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he energy demand for space cooling, air conditioners (AC) and electrical fans is one of 
the most critical energy issues, the neglect of which will lead to a three-fold increase in 

energy demand by 2050 [1]. The demand for energy is determined by various aspects, 
including climate, societal, economic and technological developments [2]. Developing more 
efficient and accessible cooling technologies can suppress this trend in spite of the expected 
growth in cooling demand. It is anticipated that using more energy-efficient cooling 
technologies will reduce the energy consumption for space cooling in 2050 by 45% [1], [3]. 
Furthermore, using common refrigerants gives rise to deep concerns and leads to the search 
for more environmentally-friendly cooling systems. Among the various novel cooling 
technologies, magnetic cooling using the magnetocaloric effect (MCE) is a promising 
solution. Magnetic refrigerators can reach 60% of the Carnot efficiency, whereas, with 
conventional compressor-based technology, it is possible to achieve 40% [4]. Besides, 
compared with the vapour-compression refrigeration system, magnetic cooling is an 
environmentally-friendly technology as it enables the elimination of hazardous, toxic, 
corrosive, ozone-depleting and greenhouse substances, such as ammonia, 
chlorofluorocarbons, hydrochlorofluorocarbons and 1,1,1,2-tetrafluoroethane.  

Industries are estimated to expel up to 60% of energy as waste heat. While the high-
grade (> 922 K) and medium-grade heat (505 – 922 K) can be employed to produce 
mechanical/electrical work or can be utilized for heating purposes, the low-grade waste heat 
(< 505 K) is rejected due to the poor performance of energy harvesters in this temperature 
regime. According to recent studies, low-grade waste heat constitutes approximately 60% of 
the total waste heat, which also explains the importance of research on technologies enabling 
waste heat recovery in this temperature range. A recovery of low-grade waste heat is possible 
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using magnetocaloric materials (MCMs). Upon cyclic heating and cooling of MCMs, a time-
varying magnetization is induced, which can be employed to produce electricity using 
motors, oscillators and generators [5], [6].  

 

1.1. Magnetocaloric effect and magnetic refrigeration 
he magnetocaloric effect (MCE) can be described as a heating or cooling of a magnetic 
material in an increasing or decreasing applied magnetic field, respectively. Although 

the existence of the magnetocaloric effect was first predicted using thermodynamic 
considerations by W. Thomson in 1860 [7], [8], the experimental discovery was made in 
1917 by Weiss and Piccard, who observed a reversible temperature change of 0.7 K in nickel 
under the application and removal of a magnetic field of 1.5 T [9]. They distinguished the 
observed temperature change from the hysteresis heat and provided a thermodynamic 
explanation of their discovery. The first use of the MCE to reach temperatures below 1 K can 
be attributed to Giauque and MacDougall (1933). They experimentally achieved the 
temperature of 0.25 K by employing adiabatic demagnetization of a paramagnetic salt 
Gd2(SO4)3 • 8 H2O with a magnetic field change of 0.8 T [10]. However, it took until 1976 
before the first proof-of-concept magnetic refrigerator using pure Gd as a magnetocaloric 
material was built by Brown, reaching a temperature span of 47 K [11]. Despite the promising 
achievement of Brown, the magnetocaloric effect did not attract much attention until the 
discovery of the giant magnetocaloric effect (GMCE) in Gd5Si2Ge2 by Pecharsky and 
Gschneidner (1997) [12]. The magnetocaloric effect is of particular interest to many 
researchers and new magnetocaloric materials (MCMs) are currently intensively explored. 
An overview of the main research groups focussing on the MCE is shown in Figure 1.1. 
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Figure 1.1: Visualization of research groups studying the MCE (2022). A total number of 
4408 researchers was found based on the Scopus database. In the presented overview, 
researchers with the highest number of publications in the field of MCE are presented. 
Lines indicate connections between various research groups. 

 

The magnetocaloric effect provides the foundation for magnetic refrigeration, in 
which a temperature change is observed upon exposing the magnetic material to a change in 
the externally applied magnetic field. Prototypes of magnetic refrigerators have recently been 
launched by Haier, BASF, Astronautics Corporation (USA), Cooltech and Magnotherm [13], 
[14], [64]. Although ferromagnetic materials are the most suitable for applications, it should 
be emphasized that the magnetocaloric effect is intrinsic to all magnetic materials. A 
schematic representation of the magnetic refrigeration cycle consisting of four characteristic 
steps is shown in Figure 1.2. In the initial step (1), the magnetic field is not applied (µ0H = 0), 
and magnetic moments are randomized, which results in a large magnetic entropy Sm. In the 
second step (2), the magnetic field is applied to a material under adiabatic conditions, causing 
an alignment of the magnetic moments. The total entropy (S) includes the magnetic (Sm), 
lattice (Sl) and electronic (Se) contributions. Adiabatic conditions imply no change in the 
total entropy during the magnetization process (ΔS = 0). When the magnetic entropy is 
reduced in the applied magnetic field, the magnetic entropy change is negative (ΔSm ˂ 0). 
This leads to an increase in the lattice and electronic entropy, which consequently is observed 
as a rise in the temperature of the material. Next, the heat is transferred to the surrounding by 
a heat-transfer medium (3). Finally, the magnetic field is removed under adiabatic conditions, 
which causes an increase in Sm and a cooling of the magnetic material below ambient 
temperature (4) [15]. 
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The temperature difference observed during the adiabatic demagnetization process 
is called adiabatic temperature change (ΔTad), which reveals by how many degrees the 
magnetic material can be cooled. When the magnetic field is applied isothermally, the MCE 
can be quantified using the isothermal magnetic entropy change ΔSm, which corresponds to 
the amount of heat transported at a given temperature. Both these parameters are essential to 
evaluate the magnetocaloric effect in magnetic materials.  

 
Figure 1.2: Schematic visualization of a magnetic cooling cycle. 

 

1.2.  Magnetocaloric materials 
agnetocaloric materials (MCMs) with the potential for practical use in commercial 
magnetic refrigerators should comply with several requirements. Promising 

magnetocaloric materials should consist of non-toxic, environmentally friendly and non-
critical elements. The price, availability and accessibility are other significant factors that 
strongly narrow down the search of MCMs for commercial applications. Mn-based 
magnetocaloric materials can become a good alternative to expensive and not readily 
available materials due to a low cost and their high abundance. Additionally, a suitable MCM 
should possess a high mechanical and chemical stability and a good thermal conductivity. 
Given the fact that magnetocaloric materials for the purpose of magnetic cooling should be 
characterized by a large magnetic entropy change, ideally no thermal hysteresis (ΔThys) and 
a Curie temperature (TC) close to room temperature, it becomes challenging to find suitable 
materials that satisfy all the aforementioned conditions.  

Magnetocaloric materials can display either a first-order magnetic transition 
(FOMT) or a second-order magnetic transition (SOMT). Albeit materials exhibiting a FOMT 
show a significant magnetic entropy change (ΔSm), which reflects a large magnetocaloric 
effect, a concomitant hysteresis hurdles the reversibility of the magnetization process and 
often contributes to a weakening of mechanical properties. On the other hand, the magnetic 
transition of materials showing a SOMT is non-hysteretic and the associated ΔSm is generally 
lower. Hence, the materials at the border of a FOMT and a SOMT are of great interest for 
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practical application as they show a minimal hysteresis, while a significant magnetocaloric 
effect is maintained. 

Thus far, various magnetic materials have been studied in terms of their 
magnetocaloric effect. Following the discovery of a giant magnetocaloric effect in Gd5Ge2Si2 
by Pecharsky and Gschneidner [12], materials showing a FOMT have been intensively 
studied, e.g.: Dy5Si3Ge [16], (Mn,Fe)2(P,X) compounds with X = As, Ge and Si [17]–[22], 
RECo2 and REAl2 (RE: rear earth metal) [23], MnAs1-xSbx [24], [25], La(FexSi1-x)13 
compounds and their hydrides [26]–[28]. Despite a strong focus on the FOMT, extensive 
studies have also been dedicated to materials exhibiting a SOMT, e.g.: Gd [29], AlFe2B2 [30], 
Gd5Si4-xGex [31], RE6Co2Ga (RE = Ho, Dy, Gd) [23], (Gd1-xREx)5Si4 (RE = Dy, Ho) [32], 
Mn5PB2 [33] and MnCoGe [34]. Gd is commonly used as a benchmark magnetocaloric 
material in magnetic refrigerator prototypes. Despite a large magnetic moment, a reversible 
SOMT and a TC near room temperature (TC = 294 K) [29], the practical use of Gd for 
commercially available magnetic coolers is limited due to the high cost and limited 
availability of this element. Therefore, in this dissertation we present research on the potential 
of Mn-based MCMs: (Mn,Fe)2(P,Si), Mn3AC (A: Sn, Zn, Fe) and (MnNiSi)1-x(CrCoGe)x 
alloys.  

1.2.1. (Mn,Fe)2(P,Si)  family of compounds 
Fe2P-based alloys attract much attention due to their interesting magnetic properties 
originating from the presence of two magnetic sites. The substitution of more than 10 at.% 
Si for P will induce a transformation from the hexagonal structure into the body-centred 
orthorhombic structure [35], [36]. It should be noted that the low TC (≈ 217 K) of the parent 
compound is an obstacle for its application in magnetic refrigerators. In order to avoid the 
change in the crystal structure, Fe atoms can be partially substituted by Mn. These 
modifications lead to the formation of interesting compounds of a generic formula 
(Mn,Fe)2(P,Si). With a tuneable TC, a large |ΔSm| and an adjustable thermal hysteresis (ΔThys), 
the (Mn,Fe)2(P,Si) family of compounds shows great potential for magnetic cooling and 
magnetic heat recovery purposes. 

The (Mn,Fe)2(P,Si) alloys crystallize in the same hexagonal structure (space group: 
P-62m), as the parent compound (Fe2P). The hexagonal unit cell of the (Mn,Fe)2(P,Si) 
compound is presented in Figure 1.3. Mn atoms preferentially occupy the pyramidal 3g site 
and Fe has a preference for the tetrahedral 3f site. The 3g site is associated with a larger 
magnetic moment compared to the 3f site. According to DFT calculations and neutron 
powder diffraction studies, Si preferentially occupies the 2c site and P preferentially occupies 
the 1b site [37], [38]. In a broad compositional range of (Mn,Fe)2(P,Si), the ferromagnetic 
(FM) to paramagnetic (PM) transition is accompanied by abrupt changes in the a and c lattice 
parameters, while the hexagonal crystal structure is preserved and the volume is hardly 
changed at the transition, indicating the magnetoelastic character of the transition. It has been 
proposed that a large MCE and the magnetoelastic nature of the transition originates from 
“mixed magnetism” – a coexistence of a weak magnetism of the Fe atoms in the presence of 
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a strong magnetism of the Mn atoms [39]. The Mn-rich region of this family of compounds 
has been studied in detail due to the possibility to obtain a giant magnetocaloric effect 
(GMCE) at ambient temperature accompanied by a small thermal hysteresis. The Fe-rich 
region of the (Mn,Fe)2(P,Si) system is less studied. However, these compounds are less 
expensive and can show a higher magnetic moment compared to Mn-rich alloys [21], [40]. 

 

Figure 1.3: Unit cell of the hexagonal (Mn,Fe)2(P,Si) structure with specified 
crystallographic sites. 
 

1.2.2.  Mn-based antiperovskite carbides 
Antiperovskite carbides Mn3AC (where A: metal or semiconductor) possess a perovskite-type 
structure,  but the positions of anions and cations are reversed. This also explains the other 
name of this class of compounds: “inverse perovskites”. The cubic antiperovskite structure 
with general formula Mn3AC is presented in Figure 1.4.  While the Mn cations reside on the 
face-centred 3c site, the A atoms occupy the 1a corner site and the C atoms occupy a body-
centred 1b site. Antiperovskite carbides appear attractive due to their versatile functionalities 
and intriguing underlying magnetism. A wide variety of various physical phenomena such as 
superconductivity [41], the magnetovolume effect (MVE) [42], [43], the piezomagnetic 
effect [44], [45] and giant magnetoresistance (GMR) [46], [47] have been studied in these 
compounds. A strong coupling of the lattice, spin and electron carriers makes antiperovskites 
highly sensitive to subtle changes in the stoichiometry, applied magnetic field, temperature 
and pressure. In contrast to their perovskite analogues, antiperovskites show metallic 
behaviour, good thermal conductivity and enhanced mechanical stability. The compositions 
involve non-toxic and inexpensive elements, which is in favour of commercial applications.  

Mn3SnC crystallizes in the cubic structure (space group: Pm-3m), but despite its 
simple structure, the Mn atoms show two different magnetic moments. Two Mn atoms in the 
square configuration (a-b plane) carry a large AFM moment (µ1 = 2.3 µB/Mn) and one Mn 
atom has a smaller FM component (µ2 = 0.7 µB/Mn) along the c-axis [48], [49]. The stability 
of the cubic structure is determined by the ionic radii (r) implemented in the Goldschmidt 
tolerance factor τ:  
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𝜏𝜏 = 𝑟𝑟𝐴𝐴 + 𝑟𝑟𝑀𝑀𝑀𝑀

√2(𝑟𝑟𝐶𝐶 +  𝑟𝑟𝑀𝑀𝑀𝑀)
 (1.1) 

From Figure 1.4, presenting the unit cell of the antiperovskite compound, it can be seen that 
contact between the Mn, C and A ions occurs when: 

𝑑𝑑𝐴𝐴−𝑀𝑀𝑀𝑀 =   𝑟𝑟𝐴𝐴 + 𝑟𝑟𝑀𝑀𝑀𝑀 (1.2) 

𝑑𝑑𝐶𝐶−𝑀𝑀𝑀𝑀 =  𝑟𝑟𝐶𝐶 + 𝑟𝑟𝑀𝑀𝑀𝑀 (1.3) 

Consequently, for the cubic structure the following relation is satisfied: 

𝑟𝑟𝐴𝐴 + 𝑟𝑟𝑀𝑀𝑀𝑀 =  √2 (𝑟𝑟𝐶𝐶 + 𝑟𝑟𝑀𝑀𝑀𝑀) (1.4) 

 

The presented relations explain the origin of the Goldschmidt tolerance factor (τ). It 
becomes apparent that the structure is cubic when the A-Mn and C-Mn bonds match, which 
results in τ = 1.0. A decrease in τ is ascribed to formation of lower symmetry structures as 
the stability of the structure is mainly ascribed to the electrostatic energy due to the 
arrangement of A ions in the Mn3A cage around C atom. The value of τ is directly related to 
the packing fraction of ions in the unit cell. When A ions are too small, the Mn6C octahedra 
tilt in order to reduce the amount of free space in the Mn sub-lattice. The symmetry of many 
perovskite-type compounds vary with the temperature. The low temperature structure is often 
of a lower symmetry (hettotype) and the high-temperature structure is usually cubic 
(aristotype) [50].  

 
 

Figure 1.4: Unit cell of the Mn3AC antiperovskite carbide, where A is a metal or 
semiconductor. 
 

The study of the magnetocaloric effect in antiperovskite carbides is relatively new, and its 
emergence can be attributed to the discovery of a large MCE in Mn3GaC [51] and Mn3SnC 
[52]. In this work, special attention is laid on Mn3SnC, exhibiting a non-hysteretic 
ferrimagnetic (FiM) to paramagnetic (PM) transition of first-order, which results in a large 
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MCE. Additionally, the magnetic transition occurs close to room temperature (TC ≈ 273 K), 
which makes this compound an ideal parent compound for the search of efficient and 
environmentally-friendly MCMs for cooling applications.  

 

1.2.3. MnNiSi half-Heusler alloys 
MnAX compounds (A: Ni, Co; X: Si, Ge) have received considerable attention for their large 
magnetic entropy change (ΔSm) associated with the potential magnetostructural transition 
(MST) near room temperature. An easily attained coupling between the magnetic (TC ≈ 345-
355 K) and structural (TSTR  ≈ 650 K) transitions in MnCoGe, makes these alloys intensively 
explored [34], [53], [54]. The MnNiSi-based half-Heusler alloys are less studied since the 
high TC (≈ 622 K) of the parent compound followed by the first-order structural transition 
(TSTR  ≈ 1210 K) impedes the realisation of the magnetostructural coupling at room 
temperature [55]–[57]. On the other hand, MnNiSi-based alloys consist of abundant and 
inexpensive elements, which is advantageous for commercial use in magnetic refrigerators. 

A martensitic transition occurs from the high-temperature hexagonal austenite phase 
(space group: P63/mmc) to the low-temperature orthorhombic phase (space group: Pnma). 
This structural transition is followed by a second-order PM-FM transition upon cooling. The 
hexagonal and orthorhombic unit cells of the MnNiSi are presented in Figure 1.5. To achieve 
a first-order magnetostructural transition (FOMST) in the vicinity of room temperature, 
various approaches have been used including off-stoichiometry [58], heat treatment [59], 
applied pressure [60], [61], element substitution and isostructural alloying [55], [56], [61]–
[63]. It has been reported that using a single element doping is not sufficient to lower TC and 
TSTR to room temperature. Therefore, most doping approaches focus on the substitution of 
two or three elements in order to sufficiently reduce the magnetic and structural transitions 
and achieve magnetostructural coupling at room temperature.  

 

Figure 1.5: Schematic visualization of a) the orthorhombic (Pnma) and b) the hexagonal 
(P63/mmc) structures of MnNiSi. 
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1.3.  Thesis outline 
mong various magnetocaloric materials, Mn-based compounds appear especially 
promising. Mn is an abundant, innocuous and inexpensive element. Besides, a broad 

variety of alloys containing Mn possess a significant magnetic moment density. Therefore, 
the presented work focuses on magnetic, magnetocaloric, structural and microstructural 
properties of various Mn-based magnetocaloric materials: (Mn,Fe)2(P,Si), Mn3AC (A: Sn, 
Zn, Fe), (MnNiSi)1-x(CrCoGe)x. 

Chapter 2 provides the theoretical background of selected aspects. The derivation 
of magnetic entropy change with the use of thermodynamic relations is shown. Additionally, 
different types of exchange interactions and types of magnetic order are briefly described.  

Chapter 3 presents a short overview of the experimental methods. In this chapter, 
sample preparation techniques, experimental methods and DFT calculations are introduced. 

In Chapter 4 the effect of Co and Ni substitution for Mn in Fe-rich (Mn,Fe)2(P,Si) 
compounds is discussed. In this work, we aimed to reduce TC and thermal hysteresis (ΔThys) 
to obtain promising magnetic materials showing the magnetic transition near ambient 
temperature. The influence of Co and Ni on the formation and composition of the impurity 
phase and its impact on magnetic properties were studied. Mössbauer spectroscopy and DFT 
calculations were used to elucidate site substitution by dopant atoms and to explain changes 
in local magnetic moments.  

Chapter 5 describes the effect of the heat treatment in various metal/non-metal 
ratios of Fe-rich (Mn,Fe)2(P,Si) melt-spun ribbons. SEM and EDS measurements were used 
to study the evolution of the microstructure and impurity phases as a function of composition 
and annealing temperature. The formation of a new impurity phase was observed in the 
metal-rich region. A correlation between lattice parameters and magnetic moments is 
discussed with respect to compositional changes upon heat treatment. 

The influence of Zn substitution for Sn in Mn3Sn1-xZnxC antiperovskite carbides is 
systematically studied in Chapter 6. The influence of doping on magnetic and 
magnetocaloric effect is discussed with reference to the literature. Neutron powder diffraction 
(NPD) was employed to study the evolution of the magnetic moment and magnetic structure 
upon increasing Zn doping and with temperature. A competition between the 
antiferromagnetic (AFM) and ferromagnetic (FM) interactions in the Mn3Sn1-xZnxC system 
was revealed.  

Chapter 7 discusses the impact of Fe substitution for Sn in Mn3Sn1-xFexC 
antiperovskite carbides. The evolution of the microstructure upon Fe doping was studied 
using SEM/EDS and the magnetic entropy change was measured for the most promising 
compounds. The effect of Fe doping on the magnetic structure was revealed using neutron 
powder diffraction. DFT calculations were utilized to elucidate the influence of Fe doping on 
magnetic properties in Mn3Sn1-xFexC alloys.  
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The effect of isostructural alloying of MnNiSi with CrCoGe is presented in 
Chapter 8. The changes in TC and the structural transition (TSTR) were studied using SQUID 
and high-temperature DSC measurements. The impact of CrCoGe alloying on the character 
of the structural transition and magnetic properties was shown. DFT calculations revealed 
the site occupancy by Cr, Co and Ge. 
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2  

 

he magnetic entropy change (ΔSm) and adiabatic temperature change (ΔTad) are used to 
quantify the magnetocaloric effect (MCE). In the present work, the magnetic entropy 

change was derived from the temperature-dependent magnetization (M-T) curves measured 
at varying magnetic fields using the Maxwell equation. The Maxwell equation and its 
derivation is hereby presented by means of thermodynamic relations. This part is followed 
by a short overview of exchange interactions and the main types of magnetic order discussed 
in this work. 

2.1.  Derivation of the isothermal entropy change 
rom the first law of thermodynamics, the differential change in the internal energy of the 
system (dU) can be defined as: 

𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑑𝑑 + 𝑑𝑑𝑑𝑑 (2.1) 

where dQ is the differential change of heat and dW is the differential element of work done 
on the system. A differential change of heat can be expressed in terms of entropy (S) as:  

𝑑𝑑𝑑𝑑 = 𝑇𝑇𝑑𝑑𝑇𝑇 (2.2) 

In the equilibrium state, a differential element of work done on the system can be written as: 

𝑑𝑑𝑑𝑑 =  ∑ 𝐽𝐽𝑖𝑖𝑑𝑑𝑋𝑋𝑖𝑖
𝑖𝑖

 (2.3) 

T 

F 
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where Ji represents forces acting on the system and Xi is a state variable, which describes the 
response of the system to the force Ji. Consequently, the volume change dV due to the 
pressure (P) will lead to 𝑑𝑑𝑑𝑑 = −𝑃𝑃𝑑𝑑𝑃𝑃 , and the work done on the system with the 
magnetization change dM in the magnetic field 𝜇𝜇0𝐻𝐻 can be written as: 𝑑𝑑𝑑𝑑 =  𝜇𝜇0𝐻𝐻𝑑𝑑𝐻𝐻. 

Considering the above relations, the differential of the internal energy U can be written as:  

𝑑𝑑𝑑𝑑 = 𝑇𝑇𝑑𝑑𝑇𝑇 − 𝑃𝑃𝑑𝑑𝑃𝑃 + 𝜇𝜇0𝐻𝐻𝑑𝑑𝐻𝐻 (2.4) 

The thermodynamic potentials – Helmholtz free energy (F) and Gibbs free energy (G) can 
be defined as: 

𝐹𝐹(𝑋𝑋, 𝑇𝑇)  =  𝑑𝑑 –  𝑇𝑇𝑇𝑇 (2.5) 

𝐺𝐺(𝐽𝐽, 𝑇𝑇) =  𝐹𝐹 − 𝐽𝐽𝑖𝑖𝑋𝑋𝑖𝑖 (2.6) 

The thermodynamic properties of a magnetic system can be described by the Gibbs free 
energy G, which depends on the magnetic field µ0H, temperature T and pressure P. The 
differential Gibbs free energy 𝐺𝐺(𝑇𝑇, 𝑃𝑃, 𝜇𝜇0𝐻𝐻) can be derived using a Legendre transformation:  

𝐺𝐺 =  𝑑𝑑 –  𝑇𝑇𝑇𝑇 +  𝑃𝑃𝑃𝑃 – 𝜇𝜇0𝐻𝐻𝐻𝐻 (2.7) 

By the incorporation of equation 2.4 in 2.7, the differential Gibbs free energy is obtained: 

𝑑𝑑𝐺𝐺 =  −𝑇𝑇𝑑𝑑𝑇𝑇 + 𝑃𝑃𝑑𝑑𝑃𝑃 − 𝐻𝐻𝑑𝑑𝜇𝜇0𝐻𝐻 (2.8) 

 At constant pressure, the total differential of G can be defined as: 

𝑑𝑑𝐺𝐺(𝑇𝑇, 𝜇𝜇0𝐻𝐻) = (𝜕𝜕𝐺𝐺
𝜕𝜕𝑇𝑇)

𝜇𝜇0𝐻𝐻
𝑑𝑑𝑇𝑇 +  ( 𝜕𝜕𝐺𝐺

𝜕𝜕𝜇𝜇0𝐻𝐻)
𝑇𝑇

𝑑𝑑𝜇𝜇0𝐻𝐻 
(2.9) 

According to Clairaut’s (Schwarz’s) theorem, the symmetry of the second derivatives will 
hold at a point if the second partial derivatives are continuous. As a consequence, the second 
derivatives are equal, and the relations between corresponding derivatives are presented as: 

( 𝜕𝜕
𝜕𝜕𝜇𝜇0𝐻𝐻 (𝜕𝜕𝐺𝐺

𝜕𝜕𝑇𝑇)
𝜇𝜇0𝐻𝐻

)
𝑇𝑇

= ( 𝜕𝜕
𝜕𝜕𝑇𝑇 ( 𝜕𝜕𝐺𝐺

𝜕𝜕𝜇𝜇0𝐻𝐻)
𝑇𝑇

)
𝜇𝜇0𝐻𝐻

  (2.10) 

The internal parameters of the system such as: entropy (S), volume (V) and magnetization 
(M) can be obtained from the Gibbs free energy: 

𝑇𝑇 (𝑇𝑇, 𝜇𝜇0𝐻𝐻, 𝑃𝑃) = − (𝜕𝜕𝐺𝐺
𝜕𝜕𝑇𝑇)

𝜇𝜇0𝐻𝐻,𝑃𝑃
 

(2.11) 

𝑃𝑃 (𝑇𝑇, 𝜇𝜇0𝐻𝐻, 𝑃𝑃) =  (𝜕𝜕𝐺𝐺
𝜕𝜕𝑃𝑃)

𝑇𝑇,𝜇𝜇0𝐻𝐻
 

(2.12) 
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𝑀𝑀 (𝑇𝑇, 𝜇𝜇0𝐻𝐻, 𝑃𝑃) =  − ( 𝜕𝜕𝜕𝜕
𝜕𝜕𝜇𝜇0𝐻𝐻)

𝑇𝑇,𝑃𝑃
 

(2.13) 

Implementing the equations 2.11 – 2.13 into 2.10 leads to the following Maxwell relation: 

( 𝜕𝜕𝜕𝜕
𝜕𝜕𝜇𝜇0𝐻𝐻)

𝑇𝑇
=  (𝜕𝜕𝑀𝑀

𝜕𝜕𝑇𝑇 )
𝜇𝜇0𝐻𝐻

 
(2.14) 

Consequently, from the integration of equation 2.14, the isothermal entropy change upon 
varying the magnetic field from  µ0H0 to µ0H1  is obtained: 

∆𝜕𝜕(𝑇𝑇, 𝛥𝛥𝜇𝜇0𝐻𝐻) =  ∫ (𝜕𝜕𝑀𝑀(𝑇𝑇)
𝜕𝜕𝑇𝑇 )

𝜇𝜇0𝐻𝐻

𝜇𝜇0𝐻𝐻1

𝜇𝜇0𝐻𝐻0
𝑑𝑑(𝜇𝜇0𝐻𝐻) 

(2.15) 

 

2.2.  Exchange interactions 
n the following sub-section, different types of exchange interactions in insulators and 
metals are briefly discussed. 

2.2.1.  Exchange interactions in insulators 
The superexchange interaction describes the interaction between cations (M) bridged by an 
intermediate non-magnetic anion (e.g. oxygen ion). A schematic illustration of the three main 
types of superexchange interactions is presented in Figure 2.1. The superexchange involves 
both direct exchange and electron transfer. The exchange can be either ferromagnetic (FM) 
or antiferromagnetic (AFM) depending on the angle between M-O-M bonds and orbitals 
occupation. When the electron transfer occurs between half-filled orbitals, the interactions 
are antiferromagnetic and ferromagnetic interactions occur for an electron transfer between 
half-filled and empty orbitals [1]–[3]. The magnetic properties caused by superexchange 
interactions are explained in terms of the Goodenough-Kanamori rules [4], [5].  

 

Figure 2.1: Three main types of superexchange interactions: a) AFM interactions occurring 
between half-filled d-orbitals through the same p-orbital, b) FM interactions between half-
filled and empty d-orbitals mediated by the same p-orbital, c) FM interactions between two 
half-filled d-orbitals through different p-orbitals [6]. 
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The Dzyaloshinskii-Moriya interaction is also called an antisymmetric exchange, as it occurs 
in materials with spins canting away from their antiferromagnetic axis. This type of 
interaction occurs in materials already exhibiting superexchange interactions between 
coupled ions and is observed as weak intrinsic ferromagnetism in antiferromagnets, with 
magnetic moments perpendicular to the AFM sublattice, as schematically presented in Figure 
2.2 [2], [7], [8]. 

 

Figure 2.2: Schematic visualization of Dzyaloshinskii-Moriya interactions. The red and 
blue arrows indicate opposite spin directions and the black arrows indicate the emergence 
of weak ferromagnetism in the presence of antiferromagnetism. 

2.2.2.  Exchange interactions in metals 
The exchange interaction arising from the overlap of magnetic orbitals of two adjacent ions 
is called a direct exchange and is particularly pronounced in 3d metals due to their large 
electron cloud. The exchange energy of a system is explained as a difference in the energy 
between parallel and antiparallel configurations in a two-spin system. According to Pauli’s 
principle, two fermions cannot occupy the same quantum state, i.e. have all quantum numbers 
with the same value. In a lattice, the many-electron system with atomic spins Si and Sj can be 
simplified to: 

𝐻𝐻 = −2∑𝐽𝐽𝑖𝑖𝑖𝑖𝑺𝑺𝒊𝒊 • 𝑺𝑺𝒋𝒋
𝑖𝑖>𝑖𝑖

 (2.16) 

where J is the exchange constant, indicating the character of magnetic interactions. The 
positive value of J (J > 0) indicates the presence of ferromagnetic interactions, whereas a 
negative value of J (J < 0) implies antiferromagnetic interactions between two spins. The 
exchange interaction in half-filled bands is antiferromagnetic (Mn, Cr) and partially occupied 
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bands promote ferromagnetic interactions (Fe, Co, Ni). The correlation between the character 
of exchange interactions and the interatomic ratio was first studied in 1930 by Slater [9]. A 
large distance between magnetic atoms gives rise to J > 0 and ferromagnetic interactions, 
while a low distance results in antiferromagnetic interactions and J < 0. When the overlap of 
the wave function is too small due to an interatomic distance that is too large, the direct 
exchange coupling is too weak to overcome thermal excitations, which gives rise to 
paramagnetism [2], [3], [8], [10].  

 

 

Figure 2.3: Beth-Slater curve for the magnetic exchange interaction as a function of 
interatomic spacing, where d indicates the atomic distance and Rd is the radius of the 3d 
orbital. The positive value of the exchange energy results in the parallel alignment of spins 
and FM coupling. The negative value of J implies an antiparallel alignment of spins and 
AFM coupling [11]. 

 

The Rudermann-Kittel-Kasuya-Yosida (RKKY) interaction occurs due to the coupling 
between the localized magnetic moments in the d and f-shell electrons by conduction 
electrons. It is a type of indirect exchange that couples magnetic moments over large 
distances. A localized magnetic moment leads to a polarization of the conduction electrons 
and a coupling between the core spins at large distances, which falls off with r-3. The distance 
between localized magnetic moments determines the character of magnetic interactions 
(ferromagnetic or antiferromagnetic) [2], [7], [10], [12]. The effective coupling between the 
localized spins (Jeff) is given as: 

𝐽𝐽𝑒𝑒𝑒𝑒𝑒𝑒 ≈
9𝜋𝜋𝐽𝐽𝑠𝑠𝑒𝑒2 𝑣𝑣2𝐹𝐹(𝜉𝜉)

64𝜀𝜀𝐹𝐹
 

(2.17) 

where: Jsf  is the exchange between localized and conduction electrons, v is the number of 
conduction electrons per atom, εF  is the Fermi energy and F(ξ) is the RKKY function [2].  
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The polarization for conduction electrons is proportional to the RKKY function F(ξ), 
presented in Figure 2.4. 

 

Figure 2.4: RKKY function F(ξ). 

 

Double exchange originates from Coulomb and kinetic-exchange interactions 
between 3d ions, having localized and delocalized electrons. To enable the electron transfer, 
two valence configurations are required, as in LaMnO3 (Mn3+, Mn4+) or Fe3O4 (Fe2+, Fe3+). 
If the alignment of the spins is parallel, the electron transfer is possible, but for the antiparallel 
alignment the charge transfer is prevented by a large energy barrier associated with Hund’s 
rule. The mechanism of double exchange is schematically presented in Figure 2.5. 

 

Figure 2.5: Double exchange between Mn3+ and Mn4+ [2]. 
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The s-d model describes the interaction between delocalized electrons in a metal and an 
isolated magnetic ion. Regardless of the sign of the coupling constant Jsd, this interaction can 
lead to a long-range FM coupling between isolated magnetic ions [2]. The energy of d-levels 
and s-conduction states overlaps, leading to a virtual bound state in which the 3d moments 
are modified by the s-d interaction. Before tunneling into the delocalized state, the itinerant 
s-electron experiences a coupling of its spin to other electrons in a temporarily bound atomic-
like state. At the same time, an isolated magnetic ion comprises d-electrons and surrounding 
itinerant s-electrons participating in s-d interactions. The host conduction band is uniformly 
spin-polarized in the opposite direction to the localized ion, which is an effect of Kondo 
binding. Below the Kondo temperature (TK), the antiparallel electron cloud quenches the 
magnetic moment of the ion to zero in the theoretical limit [12]–[14].  

 

Figure 2.6: Schematic visualization of the s-d model. The conduction electrons (red 
arrows) surround the localized electrons (blue arrows) in the lattice. 

2.3.  Types of magnetic order 
2.3.1.  Ferromagnetism 

erromagnets are characterized by spontaneous magnetization (M) in the ordered state, 
which occurs due to a long-range alignment of the magnetic moments. Since the spins 

align in the same direction, the exchange parameter takes a positive value at each point 
(J > 0). In order to minimize the magnetostatic energy, the crystalline compound is divided 
into domains, which are spontaneously magnetized along the easy magnetization direction. 
Due to the varying orientation of the magnetic moments between different domains, the net 
magnetization is zero. When a magnetic field is applied to a material, it causes domain walls 
to move and leads to the growth of domains that are aligned with the magnetic field. Since 
magnetic moments are already aligned within a magnetic domain, the saturation 
magnetization can be achieved at low magnetic fields, and a slight increase in magnetization 
at higher fields can be ascribed to a further alignment of magnetic moments in magnetic 
domains. The spontaneous magnetization decreases with increasing temperature and 

F 
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disappears at the Curie Temperature (TC) when thermal energy exceed the exchange energies 
resulting from neighbouring spins [2], [3], [14]. 

 In the Weiss theory, the molecular field will act to align neighbouring magnetic 
moments due to the dominant positive exchange interactions. The molecular field describes 
the effect of the ordering of a system and is responsible for the presence of spontaneous 
magnetization in each domain. Since the molecular field varies with magnetization M, the 
internal field Hm can be assumed as: 

𝐻𝐻𝑚𝑚 = 𝑛𝑛𝑊𝑊𝑀𝑀 (2.18) 

where nW is a temperature-independent molecular field constant (Weiss constant), which 
characterizes the strength of a molecular field. In ferromagnets the value of nW  is positive. In 
the external magnetic field H, the internal magnetic field experienced by magnetic moments 
(Hi) can be shown as follows: 

𝐻𝐻𝑖𝑖 = 𝐻𝐻 +  𝐻𝐻𝑚𝑚 = 𝐻𝐻 + 𝑛𝑛𝑊𝑊𝑀𝑀 (2.19) 

The values of molecular fields are often found to be extremely large due to considerable 
Coulomb energies involved in the exchange interactions [2], [3], [8]. 

2.3.2. Curie-Weiss Law 
The susceptibility (χ) is a quantity which enables the study of magnetic identity of the 
material in an applied magnetic field using the following relation: 

𝜒𝜒 =  𝑀𝑀
𝐻𝐻  (2.20) 

The susceptibility can be derived from magnetization measurements (M) in a given applied 
magnetic field (H) as a function of measured temperature (T) and is defined with respect to 
the intrinsic magnetic field accounting for the demagnetizing field. The response of the 
material in the non-magnetic state to an applied magnetic field can arise from the 
paramagnetic or diamagnetic contribution. Among diamagnetic contributions, orbital (core) 
diamagnetism occurs in all materials. The occurrence of diamagnetism is often explained by 
Lenz’s law: if the magnetic flux is changed by the externally applied magnetic field, the 
induced current generates a magnetic field opposing the applied magnetic field. Therefore, 
the value of the diamagnetic susceptibility is negative (χ < 0), whereas for paramagnetic 
materials the susceptibility takes positive values (χ > 0). The weak diamagnetic contribution 
is temperature-independent, which allows for data corrections, but due to its very low 
magnitude, a diamagnetic contribution is often neglected. Thus, the term diamagnet is used 
for materials with exclusively the diamagnetic contribution to the susceptibility.  

In contrast to the diamagnetic contribution, the paramagnetic response occurs only 
in magnetic materials. In the non-magnetic state (T > TC), thermal fluctuations are stronger 
than magnetic interactions between atoms and the material is in the disordered 
(paramagnetic) state. At temperatures exceeding TC, the susceptibility often follows the 
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Curie-Weiss law, which is derived from Curie’s law (χ = C/T) upon the incorporation of the 
molecular field by Weiss: 

χ = 𝐶𝐶
𝑇𝑇 − 𝜃𝜃𝐶𝐶𝐶𝐶

 (2.21) 

In equation 2.21, C is the Curie constant and θCW is the Curie-Weiss temperature. The Curie 
constant C is related to the number of unpaired electrons and can be described as: 

𝐶𝐶 =  
𝜇𝜇0𝑛𝑛𝑔𝑔𝑗𝑗

2𝜇𝜇𝐵𝐵
2 𝐽𝐽(𝐽𝐽 + 1)

3𝑘𝑘𝐵𝐵
 

(2.22) 

where µ0 is the permeability of free space, µB – Bohr magneton, kB – Boltzmann constant, 
n – number of magnetic ions per unit volume, J – total angular momentum and gj – its g-
tensor. 

The Curie constant is often written in terms of the calculated effective moment (µeff) 
for the magnetic ion: 

µ𝑒𝑒𝑒𝑒𝑒𝑒 =  𝑔𝑔𝐽𝐽√𝐽𝐽(𝐽𝐽 + 1)µ𝐵𝐵 (2.23) 

𝐶𝐶 =  
𝜇𝜇0𝑛𝑛𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒

2

3𝑘𝑘𝐵𝐵
 

(2.24) 

The calculated value of the effective moment per magnetic ion can be compared 
with the value derived using the Curie constant (C) from the molar susceptibility (m3/mol) in 
the paramagnetic regime: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 =  √8𝐶𝐶 𝜇𝜇𝐵𝐵 (2.25) 

Both the Curie constant (C) and the Curie-Weiss temperature (θCW) can be derived 
from the inverse susceptibility measured as a function of temperature. While the slope of the 
curve has the value 1/C, the y-intercept corresponds to -θCW/C, and the x-intercept indicates 
the value of θCW. 

The value of the Curie-Weiss temperature (θCW) reflects the molecular field’s 
strength, which enables the study of magnetic correlations between atoms. When the 
molecular field aligns with the externally applied magnetic field, the value of θCW is positive, 
indicating positive (ferromagnetic) interactions between ions and the negative value of θCW 
indicates the presence of antiferromagnetic interactions. If the plot of the inverse 
susceptibility as a function of temperature shows a curvature rather than a linear trend, 
additional temperature-independent contributions to the susceptibility are expected (χ0), e.g., 
core diamagnetism, Pauli or van Vleck paramagnetism. In the case of a non-linear behavior, 
a modified form of the Curie-Weiss law can be presented as: 

2

Theoretical aspects   |   25



 
 

 
 

χ = 𝐶𝐶
𝑇𝑇 − 𝜃𝜃𝐶𝐶𝐶𝐶

+  𝜒𝜒0 (2.26) 

A schematic graph presenting the shape of the Curie-Weiss fit depending on the 
presence of additional contributions is shown in Figure 2.7. It can be seen that the Curie-
Weiss fit obeys the linear trend in an ideal case. The presence of even a minor positive or 
negative contribution results in a deviation from the linear trend [2], [15].  

 
Figure 2.7: Effect of the temperature-independent contribution (χ0) on the Curie-Weiss 
behavior [15]. 
 

2.3.3.  Antiferromagnetism 
The idea of two sublattices with equal magnetic moments, but pointing in opposite directions, 
was first discussed in 1936 by Louis Néel. The nearest magnetic moments align antiparallel 
to each other, which results in negative exchange interactions (J < 0). Consequently, the net 
magnetization is zero. The antiferromagnetic (AFM) transition is marked by a peak in the 
magnetic susceptibility, called the Néel temperature (TN). In contrast to ferromagnetic 
interactions, antiferromagnetic interactions are not easily satisfied. The inability of the 
system to reach a single ground state often leads to frustration, which mainly entails lattices 
with an odd number of magnetic moments (e.g. triangular or Kagomé lattices). Elements such 
as Cr, Mn and many of their alloys (Fe3Mn, MnSe, CrPt), transition-metal fluorides, 
sulphides and oxides are often antiferromagnetic [2], [3], [14]. Antiferromagnets possess a 
magnetic structure at the atomic level, but do not generate stray fields due to absence of a 
spontaneous magnetization. Therefore, the antiferromagnetic materials appear especially 
promising for data storage, e.g. antiferromagnetic magnetoresistive random access memory 
(AF-MRAM) and antiferromagnetic magnetoelectric random access memory (AF-MERAM) 
[16]. 
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2.3.4.  Ferrimagnetism 
Ferrimagnetism (FiM) is another type of magnetic order with antiparallel magnetic 
sublattices, but unlike antiferromagnetism, the magnetic moments found on sublattices A and 
B are of a different magnitude. A different number of A and B-type atoms per unit cell and 
their non-identical magnetic moments lead to a spontaneous magnetization at low 
temperatures. As in the case of antiferromagnetism, the exchange interactions between the 
adjacent spins are negative (J < 0). The molecular field of each sublattice is different, which 
results in a different temperature dependence. The transition from the ordered magnetic state 
to a paramagnetic state occurs at the critical temperature, known as the ferrimagnetic Néel 
temperature (TC). If one sublattice dominates at low temperatures and another one at higher 
temperatures, the net magnetization can be reduced to zero at the compensation temperature 
(TCOMP), followed by a sign change at higher temperatures, as schematically presented in 
Figure 2.8 [2], [14]. 

 

Figure 2.8: Schematic view of the magnetization for sublattices A and B in a ferrimagnet 
[2]. 

 

The most explored classes of ferrimagnets are ferrites, which crystallize in the spinel type of 
structure (MO • Fe2O3 with M: Zn2+, Co2+, Fe2+, Ni2+, Cu2+, Mn2+) and garnets (R3Fe5O12 with 
R: rare earth atom). Most ferrimagnets are insulators, implying that the material can be used 
in high frequency applications. Ferrite cores are used in inductors, chokes and transformers 
for switched-mode power supplies (SMPS). Unlike ferromagnets, an oscillating magnetic 
field does not induce a voltage leading to eddy currents and heating of the material [17].  
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3 
  

he materials discussed in this thesis were prepared in the group of Fundamental Aspects 
of Materials and Energy (FAME) at the Faculty of Applied Sciences, Delft University 

of Technology (TU Delft). X-Ray diffraction (XRD), magnetization (SQUID, VSM), 
differential scanning calorimetry (DSC), high-temperature DSC and Mössbauer spectroscopy 
measurements were performed in the Department of Radiation, Science and Technology 
(RST). The neutron powder diffraction (NPD) measurements were performed in the Reactor 
Institute Delft (RID). Scanning electron microscopy (SEM) coupled with energy-disperse X-
ray spectroscopy (EDS) and Electron Probe Microanalysis (EPMA) were performed in the 
Department of Materials Science and Engineering, at the 3mE Faculty. In this section, the 
methods of sample preparation and sample characterization are shortly described. 

3.1. Sample preparation 
3.1.1.  High energy ball milling 

all-milling is used for grinding and fabrication of alloys from powders. In Chapter 4, 
the (Mn,Fe)2(P,Si) compounds were prepared using a planetary ball-mill, employing a 

Fritsch Pulverisette 5 with four tungsten-carbide cylindrical vessels [1]. The calculated 
amounts of starting materials (powders) were placed together with seven tungsten-carbide 
balls in the grinding pot. An inert atmosphere was provided by sealing jars under an Ar 
atmosphere in order to avoid oxidation of starting materials during the milling process. In the 
next step, the grinding jars were placed on a rotating disc, moving in the opposite direction 
to the rotating vessels. During the double rotation, powders become trapped between the 
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surfaces of colliding walls of the jar and balls. Thus, a mechanical force is applied to 
materials, which results in their deformation. Mechanical deformation can be seen as a 
modification of the coordination shells of atoms, which leads to structural excitations. These 
excitations cause an enhancement in the chemical reactivity due to receded thermodynamic 
equilibrium [2]. The ball milling time of 10 h at a constant speed of 350 rpm was adopted, in 
which a sequence of 15 min of milling followed by a 10 min break was applied. With the use 
of the ball-milling technique, approximately 10 g of the final material can be obtained from 
one grinding bowl. A schematic illustration of the ball-milling process and the planetary ball-
mill Pulverisette 5 are presented in Figure 3.1. 

 

Figure 3.1: a) Schematic drawing of the ball-milling and b) picture of the planetary ball 
mill Pulverisette 5 [1]. 

 

3.1.2.  Melt-spinning 
Melt-spinning is a rapid solidification technique used to produce alloys in the form of strips 
(ribbons). In the melt-spinning process, a molten alloy is subjected to a rapid cooling reaching 
106 K/s, which ensures the formation of nanocrystalline or metallic glassy materials. The 
(Mn,Fe)2(P,Si) materials described in Chapter 5 were prepared using this technique, 
employing the melt-spinner produced by Edmund Bühler GmbH [3]. First, the Mn, Fe, Fe2P 
and Si powders were ball-milled for 2 h at a constant speed of 350 rpm. As obtained powders 
were pressed into pellets of a diameter of 10 mm and inserted in the quartz tube with a nozzle 
on the bottom. The samples were melted in an Ar atmosphere (800 mbar) upon applying radio 
frequency RF current in a water cooled induction coil, which led to a rise in the temperature 
and melting of a material placed in the quartz tube. Following the completion of melting, the 
liquid alloy was ejected through a nozzle by Ar overpressure onto a fast-rotating Cu wheel 
(about 45 m/s). With a single melt-spinning run, about 5 g of sample can be obtained. As 
obtained ribbons were subsequently collected, sealed in quartz tubes under Ar atmosphere 

32   |   Chapter 3



 
 

 
 

(200 mbar) and annealed for 2 h at 1313, 1373 or 1433 K before being quenched to room 
temperature. The major advantage of this method is a higher purity of obtained ingots. Oxide 
impurities are rejected during the melt-spinning process, resulting in improved magnetic 
properties of the materials obtained [4]. A schematic drawing of the melt-spinning process 
and a picture of the melt-spinner are shown in Figure 3.2. 

 

Figure 3.2: a) Schematic drawing of the melt spinning, b) melt spinner (Edmund Bühler 
GmbH) [3]. 

 

3.1.3.  Liquid phase sintering  
The liquid phase sintering process entails a coexistence of solid and liquid phase/s for a 
certain period of time. In the process of liquid-phase sintering, the mass transfer and diffusion 
of elements in a liquid phase is faster than in a solid state. In Chapter 6 and Chapter 7, the 
Mn-based antiperovskite carbides Mn3Sn1-xZnxC and Mn3Sn1-xFexC were prepared using this 
technique. During sintering, a solid fraction (Mn, C, Fe) coexists with a liquid phase (Sn, 
Zn). The stoichiometric proportions of starting materials were thoroughly mixed, pressed into 
pellets, sealed in quartz tubes in Ar atmosphere and subjected to annealing at 1023 K for 120 
h. The process of liquid phase sintering is schematically presented in Figure 3.3. and can be 
divided into the following stages: 

(solid state): The powders of constituent elements are mixed together. Below the melting 
point of the liquid phase, the solid-state sintering occurs upon heating (a). 

(rearrangement): The liquid phase wets the solid and fills the empty spaces between grains. 
The bonds of the sinter are dissolved, which induces grain fragmentation and rearrangement 
(b).  

(solution-precipitation): Grain coarsening and densification due to improved transport rates 
in the liquid phase. The grain growth contributes to the removal of the residual porosity (c). 

(final densification): Annihilation of pores and simultaneous coarsening and bonding, which 
increases the rigidity of an alloy (d) [5]. 
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Figure 3.3: Schematic illustration of the liquid-state sintering. 

 

3.1.4.  Arc melting 
Arc melting is used to produce high-purity ingots from chips and pieces of starting materials. 
In the present study, a home-built arc melter was used. A schematic drawing of the arc-
melting and a picture of the used arc-melter are shown in Figure 3.4. A detailed description 
of the arc-melter is presented in the work of Boeije [6]. During the process of arc melting, 
constituent elements are melted in a protective Ar atmosphere on a water-cooled copper 
crucible, utilizing an electric discharge arc struck between a water-cooled tungsten electrode 
and the copper crucible. The chamber is evacuated and filled with high purity Ar to provide 
an inert atmosphere during melting. The arc plasma can reach temperatures in excess of 4000 
K. The tungsten cathode withstands high temperatures due to water cooling and its high 
melting point (3695 K) compared to used manganese (1519 K), nickel (1728 K), silicon 
(1683 K), chromium (2180 K), cobalt (1768 K) and germanium (1211 K). The molten 
materials form a button floating on the water-cooled copper. To improve homogeneity of the 
final alloy, the sample was overturned and re-melted five times. By using this method, it is 
possible to obtain approximately 5 grams of the final material. The (MnNiSi)1-x(CrCoGe)x 
half-Heusler alloys, described in Chapter 8, were prepared using this method. As-melted 
samples were sealed in quartz tubes in an Ar atmosphere and annealed for 120 h at 880 K. 
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Figure 3.4: a) Schematic illustration of arc melting, b) home-built arc melter. 

 

3.1.5.  Heat treatment 
The obtained samples often require an appropriate heat treatment in order to reduce the 
amount of impurity phases and improve the homogeneity of the final alloy. After the 
fabrication process, prepared samples were sealed in quartz tubes under 200 mbar Ar 
atmosphere to avoid oxidation during the annealing process. In the next step, quartz tubes 
containing pressed samples were inserted to a vertical oven, which allows fast quenching into 
water when the bottom window is opened and the holding wire is cut. The time and the 
temperature of the heat treatment were chosen independently for selected compounds. The 
details of the heat treatment procedure are given in later sections. Chapter 5 focuses 
specifically on the effect of the heat treatment on magnetic, structural and microstructural 
properties of (Mn,Fe)y(P,Si) materials in various metal/non-metal (M/NM) ratios y. To 
reduce the formation of the (Mn,Fe)3Si impurity phase, the (Mn,Fe)y(P,Si) compounds were 
placed in a hot oven and rapidly cooled into water (Chapter 4, Chapter 5). The (MnNiSi)1-

x(CrCoGe)x alloys (Chapter 8) were treated likewise. On the other hand, the Mn-based 
antiperovskites Mn3Sn1-xMxC (M: Zn, Fe) were inserted into a cold oven, slowly heated to a 
target temperature and finally slowly oven-cooled (Chapter 6, Chapter 7).  
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3.2.  Sample characterization 
3.2.1.  X-ray diffraction 

he scattering of X-rays from the electron cloud of atoms gives a diffraction pattern, 
which delivers information about the crystal structure’s periodicity. In the present 

research, X-ray diffraction (XRD) was used for the identification of phases and their 
fractions, indexing, the calculation of lattice constants and site occupancies. X-Ray 
diffraction patterns were measured using a PANalytical X-pert Pro diffractometer with Cu 
Kα radiation (λ = 1.5406 Å) in the 2θ range from 10 to 100° at a step of 0.08°. The 
temperature-dependent XRD measurements were performed using an Anton Paar TTK450 
sample chamber. The measured patterns were refined using the Rietveld refinement 
implemented in the Fullprof software [7], [8].  

3.2.2.  Superconducting quantum interference device 
A superconducting quantum interference device (SQUID) is a highly sensitive 
magnetometer, which can detect extremely low magnetic fields reaching 10-14 T employing 
two parallel Josephson junctions. A Josephson junction consists of two superconductors 
separated by a thin insulating layer, allowing for the passage of electrons. Upon constant bias 
current, the voltage oscillates with a phase change at the junctions, which depends on a 
magnetic flux change. The measured oscillations enable the evaluation of the flux change. A 
SQUID magnetometer is used to determine the magnetization of a given specimen as a 
function of temperature and magnetic field [9], [10]. The transition temperatures and the 
thermal hysteresis were derived from the measurements at 0.01 T. The magnetic entropy 
change (ΔSm) was calculated using Maxwell relations from the measured M-T curves at 
various magnetic fields. In this study, magnetic measurements were performed in magnetic 
fields up to 5 T and in the temperature range of 5 – 370 K with a sweep rate of 2 K/min, using 
MPMS-XL and MPMS-5S magnetometers produced by Quantum Design. The reciprocating 
sample option mode (RSO) was used, which allows to average over a large number of 
movements in a short time frame. Before the measurement, a given specimen of a mass 1-3 
mg was placed in a gelatine capsule, which was further embedded in a polypropylene (PP) 
straw.  

3.2.3.  Vibrating sample magnetometer 
A vibrating sample magnetometer (VSM) implemented in Quantum Design VersaLab for the 
Physical Property Measurement System (PPMS) was used to measure the magnetic 
properties of compounds with transition temperatures exceeding the calibration range of the 
SQUID [11]. The use of the VSM allows us to measure magnetic properties for temperatures 
of 50 – 650 K and in magnetic fields of 0 – 3 T. During the VSM measurement, the studied 
specimen (5 – 15 mg) oscillates with a frequency of 40 Hz near a detection coil, which 
induces a voltage upon changing the magnetic flux. The VSM system is able to detect 
magnetic moment-changes larger than 10-9 Am2.  

T 
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3.2.4.  Differential scanning calorimetry 
Differential Scanning Calorimetry (DSC) measures a change in the heat flow between the 
studied material and a well-defined reference at the same temperature. From the temperature 
difference between the sample and the reference, a specific heat capacity can be derived. The 
measurements were conducted using the TA-Q2000 DSC instrument equipped with a liquid 
nitrogen system. From the position and shape of the DSC curve, the transition temperature, 
specific heat capacity, latent heat and homogeneity of the compound can be studied. The 
measurements were conducted in the temperature range of 100 – 573 K with a constant sweep 
rate of 10 K/min for a specimen of  20 – 40 mg. 

High-temperature DSC measurements were conducted using a TGA-DSC module 
implemented in the Seteram 96 line calorimeter in the temperature range of 300 – 1300 K 
with a sweep rate of 10 K/min. 

3.2.5.  Electron microscopy 
Scanning electron microscopy (SEM, JEOL JSM 6500 F, Japan) with coupled energy 
dispersive X-ray spectroscopy (EDS) measurements were carried out to study morphology 
and to verify the compositions of selected compounds. The measurements using the 
backscattered electron (BSE) detector were used to study the distribution of different phases. 
Both elastic and inelastic scattering is produced upon the interaction of accelerated electrons 
and a target sample. Atoms of a higher atomic number (Z) have a higher probability to 
produce elastic scattering due to their larger cross-section areas. Consequently, phases 
containing atoms of a higher Z number appear brighter than phases of a lower atomic number. 
The melt-spun ribbons were attached to the resin in the process of cold-mounting in order to 
avoid the damage introduced by high temperature and pressure. Samples obtained via ball-
milling and arc-melting were prepared in the process of hot-mounting. As-prepared 
specimens were subjected to sanding and subsequently polished using 3 µm and 1 µm 
diamond paste. A varying voltage of 10 – 15 kV was used during the measurement. While 
the measurement using low voltage is more surface-sensitive, the use of a higher voltage 
provides more details about the layers beneath the surface at the cost of the ability to study 
surface morphology.  

Electron Probe Micro Analysis (EPMA) measurements were performed utilising 
JEOL JXA 8900R microprobe with an electron beam energy of 10 keV and beam current of 
200 nA. The compositions measured at selected points were determined using X-ray 
intensities of the elements present. The obtained intensities were further processed with 
matrix correction software (CITZAF). In comparison to EDS measurements, the EPMA 
technique provides very accurate information on the chemical compositions. 

3.2.6.  Neutron powder diffraction 
Neutron Powder Diffraction (NPD) patterns were measured using the neutron powder 
diffractometer PEARL at the Reactor Institute Delft (the Netherlands) with a neutron 
wavelength of λ = 1.67 Å. The Rietveld refinement implemented in the Fullprof software was 
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used to refine nuclear and magnetic structures. While the X-rays are scattered by the electron 
cloud, neutrons are scattered by the nuclei of atoms (nuclear scattering) and the magnetic 
moments of the ions (magnetic scattering). Due to a difference in the scattering lengths of 
nuclei, the positions of atoms can be determined, including a differentiation between different 
isotopes of the same element. The magnetic moment of neutron interacts with magnetic 
moments of the studied compound. Consequently, the type of magnetic order and the size of 
the magnetic moments can be determined. In this thesis, unpolarised neutron diffraction was 
used to reveal the magnetic order and to study the thermal evolution of magnetic moments in 
antiperovskites Mn3Sn1-xZnxC and Mn3Sn1-xFexC. The samples with a mass of about 4 g were 
placed in a vanadium can and were measured at various temperatures in the range of 4 – 550 
K. 

3.2.7.  Mössbauer spectroscopy 
Mössbauer spectroscopy is a technique utilising the Mössbauer effect, which is the recoilless 
emission and subsequent absorption of γ photons by nuclei. The changes in energy levels 
associated with the emission/absorption of γ photons give information about the local 
environment of the probed atom. We can distinguish three main hyperfine interactions: 
isomer shift, quadrupole splitting and magnetic hyperfine splitting. The isomer shift occurs 
due to the interaction between protons of the nucleus and electrons. The study of the isomer 
shift provides information about the oxidation state, spin state, electronegativity and 
covalency. The interaction between the nuclear quadrupole moment and a non-uniform 
electric field in the nucleus is observed as the quadrupole splitting, from which site symmetry, 
oxidation and spin states can be derived. The interaction between the magnetic dipole 
moment and the nucleus’ magnetic field results in magnetic splitting, from which magnetic 
properties can be studied. As a result, Mössbauer spectroscopy provides precise information 
about the chemical, magnetic and structural properties of studied compounds [12]–[14]. In 
the present study, Mössbauer spectroscopy was used to elucidate the impact of Co 
substitution in Fe-rich (Mn,Fe)2(P,Si) compounds. Transmission 57Fe Mössbauer spectra 
were obtained at 130 and 350 K. A constant-acceleration spectrometer with a sinusoidal 
velocity spectrometer using a 57Co(Rh) source was used. The obtained spectra were fitted 
using the Mosswinn 4.0 program.  

3.2.8.  DFT calculations 
Density functional theory (DFT) is an approach to find solutions to the Schrödinger equation, 
which describes the quantum behaviour of electrons present in the system: 

𝐸𝐸𝐸𝐸 = [− ħ2

2𝑚𝑚 ∑ ∇𝑖𝑖 
2 +

𝑁𝑁

𝑖𝑖=1
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(3.1) 

 

Schrödinger’s theory assumes that the wave function of the system contains all the 
information about the quantum system. In the presented Schrödinger equation, the terms in 
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brackets refer to the kinetic energy of an electron, the interaction energy between each 
electron and atomic nuclei and the interaction energy between electrons, respectively. The 
electronic wave function (𝜓𝜓) refers to the spatial coordinates of each electron from the total 
N electrons in the system and E is the time independent ground state energy of electrons. In 
real systems, the number of electrons is significantly larger than the number of nuclei, which 
leads to multi-dimensional functions required for the wave function. In the presented form of 
the Schrödinger equation, the individual wave function of the electron cannot be found 
without considering wave functions related to interactions with all the other electrons in the 
system, which makes the Schrödinger equation a many-body problem [15].  

Density-functional theory (DFT) is an atomistic method of simulation used to 
investigate the electronic structure of many-body systems. The fundamental mathematical 
theorems and derivations were described in the works of Walter Kohn, Pierre Hohenberg and 
Lu Jeu Sham [16], [17]. According to the first theorem, the total electronic energy is a 
functional of the charge density n(r). The second theorem postulates that the electron density, 
which minimizes the energy of the functional, corresponds to the solution of the Schrödinger 
equation.  As a result, the Schrödinger equation can be solved by finding the electron density 
in three dimensions. 

In the present work, the Vienna ab-initio simulation software (VASP) was utilised 
to perform DFT calculations. The interactions between electrons and ions were described by 
the projector-augmented wave (PAW) method. The DFT calculations were used to describe 
magnetic and electronic properties. Details regarding DFT calculations are described in the 
following chapters.  
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Abstract 
The effect of Co and Ni doping on the structure, magnetic and magnetocaloric properties of 
Fe-rich (Mn,Fe)2(P,Si) compounds was studied. With increasing Co and Ni content, both the 
Curie temperature (TC) and the thermal hysteresis (ΔThys) decreased, whereas the hexagonal 
P-62m crystal structure was maintained. A pronounced reduction in hysteresis was observed 
upon Co doping, while a significant reduction in Curie temperature was found upon Ni 
doping. Mössbauer spectroscopy measurements and DFT calculations indicated the 
substitution of Fe at the 3f site for both Co and Ni doping. Rietveld refinement of the X-ray 
diffraction data showed that Co substitute atoms in the main phase and the impurity phase, 
while Ni exhibits an affinity to the main phase. Magnetization measurements on the Co doped 
samples revealed an increase in magnetization for 2 at.% of Co, followed by a decrease for 
higher concentrations. DFT calculations showed that the magnetic moment on the 3f site is 
enhanced by Co substitution, whereas an opposite trend was observed for Ni substitution.  
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4.1.  Introduction 
agnetic refrigeration based on the magnetocaloric effect (MCE) has a high potential 
to become a sustainable alternative for traditional compressor-based refrigeration. 

Systems using magnetocaloric materials (MCM) offer many advantages when compared to 
well-established cooling technologies. The efficiency of the compressor-based refrigerators 
originally developed in the 19th century saturates around 40 % of Carnot efficiency. In 
contrast, with magnetic cooling, it is viable to reach 60 % of Carnot efficiency, leading to 
significantly reduced energy consumption. In addition to this, systems that use MCMs do not 
involve hazardous, ozone-depleting gases, and the noise is reduced due to the elimination of 
compressors [1]–[4]. These advantages and the need for exploring environmentally-friendly 
technologies make magnetic cooling a very promising replacement for conventional gaseous-
refrigerant-based systems.  

 Promising and applicable magnetocaloric materials should comply with several 
requirements: they should exhibit a large MCE in the proper temperature range and in low 
magnetic fields, since the maximum required magnetic field is directly related to cost to 
generate the magnetic field by permanent magnets. MCMs should also consist of non-toxic, 
abundant, non-critical, and readily available elements. Additionally, promising materials 
should display mechanical and chemical stability, a large saturation magnetization (Ms), high 
thermal conductivity, low specific heat and a large temperature span [5]. A wide temperature 
span implies that TC  can be easily tailored in a broad temperature range utilizing various 
approaches, e.g., doping, heat treatment and a varying magnetic field. Among all known 
MCMs, the generic (Mn,Fe)2(P,Si) family that crystallizes in the hexagonal Fe2P-type 
structure appears to be one of the most promising [6]. The Mn-rich compounds have been  
explored extensively since it was found that in this region it is feasible to obtain materials 
with a small hysteresis and yet exhibiting a giant magnetocaloric effect (GMCE) near room 
temperature [6–8]. However, as reported by Ou and co-workers [9], [10], the Fe-rich region 
of the (Mn,Fe)2(P,Si) system can potentially also be favorable since compounds with a higher 
Fe content can show an even larger magnetic moment compared to Mn-rich materials.  

The (Mn,Fe)2(P,Si) family of compounds consists of neither toxic nor expensive 
elements. However, controlling the thermal hysteresis originating from the first-order 
magnetic transition (FOMT) is a prerequisite for practical applications.  The character of the 
transition and the magnitude of hysteresis can be tuned by utilizing appropriate doping, 
e.g., V, B, C, N, and changes in the heat treatment [11]–[16]. Various studies show that Co 
doping of (Mn,Fe)2(P,Si) compounds can effectively reduce the thermal hysteresis and the 
transition temperature [5], [17], [18]. Nevertheless, due to the high criticality of Co, ethical 
issues, and a high price, it is essential to minimize the use of Co and look for possible 
replacements [19]. Recent research shows that Ni can be a good alternative for Co as it leads 
to similar tuning effects on ΔThys and TC [17], [18], [20]. However, the substitution of Co and 
Ni for Mn in the Fe-rich (Mn,Fe)2(P,Si) alloys has not yet been studied. Therefore, in this 
work, we present experimental results on Co and Ni substitution for Mn focussing on the 
magnetic, magnetocaloric, and structural properties of Fe-rich (Mn,Fe)2(P,Si) compounds.  

M 
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4.2.  Experimental 
4.2.1.  Sample preparation 

olycrystalline (Mn,Fe,Co)1.95(P,Si) and (Mn,Fe,Ni)1.95(P,Si) compounds were prepared 
by high-energy ball-milling under Ar atmosphere and subsequent solid-state reactions. 

We prepared two series of samples: Mn0.62-xFe1.33CoxP0.66Si0.34 and Mn0.62-xFe1.33NixP0.66Si0.34 

(0 ≤ x ≤ 0.12). Stoichiometric proportions of powders: Mn (99.7%), Fe (99.0%), Fe2P 
(99.5%), Si (99.7%), Co (99.8%), Ni (99.9%), were weighed, mixed, and ball milled by a 
Fritsch Pulverisette planetary ball-mill for 10 h with a constant speed of 350 rpm. 
Approximately 2 g of ball-milled powder was pressed into pellets and subsequently sealed in 
quartz tubes in 200 mbar protective Ar atmosphere. As-prepared samples were annealed at 
1373 K for 20 h and finally quenched into water. In order to eliminate the so-called “virgin 
effect” originating from the metastability of the quenched phase, all samples were pre-cooled 
in liquid nitrogen before being manually powdered [21]. 

4.2.2.  Instrumental methods 
Transmission 57Fe Mössbauer spectra were collected at 350 and 130 K with a 

conventional constant-acceleration spectrometer with a sinusoidal velocity spectrometer, 
using a 57Co(Rh) source. The Mössbauer spectra were fitted with a binomial distribution 
model as described earlier for FeMnP1-xAsx using the Mosswinn 4.0 program [22]. The 
analysis of Mössbauer data was done in collaboration. 

The X-ray diffraction patterns were collected using a PANalytical X-pert Pro 
diffractometer with Cu-Kα radiation (1.54056 Å). Structural parameters were obtained by 
Rietveld refinement implemented in the Fullprof software [23].  

Electron Probe Micro Analysis (EPMA) measurements were conducted with a 
JEOL JXA 8900R microprobe using an electron beam with energy of 10 keV and beam 
current of 200 nA employing Wavelength Dispersive Spectrometry (WDS). The obtained 
intensity ratios were processed with a matrix correction program CITZAF [24]. The EPMA 
measurements were conducted as part of a collaboration with the 3mE. 

Magnetic measurements were conducted using superconducting quantum 
interference devices (SQUID) MPMS-XL and MPMS-5S magnetometers, in the temperature 
range of 5-370 K with a constant sweep rate of 2 K/min in applied magnetic fields up to 5 T.  

The differential scanning calorimetry (DSC) measurements were carried out using 
a TA-Q2000 DSC with a constant sweep rate of 10 K/min.  

4.2.3.  Computational methods 
In this work, the preferred site occupancy of the doping atoms and the change in the local 
magnetic moments has been computed for Mn0.62-xFe1.33CoxP0.66Si0.34 and 
Mn0.62-xFe1.33NixP0.66Si0.34, within the framework of density functional theory (DFT). The 
Vienna Ab Initio simulation package (VASP) [25], [26], in the projected augmented wave 
(PAW) method [27], [28], was employed to perform the DFT calculations using the 
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generalized gradient approximation of Perdew-Burke-Ernzerhof (PBE) for the exchange 
correlation functional [29]. The following orbitals were treated as valence electrons: 3p, 3d 
and 4s for Mn; 3d and 4s for Fe, Ni and Co; 3s and 3p for P and Si. 

The k-space integrations were performed with the Methfessel-Paxton method [30] 
of second order with a smearing width of 0.05 eV. The lattice parameters and atomic 
positions were relaxed for a force convergence of 0.1 meV/Å, while the energies were 
converged to 1 μeV. The kinetic energy cut-off was set at 400 eV for all calculations. 
Calculations to determine the site preference for the Ni and Co atoms were performed using 
a 221 supercell. The structural degrees of freedom were fully relaxed on a gamma centred 
k-grid of 5511. For the undoped system, the obtained lattice parameters were a = 6.12 Å 
and c = 3.26 Å. To study the effect of the dopants on magnetic properties in this system, a 
224  supercell was utilized with a 555 k-grid. For the band structure and the density of 
state calculations (DOS) a smaller 211 supercell with the composition 
Mn0.66Fe1.25P0.66Si0.33T0.08 (T = Ni, Co) and k-grid of 5711 was used. For the DOS 
calculations the k-space integrations were performed with the tetrahedron method. The DFT 
calculations were done in collaboration. 

 

4.3.  Results and discussion 
4.3.1. Hyperfine field interactions 

n the (Mn,Fe)2(P,Si) family of compounds, Mn atoms show a preference to the pyramidal 
3g site, which is marked by a larger magnetic moment, whereas Fe atoms preferentially 

occupy 3f sites, associated with a smaller magnetic moment [7], [31]. In the Fe-rich region, 
the 3f site is fully occupied by Fe, and the 3g site is partially occupied by Mn and partially 
by Fe [32]. A schematic representation of the crystal structure is shown in Figure 4.1. As 
supported by density functional theory (DFT) calculations, the magnetic moment of Fe at the 
3g site is lower than for the preferential Mn atoms at the same site [32], [33]. 

 

Figure 4.1: Schematic representation of the crystal structure with the atom occupancy 
(from DFT) of the parent compound Mn0.62Fe1.33P0.66Si0.34. 

Mössbauer spectroscopy was carried out for a reference sample and three other 
samples containing Co (0, 4, 6, 12 at.%). The Mössbauer spectra recorded at 350 and 130 K 

I 
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are shown in Figure 4.2. In the high-temperature paramagnetic (PM) phase, a single broad 
absorption line can be seen. In the low-temperature ferromagnetic (FM) phase, a more 
complex absorption profile is observed that includes six broad spectral lines, indicating a 
distribution in hyperfine field. Due to the fact that atoms of P and Si are randomly distributed 
over the 2c and 1b sites, slightly different sextets are observed in the FM state, reflecting the 
five inequivalent neighbours of the Fe atoms [22]. All fitted Mössbauer parameters, including 
the hyperfine fields and spectral contributions, are given in Table 4.1. 

 The aim of performed Mössbauer spectroscopy was to elucidate the influence of 
the Co substitution on the magnetic properties. In the Fe-rich region, the tetrahedral 3f site is 
fully occupied by Fe atoms. The hyperfine field is found to decrease at this site, as indicated 
in Table 4.1. This indicates the substitution by Co, which has a significantly smaller 
magnetic moment at the 3f site than the Fe atoms [33]. Alternatively, Fe might be substituted 
by Co at both sites, as it would lead to similar changes of the hyperfine field. However, this 
possibility is less likely to occur since the substitution of Fe by Co at the 3f site was also 
supported by DFT calculations. The observed hyperfine field decrease at the pyramidal 3g 
site originates from the diminishing amount of Mn in Co-doped samples and increasing 
amount of Fe at the 3g Wyckoff position, which is associated with a significantly lower 
magnetic moment. Additionally, for the sample with the highest Co concentration (12 at.%), 
we observe the formation of an additional structure, most likely Fe-Co, which suggests that 
the limit for maximum Co substitution was reached. 

 

 

 

Figure 4.2: Mössbauer spectra obtained for Mn0.62-xFe1.33CoxP0.66Si0.34 (x = 0, 4, 6, 12 at.%) 
measured at (a) 350 K and (b) 130 K. 
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Table 4.1: Mössbauer fitted parameters of Mn0.62-xFe1.33CoxP0.66Si0.34 in the PM (350 K) and 

the FM (130 K) state.  

 

Atomic 
percent 
of Co 
(%) 

T 
(K) 

IS* 

(mm·s-1) 
QS* 

(mm·s-

1) 

Hyperfine 
field* (T) 

Γ 

(mm·s-1) 
Phase Spectral 

contribution 

(%) 

0 

 
350 0.25 

0.38 
0.22 
0.66 

- 
- 

0.35 
0.35 

P1 
(3f) 
P2 

(3g) 

77 
 

23 

130 0.31 
0.43 

0.23 
0.22 

17.5 
21.0 

0.35 
0.35 

F1 
(3f) 
F2 

(3g) 

74 
 

26 

4 
 

350 0.24 
0.36 

0.19 
0.50 

- 
- 

0.29 
0.29 

P1 
(3f) 
P2 

(3g) 

69 
 

31 

130 0.30 
0.40 

0.21 
0.24 

16.8 
20.5 

0.34 
0.34 

F1 
(3f) 
F2 

(3g) 

70 
 

30 

6 
 

350 0.26 
0.36 

0.20 
0.68 

- 
- 

0.33 
0.33 

P1 
(3f) 
P2 

(3g) 

68 
 

32 

130 0.32 
0.40 

0.21 
0.24 

16.7 
20.7 

0.35 
0.35 

F1 
(3f) 
F2 

(3g) 

63 
 

27 

12 
 

350 0.27 
0.38 

0.19 
0.66 

- 
- 

0.36 
0.36 

P1 
(3f) 
P2 

(3g) 

66 
 

34 

130 0.31 
0.42 
0.28 

0.20 
0.23 
-0.51 

16.3 
20.0 
33.3 

0.35 
0.35 
0.35 

F1 
(3f) 
F2 

(3g) 
F3 

64 
 

33 
 

3 
Experimental uncertainties: Isomer shift: I.S. ± 0.01 mm s-1; Quadrupole splitting: Q.S. ± 
0.01 mm s-1; Line width: Γ ± 0.01 mm s-1; Hyperfine field: ± 0.1 T; Spectral contribution: ± 
3%; F/P: ferromagnetic/paramagnetic phases. 

4.3.2.  Structural and microstructural characterisation  
The X-Ray diffraction (XRD) patterns of Co and Ni-doped samples measured at 348 K 
clearly indicate that all samples crystallize in the hexagonal Fe2P-type structure (space group 
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P-62m). A Rietveld refinement of the XRD data for the parent compound is shown in 
Figure 4.3. All samples were measured in the PM state, i.e., well above their transition 
temperature. Although the metal-deficiency stoichiometry was applied in order to prevent the 
formation of the cubic (Mn,Fe)3Si impurity phase (space group Fm-3m) [34], Rietveld 
refinement of the measured XRD patterns confirmed the presence of a small fraction 
(< 4 wt.%), of a metal-rich impurity phase in each sample, and a minor amount (~ 1 wt.%) 
of Fe-Co impurity phase in Fe1.33Mn0.50Co0.12P0.66Si0.35, which is in agreement with 
Mössbauer results. The excessive amount of metal content was also confirmed by EPMA 
measurements performed for Co and Ni-doped samples (x = 0.06, 0.12). As presented in 
Table 4.2, a significantly higher metal to non-metal (M/NM) ratio is observed in the 
selected samples, which prompts the occurrence of the metal-rich (Mn,Fe)3Si impurity phase. 
The impurity phase is present in the form of micro-sized inclusions (Fig. S1 in the 
Supplementary Material). It is widely acknowledged that the metal-rich impurity tends to 
accumulate at grain boundaries. However, in the examined sample, it was difficult to 
distinguish individual grains and their boundaries. The porosity of the sample was determined 
using ImageJ software and found to be 8.2%. The partial elimination of grain boundaries 
caused by porosity can enhance mechanical stability and reduce thermal hysteresis. The 
results obtained from XRD and EPMA measurements indicate that further optimization of 
(Mn,Fe)2(P,Si) is necessary to avoid the impurity phase.  

 

Table 4.2: Aimed and found compositions, and M/NM ratios of Co and Ni-doped samples.  

Sample Aimed Composition 
Main Phase 

Found Composition 
Main phase 

Ratio 
M/NM Doping 

type 
Content 

(x) 
Co 0.06 Fe1.33Mn0.56Co0.06P0.66Si0.34 Fe1.37Mn0.61Co0.06P0.64Si0.31 2.04/0.95 

0.12 Fe1.33Mn0.50Co0.12P0.66Si0.34 Fe1.38Mn0.55Co0.12P0.64Si0.31 2.05/0.95 
Ni 0.06 Fe1.33Mn0.56Ni0.06P0.66Si0.34 Fe1.38Mn0.62Ni0.06P0.65Si0.30 2.06/0.95 

0.12 Fe1.33Mn0.50Ni0.12P0.66Si0.34 Fe1.37Mn0.54Ni0.12P0.65Si0.33 2.03/0.98 

The counting error: Fe and Mn - 0.15 wt. %; Si, P, Co, Ni - 0.05 wt. %. 

The unit cell volume of the primary phase decreased gradually with increasing Co 
and Ni content since both of these elements have a smaller covalent radius than the 
substituted atoms: the covalent radii for Co and Ni are 1.26 and 1.24 Å, while they are 
significantly larger for Fe and Mn with values of 1.39 and 1.32 Å for Mn and Fe, respectively. 
The decrease in unit-cell volume upon doping confirms the substitutional effect of these 
elements. It is noticeable that with increasing Co content, the unit-cell volume of the 
(Mn,Fe)3Si impurity phase exhibits a similar trend as the main phase. On the contrary, the 
unit-cell volume of the impurity phase present in the Mn0.62-xFe1.33NixP0.66Si0.34 series does 
not significantly change, indicating that Ni exhibits a strong affinity to the main phase (Figure 
4.4). The preference of Co to both – the main phase and the impurity phase might contribute 
to a slightly diminished effect on the decrease in TC when compared to the Ni-doped samples. 
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As proposed by Dung and co-workers, the relation between the c/a ratio and TC reflects 
changes in the atomic distances upon doping [35]. It can be seen in Figure 4.5a that the c/a 
ratio increases with Co content and is accompanied by the decrease in TC, remaining almost 
constant beyond 8 at.% of doping. In contrast to the Co-doped samples, as depicted in Figure 
4.5b. the Ni-doped samples show that TC and c/a  changes linearly in the opposite sense. 
From the XRD patterns it is found that in Mn0.62-xFe1.33NixP0.66Si0.34 series, with increasing Ni 
content, the (300) and (002) reflections shift towards each other, indicating that the lattice 
parameters a and c move in the opposite sense (Figure 4.6).  

 

 Figure 4.3: Observed and calculated XRD patterns of Mn0.62Fe1.33P0.66Si0.34. 

  

Figure 4.4: Composition dependence of the volume (main phase and impurity phase) of 
the (a) Mn0.62-xFe1.33CoxP0.66Si0.34 and (b) Mn0.62-xFe1.33NixP0.66Si0.34 derived from X-ray 
diffraction patterns measured at 348 K (PM state). 
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Figure 4.5: Composition dependence of the Tc upon heating and c/a ratio derived from X-
ray diffraction patterns measured at 348 K (PM state) of the (a) Mn0.62-xFe1.33CoxP0.66Si0.34 

and (b) Mn0.62-xFe1.33NixP0.66Si0.34. 

  

 Figure 4.6: X-ray diffraction patterns of (a) Mn0.62-xFe1.33CoxP0.66Si0.34 and 
(b) Mn0.62-xFe1.33NixP0.66Si0.34 recorded at 348 K (PM state). With increasing Ni content, 
the (300) and (002) reflections shift towards each other, indicating that the lattice 
parameters a and c move in opposite direction. 

4.3.3.  Magnetic properties 
The temperature-dependent magnetization for the Mn0.62-xFe1.33CoxP0.66Si0.34 and 
Mn0.62-xFe1.33NixP0.66Si0.34 compounds measured in 1 T is shown in Figure 4.7. It is found that 
TC decreases with increasing Co and Ni content, which is in good agreement with results 
published by van Thang and co-workers [17] and Ou and co-workers [18]. In 
Mn0.62-xFe1.33CoxP0.66Si0.34, we observe that TC and the thermal hysteresis decrease linearly up 
to 6 at.% Co doping and do not significantly change after exceeding the before-mentioned 
concentration. As obtained from the DSC measurements, upon 12 at.% of Co doping, TC 
decreased from 308.4 to 283.3 K and the thermal hysteresis decreased from 11.0 to 3.9 K. In 
Mn0.62-xFe1.33NixP0.66Si0.34, the thermal hysteresis also reaches a constant value for 
approximately 6 at.% of Ni, however the change in TC is not retained. In the Ni-doped 
samples TC changed from 308.4 to 226.6 K for 12 at.% of doping, and the thermal hysteresis 
decreased from 11.0 to 4.9 K. These results are consistent with the observed behaviour for 
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the c/a ratio derived from XRD measurements. The effect of a reduced hysteresis was more 
pronounced in Co-doped samples, as depicted in Figure 4.8. The thermal hysteresis is 
controlled by the energy barrier for nucleation and thus, provides an important insight into 
the effect of doping on the character of the magnetic transition. The decrease in the hysteresis 
upon doping relates to the electronic configuration of Co and Ni, as both of these atoms have 
an incomplete 3d orbital and a filled 4s orbital (7 and 8 of 3d electrons, for Co and Ni 
respectively), contributing to the weakening of the energy barrier for nucleation [5], [18]. As 
the energy barrier for nucleation is reduced, the FOMT weakens accordingly. In both series 
of samples, the changes in TC and the thermal hysteresis are accompanied by the gradual 
decrease in the latent heat, from 6.2 kJ/kg to 0.9 kJ/kg and 0.7 kJ/kg for 12 at.% of Co and 
Ni doping, respectively. The changes in the latent heat and thermal hysteresis clearly indicate 
that dopant atoms weaken the strength of the first-order magnetic transition.  

The insert of the Figure 4.7a presents the field dependence of the saturation 
magnetization (MS) for the Mn0.62-xFe1.33CoxP0.66Si0.34 samples. It shows that MS increases and 
reaches a maximum well above the reference value for 2 at.% Co, before the decrease. As 
shown in Figure 4.7b, for the Mn0.62-xFe1.33NixP0.66Si0.34 samples, the trend of increasing 
magnetization for a small doping is not observed. This behaviour suggests that Fe-rich 
(Mn,Fe,Co)1.95(P,Si) alloys might exhibit a similar magnetic behaviour as the Fe-Co alloys. 
Various studies show that the average magnetic moment of Fe-Co alloy reaches the highest 
value for a small Co content (20-25 at.%) before a decrease is observed [36]–[38]. The reason 
responsible for a rapid increase in MS for a small Co doping is complex and is related to 
changes in the magnetic moment and electronic structure [39]. When a Co atom is 
respectively replacing an Fe atom with 8 e- in the outermost shells, the structure gathers an 
additional 3d e-. The abrupt change in the saturation magnetization is explained by the 
increase in the mean magnetic moment caused by the enhancement of the magnetic moment 
of Fe, whereas the magnetic moment of Co remains almost unchanged [37], [38].  

  

Figure 4.7: Temperature dependence of the magnetization of (a) Mn0.62-

xFe1.33CoxP0.66Si0.34 and (b) Mn0.62-xFe1.33NixP0.66Si0.34 compounds measured in a magnetic 
field of 1 T. The insert shows the field dependence of Mn0.62-xFe1.33CoxP0.66Si0.34 measured 
at 5 K. 
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Figure 4.8: (a) The composition dependence of the TC for Co and Ni doped samples and 
(b) changes in the thermal hysteresis as the function of doping content obtained from DSC 
measurements.  

 

4.3.4.  DFT calculations 
DFT calculations were performed in order to investigate the preferential doping site and the 
change in the local magnetic moments in the Fe-rich (Mn,Fe,Co)1.95(P,Si) and 
(Mn,Fe,Ni)1.95(P,Si) compounds. To investigate the site preference, dopant atoms were 
placed on either 3g or 3f crystallographic sites. The energy cost of forming each structure (Ef) 
is calculated as the difference between energies of doped (Ed) and pure (Ep) compounds, 
including the chemical potential contribution of the dopant atom (μd)  and substituted atom 
(μs), as indicated in Eq. (4.1). The chemical potentials are obtained by first optimizing the 
structure for each element and then taking the value of total energy per atom. 

𝐸𝐸𝑓𝑓 = 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝜇𝜇𝑠𝑠 −  (𝐸𝐸𝑑𝑑𝑝𝑝𝑝𝑝𝑑𝑑 +  𝜇𝜇𝑑𝑑)  (4.1) 
 

To investigate the favorable site for the doping atoms, one Fe atom from the 3f  site 
was substituted and subsequently, one  Mn/Fe atom from the 3g site by a dopant atom. From 
the DFT calculations, we see in Table 4.3 that for both – Co and Ni doping, the lowest 
formation energy is assigned to the 3f site, indicating that Co and Ni substitute Fe at this site. 
These calculations support the findings of Mössbauer spectroscopy results discussed in 
section 4.3.1. Earlier studies have shown that correlation effects in the (MnFe)2(P,Si) family 
of compounds have no remarkable impact on the magnetic properties and electronic structure 
[40]. However, according to the previous DFT calculations [33], [41], the unusual 
magnetocaloric properties of the (Mn,Fe)2(P,Si) across the ferromagnetic transition arise 
from the “mixed magnetism”, which indicates the presence of an electron instability of the 
3f moments in the presence of stable 3g moments. The magnitude of the Co and Ni magnetic 
moment at the 3f site is remarkably lower in comparison to that of the substituted Fe, mainly 
due to the fact that the dopant atoms have more 3d valence electrons. DFT calculations 
revealed that the total magnetic moment decreases with increasing doping content. It has been 
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calculated that the total magnetic moment decreases from 4.26 µB/f.u. to 4.22 µB/f.u. upon 8 
at.% Co doping. However, for 2 at.% Co, we observe a significant difference in the local 
magnetic moment of Fe, in comparison to the corresponding Ni-doped sample. As shown in 
Figure 4.9 upon 2 at.% Co doping we observe a local moment enhancement on the 3f site, 
whereas for 2 at.% Ni doping Figure 4.10 indicates a strong weakening of the Fe magnetic 
moment on the 3f site, which again is in good agreement with the magnetic measurements 
discussed in section 4.3.3. 

The band structure of Co and Ni doped (Mn,Fe)2(P,Si) for both spin up and spin 
down channels reveals metallic nature (Fig. S2 and S3 in the Supplementary Material). The 
observed difference in magnetic behaviour upon Co and Ni doping in (Mn,Fe)2(P,Si) can be 
explained by the change in the density of states (DOS) at the Fermi level. The partial DOS 
for Co and Ni are presented in Figure 4.11, whereas the total DOS are shown in Figure 4.12. 
According to ab-initio calculations performed for the doped (Mn,Fe)2(P,Si) [33], in the 
Co-doped system, a sharp peak of DOS resides at the Fermi level. This implies that a minor 
change in the DOS at the Fermi level can result in pronounced changes in magnetic 
behaviour. The difference between Co and Ni doping is especially highlighted in Figure 4.12. 
Unlike for Co-doped (Mn,Fe)2(P,Si), the DFT calculations did not predict the presence of a 
sharp peak at the Fermi level for the Ni-doped system, which indicates that abrupt changes 
in the magnetic properties are in this case not expected. 

 

Table 4.3: Formation energy calculated per formula unit (eV/f.u.) for Co and Ni substitution.  

Site Formation energy (Co) Formation energy (Ni) 
3g (Mn) -4.085 -4.287 
3g (Fe) -4.236 -4.466 
3f (Fe) -4.387 -4.516 
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Figure 4.9: Change of the local magnetic moment upon 2 at.% Co doping in the 
(a) 3f site and (b) 3g site. Note that Co prefers the 3f site. 

 
Figure 4.10: Change of the local magnetic moment upon 2 at.% Ni doping in the (a) 
3f site and (b) 3g site. Note that Ni prefers the 3f site. 

 

Figure 4.11: Partial DOS of Mn0.66Fe1.25T0.08P0.66Si0.33 (T = Co, Ni) compounds for Co 
and Ni in the vicinity of Fermi level. Spin up and spin down states are coloured with 
red and blue respectively. Zero represents the Fermi energy. 
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Figure 4.12: Total DOS for (a) Mn0.66Fe1.33P0.66Si0.33, (b) Mn0.66Fe1.25Co0.08P0.66Si0.33 

and (c) Mn0.66Fe1.25Ni0.08P0.66Si0.33 in the vicinity of Fermi level. Spin up and spin down 
states are coloured with red and blue respectively. Zero represents the Fermi energy. 

 

4.4.  Conclusions 
he Mn0.62-xFe1.33CoxP0.66Si0.34 and Mn0.62-xFe1.33NixP0.66Si0.34 alloys were prepared by ball-
milling and a subsequent solid-state reaction. The effect of Co and Ni doping on the 

structure and magnetic properties has been systematically studied using Mössbauer 
spectroscopy, XRD, EPMA, DSC and magnetization measurements. The obtained results 
were compared with DFT calculations. All the compounds crystallize in the hexagonal Fe2P 
structure with a small amount of the metal-rich (Mn,Fe)3Si impurity phase for all samples, 
indicating that further optimization of the (Mn,Fe)2(P,Si) composition might be important to 
further optimize the properties. Mössbauer spectroscopy and DFT calculations revealed that 
the doping atoms substitute Fe at the 3f site. It is found, that Co and Ni doping both weaken 
the ferromagnetic ordering and the energy barrier for nucleation, resulting in a decrease in TC 
and the thermal hysteresis. On account of the electronic structure of Ni and its preference to 
the main phase, the decrease in TC is more pronounced in Ni-doped samples. Although DFT 
calculations predict a decrease of the total magnetic moment with increasing doping content, 
an increase in magnetization is observed well above the reference value for 2 at.% of Co. 
Besides, the DFT calculations show that Co doping, contrary to Ni, enhances the local 
magnetic moment of Fe atoms at the 3f site.  

 
 
 
 

T 
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Supplementary material for Chapter 4 
 

 
Fig. S1. Secondary electron image (SL) and Topographical backscatter electron image 
(TP) for Mn0.56Fe1.33Co0.06P0.66Si0.34. The crosses indicate measurement locations and 
arrows indicate impurities in the form of micro-sized inclusions. It can be seen that the 
grain boundaries cannot be clearly distinguished. 
 

 
Fig. S2. Band structure of Mn0.66Fe1.25Co0.08P0.66Si0.33 along the high-symmetry 
directions. Red lines depict the spin up channel, while blue lines correspond to the spin 
down channel. Fermi level is marked by a dashed line.   
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Fig. S3. Band structure of Mn0.66Fe1.25Ni0.08P0.66Si0.33 along the high-symmetry 
directions. Red lines depict the spin up channel, while blue lines correspond to the spin 
down channel. Fermi level is marked by a dashed line.   
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Abstract 
The effect of the heat treatment on the magnetism, magnetocaloric effect and microstructure 
formation has been systematically studied in Fe-rich (Mn,Fe)y(P,Si) melt-spun ribbons 
(1.80 ≤ y ≤ 2.00). XRD, SEM and EDS measurements demonstrate that a metal deficiency 
prompts the stable (Mn,Fe)Si phase, whereas in the metal-rich region the (Mn,Fe)3Si phase 
is formed. It is found that the annealing temperature influences the composition and lattice 
parameters of the (Mn,Fe)y(P,Si) alloys, which greatly affects the Curie temperature (TC). 
For the optimal metal/non-metal ratio y the magnetic entropy change (|ΔSm|) is found to 
increase from 5.5 to 15.0 Jkg-1K-1 in a magnetic field change of 2 T by varying the annealing 
temperature from 1313 to 1433 K, indicating an enhancement of the first-order magnetic 
transition (FOMT). The presented results reveal that the secondary phase and magnetic 
properties in the (Mn,Fe)y(P,Si) system can be tuned by varying the annealing temperature 
and by adjusting the metal/non-metal ratio y.   
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5.1.  Introduction 
he magnetocaloric effect (MCE), discovered in 1917 by Weiss and Picard [1], is a 
phenomenon that corresponds to a change of temperature caused by the exposure of a 

material to an externally applied magnetic field. Although the giant magnetocaloric effect 
(GMCE) was first observed in Fe-Rh alloy by Annaorazov and co-workers [2], the interest 
in the application of magnetocaloric materials (MCM) in magnetic cooling started from the 
discovery of the GMCE in Gd5Ge2Si2 by Pecharsky and Gschneidner [3]. This breakthrough 
research was followed by another milestone: the demonstration of near room-temperature 
magnetic-refrigeration prototype by Zimm and co-workers [4]. In comparison to traditional 
cooling technologies, magnetic cooling provides a significantly higher efficiency, and the 
environmental impact is reduced due to the elimination of hazardous, toxic and ozone-
depleting refrigerants [5]. Materials exhibiting a first-order magnetic transition (FOMT) 
attract special attention due to the presence of a GMCE, usually associated with it [6]–[8]. 
Until now, many promising families of MCMs for the near-room temperature refrigeration 
have been studied intensively, e.g.: Fe-Rh [9]–[11], Gd5(Si,Ge)4 [3], [12], [13],  LaFe13-xSi 
[14]–[16], (Mn,Fe)2(P,X), (X=As, Ge, Si) and its doped compounds [8], [17]–[20] and 
Heusler alloys [21], [22]. 

Among the mentioned magnetocaloric materials, the (Mn,Fe)2(P,Si) family of 
compounds that exhibit a large MCE in low magnetic fields near room temperature have 
drawn considerable attention. The Fe-rich region of the (Mn,Fe)2(P,Si) system is especially 
of interest due to its large magnetic moment and low costs of starting materials [20]. It has 
recently been reported that in this family of compounds, the metal/non-metal ratio (M/NM)  
has a significant impact on the final performance of the material [6], [23]. Additionally, the 
magnetocaloric response of the (Mn,Fe)2(P,Si) system appears to be highly sensitive to the 
synthesis route, particularly to the heat treatment conditions [24]–[26]. In order to reduce the 
annealing time and avoid oxides impurities, all samples in this study were prepared by melt 
spinning. Notwithstanding extensive studies on the impact of optimization and annealing, the 
effect of the heat treatment for different M/NM ratios on the final performance of the material 
and formation of impurity phases was not investigated yet. Therefore, the main objective of 
this work is to study the effect of the metal content and the heat treatment on the magnetic 
properties, microstructure and impurity phase formation in Fe-rich (Mn,Fe)y(P,Si) melt-spun 
ribbons.  

5.2.  Experimental methods 
n0.68Fey-0.68P0.66Si0.34 (y = 2.00, 1.95, 1.90, 1.85, 1.80) compounds were prepared by 
melt spinning and subsequent annealing. These compounds will for simplicity in the 

following be denoted as (Mn,Fe)y(P,Si), where y then also corresponds to the M/NM ratio in 
the (Mn,Fe)y(P,Si) system. Appropriate amounts of the starting materials (powders): 
Mn (99.9%; Alfa Aesar), Si (99.7%; American elements), MnP (99.8%; BASF), Fe2P 
(99.9%; BASF), were weighed, mixed and ball milled together for 1 h at 350 rpm. The purity 
of starting materials was determined on a metals basis. Powders were pressed into pellets and 

T 

M 

66   |   Chapter 5



 
 

 
 

put into a quartz tube with a nozzle at the bottom. The as-spun ribbons were obtained by 
melting and ejection of the alloy through the nozzle on a rotating copper wheel. Prepared 
ribbons were placed in quartz tubes and sealed under 200 mbar Ar atmosphere before 
utilizing various heat treatments. All samples were annealed for 2 h at different temperatures. 
In order to minimize the formation of the metal-rich (Mn,Fe)3Si impurity phase, the oven was 
set to a target temperature before inserting the samples. In the first part of this study, we 
focussed on the optimization of the M/NM ratio. Therefore, the as-spun ribbons were 
annealed at 1373 K, which was found to be the optimal annealing temperature in an earlier 
report by Thang and co-workers [26]. In the second part of this study, we investigate the 
effect of the heat treatment by comparing samples from the first part of this study with melt-
spun ribbons annealed at 1313 and 1433 K.  

X-ray diffraction patterns were collected using a PANalytical X-pert Pro 
diffractometer with Cu-Kα radiation. Structural parameters and phase fractions were obtained 
by Rietveld refinement using the Fullprof program [27]. Magnetic measurements were 
conducted using superconducting quantum interference devices (SQUID) MPMS-XL and 
MPMS-5S magnetometers in the reciprocating sample option (RSO) mode, in the 
temperature range of 5-370 K with a constant sweep rate of 2 K/min. Differential scanning 
calorimetry (DSC) measurements were conducted using a TA-Q2000 DSC with a constant 
sweep rate of 10 K/min. Scanning electron microscopy (SEM, JEOL JSM 6500F, Japan) 
coupled with energy-disperse X-ray spectroscopy (EDS) was used to characterize the 
microstructure and the composition of the primary and secondary phases in selected melt-
spun ribbons. 

5.3.  Results and discussion 
5.3.1.  Optimization of the metal content 

RD patterns for all samples were collected at 348 K to ensure that measured lattice 
parameters are derived for the same magnetic state. The refinements of the XRD data 

revealed that all compounds crystallize in the hexagonal Fe2P-type structure (space group 
P-62m), as presented in Figure 5.1. Upon decreasing the M/NM ratio, the amount of metal-
rich impurity (Mn,Fe)3Si (space group: Fm-3m) decreases. The lattice parameters derived in 
the PM state indicate the inflection point for the alloy y = 1.90, with a lattice parameter a = 
6.01636(4) Å, and c = 3.44518(3) Å, as depicted in Figure 5.2. Further reduction of the metal 
content contributes to the occurrence of the non-metal rich impurity (Mn,Fe)Si (space group: 
P213). The phase fractions of the two impurity phases are presented in Figure 5.3, indicating 
a minimum total impurity content near y = 1.90. It should be noted that the minimum of two 
impurity phases can be found between 1.85 and 1.90. The refinements for the y = 2.00 and 
1.80 samples are shown in Figure 5.4. It is worth recalling that in the non-metal rich region 
of the (Mn,Fe)y(P,Si) family of compounds, the hexagonal (Mn,Fe)5Si3 impurity phase (space 
group: P63/mcm) is expected [6]. The unexpected formation of the (Mn,Fe)Si phase is most 
likely related to an instability of the Fe-rich (Mn,Fe)5Si3 phase, which decomposes at 
temperatures below 800 °C [28], [29]. This behaviour also implies an Fe-rich and Si-rich 
composition of this impurity phase in the investigated region of the (Mn,Fe)y(P,Si) system.  

X 
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Figure 5.1: XRD patterns measured for the (Mn,Fe)y(P,Si) alloys annealed at 1373 K 
(y = 1.80, 1.85, 1.90, 1.95, 2.00). 

 

 

Figure 5.2: Lattice parameters a and c of the (Mn,Fe)y(P,Si) compounds, derived from the 
XRD patterns measured at 348 K. Error bars are within the size of the markers. 
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 Figure 5.3: Fraction of the secondary phase as a function of the M/NM ratio y. 

 

  

Figure 5.4: Observed and calculated XRD patterns of a) (Mn,Fe)2.00(P,Si), b) 
(Mn,Fe)1.80(P,Si) in the paramagnetic state. 

In Figure 5.5 the temperature dependent magnetization (M-T) in an applied magnetic field of 
1 T and the field dependent magnetization (M-H) at a temperature of 5 K are presented for 
the compounds annealed at 1373 K. The ferromagnetic transition temperature TC was 
determined from the maximum in the temperature derivative of the magnetization |dM/dT|, 
as shown in Figure 5.6a. The highest value of |dM/dT| is observed for y = 1.95, suggesting 
the largest magnetic entropy change |ΔSm|. Decreasing y from 2.00 to 1.90 initially results in 
an increase in TC from 251.3 to 310.1 K and a decrease in thermal hysteresis (ΔThys) from 
33.3 to 8.3 K. A further decrease in the metal content y results in a decrease in TC and a 
significant increase in hysteresis; by lowering y from 1.90 to 1.80 the value of TC is reduced 
to 178.5 K and the thermal hysteresis is enhanced to 75.7 K. These pronounced changes in 
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TC and ΔThys upon decreasing the metal content might be a consequence of a significant Si 
depletion caused by the occurrence of the non-metal rich (Mn,Fe)Si impurity phase. The 
values of |ΔSm| were calculated from the M-T curves using the Maxwell equation:  

∆𝑆𝑆𝑚𝑚(𝑇𝑇, 𝐻𝐻) =  ∫ (𝜕𝜕𝜕𝜕(𝑇𝑇)
𝜕𝜕𝑇𝑇 )

𝐻𝐻

µ0𝐻𝐻2

µ0𝐻𝐻1
𝑑𝑑(µ0𝐻𝐻) 

(5.1) 

The values of |ΔSm| in a magnetic field change of 2 T are as follows: 0.8, 10.9, 13.2, 
17.4, 9.9 Jkg-1K-1 for y = 1.80, 1.85, 1.90, 1.95, 2.00, respectively (see Fig. 6b). The highest 
TC and the smallest thermal hysteresis ΔThys is observed for y = 1.90, which is also the 
composition that shows the lowest amount of impurity phases. However, the largest value of 
|ΔSm| is observed for y = 1.95, which is due to a steeper transition and an almost equally large 
magnetization compared to y = 1.90. Similar observations were recently reported by Li and 
co-workers [6]. The shift of the optimal y towards a lower value (y < 2.00) can be due to 
possible losses of non-metals (P, Si) occurring during the sample preparation. Previous 
reports show a similar trend for compounds prepared using various methods [6], [23]. 
Therefore, we expect that the main reason responsible for a shift of the optimal M/NM ratio 
is ascribed to a prompt formation of the (Mn,Fe)3Si impurity phase, which forms when y = 
1.95. By reducing secondary phases, the composition of the main phase is close to the 
nominal ratio. 

The (Mn,Fe)2(P,Si) compounds are known to undergo a ferromagnetic-to-
paramagnetic (FM-PM) transition upon heating. The M-H curve for y = 1.80 shows a broad 
magnetic hysteresis accompanied by a peculiar magnetic behaviour when the magnetic field 
is applied for the first time. It is noticeable that in low magnetic field (< 1 T), the M-H curve 
exhibits a typical FM-like behaviour and at higher magnetic fields, a metamagnetic transition 
occurs, which is incomplete even at 5 T. As seen in Figure 5.7, this behaviour is not observed 
in decreasing field or in subsequent re-applied increasing magnetic field, which indicates that 
the initial (metastable) magnetic state is not restored. The metamagnetic transition originates 
from an incomplete first-order transition caused by kinetic arrest. A kinetic arrest has been 
reported in many materials, including the Fe2P family of compounds [30]–[34]. The 
presented results show that the observed metamagnetic transition might occur as a result of 
the off-stoichiometry in (Mn,Fe)2(P,Si) compounds.  
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Figure 5.5: a) Temperature dependent magnetization M-T measured in an applied field of 
μ0H = 1 T and b) field dependence of magnetization M-H at a temperature of T = 5 K for 
the (Mn,Fe)y(P,Si) alloys annealed at 1373 K.  

  

Figure 5.6: a) Temperature derivative of the magnetization (-dM/dT) as a function of 
temperature measured in a field of 1 T, b) magnetic entropy change (-ΔSm) as a function 
of the metal/non-metal ratio for the (Mn,Fe)y(P,Si) alloys. 

 

5

Effect of the heat treatment on the microstructure, magnetism and magnetocaloric effect in Fe-rich   |   71



 
 

 
 

 

Figure 5.7: Isothermal magnetization versus magnetic field (M-H) curves for y = 1.80 
measured at 5 K. 

5.3.2.  Influence of the annealing temperature  
The amount of the (Mn,Fe)3Si impurity phase is slightly affected by the heat treatment 
conditions and shows a decreasing trend upon increasing annealing temperature, as shown in 
Figure 5.8. As seen in the inset of Figure 5.8, the diffraction peaks become sharper and 
narrower with increasing annealing temperature, which is attributed to enhanced 
homogeneity and a larger particle size. For y = 2.00 the amount of the (Mn,Fe)3Si impurity 
phase fraction reduces from 7.7 to 5.5 wt.% when the annealing temperature rises from 1313 
to 1433 K. The observed decrease in the (Mn,Fe)3Si impurity phase shows a different trend 
than observed for the V-doped (Mn,Fe)2(P,Si) system, reported by Lai and co-workers [35]. 
For y = 1.80 the amount of the (Mn,Fe)Si impurity phase is hardly affected by the annealing 
temperature and corresponds to roughly 5 wt.%.  

Figure 5.9a shows that an increase in the annealing temperature from 1313 to 1373 
K hardly affects the value of the c/a ratio. Consequently, the changes in TC for samples 
annealed at 1313 and 1373 K should mainly originate from variations in the main phase 
composition caused by the presence of an impurity phase. The most pronounced difference 
appears for alloys y = 1.90, 1.95 and 2.00, annealed at 1433 K. As shown in Figure 5.9b, the 
change in the c/a ratio is reflected by the opposite behaviour for TC. The impact of a change 
in lattice parameter should be reflected most reliably by alloys containing the lowest amount 
of secondary phase. With increasing annealing temperature, the lattice parameter a increases 
by 0.08% and lattice parameter c decreases by 0.2% in the compound y = 1.90. An increase 
in the lattice parameter a leads to an increase in the distance between Fe and Si atoms in the 
a-b plane, which results in weakened chemical bonding. An opposite behaviour of the lattice 
parameter c causes a decrease in the distance between the interlayers of Mn and Fe atoms. 
These changes are expected to result in enhanced magnetic interactions [36], [37]. As a result, 
in Figure 5.10a an increase in TC and in saturation magnetization (Ms) is found upon an 
increasing annealing temperature. A sharper magnetic transition and an increase in Ms leads 
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to an increase in |ΔSm|, as depicted in Figure 5.10b. This highlights the positive impact of the 
highest annealing temperature but it should be noted that exceeding the temperature of 1433 
K might result in melting of the alloy [7]. From Table 5.1 it can be observed that ΔThys and 
latent heat (L) increase simultaneously with annealing temperature in compounds containing 
a relatively low amount of secondary phases (y = 1.85-1.95), indicating an enhancement of 
the FOMT for these compounds. To determine the latent heat, we measured the total area 
under the peak curve of the phase transition using DSC. These changes are accompanied by 
an increase in Ms which is caused by improved homogeneity and changes in the interatomic 
distances, as previously discussed. As can be seen for y = 1.90 in Figure 5.10b, |ΔSm| 
increases greatly from 5.5 to 15.5 Jkg-1K-1, whereas ΔThys increases from 1.9 to 9.9 K. The 
presence of a broad double peak in |ΔSm| indicates that an annealing temperature of 1313 K 
is insufficient to provide homogeneity. In the (Mn,Fe)2(P,Si) alloys, the FOMT originates 
from an electronic redistribution around the 3f site. Hence, the enhancement of the FOMT 
upon increasing annealing temperature can be linked to changes in the lattice parameters and 
an increased Fe occupation at the 3f site [35], as indicated by XRD refinements. The refined 
occupancies of Fe are summarized in Table 5.2. An unexpected change in latent heat can be 
observed for y = 2.00; the highest value of the latent heat is observed for the alloy annealed 
at 1373 K. This result indicates the strongest FOMT at the annealing temperature of 1373 K, 
which is most probably related to changes in the composition of the main phase. 

 

 

Figure 5.8: Impurity phase fraction as a function of the metal/non-metal (M/NM) ratio 
y at different annealing temperatures. The inset shows the XRD patterns for y = 2.00 
annealed at 1313, 1373 and 1433 K. 
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Figure 5.9: Changes in a) c/a ratio and b) TC as a function of the metal/non-metal 
(M/NM) ratio y for different annealing temperatures. 

  

 

Figure 5.10: Impact of the annealing temperature on a) the saturation magnetization 
(Ms), b) the magnetic entropy change |ΔSm| in 1 T (open symbols) and 2 T (filled symbols) 
of the alloy y = 1.90. 
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5.3.3.  Microstructure and impurity phase formation   
To investigate the effect of the annealing temperature and metal content on the 
microstructure, the impurity phase formation and its influence on the magnetic properties, 
SEM/EDS analysis was performed for 6 samples: y = 1.80 and 2.00, annealed at 1313, 1373 
and 1433 K.  

In the (Mn,Fe)2(P,Si) system grain boundaries are preferred places for the formation 
of the (Mn,Fe)3Si impurity phase. Secondary phases tend to collect at grain boundaries, which 
lowers the interfacial energy between neighbouring crystallites [39], [40]. As shown in 
Figure 5.11a-c, the (Mn,Fe)Si impurity phase segregates in the form of oval-shaped 
inclusions in the grain interior. An increase in the annealing temperature appears to weaken 
the mechanical properties as seen by an increase in the number of cracks. The effect of the 
annealing temperature on the formation of this impurity phase is found to be negligible. 
However, a reduction in the number of smaller inclusions (< 1 µm) is noticeable, most 
probably due to a coarsening into larger particles as the total amount of the impurity phase 
remained constant according to the XRD refinements. In addition to this, the composition of 
the (Mn,Fe)Si phase does not significantly change for increasing annealing temperatures. 
Therefore, the observed increase in the Fe content for the main phase might be ascribed to an 
enhanced homogeneity. The Si content shows the opposite trend, which in consequence, 
leads to minor changes in TC. Alternatively, the rise in Fe content might indicate the presence 
of an amorphous Fe-rich impurity (not visible with XRD), which decreases with increasing 
annealing temperature. The compositions of the primary and impurity phases are collected in 
Table 5.3. It can be noticed that the observed M/NM ratio of both the main and the impurity 
phase show some deviation from the expected composition. As the Mn/Fe ratio is in good 
agreement with the expected values, the obtained metal-rich compositions result from a 
deficiency of the non-metal that could possibly occur during sample preparation and/or as a 
result of the impurity phase formation. The Fe-rich and Si-rich composition of the impurity 
phase confirms that this phase is a product of Fe5Si3 degradation, as indicated in section 5.3.1. 
In the (Mn,Fe)2(P,Si) family of compounds TC increases and the hysteresis decreases with 
increasing Fe and Si contents [20], [41]. Therefore, the occurrence of this impurity phase 
might contribute to a significant decrease in TC and an increase in hysteresis, which is 
observed for y = 1.85 and 1.80. 

Contrary to the non-metal-rich region, it appeared that the annealing temperature 
had a notable impact on the formation and the composition of the metal-rich (Mn,Fe)3Si 
impurity phase. Similar to the non-metallic sample, it has been observed that an increase in 
annealing temperature results in an increase in the number of cracks on the surface. This 
observation allows us to conclude that the mechanical properties of the sample undergo a 
decline. It can be seen in the inset of Figure 5.12a, that after the annealing at 1313 K the 
compound is still inhomogeneous, as demonstrated by the presence of dendritic structures 
[24], which is in agreement with previously discussed magnetization results. As depicted in 
Figure 5.12a-c, upon a further increase in the annealing temperature, grain growth can be 
observed, while the dendritic structures disappear. The grain size of the y = 2.00 sample 
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annealed at 1313 K does not exceed 5 µm and grain boundaries are pronounced, indicating 
an accumulation of the metal-rich impurity in this region. The increase in annealing 
temperature to 1373 K caused an enlargement of grains to about 30 µm. This grain growth is 
accompanied by a decrease in their number density, which also reduces the number of 
possible sites for the precipitation of the impurity phase. Hence, the reduction in grain-
boundary density might contribute to a decreasing amount of the (Mn,Fe)3Si phase, as 
reported in section 5.3.2. After annealing at the highest temperature (1433 K), only 
fragmentary grain boundary precipitates are observed (indicated by arrows). Slight changes 
in composition of this impurity phase are observed, unlike the previously discussed 
(Mn,Fe)Si phase. It can be seen that with increasing annealing temperature, the amount of Fe 
in the impurity phase increases and the content of P decreases. Both the decrease in the 
amount of the secondary phase and the change in its composition directly impacts the 
composition of the main phase and thus, the magnetic properties. The highest TC is observed 
for the alloy annealed at 1373 K, as an increase in Fe and Si content leads to a rise in TC. 
Likewise, the lowest TC is found for the alloy annealed at 1313 K as the Fe and Si content in 
this compound is the lowest. It is worth to recall that the difference in the c/a ratio for alloys 
annealed at 1313 and 1373 K is negligible. It is also worth emphasising that despite a linear 
decrease in the amount of the (Mn,Fe)3Si phase, this trend is not observed for TC due to 
changes in the composition of the secondary phase. The presented results show that 
optimization of the heat treatment in the (Mn,Fe)y(P,Si) requires a careful consideration of 
the secondary phases and their transformation behaviour during the annealing process.  

 

Table 5.3: Compositions of the main and secondary phases in (Mn,Fe)1.80(P,Si) and 

(Mn,Fe)2.00(P,Si) alloys annealed at 1313, 1373 and 1433 K. Experimental uncertainties: 

Mn: ± 1.7 at.%, Fe: ±  1.2 at.%, P: 0.2 at.%, Si ± 0.2 at.%. 

Alloy Main phase (at.%) Secondary phase 
(at.%) 

M/NM ratio 
Main 
phase 

Secondary 
phase 

y = 2.00 – 
1313 K 

Mn26.9Fe47.0P19.0Si7.1 Mn15.0Fe61.9P4.6Si18.5 2.83 
 

3.33 

y = 2.00 – 
1373 K 

Mn25.6Fe48.7P18.2Si7.5 Mn14.9Fe63.5P0.8Si20.8 2.89 3.63 

y = 2.00 – 
1433 K 

Mn26.1Fe47.9P18.7Si7.3 Mn12.5Fe66.8P0.4Si20.3 2.84 3.83 

y = 1.80 – 
1313 K 

Mn27.5Fe46.5P19.2Si7.1 Mn6.3Fe51.3P1.2Si41.2 2.81 1.36 

y = 1.80 – 
1373 K 

Mn26.7Fe47.4P19.3Si6.6 Mn6.7Fe50.3P2.1Si40.9 2.86 1.33 

y = 1.80 – 
1433 K 

Mn26.6Fe48.3P18.7Si6.4 Mn6.4Fe51.3P1.3Si41.0 2.98 1.36 
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Figure 5.11: SEM images of (Mn,Fe)1.80(P,Si) annealed at a) 1313 K, b) 1373 K, c) 1433 
K.  

 

Figure 5.12: SEM images of (Mn,Fe)2.00(P,Si) annealed at a) 1313 K, b) 1373 K, c) 1433 
K. The insets show BSE images of a) dendritic-like structures, b) grain boundary region. 
Grain boundary precipitates are indicated by arrows. 

5.4.  Conclusions 
he effect of the annealing temperature and the optimization of the metal/non-metal ratio 
was investigated in Fe-rich (Mn,Fe)y(P,Si) melt-spun ribbons. While y decreases from 

2.00 to 1.90, a reduction in the metal-rich impurity phase (Mn,Fe)3Si, an increase in the Curie 
temperature (TC) and a decrease in thermal hysteresis (ΔThys) is observed. A further decrease 
of metal content from 1.90 to 1.80 caused a decrease in TC and a significant increase in ΔThys. 
Additionally, in the metal-deficient region of (Mn,Fe)y(P,Si), the formation of the (Mn,Fe)Si 
phase is observed, which is assigned to a degradation of the unstable and primary formed 
Fe5Si3 compound. With increasing annealing temperature, an increase in |ΔSm|, TC and ΔThys 
is observed in the optimized compound (y =1.90), indicating an enhancement of the FOMT. 
It was found that the annealing temperature hardly influences the formation and the 
composition of the (Mn,Fe)Si impurity phase. On the other hand, the amount of the 
(Mn,Fe)3Si impurity phase slightly decreased with increasing annealing temperature, which 
might be assigned to grain growth and a reduced number of grain boundaries. A decrease in 
the (Mn,Fe)3Si impurity phase content was accompanied by changes in the main phase 
composition, which was directly reflected in the magnetic properties of the prepared 
compounds.  

 

T 
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Abstract 
Structural, magnetic and magnetocaloric properties of Mn3Sn1-xZnxC antiperovskite carbides 
have been studied. With increasing Zn content the first-order magnetic transition (FOMT) is 
weakened. The Curie temperature (TC) reduces first from 273 to 197 K and when x > 0.3, TC 

increases, reaching its maximum of 430 K for x = 1.0. An increase in TC is accompanied by 
pronounced changes in magnetic behaviour and a significant rise in magnetization from 21.8 
to 76.2 Am2kg-1 for x = 0.8 in the maximum applied magnetic field of 5 T. Neutron powder 
diffraction (NPD) was employed to study the magnetic structure of Mn3Sn1-xZnxC compounds. 
The refinement of the NPD data for x = 0.3 revealed a magnetic structure with propagation 
vector k = (½, ½, 0) with a decrease in the canted antiferromagnetic (AFM) moment, which 
results in a reduction of the negative volume change at the magnetic transition and a 
decrease in the magnetocaloric effect (MCE). For x = 0.4, the magnetic structure is 
described by a propagation vector k = (½, ½, ½) for the AFM moment which dominates at 
low temperature, with the presence of a minor ferromagnetic (FM) component with a k = (0, 
0, 0) propagation vector, which confirms the presence of the ferrimagnetic (FiM) state. For 
a higher Zn content (x = 0.6), the magnetic moment originates mainly from the FM 
component found on three independent Mn positions and an additional AFM moment 
oriented in the a-b plane. The results presented confirm the presence of competing AFM-FM 
interactions in Mn3Sn1-xZnxC antiperovskite carbides. 
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6.1.  Introduction 
he severe impact of traditional compressor-based cooling technologies has pointed the 
research interest towards seeking alternative cooling systems. Magnetic refrigeration, 

which utilizes the magnetocaloric effect (MCE), has attracted broad attention due to a number 
of advantages over traditional compressor-based technologies [1]–[6]. Magnetocaloric 
materials (MCM) exhibiting a first-order magnetic phase transition (FOMT) attract particular 
attention since they provide a large magnetic entropy change (|ΔSm|), which reflects their 
cooling capacity. On the other hand, the FOMT is usually associated with a large thermal 
hysteresis (ΔThys), which is an obstacle for the practical application of these compounds. 
Therefore, systems showing a reversible MCE and exhibiting a second-order magnetic 
transition (SOMT) appear interesting, though their |ΔSm| is significantly lower compared to 
the FOMT compounds. Various materials exhibiting a SOMT have been studied in terms of 
their magnetocaloric effect, e.g.: RE6Co2Ga (RE = Ho, Dy, Gd) [7], (Gd1-xREx)5Si4 (RE = 
Dy, Ho) [8], Mn5PB2 [9], RECo12B6 (RE = Ce, Pr, Nd) [10], RENiGa2 [6], RE2Cr2C3 (RE = 
Er, Ho, Dy) [11].  

Mn-based antiperovskites Mn3AX (A = metal or semiconductor; X = C, N) display a 
broad variety of interesting phenomena such as giant magnetoresistance (GMR) [12], [13], 
superconductivity [14], magnetovolume effect (MVE) [15], [16], piezomagnetic effect [17], 
[18], barocaloric effect [19] and magnetocaloric effect [20]–[22]. Unlike their perovskite 
analogues, antiperovskites show metallic behaviour, a good thermal conductivity and a high 
mechanical stability. In addition, Mn-based alloys consist of abundant, relatively innocuous 
and inexpensive elements, which enable their practical application in magnetic cooling 
systems. A particularly large MCE has been recently found in Mn3SnC [22], [23] and 
Mn3GaC [20], [24]. The Mn3SnC compound shows a sharp and non-hysteretic FOMT 
transition from the low-temperature ferrimagnetic (FiM) ordered state consisting of 
antiferromagnetic (AFM) and ferromagnetic (FM) sublattices, to a high-temperature 
paramagnetic (PM) state, with TC ≈ 278 K [21], [22], [25]. In another antiperovskite 
compound –  Mn3ZnC, a transition from a non-collinear FiM state to a FM state (TN ≈ 233 
K) is followed by a FM-PM transition (TC ≈ 420 K) [26], [27]. Recent studies deploying ab-
initio methods and Monte Carlo (MC) simulations revealed a great potential of the 
Mn3(Sn,Zn)C system for the purposes of magnetic refrigeration [26]. Since the systematic 
investigation of MCE in the Mn3Sn1-xZnxC system was thus far not reported, our main 
objective was a detailed study on the magnetism, structure and MCE in these compounds 
using experimental techniques and DFT calculations.  

6.2.  Experimental details 
olycrystalline Mn3Sn1-xZnxC (0.0 ≤ x ≤ 1.0) compounds were prepared from Mn (99.7%), 
Sn (99.9%), Zn (99.9%) and C (99.9%) powders. Stoichiometric proportions of starting 

materials were thoroughly mixed, pressed into pellets and subsequently sealed in quartz tubes 
under 200 mbar Ar atmosphere. To compensate for C losses during the annealing process, 10 
wt.% extra graphite was added. Since the boiling point of Zn is relatively low (1180 K), 

T 

P 
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significant Zn losses were observed in Zn-rich compounds. Therefore, extra Zn was added to 
compounds of x ≥ 0.4 to compensate for metal losses. As-prepared samples were annealed at 
1023 K for 120 h and subsequently oven-cooled.  

The X-ray diffraction patterns were collected employing a PANalytical X-pert Pro 
diffractometer using Cu-Kα radiation (λ = 1.54 Å) equipped with an Anton Paar TTK450 low-
temperature chamber. Rietveld refinement implemented in the Fullprof software was used 
for indexing and lattice constant calculations [28], [29]. Neutron powder diffraction (NPD) 
data were collected at various temperatures in the magnetic and PM state (4 to 475 K), using 
the neutron powder diffraction instrument PEARL (λ = 1.67 Å) at the Reactor Institute Delft, 
the Netherlands. The Rietveld refinement using Fullprof program has been used to elucidate 
the magnetic structure and magnetic moments. In the refinement, coherent neutron scattering 
lengths of -0.3730, 0.6225, 0.5680, 0.6646 ( 10-12 cm) were used for Mn, Sn, Zn, C, 
respectively. Superconducting quantum interference devices (SQUID) MPMS-XL and 
MPMS-5S magnetometers 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 fields up to 5 T. High-temperature 
magnetic measurements were performed utilizing a Vibrating Sample Magnetometer (VSM) 
implemented in the Quantum Design VersaLab.  

Density of States (DOS) calculations were performed for Mn3Sn1-xZnxC (0 ≤ x ≤ 
1.0) in the framework of density functional theory utilizing the Vienna Ab Initio simulation 
package (VASP) [30], [31] in the projector augmented-wave (PAW) method [32], [33]. The 
generalized gradient approximation of Perdew–Burke–Ernzerhof (PBE) [34] was used for 
the exchange-correlation functional. The k-space integrations were performed with the 
Methfessel-Paxton method of second order [35] with a smearing width of 0.2 meV. Valence 
electron configurations considered in the calculations were: Mn 3p, 3d and 4s; Sn 4d, 5s and 
5p; Zn 3d, 4s and C 2p. The relaxation was performed for a 222 supercell consisting of 24 
atoms, by integration of the Brillouin zone on a gamma-centred k-grid with a 333 mesh 
for a force convergence of 0.1 meV/Å. To calculate DOS, the integration of the Brillouin 
zone was performed utilizing the tetrahedron method with Blöchl corrections with a 999 
grid. The plane-wave cut-off energy for all calculations was set at 520 eV. The DFT 
calculations were done  in collaboration. 

6.3.  Results and discussion  
6.3.1.  Structural properties 

he X-Ray diffraction (XRD) patterns of the Mn3Sn1-xZnxC compounds measured at 298 
K are shown in Figure 6.1a. The Rietveld refinement of the measured patterns revealed 

formation (> 90 wt.%) of the cubic antiperovskite type Pm-3m structure (space group 221) 
accompanied by minor impurity phases of C, MnO and MnSn2. As presented in Figure 6.1b, 

the lattice parameter a and the distance between the nearest Mn atoms (𝑑𝑑𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀 =  √2
2 𝑎𝑎) 

decrease linearly with increasing Zn content as the covalent radius of Zn (1.22 Å) is 

T 
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significantly smaller in size compared to Sn (1.39 Å), which also confirms the substitutional 
effect of Zn-doping. As suggested by Guillaud [36], for various Mn-based compounds (e.g. 
MnBi, MnSb, MnAs), the lowest distance between nearest Mn atoms giving rise to positive 
(FM) exchange interactions was experimentally estimated to be about 2.81 Å. Therefore, a 
Mn-Mn distance below 2.81 Å should correspond to negative (AFM or FiM) interactions. In 
the studied system, positive interactions between Mn atoms at room temperature occur for x 
≥ 0.5, thus for a Mn-Mn distance of 2.79 to 2.77 Å. Despite the preserved cubic lattice 
structure, confirmed by XRD analysis, local distortions of the Mn6C octahedra can lead to 
deviations in the Mn-Mn distance. To confirm the presence of local distortions further 
research is needed employing other instrumental techniques, e.g. EXAFS [23], [37]. 
Alternatively, the critical distance of 2.72 Å, empirically estimated for Mn4N, can be more 
adequate for the Mn3Sn1-xZnxC system, as also suggested by Li and co-workers [12]. The 
experimental value of the Mn-Mn distance is determined for alloys, in which magnetic order 
is considered in terms of direct exchange interactions. Previous studies suggested the 
presence of different mechanisms in antiperovskites, such as the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interactions [38], [39]. Unlike the previously mentioned Mn-based 
compounds, Mn4N crystallizes in the antiperovskite type of structure and shows a 
ferrimagnetic behaviour, which can lead to a better match of the experimentally estimated 
critical distance between Mn atoms. The refinements of the XRD data collected at 298 K for 
x = 0.0 and x = 1.0 are shown in Figure 6.2a and Figure 6.2b. 

The temperature dependence of the lattice parameter obtained for Mn3Sn1-xZnxC in 
the temperature range 120 to 298 K is shown in Figure 6.3. As observed for a Zn content in 
the range 0.0 ≤ x ≤ 0.3, the magnetic transition is accompanied by a discontinuous jump in 
the lattice parameter without a change in crystal symmetry, which suggests that the FiM-PM 
transition is of first order. The values of Δa/a at the transition are 0.09, 0.09, 0.08, 0.07 %, 
for x = 0.0, 0.1, 0.2, 0.3, respectively. In the vicinity of the magnetic transition, a coexistence 
of two phases with the same cubic symmetry, but with slightly different lattice parameters, 
can be seen. The temperature evolution of the (200) diffraction peak across the magnetic 
transition for x = 0.1 is depicted in Fig. S1 in the Supplementary Material. This gradual 
decrease in Δa/a suggests a suppression of the FOMT and a shift towards a SOMT. It can be 
noticed that for x = 1.0 measured at 120 K, a splitting in the lattice parameter can be seen, 
which reveals a distortion of the high-symmetry cubic phase towards the tetragonal P4/mmm 
structure (space group 123) with lattice parameters a = b = 3.9191(3) Å and c = 3.9149(4) Å. 
The low-temperature XRD pattern of Mn3ZnC is shown in Fig. S2 (Supplementary Material). 
The distortion towards the tetragonal structure occurring in Mn3ZnC can theoretically be 
deduced using the Goldschmidt tolerance factor (τ), which describes the stability of the 
antiperovskite lattice structure based on the ionic radii of the atoms: 

𝜏𝜏 =
𝑟𝑟𝑆𝑆𝑆𝑆/𝑍𝑍𝑆𝑆 + 𝑟𝑟𝑀𝑀𝑆𝑆

√2(𝑟𝑟𝐶𝐶 +  𝑟𝑟𝑀𝑀𝑆𝑆)
 (6.1) 

The structure of the highest (cubic) symmetry is stable when the Mn-C and Zn/Sn-
C bonds are well-matched, which results in one degree of freedom and τ = 1.00. However, in 
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real systems, the cubic structure is adopted for compounds with τ = 0.91 to 1.00 and a 
decrease in the Goldschmidt tolerance factor results in the formation of lower symmetry 
structures [40]. Due to the presence of metallic and covalent bonds in antiperovskites, the 
tolerance factor rarely provides precise information. Nevertheless, it can be noted that in 
comparison to Mn3SnC (τ = 1.03), the Goldschmidt tolerance factor for Mn3ZnC is 
significantly lowered (τ  = 0.97) towards the tetragonal structure (τ = 0.71 – 0.90), which also 
explains the distortion of the cubic structure.  

  

Figure 6.1: a) Stacked XRD patterns measured at 298 K, b) composition dependence of 
the lattice parameter a and the nearest Mn-Mn distance in Mn3Sn1-xZnxC compounds 
measured at 298 K. The error bars are smaller than the size of the marker. 

  

 Figure 6.2: Observed and calculated XRD patterns of a) Mn3SnC and b) Mn3ZnC at 
298 K. 
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Figure 6.3: Temperature dependence of lattice parameter a for Mn3Sn1-xZnxC obtained 
from the XRD measurements. The error bars are smaller than the size of the marker. 

 

6.3.2.  Magnetic and magnetocaloric properties 
The temperature dependence of the magnetization measured at 0.01 and 1 T are shown in 
Figure 6.4a and Figure 6.4b, respectively. The parent compound – Mn3SnC, exhibits a sharp 
FiM-PM transition with TC = 273 K, which is in good agreement with previous reports [12], 
[21], [25], [41]–[43]. The characteristic S-shape of the Arrott plots in the vicinity of TC 
(Figure 6.5a) is indicative of the FOMT. It can be noticed that samples of x (Zn) < 0.4 all 
show similar magnetic behaviour. Namely, the FiM-PM transition is observed upon 
increasing temperature. As evidenced by the thermal hysteresis in the external magnetic field 
of 0.01 T, these compounds undergo a FOMT, which is also in agreement with a 
discontinuous change of the lattice parameter reported in section 6.3.1. The compound with 
x = 0.4 shows a significant change in magnetic behaviour. It can be seen that the 
magnetization gradually increases with increasing temperature, reaching its maximum at 170 
K, which corresponds to the Néel temperature (TN), defined by the maximum of 
magnetization derived from M-T curves at 0.01 T, as shown in Figure 6.4a. The Curie 
temperature is determined by the maximum from the derivative of the temperature 
dependence of the magnetization (|dM/dT|) measured at 0.01 T. Since magnetization does 
not approach zero at low temperatures, TN is most likely ascribed to a FiM-FM transition, 
followed by a FM-PM transition upon heating, with TC  at 217 K. The changes in TC and TN 

in the Mn3Sn1-xZnxC system are presented in Figure 6.5b. The magnetic behaviour of the 
Mn3Sn1-xZnxC compounds with x ≥ 0.4 resembles Mn3ZnC, for which two subsequent 
transitions can be observed. Recent studies revealed the influence of the packing fraction on 
the local distortions of the Mn6C octahedra, leading to long and short Mn-Mn distances, while 
the cubic structure remains unaltered [23], [44], [45]. With increasing Zn content, the packing 
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fraction decreases, which results in more space for the distortion of the Mn6C octahedra. 
Consequently, pronounced changes in magnetic behaviour can be observed due to the 
variation in the long and short Mn-Mn distances, aiding FM and AFM interactions, 
respectively. Additionally, in alloys of a higher Zn content (x > 0.3), a characteristic 
broadening of the magnetization curve can be observed at low magnetic fields. This 
broadened transition smears out when higher magnetic fields (µ0H > 0.2 T) are applied, as 
depicted in Figure 6.6 for x = 0.8. In these compounds, the span of the magnetic phases 
broadens significantly upon increasing Zn content, which suggests competing FM-AFM 
interactions, as previously observed in Mn1-xFexSnC [46] and Mn3Ga1-xSnxC [47].  

The field dependence of the magnetization measured at 5 K and in magnetic fields 
up to 5 T revealed a significant increase in magnetization from 21.8 to 76.2 Am2kg-1 for a 
change in Zn content from x = 0.0 to 0.8, as presented in Figure 6.7a. The magnetic isotherms 
measured at 5 K reveal the presence of magnetic hysteresis in the compounds with x > 0.3, 
which can be ascribed to the existence of the FiM ordering. The field-dependent 
magnetization for x (Zn) = 0.4 shows an initial rise, followed by a linear increase in 
magnetization for higher magnetic fields (Figure 6.7b). It is apparent that the magnetization 
does not saturate in the maximum applied magnetic field of 5 T, which in combination with 
accompanying magnetic hysteresis suggests the presence of a low-temperature FiM state.  

  

Figure 6.4: Temperature dependence of the magnetization of Mn3Sn1-xZnxC compounds 
measured in a magnetic field of a) 0.01 T, b) 1 T. The systematic error in magnetization δM 
is 0.5 % or less, the systematic error in the temperature δT = 0.1 + 0.001T K or less [48]. 
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Figure 6.5: a) Arrott plots derived for Mn3SnC from isofield curves measured upon heating 
in the vicinity of TC, b) changes in TC and TN as a function of Zn content in Mn3Sn1-xZnxC 
compounds. The error bars for TC and TN are within the marker size (±1 K). 

 

Figure 6.6: Temperature dependence of the magnetization measured for x (Zn) = 0.8 in 
magnetic fields up to 2 T. 
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 Figure 6.7: a) Field dependence of magnetization for Mn3Sn1-xZnxC compounds measured 
at 5 K, b) field dependence of the magnetisation for the compound  with x (Zn) = 0.4 
measured at 5 K. The systematic error in magnetization δM is < 0.5 %, the systematic error 
in the magnetic field δH is < 0.1 % [48]. 

In Mn-based antiperovskites, the magnetic coupling through Mn-X-Mn channels competes 
with the direct interactions between Mn atoms [49], [50]. We argue that Zn doping initially 
suppresses the exchange interactions between Mn atoms due to enhanced C-2p Mn-3d 
hybridization, which subsequently results in a decrease in TC, as observed for x < 0.3. The 
enhanced hybridization can be seen as the overlap of the energy range for C-2p and Mn-3d 
orbitals in the density of states (DOS) plots presented in Figure 6.8a-c. However, when x ≥ 
0.4, then the direct exchange between Mn atoms is strongly enhanced, which leads to an 
abrupt increase in TC. This phenomenon seems to be universal in many Mn-based 
antiperovskites since a similar initial decrease in TC followed by an increase for a higher 
doping content was previously observed in structurally similar compounds: Mn3+xSn1-xC [12], 
[41], Mn3Ga1-xSnxC [47], Mn3Sn1-xInxC [45], Mn3Sn1-xSixC and Mn3-xFexSnC [46].  

According to our DFT calculations, Mn-3d electrons mainly contribute to the DOS 
at the Fermi level (EF). As seen for the parent compound (Mn3SnC) in Figure 6.8a, a sharp 
peak of DOS is located at EF, which implies a strong dependence of structural and magnetic 
properties upon altering the number of conduction electrons. As a result, changes in magnetic 
behaviour are expected upon doping, which agrees with magnetization results discussed 
earlier. Due to the enhanced hybridization between C-2p Mn-3d states, the width of the bands 
increases. Consequently, it can be seen in Figure 6.8b that the population of the majority and 
the minority spins becomes equalized, which suppresses the spin polarization and results in 
a decrease in the magnetic moment, as experimentally observed for x = 0.4. In Figure 6.8c, 
presenting x = 1.0, an opposite behaviour of the majority and minority spins is noticeable, 
which reflects enhanced magnetization, in agreement with our observations for x > 0.4. 
Therefore, the results from DFT calculations are consistent with the earlier discussed 
magnetic properties. 
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Figure 6.8: DOS of Mn3Sn1-xZnxC in the vicinity of Fermi level (EF) for: a) x = 0.0, b) x = 
0.5 and c) x = 1.0. 

The magnetic entropy change |ΔSm| was calculated from the M-T curves in applied magnetic 
fields up to 2 T using one of the Maxwell relations: 

∆𝑆𝑆𝑚𝑚(𝑇𝑇, 𝐻𝐻) =  ∫ (𝜕𝜕𝜕𝜕(𝑇𝑇)
𝜕𝜕𝑇𝑇 )

𝐻𝐻

µ0𝐻𝐻2

µ0𝐻𝐻1
𝑑𝑑(µ0𝐻𝐻) 

(6.2) 

 

As shown in Figure 6.9, the values of |ΔSm| decrease rapidly upon doping, while the peaks 
broaden significantly. It is notable that the change in |ΔSm| is related to the relative change in 
the lattice parameter |Δa/a| at the magnetic transition, as observed for compounds of x < 0.4. 
As proposed by Gschneidner and co-workers [51], the larger the volume change at the 
transition, the larger the structural entropy change, and thus, the total entropy change. A 
correlated decrease in |ΔSm| and |Δa/a| upon increasing Zn doping indicates the magneto-
elastic nature of the transition. However, it can be noticed that |ΔSm| decreases rapidly for a 
low dopant content (x = 0.1), whereas the volume change at the transition is comparable to 
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the parent compound. As proposed for Mn3SnC, a large MCE is associated with a 
reconstruction of the Fermi surface in the vicinity of the magnetic transition [22]. Therefore, 
it is suggested that doping suppresses the reconstruction of the electronic structure and leads 
to a decrease in MCE. The significance of the electronic entropy in antiperovskites and its 
correlation to the FOMT has been studied in detail [52]. The change in charge transfer upon 
Zn doping awaits detailed clarification using X-ray magnetic circular dichroism [53] or X-
ray absorption near-edge structure measurements [45], [54]. Our results highlight a strong 
correlation between various degrees of freedom, which results in a strong sensitivity to minor 
changes in chemical composition. The values of |ΔSm|, TC and total magnetic moment (per 
formula unit) derived from magnetization measurements are presented in Table 6.1. The 
presence of the inverse MCE can be seen for higher Zn contents (x ≥ 0.4). However, this 
effect remains significant only for x = 0.4, showing a value of -0.6 Jkg-1K-1. The value of 
|ΔSm| obtained experimentally for Mn3SnC is in good agreement with experimental results 
reported by Cakir and co-workers [21] and Monte Carlo simulations performed recently by 
Benhouria and co-workers [26]. Despite a good agreement for Mn3SnC, an expected increase 
in |ΔSm|  upon increasing Zn content was not observed in our study. 

 

 

Figure 6.9: Magnetic entropy change (-ΔSm) of Mn3Sn1-xZnxC, derived from M-T curves 
measured in a magnetic field change of 2 T. 
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Table 6.1: Collected values of the Curie temperature (TC), the Néel temperature (TN,), the 

magnetic entropy change (-ΔSm) and the magnetic moment per formula unit (µ) derived from 

the SQUID measurements at 5 K and in a maximum applied magnetic field of 5 T. The 

estimated error in TC and TN is ± 1 K. The SQUID measurement provides the accuracy of 

1%.  

x (Zn) TC (K) TN (K) -ΔSm  (Jkg-1K-1) µ (µB/f.u.) 
1 T 2 T 

0.0 273 - 2.1 4.3 1.2 
0.1 245 - 0.6 1.4 1.0 
0.2 208 - 0.5 1.1 1.0 
0.3 197 - 0.3 0.8 1.1 
0.4 217 170 0.3 0.6 0.7 
0.5 220 190 0.3 0.6 2.5 
0.6 290 179 0.3 0.6 3.0 
0.8 348 213 0.6 1.2 3.5 
1.0 430 229 0.7 1.3 2.6 

6.3.3.  Neutron diffraction results 
In order to obtain a better understanding of the magnetic structure and the magnetic response 
of prepared compounds, three alloys with a different Zn content (x = 0.3, 0.4, 0.6) have been 
selected and measured using neutron powder diffraction (NPD). As reported in Section 6.3.2, 
the selected samples show a distinctly different magnetic behaviour, despite the relatively 
small variation in composition. Although the crystal structure of Mn3Sn1-xZnxC remains cubic 
in the whole temperature range, the Mn moments in the magnetic unit cell, generated using 
the propagation vector k = (½, ½, 0), are of two different types. As reported for the parent 
compound, two Mn atoms in the square configuration (a-b plane) carry a large AFM moment 
(µ1 = 2.3 µB/Mn) and one Mn atom has a smaller FM component (µ2 = 0.7 µB/Mn) along the 
c-axis [37], [55]. The neutron diffraction patterns at 100 K with fits that only include the 
contribution of the nuclear structure are shown in Figure 6.10. For clarity, the nuclear fit 
includes the main and secondary phases, but the peaks marked in the refinement refer only 
to the main phase. As a result, the position and intensity of magnetic peaks can be derived 
from the difference between the observed intensity and the nuclear fit (blue line). Although 
the nuclear structure is similar in each case, the magnetic structure of these three alloys is 
expected to be distinctly different, judging from the pronounced differences in magnetic 
contribution to the patterns. The fits of both the nuclear and magnetic contributions are shown 
in Figure 6.11a-c. The magnetic peak present at 2θ = 18.9° in all patterns corresponds to the 
AFM magnetic phase of MnO (being magnetic below TN  = 117 K) and is therefore not 
included in the refinement.  
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The refinement of the neutron powder diffraction patterns in the PM state was used 
to elucidate site occupancies. The atoms of Sn/Zn, Mn and C were placed at the 1a (0,0,0), 
3c (0,1/2,1/2) and 1b (1/2,1/2,1/2) sites, respectively. The Rietveld refinement of the 
occupancies revealed a slight deficiency of corner sites that mainly pertains to Sn atoms. As 
a result, the refined compositions can be denoted as: Mn3.05Sn0.65Zn0.30C1.00, 
Mn3.00Sn0.55Zn0.40C1.05, Mn3.10Sn0.30Zn0.55C1.05, for the nominal Zn content x = 0.3, 0.4, 0.6, 
respectively. These Sn/Zn deficient and Mn-rich compositions might indicate partial 
occupancy of the 1a site by Mn atoms, which can result in additional Mn-Mn interactions. 
Since a similar magnetic behaviour was observed in earlier studies [12], [45], [56], we claim 
that this minor occupancy of 1a site by Mn is not responsible for the changes observed in the 
magnetic structure of the compounds studied here.  

The magnetic structure of x = 0.3 is described with a propagation vector 
k = (½,½,0), which indicates that the magnetic unit cell becomes doubled in both the a and b 
directions. The magnetic spin alignment of the Mn moments, obtained from the neutron data 
collected at 100 K is presented in Figure 6.12a. Similar to the parent compound, the magnetic 
moments of the two Mn atoms form a canted AFM square arrangement (μ1), whereas one Mn 
moment shows FM order (μ2) along the c axis and aligns in the a-b plane. The FM order is 
described by propagation vector k = (0,0,0). Although the magnetic structure is similar to 
Mn3SnC, the magnitude of the μ1 magnetic moment decreases to 1.6(2) µB/Mn and the μ2 
moment increases to 1.03(4) µB/Mn, at the lowest measured temperature of 4 K. The Curie-
Weiss fit to the paramagnetic susceptibility yielded an effective moment of 4.2 µB/f.u, 
calculated as µeff  = √8𝐶𝐶 µB where C is the Curie constant derived from the inverse 
susceptibility χ-1 as a function of temperature. The positive value of the Curie-Weiss 
temperature (θCW = 115.3 K) confirms the presence of FM interactions in this compound. The 
plots of the inverse susceptibility as a function of the temperature can be found in the 
Supplementary Material (Fig. S3). The attained value of the effective moment is in agreement 
with the total magnetic moment of 4.2(3) µB//f.u obtained from neutron diffraction results at 
4 K. In spite of the expected increase in |ΔSm| due to a reduction of the AFM component [21], 
in our study we observe an opposite effect. According to previous studies on antiperovskites: 
Mn3Cu1-xGexN [57], [58], Mn3Sn1-xSixCy [56] and Mn3NiN [59], the AFM spin arrangement 
obtained with a propagation vector k = (½,½,0) is responsible for the presence of the 
magneto-volume effect (MVE). In our study, this finding is supported by the alleviation of 
the AFM component upon doping, accompanied by a reduction of Δa/a, as shown in Section 
3.1. As a result, a decrease in the AFM component contributes to a reduction of |ΔSm| due to 
a weakening of the magnetoelastic nature of the transition. The correlation between the MVE 
and AFM spin arrangement relates to a geometrical corner-sharing-type frustration that 
occurs due to the octahedral arrangement of the Mn atoms. It is worth mentioning that a 
broader shape of magnetic peaks at low scattering angles might indicate the presence of an 
incommensurate magnetic structure, which would imply the existence of frustrated Mn6C 
octahedra. The use of an incommensurate propagation vector k = (0.49,0.49,0.02) yielded a 
slight improvement to the fit. The AFM spin arrangement obtained using an incommensurate 
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propagation vector and the corresponding refinement of the NPD pattern measured at 100 K 
is shown in Fig. S4 in the Supplementary Material.  

  The magnetic reflections of x = 0.4 are distinctly different compared to the 
previously presented x = 0.3, and can be fitted using the AFM propagation vector 
k = (½,½,½), which indicates that magnetic structure doubles in the a, b and c directions with 
respect to the nuclear unit cell. The observed change in magnetic structure agrees well with 
a notable change in magnetic properties discussed in section 6.3.2. As evidenced from the 
refinement of the neutron diffraction data at 4 K, two Mn atoms in the a-b plane possess a 
large AFM moment (μ1) with a refined size of 1.57(4) µB/Mn. The use of an additional 
propagation vector k = (0,0,0) revealed the presence of a minor FM moment (μ2) on the third 
Mn atom. The FM moment increases with temperature and reaches the maximum value of 
0.5(1) µB/Mn at 130 K. Therefore, the total magnetic moment of 3.2(2) µB//f.u obtained from 
the NPD at 4 K is predominantly ascribed to the AFM component. While the calculated 
µeff = 4.8 µB/f.u. is in fair agreement with the total magnetic moment obtained from the 
refinement of the NPD data, the value of magnetic moment derived from magnetic 
measurements at 5 K is remarkably lower (0.7 µB/f.u) due to the evident lack of saturation in 
the maximum applied magnetic field of 5 T. The spin alignment at 100 K for x = 0.4 is 
presented in Figure 6.12b. The presence of a FM moment is in good agreement with the field-
dependent magnetization results measured at 5 K and a positive value of the Curie-Weiss 
temperature (θCW = 209.9 K) derived from the inverse susceptibility as a function of 
temperature.  

The low-temperature neutron diffraction pattern of x = 0.6 was likewise fitted using 
two propagation vectors k = (½,½,0) and k = (0,0,0), which confirms that FiM ordering exists 
below TN, as also inferred from the macroscopic magnetization measurements and discussed 
in Section 6.3.2. With a use of a propagation vector k = (0,0,0) it was found that all three Mn 
atoms carry a FM moment along the b axis. The contribution of the FM moment can clearly 
be seen here as an increase in the intensity of the existing nuclear peaks. The refined FM 
moments are of different size: two Mn atoms have a lower FM moment of 0.6(1) µB/Mn, and 
one Mn atom carries a large FM moment of 1.2(1) µB/Mn, as revealed from the refinement 
of the data collected at 100 K. Additionally, on two Mn atoms in the a-b plane a small AFM 
component of 0.41(4) µb/Mn has been found. The FM and AFM spin alignment of x = 0.6, 
obtained from the refinement of the NPD data collected at 100 K is presented in Figure 6.12c. 
It can be noticed that the position of peaks refined using AFM propagation vector 
k = (½,½,½)  is exactly the same as for x = 0.4, though their intensity is greatly reduced, 
indicating a weakening of the AFM contribution. The total magnetic moment of 3.2(2) µB/f.u. 
determined by neutron diffraction measured at 100 K originates mainly from the FM 
moments, thus this value is in good agreement with the size of the magnetic moment 
determined from the SQUID measurement (µ = 3.0 µB/f.u.), while from the Curie-Weiss fit, 
the calculated effective magnetic moment of µeff = 4.4 µB/f.u. was obtained. It can be noticed 
that the magnetic moment of studied compounds does not saturate in the maximal applied 
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magnetic fields of 5 T, which explains a higher value obtained from neutron diffraction 
compared to the SQUID measurements.  

 The temperature evolution of the magnetic moments for the x = 0.3, 0.4, 0.6 
compounds is shown in Figure 6.13a-d. As presented for x = 0.3 (Figure 6.13a), the 
magnitude of the AFM moment μ1 decreases rapidly above 130 K, whereas the magnitude of 
the FM moment μ2 remains almost invariant in the magnetic state. It can be seen that both 
moments coexist to the transition temperature and disappear in the PM state. The temperature 
evolution of x = 0.4 is presented in Figure 6.13b. The AFM moment dominates at 4 K but 
reduces drastically upon increasing temperature. Above TN the AFM moment vanishes 
entirely and only a weak FM moment exists, which also disappears above TC. The evolution 
of the magnetic moment for x = 0.6 is depicted in Figure 6.13c. It can be seen that the Mn 
FM moments μ2 and μ3 decrease steadily with increasing temperature. The decrease in the 
weak AFM moment is more pronounced, and above TN only the FM moments exist. The 
competition between the AFM and FM components occurs from the point when the first-
order magnetic transition is altered towards the second-order and can be seen as the growth 
of the FM moment at the expense of the AFM sub-lattice. 

 

Figure 6.10: Neutron diffraction patterns at 100 K with a fit of only the nuclear 
contribution. 
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Figure 6.11: Neutron diffraction patterns at 100 K with a fit of both the nuclear and 
magnetic contributions. 

 

 

 

Figure 6.12: Magnetic spin alignment of the Mn moments in a nuclear unit cell 
structure obtained from NPD at 100 K for a) x (Zn) = 0.3, b) x (Zn) = 0.4, c) x (Zn) = 
0.6. The partial occupancies represent the aimed compositions. The blue and red 
vectors indicate the AFM and FM moments, respectively. 
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Figure 6.13: Temperature evolution of magnetic moments in Mn3Sn1-xZnxC for a) x = 
0.3, b) x = 0.4, c) x = 0.6 obtained from NPD. d) Temperature evolution of the total 
magnetic moment for x = 0.3, 0.4, 0.6. 

6.4.  Conclusions 
he present study reveals the impact of Zn substitution in Mn3Sn1-xZnxC antiperovskite 
carbides on the structural, magnetic and magnetocaloric properties. The substitution of 

Zn for Sn destabilizes the cubic structure, which results in the formation of a low-temperature 
tetragonal structure for x = 1.0. An initial decrease in TC is accompanied by suppression of 
the first-order magnetic transition (FOMT) and an alleviation of the magneto-volume effect 
(MVE) effect, which contributes to a reduction of the magnetic entropy change (|ΔSm|). An 
increase in TC for higher Zn doping (x > 0.3) occurs along with pronounced changes in 
magnetic behaviour. Namely, the FiM-PM transition transforms into a FiM-FM-PM 
transition. Neutron powder diffraction reveals the presence of complex magnetic structures 
in Mn3Sn1-xZnxC and a competition between AFM and FM interactions. The magnetic 
structure of x (Zn) = 0.3 is similar to the parent compound and can be described using the 
propagation vector k = (½,½,0). However, a decrease in the AFM component and an increase 
in the FM moment can be seen. The magnetic structure of compounds with higher Zn doping 
can be described using two propagation vectors k = (0,0,0) and k = (½,½,½). It was found 
that in the x = 0.4 and 0.6 compounds the AFM moment decreases and the FM moment 
increases upon increasing Zn doping. 

T 
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Supplementary material for Chapter 6 

 
Fig. S1. Temperature evolution of the (200) X-ray diffraction peak across the magnetic 
transition for Mn3Sn0.9Zn0.1C. 

 
Fig. S2. XRD pattern of Mn3ZnC collected at 120 K. The (200) peak splits into (200) and 
(002) as a result of the tetragonal distortion: a = b ≠ c. 
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Fig. S3. Temperature dependence of the magnetization and the inverse susceptibility of 
Mn3Sn1-xZnxC as a function of the temperature measured in 1 T for: a) x = 0.3, b) x = 0.4, 
c) x = 0.5.  
 

 
 

Fig. S4. a) Fitted neutron diffraction pattern measured at 100 K for x = 0.3 with an 
incommensurate propagation vector k = (0.49,0.49,0.02), b) magnetic spin alignment of 
the Mn moments in the nuclear unit cell obtained for the incommensurate propagation 
vector k = (0.49,0.49,0.02).  
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Abstract 
Structural, microstructural and magnetic properties of Mn3Sn1-xFexC antiperovskites have 
been studied employing experimental methods and DFT calculations. With increasing Fe 
content, the Curie temperature (TC) initially reduces from 273 to 215 K for x = 0.15. For a 
higher Fe content (x > 0.15), TC increases to 367 K for x = 0.35. A rise in TC is accompanied 
by simultaneous suppression of the antiferromagnetic (AFM) moment and an enhancement 
of the ferromagnetic (FM) order upon Fe doping. The refinement of the neutron powder 
diffraction (NPD) data for x = 0.05 revealed a magnetic structure with propagation vector 
k = (½, ½, 0) with a decrease in the canted  AFM moment and an enhanced FM order. For 
a higher Fe content (x = 0.20), the low-temperature ordered state can be described with a 
propagation vector k = (½, ½, 0), transforming into the FM type above the Néel temperature 
(TN), which is correlated to a quenching of the magnetovolume effect (MVE). For x = 0.30, 
the magnetic structure is described with a propagation vector k = (0, 0, 0) indicating the 
presence of the pure FM order.  
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7.1.  Introduction 
n-based antiperovskites with a general formula Mn3AX (A: Sn, Ga, Al, In, Zn, Ge, Ag; 
X: C, N) have attracted much interest due to various interesting physical phenomena, 

such as a near-zero temperature coefficient of resistance [1], giant magnetoresistance (GMR) 
[2]–[4], magneto-volume effect (MVE) [5]–[8], piezomagnetic effect [9], [10], barocaloric 
and magnetocaloric effects [11]–[14]. The antiperovskite type of structure is chemically 
stable, which enables the extensive study of the doping effect. Particular attention has been 
focused on Mn3SnC [14]–[21] and Mn3GaC [11], [22], [23] due to their large magnetocaloric 
effect and interesting magnetic properties. Mn3SnC shows a sharp first-order magnetic 
transition (FOMT) with a Curie temperature (TC) in the vicinity of room temperature and a 
large magnetic entropy change (ΔSm), which makes this compound attractive for magnetic 
cooling. Besides, neutron powder diffraction studies on Mn3SnC revealed a complicated spin 
arrangement in which one Mn atom in the unit cell orders FM with a magnetic moment of 
0.65 µB/Mn and two Mn atoms order AFM in the a-b plane with a magnetic moment of 2.4 
µB/Mn [24], [25]. The study of the Mn3-xFexSnC system revealed an increase in the magnetic 
moment and TC upon Fe substitution for Mn [26]. In Mn-based antiperovskites, the magnetic 
moment originates primarily from the Mn atoms. Therefore, substituting non-magnetic Sn 
with Fe might further enhance the magnetic properties. In this work, Mn3Sn1-xFexC (0.00 ≤ x 
≤ 0.30) antiperovskites were explored in terms of their structural, microstructural and 
magnetic properties by experimental techniques and DFT calculations.   

7.2.  Experimental details 
olycrystalline Mn3Sn1-xFexC (x = 0.00, 0.05, 0.10, 0.15, 0.20, 0.25, 0.35) compounds 
were prepared from Mn (99.7%), Sn (99.9%), Fe (99.9%) and graphite (99.9%) powders. 

The appropriate amounts of powders were mixed together with 10 wt.% extra graphite to 
compensate for possible C losses occurring during the annealing process. The samples were 
pressed into pellets and sealed in quartz tubes under 200 mbar Ar atmosphere. The prepared 
samples were then inserted into a cold oven and slowly heated (100 K/h) until the oven 
reached 1023 K. After 120 h of the heat treatment, samples were oven-cooled to room 
temperature. As-obtained samples were subsequently pulverized, pressed into pellets and re-
annealed under the same conditions to enhance homogeneity.  

The X-ray diffraction patterns were collected in the temperature range 120 to 298 K 
utilizing a  PANalytical X-pert Pro diffractometer using Cu-Kα  (λ = 1.54 Å) with an Anton 
Paar TTK450 low-temperature chamber. In order to elucidate the magnetic structure and 
temperature evolution of magnetic moments, neutron powder diffraction (NPD) 
measurements were conducted at various temperatures (4 to 500 K), employing the neutron 
powder diffraction instrument PEARL (λ = 1.67 Å) at the Reactor Institute Delft, the 
Netherlands. The structural and magnetic analysis of the XRD and NPD data was performed 
using the Rietveld refinement implemented in the Fullprof software [27], [28]. Coherent 
neutron scattering lengths of  -0.3730, 0.6225, 0.9450 and 0.6646 ( 10-12 cm) were used for 
Mn, Sn, Fe and C, respectively. Magnetic properties were measured utilizing 
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superconducting quantum interference device (SQUID) magnetometers (MPMS-XL and 
MPMS-5S) in the reciprocating sample option mode (RSO), in the temperature range of 5 to 
370 K and in magnetic fields up to 5 T. Magnetic measurements at higher temperatures (370 
to 500 K) were conducted employing a Vibrating Sample Magnetometer (VSM) attached to 
a Quantum Design VersaLab. Scanning electron microscopy (SEM, JEOL JSM 6500 F, 
Japan) with energy disperse X-ray spectroscopy (EDS) and a back-scatter electron (BSE) 
detector was used to investigate the microstructure and composition of the synthesized 
compounds.  

Calculations of the Density of States (DOS) were performed for Mn3Sn1-xFexC 
compounds in the framework of the density functional theory (DFT) employing the Vienna 
Ab Initio simulation package (VASP) [29], [30] using the projector augmented-wave (PAW) 
method [31], [32]. The k-space integrations were performed with the Methfessel-Paxton 
method [33] of second order with a smearing width of 0.2 meV. The relaxation was 
performed for a 222 supercell consisting of 24 atoms, by integration of the Brillouin zone 
on a gamma-centred k-grid of a 333 mesh for a force convergence of 0.1 meV/Å. To 
calculate the DOS, an integration of the Brillouin zone was performed utilizing the 
tetrahedron method with Blöchl corrections with a 999 grid. The plane-wave cut-off 
energy for all calculations was set at 520 eV. The DFT calculations were done in 
collaboration. 

7.3.  Structural and microstructural properties 
o study the composition of the prepared compounds and to elucidate the influence of Fe-
doping on the microstructure formation, SEM-EDS spectroscopy was performed for 

selected compounds. SEM and BSE micrographs of Mn3Sn1-xFexC (x = 0.00, 0.10, 0.20) are 
shown in Figure 7.1a-c. The morphologies of the studied compounds evolve from round-
shaped structures into sharp-edged forms upon increased Fe doping. During the sintering 
process, Sn diffuses and plays a binder role. For the parent compound (Figure 7.1a), a Sn-
rich impurity and pure Sn were found, indicating a good wetting of liquid Sn to the grains of 
the main phase. Upon the substitution of Fe for Sn, the amount of binding element decreases, 
which results in an impaired liquid filling during the annealing process. As a result, the grain 
rearrangement and growth is hampered, which is seen as a notable change in the 
microstructure. A good wetting of the liquid phase provides well-formed grains and leads to 
the removal of residual porosity [34]. Consequently, upon Fe substitution for Sn, micro-pore 
formation is observed, as shown for x = 0.20 in Figure 7.1c. Due to the dependence of 
backscattered electrons on the atomic number, BSE micrographs allow for a differentiation 
between various phases. As seen in the BSE images in Figure 7.1a-c, the main phase is 
dispersed in unreacted graphite (darker spots). The compositions of the compounds with Fe 
contents x = 0.00, 0.10, 0.20 can be found in Table 7.1. In spite of the excess C added during 
the sample preparation, EDS analysis revealed a C deficiency in each case, which is also 
explained by the presence of unreacted graphite.  
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Table 7.1: Elemental composition of the Mn3Sn1-xFexC compounds (x = 0.00, 0.10, 0.20) 

obtained with SEM/EDS microscopy. The error bars are shown in parentheses. 

 Mn (at.%) Sn (at.%) Fe (at.%) C (at.%) 

x = 0.00 68.1(±1.3) 21.6(±1.2) - 10.3(±0.2) 

x = 0.10 65.0(±0.8) 19.4(±1.3) 1.2(±0.5) 14.4(±1.8) 

x = 0.20 63.0(±1.7) 18.9(±1.5) 4.3(±1.0) 13.8(±2.2) 

 

The XRD patterns of the Mn3Sn1-xFexC compounds collected at 298 K are depicted 
in Figure 7.2a. It can be seen that all compounds crystallize in the same cubic crystal structure 
(space group: Pm-3m) with minor amounts of concomitant MnO and a graphite impurity 
phases. Additionally, for the parent compound (Mn3SnC), a minor amount of MnSn2 (< 2 
wt.%) and Sn impurity (< 2 wt.%)  phases can be seen, which is in agreement with the EDS 
results. The refinement of the x = 0.20 sample is presented in Figure 7.2b. In the 
antiperovskite structure, the Sn atoms occupy the (0,0,0) position, C atom resides at the 
(½,½,½) position and the Mn atoms occupy the (½,½,0) position. A linear decrease in the 
lattice parameter (Figure 7.3) from 3.9922(5) to 3.9597(3) Å for the x = 0.35 sample clearly 
indicates that prepared compounds obey Vegard’s law as the covalent radius of Fe (125 pm) 
is significantly smaller than the radius of Sn (141 pm). 

The temperature dependence of the lattice parameter for the Mn3Sn1-xFexC 
compounds is presented in Figure 7.4. The magneto-volume effect (MVE) occurs due to an 
interplay between the magnetism and the lattice, which leads to a negative volume change at 
the magnetic transition. It can be seen that the MVE is gradually quenched upon increasing 
Fe content and disappears completely for the x = 0.20 sample, for which only a positive 
thermal expansion is observed. A gradual decrease in the MVE indicates the suppression of 
the first-order magnetic transition (FOMT) and a shift towards a second-order magnetic 
transition (SOMT), which is also highlighted by the thermal evolution of the (111) diffraction 
peak across the magnetic transition, as presented in Figure 7.5. The first-order behaviour of 
the parent compound (Figure 7.5a) is revealed by a discontinuous change of the diffraction 
peak, which occurs abruptly at the magnetic transition. Although the negative volume change 
is still pronounced for the x = 0.15 sample, the shift in the diffraction peak is reduced 
compared to Mn3SnC (Figure 7.5b). For the x = 0.30 sample (Figure 7.5c), a continuous 
change in the diffraction peak can be seen, which is in line with a linear increase in the lattice 
parameter upon increasing temperature. A broadening of the diffraction peak upon increasing 
the Fe content is most likely ascribed to a systematic reduction in the grain size.  
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Figure 7.1: SEM and BSE micrographs of Mn3Sn1-xFexC compounds: a) x = 0.00, b) x = 
0.10, c) x = 0.20. Arrows point towards the Sn-rich impurity phase and the rectangles 
indicate the micro-pore formation. 

  

Figure 7.2: a) XRD patterns of Mn3Sn1-xFexC compounds obtained at 298 K, b) Rietveld 
refinement of x = 0.20 at 298 K.   
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Figure 7.3: Change in the lattice parameter a upon increasing doping content x in Mn3Sn1-

xFexC compounds. The inserts present a schematic representation of Fe substitution for Sn 
within the unit cell. 

 

Figure 7.4: Temperature dependence of the lattice parameter a in Mn3Sn1-xFexC alloys. 
The error bars are smaller than the marker size. 
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Figure 7.5: Contour plots of the (111) diffraction peak across the magnetic transition for 
a) x = 0.00, b) x = 0.15, c) x = 0.20. 

 

7.4.  Magnetization measurements  
agnetization measurements recorded upon cooling and heating in applied magnetic 
fields of 0.01 and 1 T are presented in Figure 7.6a and Figure 7.6b, respectively. It 

can be seen that TC initially decreases for small Fe contents (x < 0.15), which is subsequently 
followed by a linear increase for higher doping (x > 0.15). As elucidated from the field 
dependence of the magnetization in magnetic fields up to 5 T presented in Figure 7.6a, the 
magnetic moment slightly decreases initially and an increase in a magnetic moment can be 
seen for a higher Fe doping (x > 0.15), which is also accompanied by an increase in TC, as 
presented in Figure 7.7b. In Mn3SnC, the C-2p orbitals hybridize with the Mn-3d electrons. 
While the indirect interactions between two half-filled Mn-3d orbitals mediated through the 
C p orbitals at a 180-degree angle (Mn-C-Mn) are antiferromagnetic (AFM), the direct 
exchange between the Mn atoms can be either AFM or FM, depending on a distance between 
the Mn atoms. The presence of competing AFM and FM exchange interactions leads to a 
variation in TC and pronounced changes in the magnetism. The initial decrease in TC can be 
ascribed to a weakening of the exchange interactions between the Mn atoms due to an 
enhanced hybridization between the C-2p and the Mn-3d orbitals. For a higher Fe content, 
an enhancement of the direct Mn-Mn exchange interactions is responsible for an increase in 
TC. It is worth mentioning that a similar behaviour was previously observed in other doped 
antiperovskite carbides in which doping reduces the lattice parameter, such as Mn3+xSn1-xC 
[2], [36], Mn3Ga1-xSnxC [37], Mn3-xFexSnC [26], Mn3Sn1-xZnxC [38], Mn3Sn1-xInxC [15] and 
Mn3Sn1-xSixC [17]. An increase in TC is presumably accompanied by a change in magnetic 
behaviour, judging from the characteristics of the M-T curves measured at 0.01 T. The 
temperature dependence of the magnetization for x ≤ 0.15 shows a gradual decrease in 
magnetization upon increasing temperature which suggests the presence of ferrimagnetic 
(FiM) order, while a more stable magnetization in the ordered state for x > 0.15 implies the 
presence of a dominant ferromagnetic (FM) order. However, a characteristic cusp-like feature 
observed for x = 0.20 in a magnetic field 0.01 T suggests the presence of a low-temperature 
FiM state with a Néel temperature (TN) corresponding to the maximum in the magnetization 
at 200 K, which is followed by a FM-PM transition with TC at 256 K. Despite an observed 
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linear increase in TC for compounds with x > 0.15, the magnetic moment reaches its 
maximum for x = 0.30 and appears to decrease for a higher doping content. A decrease in the 
magnetic moment for a higher Fe content is not associated with the formation of the impurity 
phase and appears to be intrinsic.  

The magnetic entropy change |ΔSm| was calculated for selected compounds from the 
measured M-T curves in applied magnetic fields up to 2 T using one of the Maxwell relations: 

∆𝑆𝑆𝑚𝑚(𝑇𝑇, 𝐻𝐻) =  ∫ (𝜕𝜕𝜕𝜕(𝑇𝑇)
𝜕𝜕𝑇𝑇 )

𝐻𝐻

µ0𝐻𝐻2

µ0𝐻𝐻1
𝑑𝑑(µ0𝐻𝐻) 

(7.1) 

The values of |ΔSm| obtained for Mn3Sn1-xFexC (x = 0.15, 0.20, 0.25) are presented in Figure 
7.8. The magnetocaloric effect (MCE) in these compounds is compared with other 
antiperovskite carbides. Despite an observed increase in magnetization in the Mn3Sn1-xFexC 
system, Fe doping reduces the magnetocaloric effect as the value of |ΔSm| for a field change 
of 2 T decreases from 4.3 Jkg-1K-1 for Mn3SnC to 0.4, 0.3 and 0.3 Jkg-1K-1 for x = 0.15, 0.20, 
0.25, respectively. The reduction in the MCE is related to a weakening of the FOMT as 
discussed in section 7.3.  

 
 

Figure 7.6: Temperature dependence of the magnetization for Mn3Sn1-xFexC measured in 
a magnetic field of a) 0.01 T, b) 1 T. 
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Figure 7.7: a) Field dependence of magnetization at 5 K and in magnetic fields up to 5 T, 
b) changes in TC and magnetic moment derived from the SQUID measurements in a 
magnetic field of 5 T and at a temperature of 5 K. 

 

Figure 7.8: Magnetic entropy change (-ΔSm) measured in a magnetic field change of 2 T 
for Mn3Sn1-xFexC compared with other studied antiperovskite carbides: Mn3SnC [39], 
Mn3Sn0.48Ge0.47C [40], Mn2.9Cr0.1ZnC [41], Mn3+xGa1-xC [42], Mn3Sn1-xZnxC [38]. 

7.5.  DFT calculations 
he density of states (DOS) for Mn3Sn1-xFexC is shown in Figure 7.9. It can be seen that 
the magnetic moment originates mainly from the Mn (3d) states. The presence of a sharp 

peak for Mn3SnC (Figure 7.9a) at the Fermi level (EF) suggests a magnetic instability, which 
is in line with the observed changes in magnetic behaviour. For x = 0.250 (Figure 7.9b), the 
splitting between the majority and minority bands is more pronounced due to the band 
narrowing, which leads to a larger magnetic moment. Besides, the separation of the Fe spin-
up and spin-down states implies that the Fe atoms carry a magnetic moment. A suppressing 
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of the asymmetric nature for minority and majority bands can be observed for both Mn and 
Fe states when x = 0.375, as shown in Figure 7.9c. For x = 0.625 (Figure 7.9d), the spin-up 
and spin-down states are almost entirely equalized, which results in a quenching of the 
magnetic moment. The variation of the total magnetic moment (per supercell) is shown in 
Figure 7.10. From the DFT calculations an initial increase in the magnetic moment is 
observed, which is followed by a reduction for higher Fe contents, which is in agreement 
with our experimental results.  

 

Figure 7.9: Density of states (DOS) of Mn3Sn1-xFexC in the vicinity of Fermi level (EF) 
for: a) x = 0.000, b) x = 0.250, c) x = 0.375, d) x = 0.625. 

 

Figure 7.10: Evolution of the magnetic moment (per supercell) for Mn3Sn1-xFexC upon Fe 
doping content x, derived from DFT calculations. 
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7.6.  Neutron powder diffraction 
eutron powder diffraction (NPD) has been used to study the magnetic structure of 
Mn3Sn1-xFexC (x = 0.05, 0.20, 0.30) compounds. It has been reported that the parent 

compound (Mn3SnC) possesses a complicated spin arrangement, despite its simple cubic 
structure. The refinement using the propagation vector k = (½,½,0) revealed that two Mn 
atoms in the a-b plane carry a large AFM moment (µ1 = 2.3 µB/Mn) in the square 
configuration (a-b plane) and one Mn atom has a smaller FM component (µ2 = 0.7 µB/Mn) 
along the c-axis [18], [25].  

The magnetic structure of the x = 0.05 sample derived from the low-temperature 
measurement (4 K) is similarly described with a propagation vector k = (½,½,0), which 
implies a doubling of the magnetic unit cell in a and b directions with respect to the nuclear 
unit cell. The nuclear refinement of the NPD data (including impurity phases) for x = 0.05 
collected at 4 K is shown in Figure 7.11a and the refinement of the nuclear and magnetic 
structure is presented in Figure 7.11b. The unfitted peak at 2θ ≈ 18.9° is present in all low-
temperature patterns and corresponds to the AFM contribution of the MnO impurity phase 
(TN  ≈ 117 K). From the refinement it can be seen that the AFM moment of the main phase 
decreases to μ1 = 0.74(5) µB/Mn and the FM moment is significantly enhanced to μ2 = 2.2(3) 
µB/Mn upon Fe doping. A similar effect on the size of magnetic moments has been reported 
upon Zn substitution for Sn in the Mn3Sn1-xZnxC system [38]. The refinement of the NPD 
data at 4 K yielded a total magnetic moment of 3.7(3) µB/f.u. At 150 K, the compound 
possesses the same magnetic structure and the size of the AFM and FM moments slightly 
decreases to 0.71(3) and 2.1(3) µB/Mn, respectively. From a Curie-Weiss fit to the 
paramagnetic susceptibility (Figure 7.11c), a calculated effective moment (µeff) of 3.7 µB/f.u 
was derived, which is in agreement with the value obtained from the NPD data at 4 K. The 
spin alignment is presented in Figure 7.11d.  
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Figure 7.11: a) Neutron diffraction pattern of Mn3Sn1-xFexC for x (Fe) = 0.05 with a fit 
of the nuclear structure only, including impurity phases, b) Neutron diffraction pattern 
for x (Fe) = 0.05 with a fit of the nuclear and magnetic structure, c) Temperature 
dependence of the magnetization and the inverse susceptibility for x = 0.05, d) Magnetic 
spin alignment of the Mn moments in the nuclear unit cell obtained from NPD at 4 K for  
x = 0.05. More information on propagation vectors can be found in the text. 

The positions of magnetic peaks observed for x = 0.20 at 4 K are the same as for the parent 
compound and the previously discussed x = 0.05. Albeit the magnetic structure is similar, the 
magnitude of magnetic moments is altered, as can be seen from a pronounced difference in 
the intensity of the magnetic peaks presented in Figure 7.12a. According to the refinement 
of the NPD data collected at 4 K, with a propagation vector k = (½,½,0) the AFM moment 
reduces further to μ1 = 0.64(7) µB/Mn, and the FM moment decreases to μ2 = 1.5(2) µB/Mn. 
An increase in intensity of the (100) peak suggests the presence of an additional FM moment, 
as highlighted by the insert in Figure 7.12a. With a use of a propagation vector k = (0,0,0), a 
weak FM moment has been found with μ3 = 0.4(1) µB/Mn on three Mn atoms. Therefore, 
from the NPD measurements a total magnetic moment of 4.0(2) µB/f.u. was obtained, which 
is slightly lower than the µeff  = 4.4 µB/f.u. derived from the Curie-Weiss fit. It should be noted 
that the presence of a negative contribution to the Curie-Weiss fit results in a deviation from 
the linear trend, which might lead to a slight discrepancy between the obtained values. The 
cusp-like feature in magnetization for x = 0.20 measured at 0.01 T corresponds to the Néel 
temperature (TN  ≈ 200 K). Above TN, only an increase in intensity of the nuclear peaks is 
seen, which indicates the presence of ferromagnetic order corresponding to the propagation 
vector k = (0,0,0). The refinement of the NPD data at 230 K revealed the presence of a FM 
moment of μ3 = 0.5(2) µB/Mn on three Mn atoms. As suggested by Iikubo and co-workers, 
the MVE is intimately correlated with the antiferromagnetic structure with k = (½,½,0), in 
which two atoms in the a-b plane possess a canted AFM magnetic moment and one atom 
orders FM along the c-axis [43]. The MVE is still present in the x = 0.05 sample, for which 
the propagation vector k = (½,½,0) was found, but it is completely quenched for x = 0.20. 
Where for x = 0.05, the FM and AFM sublattices coexist up to TC at 268 K, for x = 0.20, the 
FiM-FM transition is followed by a FM-PM transition with TC = 256 K. The presence of the 
intermediate FM ordered state explains the quenching of the MVE.  
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Figure 7.12: a) Neutron diffraction pattern of Mn3Sn1-xFexC for x (Fe) = 0.20 at 4 K with 
a fit of the nuclear and the magnetic structure with k = (½,½,0), b) Neutron diffraction 
pattern for x (Fe) = 0.20 at 230 K with a fit of the nuclear and the magnetic structure with 
k = (0,0,0), c) Temperature dependence of the magnetization and the inverse susceptibility 
for x = 0.20. More information on propagation vectors can be found in the text. 

From the difference between the PM state (550 K) and ordered state (80 K) for x = 0.30 an 
increase in the intensity of the nuclear peaks can be seen, which is particularly pronounced 
for the (100) peak, as depicted in Figure 7.13a. The peaks with marked indices refer to the 
main phase and the unmarked peaks belong to the nuclear structure of the impurity phases, 
as they remain unaltered in the ordered and PM state. An increase in the intensity for the 
nuclear peaks implies the presence of a FM state, as also concluded from the magnetization 
measurements described in section 7.4. With a propagation vector k = (0,0,0), a FM moment 
of µ = 1.2(3) µB/Mn has been found on three Mn atoms. The total magnetic moment of 3.6(5) 
µB/f.u., obtained from the refinement of the NPD data at 4 K, is in fair agreement with the 
calculated value of the effective moment  µeff  = 3.2 µB/f.u from the Curie-Weiss fit.  
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Figure 7.13: a) NPD patterns of Mn3Sn1-xFexC for x (Fe) = 0.30 in the PM (550 K) and 
ordered (80 K) state, b) Temperature dependence of the magnetization and the inverse 
susceptibility for x = 0.30.   

7.7.  Conclusions 
he (micro)structural, magnetic and magnetocaloric properties of antiperovskite carbides 
Mn3Sn1-xFexC (0.0 < x ≤ 0.35) have been studied using experimental methods and DFT 

calculations. All the prepared compounds crystallize in the cubic structure. Upon Fe doping, 
an initial decrease in TC is observed, which is followed by an increase for x > 0.15. Although 
a linear increase in TC is accompanied by a rise in magnetization, the magnetic moment 
appears to saturate for x = 0.30 and decrease for higher doping content, as also supported by 
DFT calculations. A weakening of the magnetovolume effect (MVE) upon doping is 
correlated with changes in TC and the evolution of the magnetic structure. In the Mn3Sn1-

xFexC system, Fe doping simultaneously enhances the FM moment and weakens the AFM 
contribution. The x = 0.05 compound can be described using a propagation vector 
k = (½,½,0), like the parent compound. However, a decrease in the AFM moment and an 
increase in the FM can be seen. In the compound of x = 0.20, a FiM-FM transition is followed 
by a FM-PM transition as clarified using neutron powder diffraction (NPD). Below TN  the 
magnetic structure can be fitted using two propagation vectors k = (½,½,0) and k = (0,0,0) 
and from TN  to TC the magnetic structure is described with k = (0,0,0), indicating the presence 
of pure ferromagnetic order. For x = 0.30, the magnetic structure is fitted using propagation 
vector k = (0,0,0), which indicates that the compound undergoes a FM-PM transition.   
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Abstract 
The influence of isostructural substitution of Ni2In-type CrCoGe for MnNiSi was studied 
using experimental techniques and DFT calculations. While the ferromagnetic (FM) to 
paramagnetic (PM) transition is reduced from 624 to 205 K, the structural transition from 
the high-temperature hexagonal austenite phase to the low-temperature martensite phase 
(orthorhombic) decreases from 1220 to 885 K, for a doping content of x = 0.5. Upon 
increasing the CrCoGe content, a weakening of the first-order structural transition can be 
seen, which enhances the mechanical stability of (MnNiSi)1-x(CrCoGe)x alloys. The magnetic 
transition remains second-order (SOMT), which yields a maximum magnetic entropy change 
(-ΔSm) of 2.4 Jkg-1K-1 in a magnetic field change of 2 T for x = 0.1. In alloys with a higher 
doping content (x > 0.3), the formation of a low-temperature ferrimagnetic (FiM) order can 
be seen. 
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8.1.  Introduction  
pecial attention has recently been paid to the MnAX intermetallic compound (A: Ni, Co, 
X: Si, Ge) due to the possibility to obtain a large magnetocaloric effect (MCE) at room 

temperature originating from the coupling between the magnetic and structural transitions. A 
large magnetic entropy change (|ΔSm|) can be observed when the magnetostructural coupling 
is associated with a large magnetization difference between two phases. A reduction in the 
structural and magnetic transition temperature has been achieved by the application of 
pressure [1], [2], chemical substitution [3]–[6], isostructural alloying [7], off-stoichiometry 
[8] and heat treatment [9], [10]. 

Among various half-Heusler alloys, much research has been focussed on MnCoGe 
due to an easily obtained magnetostrucural coupling at room temperature and promising 
magnetic properties [11]–[13]. The substitution of Cr for Mn in the MnCoGe system was 
studied in detail by Trung and co-workers [13]. With increasing Cr content, a substantial 
decrease in transition temperature and a magnetostructural coupling in the temperature range 
of 322 - 237 K yielding a large MCE, has been observed. On the other hand, the MnNiSi 
system is significantly less studied due to its high Curie temperature (TC ≈ 622 K) and 
martensitic transformation temperature (TSTR ≈ 1210 K), which is an obstacle to achieve the 
magnetostructural coupling at room temperature. A sufficient reduction of TC and TSTR has 
not yet been obtained by doping with a single element. Until now, various approaches 
utilizing the simultaneous substitution of a metal and a metalloid have been studied with the 
use of FeGe [14], Co2Ge [4], Fe2Ge [9], [15], FeCoGe [2], [16], FeNiGa [17] alloying. It is 
worth to note that MnNiSi-based alloys consist of abundant, affordable and nontoxic 
elements, which is promising for practical applications of these compounds.  

The structural transition from the low-temperature orthorhombic MnNiSi phase 
(TiNiSi-type, space group: Pnma, 62), to the high-temperature hexagonal phase (Ni2In-type, 
space group: P63/mmc, 194) is of first-order which results in a drastic change in lattice 
parameters and volume at the transition (ΔV/V ≈ 3 – 4%). A large volume change during a 
structural transition leads to high stress and a gradual collapse of the compound into powder, 
which impedes its potential application. Endeavours to enhance the mechanical strength have 
been made using epoxy resins [18] and by optimization of the sample preparation using a 
two-step process [10]. Alloying of MnNiSi with CrCoGe (P63/mmc, 194) can reduce TSTR 
and stabilize the hexagonal phase at lower temperatures due to crystallographic similarities 
of the two phases. Therefore, in this work, we present a study on magnetism and structure of 
(MnNiSi)1-x(CrCoGe)x alloys.  

 

8.2.  Experimental methods 
olycrystalline (MnNiSi)1-x(CrCoGe)x (0.0 ≤ x ≤ 0.5) compounds were produced by arc 
melting of raw starting materials: Mn (99.7%), Ni (99.9%), Si (99.9%), Cr (99.7%), Co 

(99.9%) and Ge (99.9%) in an Ar atmosphere. To compensate for Mn losses, 3% extra Mn 

S 

P 
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was added. The ingot was flipped and re-melted five times to ensure the homogeneity of the 
alloy. As obtained compounds were sealed in quartz tubes in Ar atmosphere (200 mbar), 
annealed at 750 K for 120 h and finally quenched into cold water.  

The X-ray diffraction patterns were collected using a PANalytical X-pert Pro 
diffractometer with Cu-Kα radiation (λ = 1.54 Å). The lattice parameters and phase fractions 
were derived utilizing Rietveld refinement implemented in the Fullprof software. The 
magnetization data were collected using superconducting quantum interference devices 
(SQUID) MPMS-XL and MPMS-5S, in the reciprocating sample option (RSO) mode. The 
measurements using SQUID instruments were performed in the temperature range of 5-370 
K with a constant sweep rate of 2 K/min and in applied magnetic fields up to 5 T. The 
magnetization measurements at higher temperatures (370 – 650 K) were performed using a 
Vibrating Sample Magnetometer (VSM) implemented in the Quantum Design VersaLab. The 
differential scanning calorimetry (DSC) measurements were carried out using a TA-Q2000 
DSC with a constant sweep rate of 10 K/ min. To measure the structural transition 
temperature, high temperature DSC measurements were performed in collaboration with 
Reactor Physics and Nuclear Materials group employing TGA-DSC module implemented in 
the Seteram 96 line calorimeter, in the temperature range 300 – 1400 K with a sweep rate of 
10 K/min. Scanning electron microscopy (SEM, JEOL JSM 6500 F, Japan) coupled with 
energy-disperse X-ray spectroscopy (EDS) was used to study the homogeneity and 
composition of selected compounds. The specimens were embedded in conductive resin, 
sanded and subsequently polished with a diamond paste.  

The preferred site occupancy of Cr, Co and Ge in the orthorhombic MnNiSi 
structure has been computed in the framework of density functional theory (DFT) using the 
Vienna Ab Initio simulation package (VASP). The generalized gradient approximation of 
Perdew-Burke-Ernzerhof (PBE) was utilized for the exchange correlation functional, which 
is based on the projected augmented wave method (PAW). The k-space integrations were 
performed with a smearing width of 0.8 meV using the Methfessel-Paxton method. A force 
convergence of 0.1 meV/Å was used for relaxation of lattice parameters and atomic positions. 
The energies were converged to 1 µeV for a unit cell consisting of 16 atoms. The  cut-off 
energy of 370 eV and a k-grid of 8106 was used for relaxation of structural degrees of 
freedom.  

8.3.  Structural and microstructural analysis 
-ray diffraction patterns of (MnNiSi)1-x(CrCoGe)x (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) are 
shown in Figure 8.1a. From the patterns measured at room temperature, it can be seen 

that all these compounds crystallize in the orthorhombic phase (space group: Pnma, 62) with 
minor amounts of impurities: MnNiSi - MnZn2 type (space group: P63/mmc, 194) and Cr3Si 
(space group: Pm-3n, 223). While a small fraction of the MnNiSi impurity phase (≈ 1-2%) is 
composition independent, the Cr3Si impurity phase (≈ 3%) forms for x > 0.3. The purity of 
the obtained alloys is close to 95 wt.% in each case. The hexagonal counterpart of the 
orthorhombic structure – MnNiSi - Ni2In type  (space group: P63/mmc, 194), is not observed 

X 
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in the prepared compounds, which indicates that the structural transition occurs at much 
higher temperatures and that the magnetostructural coupling is not achieved in the studied 
system. The refinement of x = 0.1 is presented in Figure 8.1b. It can be seen in Figure 8.2a 
that the unit-cell volume constantly increases with increasing CrCoGe content, which is 
ascribed to an increase in the lattice parameters b and c, as shown in Figure 8.2b. A slight 
off-linear dependence of the unit-cell volume can be observed for x > 0.3, which results from 
the formation of a Cr3Si impurity phase for higher doping content. It can be seen that the 
lattice parameter a is hardly altered upon doping. The lattice parameters of the hexagonal and 
orthorhombic phases are linked by the following relations: aortho = chex, bortho = ahex, cortho = 

√3ahex. A reduction in aortho/bortho from 1.6345(4) for x = 0.0 to 1.5807(1) for x = 0.5, as seen 
in Figure 8.2b, distorts the orthorhombic structure and indicates the stabilization of the 
hexagonal structure at lower temperatures, which also implies a decrease in the structural 
transition upon increasing CrCoGe doping. The lattice parameters, the a/b ratio and the 
volume (V) of (MnNiSi)1-x(CrCoGe)x alloys are summarized in Table 8.1. 

The stoichiometry of the prepared compounds was confirmed using SEM/EDS 
analysis for x = 0.1, 0.2 and 0.4. The homogeneity of x = 0.1 and 0.2 is confirmed by 
SEM/BSE analysis. The micrographs of selected alloys are presented in Figure 8.3a and 
Figure 8.3b. The presence of an additional phase can be observed for x = 0.4, which is seen 
as micro-sized inclusions marked by arrows in Figure 8.3c. According to EDS measurements, 
the impurity is mainly Cr and Si-rich (Mn11.9Ni10.3Si17.9Cr43.8Co8.7Ge7.4). The composition and 
the metal to non-metal ratio found for the secondary phase (≈ 2.95) corresponds to Cr3Si 
observed in the refinement of the XRD data. The inserts in Figure 8.3a and Figure 8.3b show 
SEM micrographs at a lower magnification to compare the surface morphology. It is 
noticeable that the mechanical strength of prepared compounds is enhanced upon doping, as 
concluded from the decreasing number of micro-cracks. In the alloy of x = 0.4, micro-cracks 
are hardly present, which reveals a significant improvement of the mechanical properties. 
The compositions obtained using EDS are presented in Table 8.2. 

  

Figure 8.1: a) Stacked XRD patterns for the (MnNiSi)1-x(CrCoGe)x compounds measured 
at 298 K (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5). b) Rietveld refinement of the data measured at 
298 K for x = 0.1 (orthorhombic phase). 
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Figure 8.2: a) The unit cell volume and a/b ratio, and b) The lattice parameters a, b and 
c in the orthorhombic (MnNiSi)1-x(CrCoGe)x system. 

 

Table 8.1: Lattice parameters a, b, c, the unit-cell volume V and the a/b ratio for the 
orthorhombic phase of (MnNiSi)1-x(CrCoGe)x derived at 298 K. 

(x) aortho 

(Å) 
bortho 

(Å) 
cortho 

(Å) 
a/b ratio V 

(Å3) 

0.0 5.8981(3) 3.6084(2) 6.9085(2) 1.6345(4) 147.036(4) 

0.1 5.9004(2) 3.6312(3) 6.9242(1) 1.6247(4) 148.357(2) 

0.2 5.9009(1) 3.6544(4) 6.9282(8) 1.6147(4) 149.404(6) 

0.3 5.9007(3) 3.6779(5) 6.9461(5) 1.6044(5) 150.748(3) 

0.4 5.8969(3) 3.6966(3) 6.9560(4) 1.5952(4) 151.633(7) 

0.5 5.8871(1) 3.7244(1) 6.9390(7) 1.5807(1) 152.153(9) 

 

 
Figure 8.3: SEM/BSE micrograph of (MnNiSi)1-x(CrCoGe)x with x = 0.1, 0.2, 0.3. The 
inserts present SEM images for a lower magnification. The darker areas highlighted by 
arrows correspond to a Cr and Si-rich impurity phase. 
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Table 8.2: Compositions of the (MnNiSi)1-x(CrCoGe)x compound with x = 0.1, 0.2, 0.4 

obtained using EDS analysis.  

x Mn (at.%) Ni (at.%) Si (at.%) Cr (at.%) Co (at.%) Ge (at.%) 

0.1 32.1(±2.5) 28.5(±0.8) 25.4(±0.7) 3.0(±0.7) 7.5(±1.2) 3.5(±0.2) 

0.2 27.6(±1.8) 25.7(±0.6) 22.5(±0.6) 6.0(±0.8) 11.5(±1.1) 6.7(±0.3) 

0.4 22.5(±1.2) 21.3(±0.4) 15.7(±0.3) 10.0(±0.8) 16.5(±0.7) 14.0(±0.2) 

8.4.  Magnetic properties 
he temperature dependence of the magnetization measured at 1 T and in the temperature 
range of 5 – 650 K is shown in Figure 8.4. Upon increasing the CrCoGe content, the 

Curie temperature (TC) decreases steadily from 623.8 for x = 0.0 to 205 K for x = 0.5. The 
magnetic transition of the prepared compounds remains second order as highlighted by a non-
hysteretic temperature dependence of the magnetization. A decrease in TC is accompanied by 
a pronounced reduction in the magnetization from 97.3 to 36.0 Am2kg-1 in an applied 
magnetic field of 5 T. In compounds of a higher doping content (x > 0.3), a cusp-like feature 
is observed in the M-T curves, which possibly indicates the presence of ferrimagnetic order 
(FiM) at low temperatures. This behaviour is also confirmed by a steadily increasing 
magnetization with applied magnetic field and an unsaturated value of the magnetization at 
5 K at the maximum applied magnetic field of 5 T for x = 0.4 and x = 0.5, as displayed in 
Figure 8.5. While TC decreases steadily with increasing CrCoGe content, the transition 
temperature (TT), corresponding to the cusp in magnetization curves, shifts to a higher 
temperature. A similar behaviour has been observed by Trung and co-workers in the 
Mn1-xCrxCoGe system [13].  

The coexistence of two phases at the same temperature does not occur as the 
magnetostructural coupling is not attained for the selected doping contents. Therefore, the 
magnetic entropy change (-ΔSm) can be determined from the temperature-dependent 
magnetization curves at varying magnetic fields using the following relation: 

∆𝑆𝑆𝑚𝑚(𝑇𝑇, 𝐻𝐻) =  ∫ (𝜕𝜕𝜕𝜕(𝑇𝑇)
𝜕𝜕𝑇𝑇 )

𝐻𝐻

µ0𝐻𝐻2

µ0𝐻𝐻1
𝑑𝑑(µ0𝐻𝐻) 

(8.1) 

The magnetic transition remains second order (SOMT), yielding a moderately large 
magnetic entropy change (-ΔSm) in a magnetic field change of 2 T, as shown in Figure 8.6a. 
The magnetic entropy change was measured for x = 0.1 – 0.4 and the highest value of 2.4 Jkg-

1K-1 was achieved for x = 0.1. Upon increasing doping contents, the magnetic entropy change 
decreases due to a gradual reduction in magnetization. For x = 0.4 the magnetic entropy 
change (-ΔSm) as a function of temperature is shown in  Figure 8.6b. The values of the Curie 
temperature (TC), the structural transition temperature (TSTR) and magnetic entropy change (-
ΔSm) are collected in Table 8.3. Since the magnetic field tends to stabilize the phase of a 

T 

134   |   Chapter 8



 
 

 
 

higher magnetic moment, a shift in TC can be observed upon increasing the magnetic field. 
For the compound with a magnetic transition close to room temperature (x = 0.4), the rate of 
ΔTC/Δµ0H is about 2.8 K/T, which indicates a significant field dependence of the magnetic 
transition. However, the sensitivity of the transition to an applied magnetic field is lower 
compared to first-order magnetocaloric materials such as Fe49Rh51 (8.5 K/T) [19], Gd5Si2Ge2 

(4.9 K/T) [20], LaFe11.6Si1.4 (4.4 K/T) [21] and MnFeP0.55As0.55 (3.3 K/T) [22].  

 

 
Figure 8.4: Temperature dependence of the magnetization for (MnNiSi)1-x(CrCoGe)x 
measured in a magnetic field of 1 T. The arrows point toward a cusp-like feature 
indicating the transition temperature (TT) from the low-temperature FiM state to the FM 
state. 
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Figure 8.5: Field dependence of the magnetization for (MnNiSi)1-x(CrCoGe)x measured 
at 5 K and in applied magnetic fields up to 5 T. 

  

  
Figure 8.6: a) Magnetic entropy change (-ΔSm) calculated for compounds x = 0.1 – 0.4. 
b) Magnetic entropy change (-ΔSm) around the transition temperature for x = 0.4. 
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Table 8.3: Collected values of TC, TSTR, magnetic moment at 5 K in an applied magnetic field 

of 5 T, saturation magnetization at 5 T (MS) and the magnetic entropy change (-ΔSm) for a 

magnetic field change of 2 T.  

x TC 
(K) 

TSTR 
(K) 

MS 
(µB/f.u.) 

-ΔSm 
(Jkg-1K-1) 

0.0 624 1220 2.47 - 

0.1 555 1189 
2.50 

2.4 

0.2 487 1135 2.33 1.3 

0.3 378 1080 2.21 0.9 

0.4 307 957 
1.98 

0.9 

0.5 205 885 1.06 - 

 

DFT calculations were performed for the (MnNiSi)1-x(CrCoGe)x compounds to 
investigate the site preference of the dopant atoms. The formation energy (Ef) is calculated 
as a difference in energy between the doped and pure compounds, including the chemical 
potentials of the substituted and doping atoms. To calculate the formation energy, one atom 
of Mn, Ni and Si in the orthorhombic MnNiSi was subsequently substituted by one atom of 
Cr, Co and Ge. The obtained formation energies are presented in Table 8.4. The lowest 
formation energy indicates the preferred substitution in the system. From the results 
presented, it is apparent that Cr substitutes Mn, Co preferentially occupies the Ni site and Ge 
has a strong preference for the Si site. The obtained results correspond to hexagonal and 
isostructural CrCoGe, in which the same site substitution is observed. In MnNiSi alloys, the 
magnetic moment originates mainly from the magnetic moment on the Mn site. The 
substitution of Ni for Co has been reported to maintain a large magnetization, despite of the 
decreasing Mn content [23]. However, the presence of Co atoms on the Mn site is crucial for 
keeping the strong FM coupling in the orthorhombic phase and maintaining a large value of 
the total magnetic moment [24]. Considering the diminishing amount of Mn and the 
substitution of Co for Ni, a decrease in saturation magnetization (MS) is expected, which 
agrees with observed changes upon increasing CrCoGe content.  
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Table 8.4: Formation energy (Ef) calculated per formula unit (eV/f.u.) for Cr, Co and Ge 

substitution. 

 Ef (Cr) Ef (Co) Ef (Ge) 
Mn -5.813 -5.909 -3.944 
Ni -4.753 -6.178 -3.560 
Si -3.667 -3.685 -10.924 

 

8.5.  Evolution of the structural transition 
rom the presented magnetization and XRD results, it is apparent that the structural 
transition is not sufficiently reduced to obtain a magnetostructural coupling. To reveal 

the impact of CrCoGe alloying on the martensitic structural transition, high temperature DSC 
measurements have been performed in the temperature range 300 – 1400 K.  The DSC curves 
measured upon heating and cooling for the parent compound (MnNiSi) are depicted in Figure 
8.7. From this graph, the magnetic transition (TC), the structural transition (TSTR) and the 
melting point (Tmelt) can be derived. While the magnetic transition (TC = 624 K) is non-
hysteretic, the structural transition is accompanied by a significant thermal hysteresis 
(ΔThys = 15 K) between the heating (1220 K) and cooling (1185 K) process, revealing its first-
order nature. The structural transition is followed by the melting of the alloy at Tmelt ≈ 1374 
K. The presence of additional events upon cooling results most likely from the reaction 
between the molten alloy and the crucible. To minimize this undesirable effect, other samples 
(x = 0.1 – 0.5) were measured at temperatures below their melting points. The DSC curves 
upon heating are presented for all studied compounds in Figure 8.8a. The observed 
endothermic peaks result from the heating process and indicate a transformation from the 
low-temperature orthorhombic (martensite) phase to a high-temperature hexagonal 
(austenite) phase. A decrease in the structural transition from 1220 to 885 K upon increasing 
doping contents can be seen, which agrees with a decline in the aortho/bortho ratio. Besides, for 
higher doping contents (x > 0.1), the peaks of the structural transition become lower and 
broader, indicating the weakening of the first-order structural transition. As a result, 
compounds of a higher doping content show an enhanced mechanical stability and do not 
collapse into powder at the structural transition. As shown in Figure 8.8b, the rate of change 
of the structural and magnetic transitions are alike, excluding the possibility to attain the 
magnetostructural coupling within this system.  
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Figure 8.7: DSC curves upon heating and cooling for the parent compound (MnNiSi) 
showing three events: magnetic transition (TC), structural transition (TSTR) and melting 
point (Tmelt). 

  

Figure 8.8: a) Peaks of the structural transition in the for (MnNiSi)1-x(CrCoGe)x measured 
using a high-temperature DSC, b) Evolution of the structural transition (TSTR) and the 
Curie temperature (TC) upon doping. 

8.6.  Conclusions 
he structural, magnetic and magnetocaloric properties of the (MnNiSi)1-x(CrCoGe)x 

system were studied. The simultaneous substitution of Cr for Mn, Co for Ni and Ge for 
Si results in a significant decrease in the Curie temperature (TC) from 624 to 205 K and in 
the structural transition (TSTR) from 1220 to 885 K, for a change from x = 0.0 to x = 0.5, which 
agrees with a gradual decrease in the aortho/bortho ratio. Notwithstanding a notable change in 
TC and TSTR, a magnetostructural coupling is not achieved in the studied system. 
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Consequently, the magnetic transition remains second order (SOMT), which yields a 
moderate magnetocaloric effect (MCE). As revealed by  high-temperature DSC 
measurements, the CrCoGe alloying weakens the strength of the first-order structural 
transition, which enhances the mechanical stability. The compounds of a higher CrCoGe 
content (x > 0.3) exhibit a low-temperature ferrimagnetic (FiM) state with a transition 
temperature (TT) from the Ferrimagnetic (FiM) to Paramagnetic (PM) state, which appears to 
increase with increasing doping content.  
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he growing demand for energy highlights the need for developing more efficient and 
environmentally friendly technologies. Magnetic cooling based on the magnetocaloric 

effect is a promising alternative for compressor-based refrigeration. Among various 
magnetocaloric materials, Mn-based alloys appear especially attractive due to their low cost, 
high abundance and the potentially large magnetic moment density. We aimed to obtain a 
large magnetocaloric effect at room temperature in various non-toxic and inexpensive 
magnetocaloric materials. Thus, this thesis contains the study on the magnetism, 
magnetocaloric effect and (micro)structure of three families of Mn-based magnetocaloric 
materials: (Mn,Fe)2(P,Si), Mn3Sn1-xAxC antiperovskite carbides, MnNiSi half Heusler alloys. 
A particular part of this dissertation focuses on the elucidation of magnetic structures in 
antiperovskite carbides. 

The effect of Co and Ni substitution for Mn in (Mn,Fe)2(P,Si) is presented in 
Chapter 4. Due to the high criticality, high cost and ethical issues, minimizing the use of Co 
is essential. The effect of Co substitution has been compared with Ni-doping. With increasing 
Co and Ni doping, the Curie temperature (TC) and thermal hysteresis (ΔThys) decreased, 
whereas the hexagonal P-62m crystal structure was maintained, indicating a weakening of 
the energy barrier for nucleation. Our results show that the reduction in hysteresis is more 
pronounced upon Co doping and Ni doping has a greater effect on the reduction in TC. 
According to SEM and XRD analysis, Co enters the main and the impurity phase and Ni has 
a strong affinity to the main phase, contributing to its enhanced effect on the reduction in TC. 
Mössbauer spectroscopy and DFT calculations revealed that dopant atoms substitute Fe at 
the 3f site. Although DFT calculations predict a decrease of the total magnetic moment with 
increasing doping content, an increase in magnetization is observed for 2 at.% Co. DFT 
calculations show that Co doping enhances the local magnetic moment of the Fe atoms at the 
3f site, whereas Ni doping exhibits an opposite effect. 

The effect of the heat treatment on magnetism, magnetocaloric effect, 
microstructure and impurity phase formation of (Mn,Fe)y(P,Si) has been studied in detail in 
Chapter 5. XRD, SEM and EDS measurements reveal that a metal deficiency prompts a 
stable (Mn,Fe)Si phase, which is assigned to a degradation of the unstable Fe5Si3 phase. It 
was found that the annealing temperature hardly influences the formation and composition 
of the (Mn,Fe)Si impurity phase. In the metal-rich region the (Mn,Fe)3Si phase is formed and 
its amount decreases with increasing annealing temperature, which can be ascribed to grain 
growth and a reduced number of grain boundaries. A decrease in the (Mn,Fe)3Si impurity 
phase content was accompanied by changes in the main phase composition, which was 
directly reflected in the magnetic properties of the prepared compounds. For the optimal 
metal/non-metal ratio y = 1.90, the magnetic entropy change (|ΔSm|) is found to increase from 
5.5 to 15.0 Jkg-1K-1 in a magnetic field change of 2 T by varying the annealing temperature 
from 1313 to 1433 K, indicating an enhancement of the first-order magnetic transition 
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(FOMT). The presented results reveal that the secondary phase and magnetic properties in 
the (Mn,Fe)y(P,Si) system can be tuned by varying the annealing temperature and by 
adjusting the metal/non-metal ratio y.   

The structural, magnetic and magnetocaloric properties of Mn3Sn1-xZnxC 
antiperovskite carbides have been studied in Chapter 6. The substitution of Zn for Sn 
weakens the first-order magnetic transition (FOMT) and destabilizes the cubic structure, 
which results in the formation of a low-temperature tetragonal structure for x = 1.0. The Curie 
temperature (TC) reduces first from 273 to 197 K and when x > 0.3, TC increases, reaching its 
maximum of 430 K for x = 1.0. An initial decrease in TC is accompanied by suppression of 
the first-order magnetic transition (FOMT) and an alleviation of the magneto-volume effect 
(MVE), which contributes to a reduction of the magnetic entropy change (|ΔSm|). Along with 
an increase in TC, we observed pronounced changes in magnetic behaviour and a significant 
rise in magnetization from 21.8 to 76.2 Am2kg-1 for x = 0.8 in the magnetic field of 5 T. 
Neutron powder diffraction (NPD) was employed to study the magnetic structure of Mn3Sn1-

xZnxC compounds. Although the magnetic structure of x (Zn) = 0.3 is similar to the parent 
compound and can be described using the propagation vector k = (½,½,0), a decrease in the 
AFM component and an increase in the FM moment can be seen. The magnetic structure of 
compounds with higher Zn doping can be described using two propagation vectors k = (0,0,0) 
and k = (½,½,½). In the x = 0.4 and 0.6 compounds the AFM moment decreases and the FM 
moment increases upon increasing Zn doping. The competition between the AFM and FM 
components occurs from the point when the first-order magnetic transition is altered towards 
the second-order and is observed as a growth of the FM sub-lattice at the expense of the AFM 
moment.  

The (micro)structural, magnetic and magnetocaloric properties of Fe-doped 
antiperovskite carbides Mn3Sn1-xFexC have been studied in Chapter 7. Upon Fe doping, TC 

initially decreases (x < 0.15), which is followed by an increase in TC for higher Fe content. 
Although a linear increase in TC is accompanied by a rise in magnetization, the magnetic 
moment appears to saturate for x = 0.30 and decreases for higher doping, as also supported 
by DFT calculations. A weakening of the magnetovolume effect (MVE) upon doping is 
correlated with changes in TC and the evolution of the magnetic structure. In the Mn3Sn1-

xFexC system, Fe doping simultaneously enhances the FM moment and weakens the AFM 
contribution. The compound with x = 0.05 can be described using a propagation vector 
k = (½,½,0), similar to the parent compound. However, a decrease in the AFM moment and 
an increase in the FM moment can be seen. In the compound of x = 0.20, a FiM-FM transition 
is followed by a FM-PM transition, which is also confirmed by NPD measurements. Below 
TN  the magnetic structure can be fitted using two propagation vectors k = (½,½,0) and 
k = (0,0,0) and above TN  the magnetic structure is described with k = (0,0,0), indicating the 
presence of ferromagnetic order. For x = 0.30, the magnetic structure is fitted using 
propagation vector k = (0,0,0), which indicates the presence of ferromagnetic order.   

The structural, magnetic and magnetocaloric properties of the (MnNiSi)1-

x(CrCoGe)x system are shown in Chapter 8. Upon CrCoGe alloying, the Curie temperature 
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(TC) decreases from 624 to 205 K and the structural transition (TSTR) decreases from 1220 to 
885 K, for a change for x = 0.0 to x = 0.5. Despite a notable change in TC and TSTR, a 
magnetostructural coupling is not achieved in the studied system and the magnetic transition 
remains second-order (SOMT), which results in a moderate magnetocaloric effect (MCE). 
As revealed by high-temperature DSC measurements, the CrCoGe alloying weakens the 
strength of the first-order structural transition, which also enhances the mechanical stability. 
A low-temperature ferrimagnetic state is observed for compounds of x > 0.3.  
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e groeiende vraag naar energie maakt het nodig efficiëntere en milieuvriendelijkere 
technologieën te ontwikkelen. Magnetische koeling gebaseerd op het magnetocalorisch 

effect is een veelbelovend alternatief voor compressor-gebaseerde koeling. Onder de 
verschillende magnetocalorische materialen, lijken legeringen met Mn als belangrijke 
component met name aantrekkelijk door hun lage prijs, overvloedig voorkomen en de 
potentieel grote magnetische dichtheid. Wij beoogden een groot magnetocalorisch effect te 
krijgen bij kamertemperatuur in verscheidene giftvrije en goedkope magnetocalorische 
materialen. Daarom bevat dit proefschrift een studie van magnetisme, magnetocalorisch 
effect en (micro)structuur van drie families magnetocalorische materialen met een hoog Mn 
gehalte: (Mn,Fe)2(P,Si), Mn3Sn1-xAxC  carbiden met de antiperovskietstructuur en MnNiSi 
halve Heusler-legeringen. Een speciaal deel van dit proefschrift concentreert zich op de 
verduidelijking van de magnetische structuur in carbiden met de antiperovskietstructuur. 

Het effect van de substitutie van Mn door Co en Ni in (Mn,Fe)2(P,Si) is beschreven 
in Hoofdstuk 4. Door het hoge belang ook voor andere toepassingen, hoge kosten en ethische 
kwesties is het essentieel het gebruik van Co te minimaliseren. Het effect van Co substitutie 
is vergeleken met Ni doping. Met toenemende Co en Ni doping nam de Curie temperatuur 
(TC) en thermische hysterese (ΔThys) af, terwijl de hexagonale P-62m kristalstructuur 
behouden bleef, wat wijst op een verlaging van de energiebarrière voor nucleatie. Onze 
resultaten laten zien dat de reductie in hysterese meer uitgesproken is na Co doping en dat Ni 
doping een groter effect heeft op de reductie van TC. Volgens de SEM en XRD analyse wordt 
Co opgenomen in de hoofd- en de onzuiverheidsfase en heeft Ni een sterke affiniteit met de 
hoofdfase, wat bijdraagt tot zijn groter effect op de reductie van TC. Mössbauer spectroscopie 
en DFT berekeningen onthulden dat dopingatomen Fe vervangen op de 3f positie. Hoewel 
DFT berekeningen een afname van het totale magnetische moment voorspellen met 
toenemend dopinggehalte, wordt een toename in magnetisatie waargenomen voor 2 at.% Co. 
DFT berekeningen laten zien dat Co doping het lokale magnetische moment van de Fe 
atomen op de 3f positie verhoogt, terwijl Ni doping het tegengestelde effect vertoont. 

Het effect van de warmtebehandeling op magnetisme, magnetocalorisch effect, 
microstructuur en vorming van de onzuiverheidsfase van (Mn,Fe)y(P,Si) is in detail 
bestudeerd in Hoofdstuk 5. XRD, SEM en EDS metingen onthullen dat een metaaldeficiëntie 
aanleiding geeft tot een stabiele (Mn,Fe)Si fase, wat een aanwijzing is voor een degradatie 
van de instabiele Fe5Si3 fase. Gevonden werd, dat de uitgloeitemperatuur de vorming en 
samenstelling van de (Mn,Fe)Si onzuiverheidsfase nauwelijks beïnvloedt. In het metaal-rijke 
regime wordt de (Mn,Fe)3Si fase gevormd en de hoeveelheid daarvan neemt af met 
toenemende uitgloeitemperatuur, wat kan worden toegeschreven aan korrelgroei en een 
gereduceerd aantal korrelgrenzen. Een afname van het gehalte aan (Mn,Fe)3Si 
onzuiverheidsfase ging vergezeld met veranderingen in de samenstelling van de hoofdfase, 
wat direct weerspiegeld werd in de magnetische eigenschappen van de gemaakte materialen. 
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Voor de optimale metaal/niet-metaal verhouding y = 1.90 wordt gevonden, dat de 
magnetische entropieverandering (|ΔSm|) toeneemt van 5.5 naar 15.0 Jkg-1K-1 onder een 
verandering van het magnetisch veld van 2 T door de uitgloeitemperatuur te variëren van 
1313 naar 1433 K, een aanwijzing voor de versterking van de eerste-orde magnetische 
faseovergang (FOMT). De gepresenteerde resultaten onthullen, dat de secondaire fase en 
magnetische eigenschappen in het (Mn,Fe)y(P,Si) systeem afgestemd kunnen worden door 
de uitgloeitemperatuur te variëren en door de metaal/niet-metaal verhouding y aan te passen.  

De structurele, magnetische en magnetocalorische eigenschappen van Mn3Sn1-

xZnxC antiperovskietcarbiden zijn bestudeerd in Hoofdstuk 6. De substitutie van Sn door Zn 
verzwakt de eerste-orde magnetische faseovergang (FOMT) en destabiliseert de kubische 
structuur, wat resulteert in de vorming van een tetragonale structuur bij lage temperatuur voor 
x = 1.0. De Curie temperatuur (TC) neemt eerst af van 273 naar 197 K en als x > 0.3 neemt 
TC toe en bereikt zijn maximum van 430 K voor x = 1.0. Een initiële afname van TC wordt 
vergezeld door onderdrukking van de eerste-orde magnetische faseovergang (FOMT) en een 
vermindering van het magneto-volume effect (MVE), wat bijdraagt tot een reductie van de 
magnetische entropieverandering (|ΔSm|). Samen met een toename van TC namen wij 
duidelijke veranderingen in magnetisch gedrag en een significante verhoging van 
magnetisatie waar van 21.8 naar 76.2 Am2kg-1 voor x = 0.8 in een magnetisch veld van 5 T. 
Neutronenpoederdiffractie (NPD) werd gebruikt om de magnetische structuur van Mn3Sn1-

xZnxC materialen te bestuderen. Hoewel de magnetische structuur voor x (Zn) = 0.3 lijkt op 
die van het moedermateriaal en beschreven kan worden met de propagatievector k = (½,½,0), 
kan een afname van de AFM component en een toename van het FM moment waargenomen 
worden. De magnetische structuur van materialen met hogere Zn doping kan beschreven 
worden door twee propagatie vectoren k = (0,0,0) en k = (½,½,½) te gebruiken. In de 
materialen met x = 0.4 en 0.6 neemt het AFM moment af en het FM moment toe onder 
toenemende Zn doping. De competitie tussen de AFM en FM componenten treedt op vanaf 
het punt waar de eerste-orde magnetische faseovergang overgaat in tweede-orde en wordt 
waargenomen als een groei van het FM subrooster ten koste van het AFM moment.  

De (micro)structurele, magnetische en magnetocalorische eigenschappen van met 
ijzer gedoteerde antiperovskietcarbiden Mn3Sn1-xFexC zijn bestudeerd in Hoofdstuk 7. 
Onder Fe doping neemt TC initieel af (x < 0.15), wat wordt gevolgd door een toename in TC 

voor hoger Fe gehalte. Hoewel een lineaire toename van TC vergezeld gaat met een verhoging 
in magnetisatie, lijkt het magnetisch moment te verzadigen voor x = 0.30 en af te nemen voor 
hogere doping, zoals ook bevestigd door DFT berekeningen. Een verzwakking van het 
magnetovolume effect (MVE) onder doping is gecorreleerd met veranderingen in TC en de 
evolutie van de magnetische structuur. In het Mn3Sn1-xFexC systeem verhoogt Fe doping het 
FM moment en verzwakt gelijktijdig de AFM bijdrage. Het materiaal met x = 0.05 kan 
beschreven worden met gebruik van een propagatievector k = (½,½,0), zoals bij het 
moedermateriaal. Een afname in het AFM moment en een toename in het FM moment kan 
echter waargenomen worden. In het materiaal met x = 0.20 wordt een FiM-FM faseovergang 
gevolgd door een FM-PM faseovergang, wat ook bevestigd wordt door NPD metingen. 
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Beneden TN  kan de magnetische structuur gefit worden door gebruik te maken van twee 
propagatie vectoren k = (½,½,0) en k = (0,0,0) en boven TN wordt de magnetische structuur 
beschreven met k = (0,0,0), een aanwijzing voor de aanwezigheid van ferromagnetische 
ordening. Voor x = 0.30 wordt de magnetische structuur gefit met gebruik van 
propagatievector k = (0,0,0), wat een indicatie is voor de aanwezigheid van ferromagnetische 
ordening.  

De structurele, magnetische en magnetocalorische eigenschappen van het 
(MnNiSi)1-x(CrCoGe)x systeem worden getoond in Hoofdstuk 8. Onder legering met 
CrCoGe neemt de Curie temperatuur (TC) af van 624 naar 205 K en de structurele 
overgangstemperatuur (TSTR) neemt af van 1220 naar 885 K bij een verandering van x = 0.0 
naar x = 0.5. Ondanks een aanzienlijke verandering in TC en TSTR, wordt een 
magnetostructurele koppeling niet bereikt in het bestudeerde systeem en de magnetische 
overgang blijft tweede-orde (SOMT), wat resulteert in een gematigd magnetocalorisch effect 
(MCE). Zoals onthuld door hoge-temperatuur DSC metingen verzwakt de legering met 
CrCoGe de sterkte van de eerste-orde structurele overgang, wat ook de mechanische 
stabiliteit verhoogt. Een ferrimagnetische toestand wordt waargenomen bij lage temperatuur 
voor materialen met x > 0.3.  
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zrastające zapotrzebowanie na energię podkreśla potrzebę rozwoju bardziej 
wydajnych i przyjaznych środowisku technologii. Chłodzenie magnetyczne oparte na 

efekcie magnetokalorycznym jest obiecującą alternatywą dla konwencjonalnych metod 
chłodniczych. Wśród wielu dostępnych materiałów magnetokalorycznych, związki na bazie 
manganu okazują się wyjątkowo atrakcyjne ze względu na niski koszt, dostępność oraz 
potencjalnie wysoki moment magnetyczny. Celem zaprezentowanych badań było uzyskanie 
znacznego efektu magnetokalorycznego w temperaturze pokojowej z wykorzystaniem 
niedrogich oraz nietoksycznych materiałów magnetokalorycznych. Niniejsza praca 
prezentuje badania dotyczące magnetyzmu, efektu magnetokalorycznego, struktury faz 
krystalicznych oraz mikrostruktury trzech rodzin związków na bazie manganu: 
(Mn,Fe)2(P,Si), Mn3Sn1-xAxC antyperowskity węglowe, MnNiSi stopy pół-Heusler. 
Szczególna część pracy poświęcona jest badaniom struktur magnetycznych w 
antyperowskitach węglowych.  

Efekt domieszkowania Co i Ni w związkach (Mn,Fe)2(P,Si) zaprezentowano w 
Rozdziale 4. Zminimalizowanie użycia kobaltu jest istotne ze względu na jego wysoką 
krytyczność, koszt oraz problemy etyczne związane z pozyskiwaniem tego pierwiastka. W 
rozdziale 4 porównaliśmy wpływ domieszkowania kobaltem i niklem. Wraz ze wzrostem 
zawartości kobaltu i niklu, obserwuje się spadek temperatury Curie (TC) i histerezy 
termicznej (ΔThys) bez zmiany heksagonalnej struktury krystalograficznej P-62m, wskazując 
tym samym na zmniejszenie się bariery energetycznej potrzebnej na nukleację. Nasze 
badania wykazują, że histereza termiczna ulega szybszej redukcji podczas domieszkowania 
Co, zaś domieszkowanie Ni ma znacznie większy wpływ na redukcję TC. Analizy SEM i 
XRD wykazały podstawienie Co w fazie głównej i wtórnej oraz silne powinowactwo Ni 
wyłącznie do fazy głównej, przyczyniając się do zwięszkonego efektu Ni na redukcję TC. 
Spektroskopia Mössbauera oraz obliczenia DFT wykazują, że atomy Co i Ni podstawiają Fe 
na pozycji Wyckoff 3f. Chociaż obliczenia DFT przewidują spadek momentu 
magnetycznego wraz ze wzrostem domieszkowania, wzrost magnetyzacji jest 
experymentalnie obserwowany dla 2 at.% Co. Jak wykazują obliczenia DFT, Co wzmacnia 
moment magnetyczny Fe w pozycji 3f podczas gdy domieszkowanie Ni osłabia moment 
magnetyczny atomów żelaza na tej samej pozycji. 

Efekt obróbki termicznej na magnetyzm, efekty magnetokaloryczny, mikrostrukturę 
i powstawanie faz zanieczyszczeń w (Mn,Fe)y(P,Si) został przedstawiony w Rozdziale 5. 
Analizy XRD, SEM i EDS wykazały, że zastosowanie deficytu metalu promuje powstawanie 
fazy wtórnej (Mn,Fe)Si, pochodzącej z degradacji niestabilnej fazy (Mn,Fe)5Si3. Wykazano 
brak znaczącego wpływu temperatury na powstawanie i skład fazy (Mn,Fe)Si w stopach o 
zmniejszonej ilości metalu. W związkach z nadmiarem metalu można zaobserwować 
powstawanie fazy (Mn,Fe)3Si, której ilość maleje wraz ze wzrostem temperatury obróbki 
cieplnej, w wyniku wzrastania ziaren i zmniejszenia liczby granic ziaren. Redukcja fazy 

W 
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(Mn,Fe)3Si występuje wraz ze zmianami składu fazy głównej, przekładając się na 
właściwości magnetyczne przygotowanych związków. Dla optymalnego stosunku metalu do 
niemetalu (y  = 1.90), zmiana entropii magnetycznej (|ΔSm|) wzrasta od 5.5 do 15.0 Jkg-1K-1 
po zwiększeniu temperatury obróbki cieplnej od 1313 do 1433 K dla zmiany pola 
magnetycznego 2 T, wskazując na wzmocnienie przejścia fazowego pierwszego rzędu. 
Zaprezentowane wyniki wskazują, że fazy zanieczyszczeń i właściwości magnetyczne mogą 
być dopasowane poprzez zmianę temperatury obróbki cieplnej oraz poprzez zmianę stosunku 
metalu do niemetalu y.  

Właściwości strukturalne, magnetyczne i magnetokaloryczne antyperowskitów 
węglowych Mn3Sn1-xZnxC przedstawiono w Rozdziale 6. Domieszkowanie cynku osłabia 
przejście fazowe pierwszego rzędu i destabilizuje reglarną strukturę krystalograficzną, co 
skutkuje formacją nieskotemperaturowej tetragonalnej struktury krystalograficznej dla 
x = 1.0. Temperatura Curie (TC) początkowo maleje z 273 do 197 K, a dla x (Zn) > 0.3, TC 

wzrasta osiągając 430 K dla x = 1.0. Początkowemu spadkowi TC towarzyszy osłabienie 
przejścia fazowego pierwszego rzędu oraz zmniejszenie zmiany stałej sieciowej komórki 
elementarnej (Δa/a) podczas przemiany magnetycznej, przyczyniając się do redukcji zmiany 
entropii magnetycznej (|ΔSm|). Wraz ze wzrotem TC obserwuje się znaczące zmiany 
właściwości magnetycznych oraz wzrost magnetyzacji z 21.8 do 76.2 Am2kg-1 dla x = 0.8 w 
polu magnetycznym 5 T. Struktury magnetyczne w związkach Mn3Sn1-xZnxC zostały 
zbadane za pomocą proszkowej dyfrakcji neutronów. Chociaż struktura magnetyczna dla x 
(Zn) = 0.3 jest zbliżona do związku macierzystego i może zostać opisana wektorem 
propagacji k = (½,½,0), obserwuje się zmniejszenie momentu antyferromagnetycznego 
(AFM) i wzrost momentu ferromagnetycznego (FM). Struktura magnetyczna związków o 
większej zawartości Zn jest opisana dwoma wektorami propagacji k = (0,0,0) oraz 
k = (½,½,½). W związkach x = 0.4 oraz 0.6 moment AFM maleje a moment FM wzrasta 
wraz ze wzrostem zawartości Zn. Konkurencyjne oddziaływania AFM oraz FM występują 
w tych związkach od momentu zmiany przejścia magnetycznego pierwszego rzędu w 
drugorzędowe i są obserwowane jako wzrost podsieci FM kosztem momentu AFM.  

Efekt domieszkowania Fe w Mn3Sn1-xFexC na właściwości mikrostrukturalne, 
magnetyczne i magnetokaloryczne opisano w Rozdziale 7. Podstawienie Fe powoduje 
początkowe zmniejszenie  TC (x < 0.15), po którym następuje wzrost TC dla wyższych 
zawartości Fe. Chociaż liniowy wzrost TC występuje wraz ze wzrostem magnetyzacji, 
moment magnetyczny nasyca się dla x (Fe) = 0.30 i zmniejsza się dla wyższej zawartości Fe 
jak również potwierdzają obliczenia DFT. Zmniejszenie zmiany stałej sieciowej komórki 
elementarnej (Δa/a) pod wpływem domieszkowania Fe jest powiązane ze zmianami TC oraz 
ewolucją struktury magnetycznej. W związkach Mn3Sn1-xFexC, dodatek Fe jednocześnie 
wzmacnia moment ferromagnetyczny (FM) i osłabia moment antyferromagnetyczny (AFM). 
Podobnie do związku macierzystego, struktura magnetyczna stopu x (Fe) = 0.05 jest opisana 
wektorem propagacji k = (½,½,0). Pod wpływem domieszkowania Fe, moment AFM 
zmniejsza się, a moment FM ulega wzmocnieniu. Jak wykazały badania z wykorzystaniem 
proszkowej dyfrakcji neutronów, w związku x (Fe) = 0.20, przejście z fazy ferromagnetcznej 
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do paramagnetycznej (PM) poprzedzone jest formacją niskotemperaturowej fazy 
ferrimagnetycznej (FiM). Poniżej Temperatury Néela (TN) struktura magnetyczna jest 
opisana dwoma wektorami magnetycznymi k = (½,½,0) oraz k = (0,0,0), a powyżej TN, 
strukturę magnetyczną opisuje wyłącznie wektor propagacji k = (0,0,0), wskazując na 
obecność momentu ferromagnetycznego. W związku x (Fe) = 0.30, struktura magnetyczna 
jest opisana wyłącznie wektorem propagacji k = (0,0,0), potwierdzając uporządkowanie 
ferromagnetyczne.  

Właściwości strukturalne, magnetyczne i magnetokaloryczne związków (MnNiSi)1-

x(CrCoGe)x są przedstawione w Rozdziale 8. Wraz ze wzrostem zawartości CrCoGe, 
temperatura Curie (TC) maleje z 624 do 205 K a temperatura przejścia strukturalnego 
zmniejsza się z 1220 do 885 K dla zmiany x = 0.0 do x = 0.5. Pomimo zauważalnej zmiany 
TC i TSTR, sprzężenie magnetostrukturalne nie jest osiągnięte i przemiana magnetyczna 
pozostaje drugiego rzędu, skutkując umiarkowanym efektem magnetokalorycznym (MCE). 
Wykorzystanie wysokotemperaturowego pomiaru DSC wskazuje na osłabnienie 
pierwszorzędowej przemiany strukturalnej wraz ze wzrostem zawartości CrCoGe, 
powodując wzmocnienie właściwości mechanicznych. Niskotemperaturowy stan 
ferrimagnetyczny jest obserwowany w związkach x > 0.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Podsumowanie   |   153



 
 

 
 

154   |   



 
 

 
 

 embarked on my PhD journey more than four years ago, and now, I am approaching the 
finish line. In the past, I had imagined this moment and believed it would bring immense 

relief and satisfaction. However, writing the acknowledgement section turned out to be a 
bittersweet moment that I did not expect. And I certainly did not expect to be unable to 
unpack the box with my RID stuff for over two months. It was a journey full of adventures 
and challenges. Still, I genuinely enjoyed the continuous growth and development on many 
different levels – from developing and strengthening transferable skills and mastering 
research-oriented skills to gaining in-depth knowledge of magnetism. Through this 
experience, I learned a lot, met amazing people and I am grateful to everyone who supported 
me in completing this work. 

I would like to express my deepest appreciation to my supervisors – Professor Ekkes Brück 
and Doctor Niels van Dijk. Thank you very much for giving me this incredible opportunity 
to delve into the study of magnetism under your kind and supportive guidance. Dear Prof. 
Ekkes Brück, thank you for accepting me as a PhD candidate at FAME. Your extensive 
knowledge, open-mindedness, patience and scientific optimism make you an exceptional 
supervisor and researcher. Thank you very much for the corrections, comments and 
discussions we have had. I am especially grateful for your highly supportive attitude and 
constant encouragement. Your unwavering support gave me the confidence to overcome any 
encountered difficulty. Dear Dr. Niels van Dijk, I want to express my gratitude for your 
invaluable feedback and revisions of my manuscripts. You are truly an exceptional scientist, 
always eager to share your knowledge and scientific imagination with others. You are a keen 
observer of human nature, and your highly constructive criticism has helped me to evolve 
into an objective, resilient and confident researcher. I will keep your advice for life. Thank 
you for taking the time to share your stories, book recommendations and showing us around 
Grenoble.   

I would like to extend my gratitude to the other members of the committee: Prof. Katia 
Pappas, Prof. Luana Caron, Dr. Nora Dempsey, Prof. Peter Svedlindh and Prof. Laurens 
Siebbeles, Thank you for spending time reading my thesis and for your valuable feedback.  

I am deeply indebted to my former supervisors – Professor Janusz Ryczkowski and Doctor 
(habil.) Sylwia Pasieczna-Patkowska. Dear Prof. Ryczkowski, I have always admired your 
passion for science, approach to students and impressive presentation skills. Thank you for 
giving me the opportunity to develop under your supervision, accepting me into your team 
and your witty remarks. Dear Sylwia, I admire your unwavering commitment to science and 
limitless patience with students. You have always been a true role model to me, not only in 
terms of student supervision but in various aspects of life. I have always strived to provide 
my students with the same level of support and guidance that you provided me during my 
studies. Thank you for your supervision and for staying in touch.   

I 

Acknowledgements   |   155



 
 

 
 

I would also like to thank my colleagues and friends at FAME. Qi Shen – I have always 
admired your determination, self-organization and high ambitions. It was fun to travel and 
attend conferences with you. Defang Tu – you are a kind and gentle person, it was always 
nice to talk with you and discuss ideas. Dr. Xinmin You – thank you for the great chats, the 
authentic Chinese Hot Pot experience and our joint meetings with Qi and Defang.  Hanggai 
and Hamutu it was great to work alongside you in the office. Thank you for all the valuable 
lessons of the Mongolian language. I sincerely hope to put it into practice someday. Dr. Ivan 
Batashev – as you know, you were my scientific authority long before a PhD came before 
your name. Thank you for the nice talks and DFT calculations. Dr. Fengqi Zhang – I want 
to express my gratitude for your support and guidance at the beginning of my PhD journey. 
You helped me to get on well with a new environment and you always had helpful advice for 
me. I truly admire your determination and perseverance, and I hope our friendship will stand 
the test of time and distance. I have no doubt that with your knowledge and character you 
will achieve great success in the academic world.  Diego Pineda Quijano, I appreciate your 
math and engineering skills, it has always been fun to chat with you. Dr. Carlo Belloni  - 
your energy, effervescence and positive attitude are contagious. Yifan Fu – thank you for all 
your help, support and nice chats. Bowei Huang – thank you for the pleasant conversations 
we had and for your great contribution to the advancement of magnetic cooling. Dr. Michael 
Maschek – thank you for the warm welcome you gave me on my first day of work. I am very 
grateful for your kind assistance in guiding me through the initial stages of research on 
magnetocaloric materials. I have confidence that your expertise, dedication and outstanding 
self-organization will pave the way for the development of magnetic refrigerators. 

The support of qualified, kind and helpful technicians was a real blessing. I owe my deepest 
gratitude to Anton Lefering. My research would not have been possible without your help. 
I admire your commitment to work and your extensive knowledge of science and technology. 
Thank you for encouraging me to speak Dutch, your Netflix reminders and for keeping in 
touch. Robert Dankelman – thank you for your assistance with the diffraction experiments. 
I genuinely appreciate your vast knowledge, passion for science, unique sense of humor and 
easy-going personality. It was always fun to work with you. I want to thank Bert Zwart for 
his enthusiastic energy and inspiration. Thank you for sealing samples and sharing 
adventurous stories. Many thanks to Kees Kwakernaak for providing me with SEM training, 
assistance with analysis and troubleshooting, and kind support throughout my PhD years. 
Many thanks to Michel Steenvoorden, Michel Thijs, Frans Ooms and Kees Goubitz for 
their technical assistance and nice talks. Dr. Anna Smith and John Vlieland, I would like to 
express my gratitude for our discussions and high-temperature DSC measurements. Esther 
Bijl, you are probably the kindest person I know. It was great to share an office with someone 
with the same passion for plants and gardening. It was always inspiring to talk with you and 
I am very grateful for your kind support. I wish you all the best in your personal and 
professional life and hope that all your dreams come true. All the best to you and Eline. Dr. 
Lars Bannenberg – it was a pleasure sharing an office with you, even if it was only for a 
brief period of time. I am grateful for your valuable feedback on my presentations, your 

156   |   Acknowledgements



 
 

 
 

company and our friendly conversations. Ted van Burk – you are a very open-minded person 
with a diverse range of talents and hobbies. I am particularly thankful for our conversations 
regarding music, art and cultural events. Dr. Jouke Heringa, thank you for your help with 
ICT-related issues, DFT calculations and a Dutch translation of the summary of my 
dissertation. I would like to express my gratitude to Ilse van der Kraaij-Quick and Nicole 
Banga for their kind and patient assistance with administrative tasks. Big thanks to my polish 
colleagues in RID – Dr. Violetta Arszelewska and Dr. Łukasz Ruszczyński. Thanks for 
your presence here and for chatting in our secret language. Dzięki za wszystko i powodzenia!  

One of the most fulfilling aspects of my PhD journey was supervising students. I want to 
thank my dear students Julia, Levi, Wouter, Nassim, Yorick and Annika. Seeing your 
passion, curiosity and gradual growth has brought me immense satisfaction. Ward – thank 
you for our discussions regarding DFT calculations and keeping in touch. 

I would like to extend my gratitude to co-workers and colleagues in RID: Dr. Stephan Eijt, 
Dr. Wim Bouwman, Dr. Steven Parnell, Dr. Henk Schut, Dr. Pedro Braga Groszewicz, 
Dr. Swapna Ganapathy, Martijn de Boer, Zamran Khan, Ziying Wu, Luke van Koppen, 
Dr. Maxim Ariëns, Marc van den Berg, Katja Garina, Kees de Vroege, Hanan Al-
Kutubi, Abdulkadir Biffo, Dr. Tammo Schiewert, Victor Landgraf, Chaofan Chen, 
Remco van der Jagt, Shengnan Zhang and anyone of whom may I have forgotten.  

I would like to extend my deepest appreciation to my former colleagues from Synlab. I will 
always cherish the moments of laughter we shared and the insightful discussions we had on 
diverse topics. Thanks to you, the squid rings will never be the same. Bernarda, 
Mehranoosh, Smilja, Michel, Paul, Can, Darek, Hendrik – you were amazing colleagues. 
Thank you for making my time there unforgettable and enjoyable. Iwonka, your kindness 
and support are invaluable to me, thank you for keeping in touch and our get-togethers. 
Wishing the best to Marcin and Pawełek.   

Eliza, I am amazed at how two people with such diverse personalities and abilities can 
develop a strong friendship that lasts over two decades. I am grateful for your constant 
support, daily conversations and for pushing me out of my comfort zone.  

Many thanks to my wonderful neighbors, especially to Michelle, Elroy, Joni, Viggo, 
Beppie, Arie, Jolanda, and Erik– we can always rely on your help and friendly advice. I 
hope we have many years “above the water” together.  

My deepest gratitude goes to my family, my parents Małgorzata and Bogdan, my grandma 
Jadwiga, my parents-in-law Ela and Leszek. I would like to thank my sister Irmina and 
brother Damian – through our daily conversations you kept me updated about everything, 
which gave me the impression that I had never left our family house in Poland. Special thanks 
to my goddaughters – Zosia and Martynka. Your insightful comments, honesty and 
openness enable me to see this realm from a completely different perspective.  

Acknowledgements   |   157



 
 

 
 

Last but not least, my deepest gratitude goes to my husband, my soul mate and my dear friend 
– Paweł, thank you for standing by me during this difficult time, encouragement and constant 
inspiration. I also would like to acknowledge the comforting presence of our beloved feline 
friends, Amper and Tesla, faithful companions and a source of joy during the long days of 
remote work.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

158   |   Acknowledgements



 
 

 
 

 

6. A. Kiecana, W. Schaefers, R. Dankelman, C. Kwakernaak, N.H. van Dijk, E. 
Brück, Impact of Fe doping on the magnetic and structural properties of Mn3Sn1-

xFexC antiperovskite carbides, submitted. 
 

5. A. Kiecana, W. Schaefers, M. Thijs, R. Dankelman, H. Ojiyed, I. Batashev, F. 
Zhang, N.H. van Dijk, E. Brück, Competing magnetic interactions, structure and 
magnetocaloric effect in Mn3Sn1-xZnxC antiperovskite carbides, J. Magn. Magn. 
Mater., 577, 170782 (2023). 
 

4. F. Zhang, S. Smits, A. Kiecana, I. Batashev, Q. Shen, N. H. van Dijk, E. Brück, 
Impact of W doping on Fe-rich (Mn,Fe)2(P,Si) based giant magnetocaloric 
materials, J. Alloys Compd., 5, 933 (2023). 
 

3. F. Zhang, K. Westra, Q. Shen, I. Batashev, A. Kiecana. N.H. van Dijk, E. Brück, 
The second-order magnetic phase transition and magnetocaloric effect in all-d-
metal NiCoMnTi-based Heusler alloys, J. Alloys Compd., 906, 164337 (2022). 
 

2. A. Kiecana, C. Kwakernaak, N.H. van Dijk, E. Brück, Effect of the heat treatment 
on the microstructure, magnetism and magnetocaloric effect in Fe-rich 
(Mn,Fe)2(P,Si) compounds, J. Alloys Compd., 932, 167635 (2022). 
 

1. A. Kiecana, I. Batashev, A. I. Dugulan, C. Kwakernaak, L. Pieter, F. Zhang, 
N.H. van Dijk, E. Brück, Effect of Co and Ni doping on the structure, magnetic 
and magnetcocaloric properties of Fe-rich (Mn,Fe)2(P,Si) compounds., J. Magn. 
Magn. Mater., 561, 169710 (2022).  

 

 

 

 

 

 

List of Publications   |   159



 
 

 
 

160   |   



 
 

 
 

03-05-1993 Born in Tomaszów Lubelski, Poland 

 

2012-2015 Bachelor of Science in Chemistry 

Maria Curie-Skłodowska University (UMCS), Lublin, Poland 

Thesis: “Recycling and recovery of metals from electronic and 

electrical waste” 

 

2015-2017 Master of Science in Chemistry 

Maria Curie-Skłodowska University (UMCS), Lublin, Poland 

Thesis: “Comparison of photocatalytic activity and the 

structure of Ti-Zn catalysts doped with carbon and carbon 

nanotubes” 

 

2019-2023 PhD candidate in Applied Sciences 

Delft University of Technology (TU Delft), the Netherlands 

Thesis: “Magnetic phase transitions and magnetic structures in 

Mn-based compounds” 

 

 

Curriculum Vitae   |   161



Anika Kiecana

Magnetic phase transitions 
and magnetic structures 
in Mn-based compounds

M
A

G
N

ETIC
 PH

A
S E TR

A
N

S I TI O
N

S A
N

D
 M

A
G

N
ETIC

 ST R
U

C
TU

R
ES I N

 M
N

-B
A

SED
 C

O
M

PO
U

N
D

S
A

N
IK

A K
IEC

A
N

A


	Lege pagina



