59(1)  3.492) 129(7) 128(7) 223(5) 2.11(5)
1.0 1.18 402(1)  3.94(1) 14005 137(5) 191(3) 1.80(4)
12 1.40 439(1)  433(1)  1.506)  1.49(6) ; ;
1.4 1.41 477(1)  473(1)  1.68(6)  1.65(5) ; ;

7.3.3 Magnetic structure

The spin configurations of intermediate Mnj..Fe.Sn compositions, probably
influenced by the crossover in magnetic behaviour from Mn3Sn (AFM) to Fe;Sn
(FM), have not been studied as a function of Fe/Mn ratio. While Mn3;Sn shows
AFM ordering (with spins within the a-b plane) [30], FesSn exhibits FM ordering
(with spins along the a axis) [27,52]. In order to qualitatively investigate the
evolution of the magnetic structure from AFM to FM order with for an increasing
Fe/Mn ratio, we examined a series of representative compositions within the

106



Mn;Fe,Sn (x = 0.8, 1.0, 1.2 and 1.4) compounds by powder neutron diffraction
(ND) measurements. ND is a powerful technique to investigate the crystalline
structure and magnetic properties of materials, with particular sensitivity to the
size and orientation of magnetic moments and thereby provide the ability to
resolve the magnetic structure. This makes ND an essential tool for studying
magnetic materials and investigating magnetic phase transitions. Hence, ND was
carried out on Mn,FeSn at five different temperatures (5, 80, 250, 298 and 500
K). These temperatures were selected based on magnetization measurements in a
field of 0.01 T. Fig. 7.4a shows a comparison of the ND pattern for the Mn,FeSn
compound in the FM+AFM state (5 K), the FM state (250 K) and the PM state
(500 K). No additional peaks emerge in the ordered state compared to the
disordered state of Mn,FeSn. Therefore, the propagation vector of the magnetic
structure corresponds to k = (0,0,0). From the enhancement of the peak intensity
of the (100) and (200) reflections at 5 K it can be deduced that there is a
significant magnetic spin component along the ¢ axis, whereas the discernible
magnetic contribution of the (002) peak at 250 K indicates a spin alignment
within the a-b plane. A symmetry operation analysis of space group 194
(hexagonal P6s/mmc symmetry) has been performed by BASIREPs (part for
Winplotr suite). Table S7.1 (Supplementary Information) presents all possible
irreducible representations and the corresponding basis vectors (@) for FM and
AFM ordering.

The refinement of the ND patterns of Mn,FeSn shown in Fig. 7.4b
confirm the hexagonal Mgs;Cd-type hexagonal structure with space group
P63/mmc (194) for Mn,FeSn compound. This is in line with the XRD results. No
phase distortion is observed at low temperatures. The initial refinement using the
I'2 irreducible representation assumes a simple ferromagnetic (FM) structure with
all magnetic moments aligned along the ¢ axis. However, the poor fitting of the
(110) reflection peak suggests that the magnetic structure at 5 K is not a simple
ferromagnetic configuration. As show in Fig. S7.2 (Supplementary Information)
the macroscopic magnetisation measurements at 5 K reveal a linear
magnetisation process below 1 T, without saturation for fields up to 7 T. This
behaviour is indicative of the coexistence of FM and AFM contributions. The
previous studies, also mentioned a coexistence of FM and AFM contributions,
which is a common feature in the Mn-Fe-Sn system [58,78—80]. Therefore, in the
final refinement, we included two sets of symmetry operations, I'2 (FM with
moments along the ¢ axis) and '8 (AFM with moments in the a-b plane), to
achieve a good fit with the data at 5 and 80 K. For the refinements of ND data at
250 K, we employed the irreducible representation I'10 to describe the FM
structure, where the spins are oriented in the a-b plane, as showed in Fig. 7.4b
(middle). To validate our hypothesis, we embedded the Mn,FeSn fine powder in
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an epoxy and aligned the powder particles using an magnetic field of uoH=1T
during the curing process. Fig. 7.4c shows room temperature XRD measurements
of the Mn,FeSn compound, comparing the field-oriented powder with free
powder samples. As a result of the particle orientation in magnetic field,
reflections with a pure @ axis component, such as (1 0 0) and (2 0 0), are
significantly enhanced. Simultaneously, reflections with a pure ¢ axis component,
like (0 0 2), vanish almost completely. This indicates that at room temperature
(298 K) the magnetic moments in the Mn,FeSn compound are aligned within the
a-b plane. This observation is consistent with our ND results at 250 K. The
hysteresis loops of the field-oriented powders (measured along the field
orientation axis) are shown in Fig. 7.4d. At 5 K, the coercive field is Hc = 25 mT
and the remnant magnetization is Mrem = 5.22 Am?kg!. At 250 K, we observe soft
ferromagnetic behaviour characterized by the absence of hysteresis, which is
advantageous for MCMs applications. The combined results from ND and
oriented powder XRD provide evidence supporting the conclusion that the low-
field transition observed at 200 K in the Mn,FeSn compound corresponds to a
spin reorientation transition (7s). Below Ts, the Mn,FeSn compound exhibits a
coexistence of FM (with spins along the ¢ axis) and AFM (within spins in the a-
b plane) components, with combined magnetic moments that are oriented out of
the basal plane and tilted towards the ¢ axis, as shown in Fig. 7.5(a-b). Above Ts
, the compound displays a ferromagnetic structure aligned within the a-b plane,
without any ¢ axis component. Fig. 7.5(a-d) show the refined low-temperature
spin structures of Mn3..Fe,Sn (x = 0.8, 1.0, 1.2 and 1.4) compounds at 5 K.
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Fig. 7.4. (a) Powder neutron diffraction pattern of the Mn,FeSn compound obtained at 5,
250 and 500 K. (b) Refinements of the nuclear and magnetic structure. (¢) Comparison
between random (bottom curve) and oriented powder (top curve) XRD with large changes
in the indexed peak intensities. (d) Magnetization as a function of magnetic field for the
Mn,FeSn compound at 5, 250 and 350 K.

Fig. 7.5. Low-temperature spin structures of Mns..Fe.Sn (x = 0.8, 1.0, 1.2 and 1.4)
compounds at 5 K. (a) MnzsFeosSn, (b) MnyoFeioSn, (c) MnigFei2Sn and (d)
Mnl,gFemSn.

109



For the Mns..Fe,Sn (x =1.2 and 1.4) compounds ND was carried out at
three different temperatures (5, 80 and 500 K). The ND refinement of the
Mn; ¢Fe;.4Sn pattern is shown in Fig. 7.6a. From the comparison of the FM state
and the PM state ND patterns, it is evident that the (100) peak exhibits a
noticeable magnetic contribution. The magnetic structure was accurately refined
using irreducible representation ['2 (FM order with moments along the ¢ axis),
which is in good agreement with the magnetisation saturation behaviour observed
in Fig. 7.2c. To investigate the nature of the magnetocrystalline anisotropy of
Mn; ¢Fei1.4Sn compound Fig. 7.6b shows XRD measurements of Mni¢Fei4Sn
compound at room temperature for field-oriented powder and free powder
samples. It is clearly seen that reflections with a pure a axis component, like (1 0
0) and (2 0 0), are significantly enhanced. Concurrently, reflections with a pure ¢
axis component, like (0 0 2), disappear completely. This indicates that at 298 K,
the Mn; ¢Fei 4Sn compound exhibits the same spin structure as Mn,FeSn, where
the a-b plane corresponds to the easy magnetization plane (EMP), while the ¢
axis shows a hard magnetization direction (HMD). The magnetic hysteresis loops
of the field-oriented powder (along the field-orientation axis) are shown in Fig.
S7.3 (supplementary Information). The coercive field is Hc = 28 mT and the
remnant magnetization is Mrem = 14.70 Am?*kg ' at 5 K.
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Fig. 7.6. (a) Refinements of the nuclear and magnetic structure of Mn; ¢Fe; 4Sn compound.
(b) Comparison between random powder (bottom curve) and field oriented powder (top
curve) XRD with large changes in the indexed peak intensities.

Fig. 7.7 (a, b) shows the magnetic moment on the 64 site per atom and
per formula unit for the FM and AFM components obtained from the ND
refinement compared with the SQUID magnetization results for the Mn;..Fe.Sn
(x=0.8,1.0, 1.2, 1.4) compounds. From the ND results it is found that magnetic
moments of the FM component increase from 1.29(7) us/f.u. (x = 0.8) to 1.68(6)
us/fau. (x = 1.4) for increasing Fe content, as listed in Table 7.2. The ND results
for the magnetic moments are comparable with the macroscopic magnetization
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results. For x = 0.8 and 1.0 the AFM component shows a larger magnetic moment
than the FM component. For the Mnj,FeosSn compound at 5 K the AFM
component displays a magnetic moment of 2.23(5) us/atom, consistent with
previous polarized neutron experimental studies of pure Mn3Sn [78]. It is found
that the magnetic moment of the AFM component decreases with the Fe
concentration. It should be pointed out that an increasing Fe substitution promotes
FM interactions. Fig. 7.7¢ shows the interatomic distances of the Mns..Fe,Sn (x
= 0.8, 1.0, 1.2, 1.4) compounds obtained from refined ND data at different
temperatures. It is clearly shown that the intra-layer distances gradually decrease
with the Fe concentration, which is consistent with the trend in lattice parameters.
The shortened intra-layer metallic-metallic and metallic-non-metallic distances
will strengthen the d-d hybridization among metallic-metallic atoms and the p-d
hybridization among metallic-metalloid atoms, due to the increased overlap of
electron orbitals [90]. This effect might amplify the magnetic exchange
interactions among magnetic atoms. Therefore, the saturation magnetization and
the transition temperatures are increasing on increasing Fe contents. Additionally,
we observed a significant increase in interatomic distances at high temperature,
indicating thermal expansion of the lattice.

25
a
@ —=—NPD@5 K: AFM  Mn;,Fe,Sn| 74 (b) —e—NPD@5 K: AFM My, Fe,Sn
\-NPD@so K: AFM \ NPD@80 K: AFM

»
o

o
i

o
1
2
i

—=— NPD@5 K: FM —
—=— NPD@80 K: FM

m (uglf.u.)
>
\

— - —e— NPD@5 K: FM
{ —=—Squid@sK | —e squid@s K —e— NPD@80 K: FM
—=— Squid@80K —— Squid@80 K .

m (uglatom)
b

©

o
o
1

0.0

08 110F 12 14 08 10 12 “ s
e content Fe content

Fig. 7.7. (a) Magnetic moments for 6/ site in the hexagonal lattice of the Mns..Fe,Sn

compounds (x = 0.8, 1.0, 1.2, 1.4). (b) Saturation magnetization of the Mnj; Fe,Sn

compounds (x = 0.8, 1.0, 1.2, 1.4) obtained by neutron diffraction and SQUID

magnetization at different temperatures. (c) Interatomic distances of Mn;.Fe,Sn
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From the ND results we determined the spin structure of the
magnetic unit cell in the Mn3z..Fe,Sn (x =0.8, 1.0, 1.2, 1.4) compounds. In
order to investigate the magnetic structure in more detail we utilized
Mossbauer — spectroscopy at  varying temperatures. Maossbauer
spectroscopy plays a crucial role in investigating structural and magnetic
phase transitions in magnetic compounds. Fig. 7.8 displays the Mdssbauer
spectra of the MnyFeSn alloy at different temperatures. A good quality of
fit to the experimental data is achieved with single-phase models that
exhibit small linewidths (0.3 mm/s) for the 64 magnetic site, which
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suggests a homogeneous distribution of the magnetic Fe atoms throughout
the Mn2FeSn compound. At 295 K, the spectrum consists of a sextet
magnetic sub-spectrum and a quadrupole doublet, which is considered to
be the relaxing phase, with a coexistence of the FM state (69%) and the
PM state (31%) [52]. This coexistence of FM and PM states is in line with
the ND data at 298 K. The temperature dependence of the internal
magnetic hyperfine field (Bnr) at the 64 site is shown in Fig. 7.9. The
compound exhibits Bnr = 20.54 T at 5 K, which decreases to Bnr=5.42 T
at 295 K. In contrast, the Fe3Sn compound shows Bur = 25.10 T at the 64
site in the hexagonal lattice at room temperature [52]. In numerous
publications, it has been noted that the internal magnetic hyperfine field
(Bnt) and the magnetic moment (ure) show a proportional relation in many
Fe-based compounds [91]. However, a recent study has suggested that the
measured magnetic moment may not be the primary factor that defines this
proportionality; instead, the contribution of the 3d-moment plays a
decisive role. An analysis of the magnetization and the field Bnrresulted in
a proportionality factor, P = Buf/usa = 10.37 T/us [92]. Employing a
proportionality factor of 10.37 T/us provides magnetic moments for the Fe
(6h) site of about 1.98 u34/Fe in the MnoFeSn compound. The isomer shift
and quadrupole splitting are listed in Table 7.3. The isomer shift decreases
with increasing temperature due to the second-order Doppler effect. In the
Mn;FeSn compound, the isomer shift decreases by 0.11 mm/s as the
temperature increases from 5 to 295 K. A change in quadrupole splitting
from negative to positive values is observed across the spin reorientation.
This indicates changes in orientation of the local electric field gradient at
the nucleus with respect to the spin direction. This reflects a change in the
spin tilt angle across the spin reorientation transition.
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Fig. 7.8. Mossbauer spectra of the Mn,FeSn compound at 80, 140, 200, 250, 295 and 360
K. The black points represents the experimental data and coloured line is the model fit.
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Table 7.3. Fitted Mossbauer parameters of the MnoFeSn compound, obtained at different
temperatures. Experimental uncertainties: Isomer shift: /S + 0.03 mm s!; Quadrupole
splitting: OS + 0.03 mm s'; Line width: "+ 0.05 mm s™'; Hyperfine field: Bys £+ 0.2 T;
Spectral contribution: + 3%. FM: ferromagnetic state; PM: paramagnetic state.

A os Hyperfine field r Phase
Sample
(K) (mms!) (mmsT) (T) (mm s
Mn2FeSn 5 0.45 -0.09 20.54 0.31 FiM
MnzFeSn 40 0.47 -0.08 20.25 0.28 FiM
Mn2FeSn 80 0.45 -0.09 19.7 0.28 FiM
MnoFeSn 120 0.43 -0.09 19.08 0.27 FiM
MnoFeSn 140 0.42 -0.10 18.95 0.32 FiM
MnoFeSn 160 0.40 -0.12 17.97 0.34 FiM
Mn2FeSn 180 0.39 -0.08 17.35 0.32 FiM
MnoFeSn 200 0.38 -0.06 16.43 0.29 FiM
MnoFeSn 220 0.38 0.002 14.65 0.36 FM
MnoFeSn 250 0.37 0.12 12.74 0.30 M
MnoFeSn 270 0.37 0.08 11.59 0.33 M
MnoFeSn 295 0.28 0.09 542 0.32 M
MnoFeSn 295 0.34 0.25 - 0.32 PM
MnoFeSn 320 0.29 0.24 - 0.33 PM
MnoFeSn 360 0.26 0.24 - 0.32 PM
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Fig. 7.9. Temperature dependence of the hyperfine field Bur of the Mn,FeSn compound,
derived from Mdssbauer spectroscopy compared with the low-field magnetisation in a
field of 0.01 T.

114



7.3.4 Electronic and magnetic properties of Mn;FeSn

Recent density functional theory (DFT) studies investigate the structural and
magnetic properties of the MnFe,Sn compound for the different phases (cubic,
tetragonal and hexagonal) reported experimentally. Daha et al. [11] found that the
hexagonal structure with ferromagnetic ordering is most stable [81-83], as it has
slightly lower total energy compared to cubic or tetragonal MnFe,Sn. The specific
electronic density and local magnetic moments are expected to depend on the
Mn/Fe ratio. Density functional theory (DFT) calculations were performed to
investigate the magnetic moments in the Mn,FeSn compound. The DOS of FM
Mn,FeSn, shown in Fig. 7.9, indicates metallic behavior at the Fermi level for
both spin-up and spin-down states. This behavior is primarily attributed to the
contribution of the 3d electrons with 2.91 u;,/Mn atom and 2.13 u;,/Fe atom,
while Sn contributes with only a very weak induced moment. The contributions
from the s and p state electrons of Mn and Fe are minimal. The DFT calculations
reveal values of 0.008 and 0.007 ug for the s and p states of the Mn atoms, and
values of -0.011 and -0.004 uy for s and p states of the Fe atoms, respectively.
Overall, the results indicate total local magnetic moments of 2.92 uy for Mn, 2.11
ug for Fe, and a weak induced moment of -0.18 uy for Sn, which indicates an
opposite polarization for Sn with respect to the Mn and Fe atoms. Notably, the
magnetic moment of Fe atoms is comparable to the moment estimated from the
hyperfine field (B,) and the proportionality factor resulting in a moment of 1.98
wsq/Fe.

To analyze trends with varying composition, virtual crystal
approximation (VCA) calculations were carried out for x =0, 1, 2 and 3. Here
Mn and Fe are replaced with one effective species (with a fractional core charge).
This allows calculations to be performed on primitive hexagonal cells with
8 atoms. According to the calculated DFT energies (per unit cell) with relaxed
lattice parameters, as shown in Fig. S7.4a (Supplementary Information), the AFM
structure has the lowest energy on the Mn-rich side, consistent with previous
experimental results [46,56,93,94]. Introducing Fe atoms enhances the FM
interactions in the hexagonal structure, causing the energy of the FM state to
gradually stabilize with increasing Fe concentration, which is in good agreement
with the present ND results. In the DFT calculations, the energies of the FM and
AFM structures are equal at an Fe content of x = 0.35. Experimentally we
observed the coexistence of FM and AFM magnetic structures up to x = 1. The
average magnetic moments of FM and AFM structures are plotted in Fig. S7.4b
(supplementary Information). A similar trend is observed in the DFT results: the
magnetic moment of the AFM structure decreases with increasing Fe content,
while the moment of the FM structure increases with increasing Fe content.
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Specifically, for the Mn,FeSn compound, the average magnetic moment (2.46
us/atom) and the effective magnetic moment (2.37(6) us/atom) from the ND
results gradually approach each other. However, the VCA calculated average
moments are smaller than those calculated for Mn,FeSn (when VCA is not used).
This might point to larger variations in local Mn and Fe moments, depending on
the specific coordination.

Table 7.4. ND results and DFT calculation results for the Mn,FeSn compound with the

hexagonal space group P63/mmc (194) symmetry for the two different magnetic ordering
types with FM and AFM structures.

ND ND DFT DFT
Material FM AFM Miot M (,UB/ atom) Maverage
(us/atom) (us/atom) (us/atom) (us/atom)
5K 5K 5K Mn Fe
MnzFeSn 1.40(5) 1.91(3) 2.37(6) 2.92 2.11 2.46
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Fig. 7.10. Density of states (DOS) of the FM hexagonal structure obtained from DFT
calculations. The vertical line indicates the Fermi level. The DOS of total and individual
contributions from Mn, Fe and Sn are as indicated. Positive and negative DOS correspond
to the spin up and spin down states, correspondingly.
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7.4 Conclusions

A comprehensive study has been performed to investigate the microstructure,
spin structure and magnetic properties of Mns..Fe,Sn (x = 0.8-1.4) polycrystalline
samples. In this study we have characterised the phase transition, the nature of
the magnetic order, and the magnetocaloric effect of the Mns..Fe.Sn compounds.
We identified the complex spin configuration of the Mn,FeSn compound, which
depends on temperature. A low-temperature transition at 7 is attributed to a spin
reorientation. Below Ts, both ferromagnetic (FM) and antiferromagnetic (AFM)
states coexist and are uniformly distributed. Above Ts, the spin structure
rearranges into a FM configuration with spins oriented in the a-b plane. However,
a new spin model has been derived for the compounds with x = 1.2 and 1.4, where
a FM component with spins along the ¢ axis shows a spin reorientation into an
FM structure with spins in the a-b plane upon crossing 7s. The magnetic
properties were evaluated on random and oriented powders, and an easy plane
anisotropy was deduced at room temperature. The Curie temperature 7Tc,
determined by the minimum in dM/dT, ranges from 250 K (x = 0.8) to 396 K (x
= 1.4), highlighting its potential applications for magnetic heat pumps and
thermal magnetic motors. Applying Maxwell's relationship to assess the
isothermal entropy change, it is found that increasing the iron content up to x =
1.4 enhances the isothermal entropy change by 30% compared to x = 0.8. DFT
calculations of the magnetic moments of Mn and Fe in Mn;FeSn, as well as the
trends in average magnetic moment and unit-cell energy with different Fe
concentration, are in good agreement with the present experimental results. This
demonstrates that DFT calculations are an effective tool to identify the potential
of magnetocaloric materials and evaluating their magnetic properties in the Mn-
Fe-Sn system.
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Supplementary Material for Chapter 7
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Table S7.1. Representational analysis results for space group 194 (hexagonal P63/mmc
symmetry) with propagation vector k = (0,0,0) and one magnetic site at 64 given by
BASIREPs (part for Winplotr suite). For each symmetry operation the possible magnetic
ordering was given: antiferromagnetic (AFM) or ferromagnetic (FM).
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Summary

The growing global energy demand and the problem of global warming highlight
the need for sustainable and energy-efficient technologies. Magnetic refrigeration
offers a promising alternative to traditional compressor-based systems. To meet
the Net Zero scenario, 600 million heat pumps must supply 20% of global
building heating by 2030. The MCMs are at the heart of such systems, as
exemplified by (Mn,Fe)2(P,Si) alloys, which are cost-effective, rare-earth-free,
non-toxic, and feature a tuneable Curie temperature near room temperature. This
study also explores novel, eco-friendly material systems, including YNisCo,Si
and (Mn,Fe);Sn, aiming to achieve a significant magnetocaloric effect near room
temperature.

The characterization of latent heat in the first-order magnetic phase
transition in giant magnetocaloric Fe-rich (Mn,Fe)»(P,Si) compounds is presented
in chapter 4. From an application point of view, to evaluate the MCE for the
simultaneous increases in Mn and Si in (Mn, Fe),(P, Si) compounds, we employed
an indirect calorimetry method to determine both AS and AT.. The results
demonstrate that the simultaneous increase in Mn and Si concentrations led to a
40% increase in the |AS| value, and a more pronounced AT}, at higher
concentrations of Mn and Si, indicating a strengthening of the first-order
magnetic transition (FOMT). To investigate the underlying mechanisms of latent
heat (L) and transformation strain energy (U) associated with the FOMT from a
fundamental scientific point of view, we conducted two distinct types of
calorimetry measurements that enable a separation of the latent heat and the
specific heat, and simultaneously quantify the elastic transformation strain energy
by temperature-dependent X-ray diffraction (XRD). The results indicate a direct
correlation between latent heat (L) and elastic transformation strain energy (U) in
the (Mn,Fe):(P,Si) compounds, indicating that the transformation strain energy is
the dominant factor for the magnetoelastic coupling. Additionally, the application
of an external magnetic field was found to progressively diminish the first-order
nature of the transition, with both L and ATy decreasing proportional with field
and ultimately vanishing at the critical endpoint of the phase line.

Bridging the gap between microscopic and macroscopic descriptions of
the first-order magneto-elastic field-induced transition in (Mn,Fe)(P,Si) is
studied in chapter 5. We have investigated the field-induced transition in the
first-order magnetoelastic ferromagnetic transition of a polycrystalline
Mny soFe130P0.66510.34 sample. To elucidate the underlying mechanisms linking the
microscopic and macroscopic physical properties during this field-induced
transition, we conducted a series of comprehensive experiments, including X-ray
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magnetic circular dichroism (XMCD) measurements, coupled with simultaneous
Hall probe magnetometry, magnetostriction, and bulk SQUID magnetometry. The
temperature- and field-induced transitions, measured up to 7 T, reveal the
existence of a critical end point at an applied field of 5.2-5.6 T, where the first-
order magnetoelastic transition shifts to a supercritical state without hysteresis.
The field-dependent XMCD signals obtained from both micro-beams and a
macro-beam exhibit significant differences, indicating that the mechanisms
governing the field-induced transition are strongly influenced by local conditions,
such as grain orientation, variations in chemical composition, and local strain.
Our results indicate that a reconstruction based on the sum of micro-beam signals
provides a quantitatively representative macro-beam signal that aligns with the
macroscopic bulk magnetic properties.

The spin structure, magnetic and magnetocaloric properties of
Y NisCo,Si compounds have been studied in chapter 6. First of all, our results
demonstrate that the ferromagnetic-to-paramagnetic transition is a second-order
magnetic phase transition. X-ray diffraction experiments and magnetic
measurements on field-oriented polycrystalline materials confirm the presence of
relatively strong magneto-crystalline anisotropy for the Co-rich compositions
(x=3.5, 3.75 and 4.0), with the the ¢ axis as the easy axis for the magnetisation
direction and the a-b plane as the hard magnetic direction. Neutron powder
diffraction experiments confirmed a simple ferromagnetic (FM) spin structure
aligned with the c axis and a preference of Ni atoms for the 3g magnetic site. The
magnetic properties are significantly influenced by the Ni/Co ratio. An evident
reduction in the mean Co magnetic moment at the 3g site, as well as a decrease
in saturation magnetization and Curie temperature, was observed with increasing
Ni concentrations.

The microstructure, complex spin structure and magnetic properties of
Fe doped Mn;.Fe,Sn have been explored as a potential candidate for room
temperature magnetic heat pump application in chapter 7. Our results reveal a
complex spin configuration in the Mn,FeSn compound that depends on the
temperature. From neutron powder diffraction the low-temperature transition at
Ts is attributed to a spin reorientation. Below Ts, both ferromagnetic (FM) and
antiferromagnetic (AFM) states coexist and are uniformly distributed. Above T,
the spin structure transitions to a FM configuration with spins aligned in the a-b
plane. For compounds with x = 1.2 and 1.4, a spin model was derived, where the
FM component with spins along the ¢ axis undergoes a reorientation into a FM
structure with spins in the a-b plane upon crossing 7s. Magnetic properties were
evaluated in both random and oriented powders, revealing an easy-plane
anisotropy at room temperature. The Curie temperature can be tuned within the
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desired range of 250-396 K by varying the Mn/Fe ratio. DFT calculations of the
magnetic moments of Mn and Fe in Mn,FeSn, as well as the trends in average
magnetic moment and unit-cell energy with different Fe concentration, are in
good agreement with the present experimental results. From the neutron
diffraction (ND) experimental results, we determined that the effective magnetic
moment on the 64 site is 2.37(6) us for Mn,FeSn compounds, which is consistent
with DFT calculations that indicate that the average magnetic moment of the Mn
and Fe atoms is 2.46 ug.

This thesis paves the way for further understanding of GMCE materials
that exhibit a first-order magnetic transition (FOMT) and the development of
novel MCMs. As observed in Chapters 6 and 7, identifying new promising
materials for magnetic heat pump applications remains a challenging task. In fact,
these two new systems do not yet rival the performance of the existing giant
magnetocaloric effect (GMCE) materials. In contrast, Fe,P-based materials
remain one of the most promising candidates for optimal use in real applications.
While the interactions occur at the atomic length scale, there is a lack of
investigation at the microscopic scale. Therefore, in this study, we employed
XAS/XMCD to examine the magnetic properties at the microscopic scale of the
field-induced transition at the Fe K edge, thereby bridging the gap between the
microscopic and macroscopic bulk properties.
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Samenvatting

De toenemende wereldwijde vraag naar energie en het probleem van de
opwarming van de aarde benadrukken de noodzaak voor duurzame en energie-
efficiénte technologieén. Magnetische koeling biedt een veelbelovend alternatief
voor traditionele compressor-gebaseerde systemen. Om het Net Zero-scenario te
bereiken, moeten 600 miljoen warmtepompen tegen 2030 20% van de
wereldwijde verwarming van gebouwen leveren. De magnetocalorische
materialen (MCM's) zijn het hart van dergelijke systemen, zoals geillustreerd
door (Mn,Fe):(P,Si) legeringen, die kosteneffectief, zonder zeldzame aardmetalen,
niet-toxisch zijn en een instelbare Curie-temperatuur nabij kamertemperatuur
hebben. Deze studie verkent ook nieuwe, milieuvriendelijke materiaalsystemen,
waaronder YNis,Co,Si en (Mn,Fe)sSn, met als doel een significant
magnetocalorisch effect nabij kamertemperatuur te bereiken.

De karakterisering van latente warmte in de eerste-orde magnetische
faseovergang in de gigantische magnetocalorische Fe-rijke (Mn,Fe)2(P,Si)
verbindingen wordt gepresenteerd in hoofdstuk 4. Vanuit toepassingsperspectief,
om het MCE van de gelijktijdige verhogingen van Mn en Si in (Mn, Fe).(P, Si)
verbindingen te evalueren, hebben we een indirecte calorimetrie-methode
toegepast om zowel AS als AT.q te bepalen. De resultaten toonden aan dat de
gelijktijdige verhoging van de concentraties Mn en Si leidde tot een stijging van
40% in de |AS|-waarde, en een sterkere ATy bij hogere concentraties van Mn en
Si, wat duidt op een versterking van de FOMT. Vanuit fundamenteel
wetenschappelijk perspectief, om de onderliggende mechanismen van latente
warmte (L) en transformatie-spanningsenergie (U) geassocieerd met de eerste-
orde magnetische overgang (FOMT) te onderzoeken, hebben we twee
verschillende soorten calorimetrie-metingen uitgevoerd om latente warmte en
specifieke warmte afzonderlijk te bepalen, en de elastische transformatie-
spanningsenergie gekwantificeerd door temperatuurafthankelijke
rontgendiffractie (XRD). Als resultaat werd een directe correlatie tussen latente
warmte (L) en elastische transformatie-spanningsenergie (U) vastgesteld in de
(Mn, Fe)(P, Si) verbindingen, wat aangeeft dat transformatie-spanningsenergie
de belangrijkste factor is voor de magneto-elastische koppeling. Bovendien bleek
de toepassing van een extern magnetisch veld de eerste-orde aard van de
overgang geleidelijk te verminderen, waarbij zowel L als ATiys proportioneel
afnamen en uiteindelijk verdwenen bij het kritische eindpunt.

Het overbruggen van de kloof tussen microscopische en macroscopische
beschrijvingen van de eerste-orde magneto-elastische veldgeinduceerde
overgang in (Mn,Fe)2(P,Si) wordt bestudeerd in hoofdstuk 5. We hebben de
veldgeinduceerde  overgang in de  eerste-orde  magneto-elastische
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ferromagnetische overgang van een polycrystalline Mng soFe1.30Po.66510.34 monster
onderzocht. Om de onderliggende mechanismen te verduidelijken die de
microscopische en macroscopische fysische eigenschappen tijdens deze
veldgeinduceerde overgang met elkaar verbinden, hebben we een reeks
uitgebreide experimenten uitgevoerd, waaronder metingen van de absorptie van
gepolariseerde rontgenstraling, gekoppeld aan gelijktijdige Hall-sonde-
magnetometrie, magnetostrictie en bulk SQUID-magnetometrie op de
MngsoFer130Po66S1034 verbinding. De temperatuur- en veldgeinduceerde
overgangen, gemeten tot 7 T, onthullen het bestaan van een kritiek eindpunt bij
een aangelegd veld van 5,2-5,6 T, waarbij de eerste-orde magneto-elastische
overgang verschuift naar een superkritische toestand zonder hysterese. De
veldathankelijke XMCD-signalen verkregen van zowel micro-bundels als een
macro-bundel vertonen aanzienlijke verschillen, wat aangeeft dat de
mechanismen die die bepalend zijn voor de veldgeinduceerde overgang sterk
beinvloed worden door lokale omstandigheden, zoals de oriéntatie van de korrels,
variaties in chemische samenstelling en lokale spanning. Onze resultaten geven
aan dat de reconstructie op basis van de som van de micro-bundel een kwantitatief
representatief macro-bundelsignaal oplevert dat in overeenstemming is met de
macroscopische bulk-magnetische eigenschappen.

De spinstructuur, magnetische en magnetocalorische eigenschappen van
Y Ni4..Co,Si verbindingen zijn bestudeerd in hoofdstuk 6. Ten eerste hebben onze
resultaten aangetoond dat de ferromagnetische naar paramagnetische overgang
een tweede-orde magnetische faseovergang is. Rontgendiffractie-experimenten
en magnetische metingen op veld-georiénteerde polycristallijne materialen
bevestigen de aanwezigheid van relatief sterke magneto-kristallijne anisotropie
aan de Co-rijke zijde (x = 3.5, 3.75 en 4.0), met de c-as als de gemakkelijke as
voor de magnetisatie richting en het a-b vlak als de moeilijke magnetische
richting. Neutronenpoederdiffractie-experimenten bevestigden dat de eenvoudige
FM-spinstructuur uitgelijnd is met de c-as en de voorkeur van Ni-atomen voor de
3g magnetische site. De magnetische eigenschappen worden sterk beinvloed door
de Ni/Co-ratio. Een duidelijke vermindering van het gemiddelde Co-magnetische
moment op de 3g-site, evenals een afname van de verzadigingsmagnetisatie en
de Curie-temperatuur, werd waargenomen met toenemende Ni-concentraties.

De microstructuur, complexe spinstructuur en magnetische
eigenschappen van Fe-gedoopte Mns..Fe,Sn zijn onderzocht als een potentiéle
kandidaat voor toepassingen in warmtepompen op kamertemperatuur in
hoofdstuk 7. Onze resultaten onthullen een complexe spinconfiguratie in de
Mn.FeSn-verbinding  die  athankelijk is van de  temperatuur.
Neutronenpoederdiffractie bevestigde dat de overgang bij lage temperatuur bij
TS wordt toegeschreven aan een spinheroriéntatie. Onder 7s co-existeren zowel
ferromagnetische (FM) als antiferromagnetische (AFM) toestanden die
gelijkmatig zijn verdeeld. Boven 7s gaat de spinstructuur over naar een
FM-configuratie met spins uitgelijnd in het a-b vlak. Voor verbindingen met x =
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1,2 en 1,4 werd een nieuw spinmodel afgeleid, waarbij de FM-component met
spins langs de c-as een herori€ntatie ondergaat naar een FM-structuur met spins
in het a-b vlak bij het overschrijden van Ts. De magnetische eigenschappen
werden geévalueerd in zowel willekeurige als georiénteerde poeders, waarbij een
easy-plane anisotropie bij kamertemperatuur werd onthuld. De Curie-
temperatuur kan worden aangepast binnen het gewenste bereik van 250-396 K
door de Mn/Fe-ratio te variéren. DFT-berekeningen van de magnetische
momenten van Mn en Fe in Mn,FeSn, evenals de trends in het gemiddelde
magnetische moment en de eenheidscelenergie bij verschillende Fe-concentraties,
komen goed overeen met de huidige experimentele resultaten. Uit
neutronendiffractie (ND) experimenten bepaalden we dat het effectieve
magnetische moment op de 64 site 2.37(6) ug is voor Mn,FeSn verbindingen, wat
in overeenstemming is met de DFT-bereckeningen die suggereren dat het
gemiddelde magnetische moment van de Mn- en Fe-atomen 2.46 us is.

Dit proefschrift baant de weg voor een dieper begrip van GMCE-
materialen die een eerstegraads magnetische overgang (FOMT) vertonen, evenals
voor de ontwikkeling van nieuwe magnetocalorische materialen (MCM's). Zoals
besproken in hoofdstukken 6 en 7, blijft het identificeren van veelbelovende
nieuwe materialen voor toepassingen in magnetische warmtepompen een
uitdagende taak. Deze twee nieuwe systemen evenaren momenteel nog niet de
prestaties van de bestaande materialen met een gigantisch magnetocalorisch
effect (GMCE). Daarentegen blijven op Fe:P gebaseerde materialen tot de meest
veelbelovende kandidaten behoren voor optimaal gebruik in praktische
toepassingen. Hoewel de interacties plaatsvinden op een atomaire lengteschaal,
is er een gebrek aan onderzoek op microscopisch niveau. Daarom hebben we in
deze studie gebruikgemaakt van XAS/XMCD om de magnetische eigenschappen
op microscopische schaal van de veld-geinduceerde overgang aan de Fe K-edge
te onderzoeken, en zo de kloof te overbruggen tussen de microscopische
eigenschappen en de macroscopische bulkgedragingen.
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