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Chapter 1 

Introduction 

 

 

 

 

 

 

 

1.1 Magnetocaloric effect and magnetic refrigeration 

The magnetocaloric effect (MCE) is defined as the thermal response of a magnetic material 

due to the application of a magnetic field [1, 2]. Modern society shows a large interest in 

using the MCE as an alternative technology for the conventional vapor-compression 

refrigeration, as ~15% of the total world wide energy consumption involves the use of 

refrigeration (air conditioning, refrigeration, freezing, chilling, etc.) [3].  

Magnetic refrigeration is based on the MCE, which was discovered in pure nickel in 1917 by 

P. Weiss and A. Piccard [4]. Compared to the conventional vapor-compression, the major 

differences are: (i) that magnetic refrigeration employs a solid refrigerant instead of gases, 

(ii) magnetic refrigeration is an environmentally friendly technology since it eliminates ozone 

depleting gases, reduces the need for global warming greenhouse effect gases, and other 

hazardous gaseous refrigerants. Besides, it has been indicated that the cooling efficiency in 

magnetic refrigerants can reach a theoretical limit of 60%, compared to only 40% in 

gas-compression refrigerators [5]. The schematic demonstration of a magnetic refrigeration 

cycle is shown in Figure 1.1. 
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Figure 1.1 Schematic demonstration of a magnetic refrigeration cycle, which is analogous to the 

conventional vapor-compression cycle [3]. 

1.2 Magnetocaloric materials  

Magnetocaloric materials are essential to the magnetic refrigeration. Among all the 

magnetocaloric materials, Fe2P-based Mn-Fe-P-Si compounds show the most promising 

properties for magnetic refrigeration applications.  

In 1926 Debye [6] and 1927 Giauque [7] proposed independently that the MCE could be used 

to achieve ultra-low temperatures below 1 K. Later in 1933, Giauque and MacDougall 

demonstrated the first operating adiabatic demagnetization refrigerator that reached 0.25 K [8]. 

The material they used was the paramagnetic salt (Gd2(SO4)3·8H2O). In 1976, Brown [9] 

constructed a magnetic heat pump operating at room temperature using the rare-earth metal 

Gd. 

In 1997 Pecharsky and Gschneidner [10] discovered that Gd5Ge2Si2 behaves as a giant MCE 

material, pointing people’s attention into magnetic refrigeration. Since then, several 

magnetocaloric materials were reported, most prominent are MnAs1-xSbx [11], La(Fe1-xSix)13 

and their hydrides [12, 13], MnFeP1-xAsx [14], Ni0.50Mn0.50-xSnx [15] and MnCoGeBx [16]. All 

these materials show a large MCE due to the first-order nature of their phase transitions. 

Some other factors that need to be addressed, to achieve magnetic refrigeration, are 

thermal/field hysteresis, thermal/electrical conductivity, corrosion resistance, mechanical 

properties, etc. 
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1.3 Thesis outline 

The work presented in this thesis is a study of the crystal and magnetic structure, the 

magnetocaloric effect and related physical properties in the Mn-Fe-P-X compounds. 

In Chapter 2, some theoretical aspects of the MCE are discussed. The phenomenological 

Bean-Rodbell model, that is commonly used to describe first-order phase transitions, is briefly 

introduced. Also the magnetic form factor, which is relevant for Chapter 8 and Chapter 9, is 

introduced. 

In Chapter 3, a short review is given on experimental techniques used for the sample 

preparation, the structural characterization and the determination of the magnetic properties. 

In Chapter 4, it is shown that boron atoms in the Mn-Fe-P-As system occupy interstitial rather 

than substitutional positions. The effects of interstitial boron on TC and the magnetic moments 

in the Mn-Fe-P-As system are described. The influence on the magnetocaloric properties is 

also discussed. 

In Chapter 5, the effect of the transition metal substitution with Co, Ni and Cu on the 

MnFe0.95P0.5Si0.5 compound has been studied. Due to the different magnetic behaviors on the 

3g and 3f layers, substitution for Mn(3g) or Fe(3f) atoms results in a rather different behavior 

on the thermal and/or field hysteresis, although the ferromagnetic ordering temperature 

reduces in all the cases. 

In Chapter 6, the tuneability of the thermal hysteresis in Fe-rich alloys is addressed. By 

varying the non-metal P/Si ratio, a small thermal hysteresis is achieved, while retaining a 

large MCE. Besides, the structure, magnetism and magnetocaloric effect of Fe-rich 

(Mn,Fe)1.95P1-xSix melt-spun ribbons were systematically studied. 

In Chapter 7, a phase diagram of the crystal structure and magnetic transition as a function of 

temperature and Fe content for the Mn1.95-xFexP2/3Si1/3 compounds has been established. The 

magnitude of the thermal hysteresis and the magnitude of the relative lattice parameter 

changes |∆a/a| and |∆c/c| at the transition appear to be correlated. 

In Chapter 8, high-resolution neutron diffraction has been employed to determine the crystal 

and magnetic structure, the magnetic moment and the interatomic distances in the 

Mn0.66Fe1.29P1-xSix melt-spun ribbons. With increasing Si content, the alignment of the 
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magnetic moment has changed from the c-axis towards the a-b plane. The magnetic moment 

on both the 3g and 3f sites slightly decrease with increasing Si content from x = 0.34 to 0.42. 

Chapter 9 is dedicated to the effect of varying the Mn/Fe ratio in the Mn1.95-xFexP2/3Si1/3 

compounds using high-resolution neutron diffraction. For increasing iron content, the 

magnetic moment at the pyramidal 3g site is unaffected (about 2.8 µB), while the magnetic 

moment on the tetrahedal 3f site is gradually reduced from 1.6 µB for x = 1.0 to 0.9 µB for 

x = 1.4. The development of the magnetic moment and microstrain for decreasing Mn/Fe ratio 

in the system is discussed based on the changes in the interlayer, intralayer and interatomic 

distances. 
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Chapter 2 

Theoretical aspects 

 

 

 

2.1 Thermodynamics 

Generally, the Gibbs free energy G is used to describe the magnetocaloric properties of 

magnetic systems [1]. In a system with a magnetic material in an external magnetic field B 

under a pressure p, the Gibbs free energy G is given by: 

 G U TS pV MB= − + −     (2.1) 

where U is the internal energy of the system, T the absolute temperature, S the entropy, M the 

magnetization of the magnetic material and V the volume. 

Correspondingly, the total differential of G can be written as: 

dG Vdp SdT MdB= − −     (2.2) 

For the Gibbs free energy G, the internal parameters M, S, V and (generalized thermodynamic 

quantities), conjugated to the external variables T, B and p, can be determined by the 

following equations of state: 

,

( , , )
T B

G
V T B p

p

 ∂=  ∂ 
     (2.3a) 

,

( , , )
B p

G
S T B p

T

∂ = − ∂ 
     (2.3b) 

,

( , , )
T p

G
M T B p

B

∂ = − ∂ 
    (2.3c) 
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Using the second law of thermodynamics, the specific heat pC can be represented as 

,

( , )p
B p

S
C T B T

T

∂ =  ∂ 
     (2.4) 

2.2 Bean-Rodbell model 

Bean and Rodbell proposed a model to describe the magneto-structural first-order phase 

transition in MnAs [2, 3]. The framework of the model was extended to explain the first-order 

phase transitions occurring in MnFeP1−xAsx [4, 5], Gd5(Ge1−xSix)4 [6], MnAs1−xSbx [7, 8] and 

LaFe13-xSix [9] compounds. The Bean-Rodbell model is based on the molecular-field 

approximation. The central consideration of the model is that the exchange interaction 

parameter (or the Curie temperature) is a strong function of lattice spacing. In this model, the 

dependence of the Curie temperature on the volume is described as:  

0
C 0

0

1
V V

T T
V

β
 −= + 
 

     (2.5) 

where TC is the Curie temperature, T0 the Curie temperature in the absence of deformation, β 

the slope of the Curie temperature dependence on the lattice deformation and can be positive 

or negative, V the equilibrium volume and V0 the volume in the absence of exchange 

interactions.  

In the molecular field approximation, the Gibbs free energy for a magnetic system, consists of 

the exchange interaction, the elastic energy and the Zeeman energy, and is described as:  

2

2 0 0
B C B

0 0

3 1
( , )

2 1 2

V V V VJ
G T B Nk T P TS Bg JN

J K V V
σ µ σ

   − − = − + + − −    +     
   (2.6) 

where J is the ion total angular momentum, N the number of magnetic ions per unit volume, 

kB the Boltzmann’s constant, σ ( B/M g JNµ ) the normalized magnetization per magnetic ion, 

K the compressibility, S the entropy, B the external magnetic field, g the Landé factor and µB 

the Bohr magneton. 

Substituting Eq. (2.5) into Eq. (2.6) and minimizing the free energy G with respect to 

equilibrium volume, we obtain: 

20
0

0 0

3

2 ( 1) B

V V J
Nk KT PK T

V V J J
β σ α− = − +

+
  (2.7) 
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where α is the coefficient of thermal expansion. 

Substituting Eq. (2.5) and Eq. (2.7) into Eq. (2.6), and minimizing the free energy G with 

respect to σ, the magnetic state equation is obtained: 

( )2 +12 1 1 1
( ) coth coth

2 2 2 2J

JJ
B Y Y Y

J J J J
σ

 +  = = −   
  

  (2.8) 

Where BJ(Y) is the Brillouin function and [6] 

( )
( )

4

3
0 0 04

2 1 11 9
3 3

1 5 12 1
B

B

Jg JJ J pK
Y T B T T

T J k JJ

µ βσ ησ σ
  + −   = + + −  + +   +    

 

Here, η, involving the parameters K and β that are related to the volume change, is the 

parameter controlling the order of the magnetic phase transition: 

2
2

04
0

5 [4 ( 1)]

2 [(2 1) 1] B

J J
Nk KT

J V
η β+=

+ −
   (2.9) 

 

Figure 2.1 Temperature dependence of the relative magnetization of the MnFeP0.45As0.55 

compound calculated in zero field with different values of parameter η. ([5]) 

η = 1 is the critical value to separate the first-order and the second-order phase transition [6]. 

Figure 2.1 shows the relative magnetization of MnFeP0.45As0.55 compound as a function of 

temperature, in which the σ(T) curves have been calculated in zero field for different η values. 



Chapter 2 

 

10 

For η < 1, the magnetic system undergoes a second-order phase transition and the curves 

show a continuous change in the magnetization. For η > 1, the magnetic system undergoes a 

first-order phase transition and a discontinuous change occurs in the magnetization (indicated 

by dashed vertical lines).  

2.3 Determination of the magnetic entropy change 

Entropy can be changed by varying of the magnetic field, temperature and pressure for given 

system parameters. The magnetic entropy and its change are closely related to the MCE value 

and the magnetic contribution to the heat capacity.  

The total entropy of a magnetic material can in general be described as: 

),,(),,(),,(),,( pBTSpBTSpBTSpBTS mel ++=    (2.10) 

where Sl, Se and Sm are the lattice, electron and magnetic contributions to the total entropy, 

respectively. 

The full differential of the total entropy of a closed system is given by 

                
, ,,p B T pT B

S S S
dS dT dp dB

T p B

 ∂ ∂ ∂   = + +    ∂ ∂ ∂    
    (2.11) 

If both the magnetization and entropy are continuous functions of the temperature and 

magnetic field, then the infinitesimal isobaric-isothermal magnetic entropy change can be 

related to the magnetization (M), the magnetic field strength (H), and the absolute temperature 

(T) using one of the Maxwell relations: 

                    
( ) ( ), ,M

T B

S T B M T B

B T

∂ ∂   
=   ∂ ∂   

    (2.12) 

After integration this yields 

          
( , )

( ) ( , )
f f

i i

B B

M B M TB B
B

M T B
S T dS T B dB

T∆
∂ ∆ = =  ∂ 

∫ ∫   (2.13) 

From the second law of thermodynamics (2.4), the integration yields 

                      
' '

'
0 '0

( , )
( , )

T pc T B
S T B S dT

T
= + ∫     (2.14) 
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Neglecting the configurational entropy, then the entropy will be zero at T = 0 K. That means 

we can rewrite the Eq. (2.10) as 

                      
' '

'
'0

( , )
( , )

T pc T B
S T B dT

T
= ∫     (2.15) 

Therefore, the entropy change corresponding to a field change B∆  is given by 

                  
' '

'
'0

( , ) ( , )
( )

T p f p i
B

c T B c T B
S T dT

T∆

−
∆ = ∫    (2.16) 

where '( , )p fc T B and '( , )p ic T B  represent the specific heat at constant pressure p in the 

magnetic field Bf and Bi, respectively. 

Considering constant pressure, Eq. 2.6 can be rewritten as 

                  ( , ) ( , )

B T

S T B S T B
dS dT dB

T B

∂ ∂   = +   ∂ ∂   
   (2.17)  

By combining the Eqs. 2.7, 2.9 and 2.13, the infinitesimal adiabatic ( )0TdS=  temperature 

rise for the reversible adiabatic-isobaric process can be obtained 

                 ( , )
( , )

( , ) Bp B

T M T B
dT T B dB

C T B T

  ∂ = −     ∂  

   (2.18) 

where ( , )pC T B  is the temperature and magnetic field dependent heat capacity at constant 

pressure p. The adiabatic temperature change ( )ad BT T ∆∆  is then found by integration of 

Eq. 2.14: 

        
( , )

( ) ( , )
( , )

f f

i i

B B

ad B B B
Bp B

T M T B
T T dT T B dB

C T B T∆

  ∂ ∆ = = −      ∂  
∫ ∫  (2.19) 

2.4 Magnetic neutron diffraction 

Neutrons have zero charge and a negligible electric dipole and therefore they can easily 

approach the point-like atomic nuclei in a material before the nuclear scattering occurs. The 

rather weak interaction of neutrons with materials enables the high penetration depth and 

therefore is a non-destructive probe. Thermal neutrons have wavelengths of about 10-8 cm, 

which is appropriate for diffraction by an atomic or molecular lattice [10, 11].  
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Figure 2.2 Atomic coherent scattering length for thermal neutrons, the dashed line shows the 

corresponding trend for X-ray scattering. A much smaller contrast is observed from one atom to the 

following atom in the periodic table using X-rays [11]. 

Neutron diffraction, based on constructive elastic neutron scattering, is a powerful tool for 

studying the atomic and/or magnetic structure of a material. The technique is similar to X-ray 

diffraction but the different type of radiation gives complementary information due to a 

difference in sensitivity. The scattering length varies from isotope to isotope rather than 

linearly with the atomic number. The atomic coherent scattering length as a function of 

atomic mass for thermal neutrons is shown in Figure 2.2. A major difference from X-rays is 

that the scattering is mostly due to the tiny nuclei of the atoms. As a result, there is no need 

for an atomic form factor for the nuclear scattering of neutrons in contrast to X-rays. 

Therefore, the neutron diffraction peaks at high angles still show a relatively  high intensity, 

particularly if the experiment is done at low temperatures [12]. 

In magnetic neutron scattering, the interaction is between the spin moment of the neutron and 

the magnetic moments of unpaired electrons and nuclei. Considering the size of the magnetic 

moment distribution of the electrons, it is comparable to the wavelength of thermal neutrons 

and thus an angle-dependent magnetic form factor is caused due to the interference. 

Figure 2.3 shows the magnetic form factor of the Mn2+ atom as a function of the inverse 

d-spacing. The magnetic form factor for neutron diffraction falls off rapidly with angle like 

X-rays. The magnetic form factor can be calculated from theoretical electron densities, or 
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determined experimentally [13]. Note that, the magnetic form factor also depends on the 

valence state of the atom or ion as it defines the radial extends of the moment distribution. 

 

Figure 2.3 The magnetic neutron form factor of Mn2+ compared with the (normalized) X-ray 

form factor [12] as a function of Sinθ/λ. 

 

Figure 2.4 Magnetic from factor of FeI(3f)0 and FeII(3g)4+ atoms as a function of Sinθ/λ obtained 

from polarized neutron diffraction [14]. The dashed curve is a spherical form factor for free Fe 

atom state calculated by Watson and Freeman, the full curve is a calculated one for Fe4+ atom 

state by Watson and Freeman [15]. 
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Figure 2.4 shows the difference in magnetic form factor between Fe0 and Fe4+ ions. In 

magnetic scattering, the cross section is sensitive to the orientation and the size of the atomic 

magnetic moment and the scattering vector as the neutrons only scatter from the moment 

component oriented perpendicular to the wave vector transferQ
→

. This allows us to determine 

the magnetic structures from the intensities of magnetic neutron diffraction peaks [16]. 
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Chapter 3 

Experimental   

 

 

 

 

3.1 Introduction   

The materials presented in this thesis were prepared at the section Fundamental Aspects of 

Materials and Energy (FAME), Faculty of Applied Sciences, Delft University of Technology 

(TU Delft). Most of the structural and the magnetic characterizations were carried out at 

FAME, such as X-ray diffraction (XRD), magnetization measurements using Superconducting 

Quantum Interference Device (SQUID) magnetometer, Differential Scanning Calorimetry 

(DSC) measurements. The neutron diffraction measurements were carried out outside FAME. 

A brief description on sample preparation and characterizations is given in this chapter. 

3.2 Sample preparation 

3.2.1 High-energy ball-milling 

A ball mill, a type of grinder, is used in grinding (or mixing) materials. During the milling 

process solid-state reactions are initiated through repeated deformation, cold welding and 

fracture of the raw powder particles.  

Vibratory ball mill: The vibratory ball mill and its cross section are shown in 

Figure 3.1 [1, 2]. The device consists of a stainless-steel jar with a hardened-steel bottom, the 

central part of which is a tungsten-carbide disk. Inside the vial, a single hardened-steel ball 
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with a diameter of 6 cm and weight of 800 g is kept in motion by a water-cooled vibrating 

frame. The vacuum of the system is less than 10-6 mbar. The vibration amplitude and the 

milling time can be adjusted. The materials presented in Chapter 4 were prepared by using 

this mill. 

 

 

 

 

 

 

 

 

 

Planetary ball mill: A PULVERISETTE 5 classic line planetary ball mill has also been 

employed for the sample synthesis [3]. The schematic drawing of the planetary ball mill is 

shown in Figure 3.2 [4]. 15 grinding balls (10 mm diameter and 4 g each) and a typical 

amount of 15 gram starting materials with appropriate proportions were mixed. During the 

milling process, the sample material is primarily crushed by the high-energy impact of 

grinding balls together with friction between the balls and the wall of the grinding bowl. The 

grinding bowls with material and balls rotate around their own axis on a counter-rotating 

supporting disc. The centrifugal forces caused by the double rotation of the grinding bowls 

and supporting discs work on the contents of the grinding bowls. The force, which can reach 

10 times the earth’s gravitational force, causes the rotating balls to crash against the inside 

wall of the bowl and thus crushing the material. The grinding process take place in an argon 

gas atmosphere with the adjustable rotation speed (30 - 400 rpm) and milling time. The 

materials presented in Chapter 5, 7 and 9 were prepared by using this mill.  

The obtained fine powder was then pressed into small tablets and sealed in quartz ampoules 

with an Ar gas atmosphere of 200 mbar. Then, the samples were sintered at 1273/1373 K for 2 

hours and annealed at 1123 K for 20 hours before being furnace cooled to room temperature.  

      

 

Figure 3.1 Ball mill and its cross section picture. 
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3.2.2 Melt-spinning technique 

Melt-spinning is an important technique that is used for rapid cooling of melts [5]. The 

melt-spinner used in this thesis is produced by the Edmund Bühler Company (Article No. 

2460019) [6]. 

An as-cast ingot obtained by the induction-melting is inserted into a quartz tube with a nozzle. 

The ingot is induction melted under an Ar gas atmosphere (~800 mbar). By applying a 

pressure difference the obtained liquid is ejected through the nozzle onto the polished surface 

of the rotating Cu wheel, which traverses with ~38 m/s surface speed. In this way melt-spun 

ribbons are prepared. Cooling rates of 105 – 106 K/s can be achieved, that guaranty the 

formation of nanocrystalline or glassy materials. The as-spun ribbons were subsequently 

annealed before being quenched into water at room temperature. The materials presented in 

Chapter 6 and 8 were prepared by this technique. 

3.3 Sample characterization and magnetization measurements 

3.3.1 X-ray powder diffraction 

X-ray diffraction (XRD) patterns of the studied polycrystalline samples were collected using a 

PANalytical X-pert Pro diffractometer with Cu Kα radiation, a secondary-beam flat-crystal 

monochromator and a multichannel X’celerator detector. An Anton Paar TTK450 

Figure 3.2 Schematic drawing of planetary ball milling. ([3]) 
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Low-Temperature Chamber with a flat sample holder and a Pt 100 temperature sensor was 

employed to perform the temperature-dependent XRD measurement [7]. Short cooling and 

heating cycles (~80 K to 723 K) are guaranteed by the combination of the LNC Liquid 

Nitrogen Control Unit and the TCU 100 temperature control unit. Measurements may be 

carried out either under vacuum, air or inert gas. The X-ray diffraction patterns were analyzed 

by means of the Rietveld method [8] using the Fullprof program [9]. 

3.3.2 Neutron powder diffraction 

Neutron diffraction data were collected at the Bragg Institute of the Australian Nuclear 

Science and Technology Organization (ANSTO) on the ECHIDNA high-resolution powder 

diffractometer [10] with an incident wavelength of 1.622 Å and at the Institut Laue-Langevin 

(ILL) on the D2B high-resolution powder diffractometer [11] with an incident wavelength of 

1.595 Å. The sample powder was contained in a vanadium can which was mounted in an 

Orange cryostat. The measurements were carried out at fixed temperatures between 5 and 

400 K in zero field. The crystal and magnetic structure were obtained by means of the 

Rietveld method [8] using the Fullprof program [9]. 

3.3.3 SQUID magnetometer 

Magnetic measurements were carried out using superconducting quantum interference devices 

(SQUID) MPMS-XL and MPMS-5S magnetometer. The temperature range is from 1.7 to 

400 K and the applied magnetic field up to 5 T. The lowest temperature of 1.7 K can be 

reached by continuous pumping on a capillary connected to the liquid helium (LHe) reservoir.  

All samples were inserted in a gelatin capsule and mounted in a plastic straw with 

diamagnetic contribution of the order of 10-8 Am2 in 1 T external magnetic field. Since the 

SQUID utilizes an extremely sensitive detection system, the smallest moments that can be 

detected are 10-12 Am2, the largest 103 Am2, with an accuracy of 0.1 % [12]. Thus, for a 

magnetic material with strong magnetic signal, like ferromagnetic materials, the 

empty-sample holder signal can be ignored; for a magnetic material with weak signal, like 

diamagnetic materials, the sample holder was measured separately and the contribution is 

subtracted from the total magnetization.  
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3.3.4 Differential scanning calorimeter  

The differential scanning calorimetry (DSC) measurements were carried out using a 

TA-Q2000 instrument (TA Instrument Company) equipped with a liquid nitrogen cooling 

system. Employing the so-called Tzero™ DSC technology, this equipment allows to measure 

the heat capacity and latent heat directly with a high precision.  

The heat flux was measured as a function of temperature. The temperatures can vary from 90 

to 820 K, with variable temperature sweep rates. The sweep rate selected for the 

measurements in this thesis is 20 K/min. 
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Chapter 4 

Interstitial boron in MnFe(P,As) 

giant-magnetocaloric alloy  

 

 

4.1 Introduction 

Magnetic refrigeration is a cooling technology which takes advantage of the entropy 

difference between the magnetized and demagnetized states of magnetic refrigerant materials. 

It represents an energy efficient and environmentally friendly alternative for the vapor-cycle 

refrigeration technology in use today. Recently magnetocaloric materials have been 

intensively investigated, especially materials undergoing a first order magnetic phase 

transition [1-5]. The (Mn,Fe)2(P,As) compounds are known for their good magnetocaloric 

properties: small thermal hysteresis, high magnetic entropy change and large adiabatic 

temperature changes. Another favorable point of this family of compounds is the tuneability 

of the working temperatures [6]. This is done by changing the Mn:Fe and/or P:As ratios, thus 

changing the lattice parameters, electron concentration and Curie temperatures (TC). However, 

small changes in composition result in rather large changes in TC. Additionally, this often 

results in slightly changed magnetocaloric properties, which need to be optimized 

composition by composition. It is known that the magnetic and the magnetocaloric properties 

can be affected by the application of physical pressure [7, 8]. Since physical pressure is an 

impractical technique for applications, chemical pressure is often used by the introduction of 

interstitial elements. Thus, we searched for interstitial elements, which would play the role of 

gradually displacing the phase transition without changing the magnetocaloric properties.  
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4.2 Materials and methods 

Polycrystalline Mn0.95Fe1.05P0.5As0.5Bx compounds (x = 0, 0.01, 0.02 and 0.04) were 

synthesized using a high-energy ball-milling and solid state reaction. Appropriate proportions 

of starting materials, pure Mn chips (purity 99.99%), B pieces (purity 99.9%), red-P (purity 

99.99%), and the binary compounds Fe2P and FeAs2 (purity 99.5%), were ball milled for 7 

days under vacuum (about 10−7 mbar) in a vibrating ball mill. During the milling process 

solid-state reactions are initiated through repeated deformation and fracture of the powder 

particles. The obtained mixtures were pressed into tablets and sealed in quartz ampoules 

under an Ar atmosphere of ~ 200 mbar. All the samples were sintered at 1000 oC for 2 hours, 

and then homogenized at 850 oC for 20 hours and finally oven-cooled to room temperature. 

Powder x-ray diffraction (XRD) was performed in a PANalytical X’pert Pro diffractometer 

with Cu Kα radiation, secondary flat crystal monochromator, and X’celerator real time 

multiple strip (RTMS) detector system. The magnetic measurements were carried out in a 

Quantum Design MPMS-5XL SQUID magnetometer in the temperature range 5 – 400 K and 

magnetic fields up to 5 T. The magnetic entropy change is derived from isothermal 

magnetization measurements using the equation 

i i
m i

i

( 2, ) ( 2, )
( , )

M T T B M T T B
S T B B

T

+ ∆ − − ∆∆ ∆ =
∆∑                         (1) 

where B∆ is the sum of iB∆ , i( 2, )M T T B+ ∆  and i( 2, )M T T B− ∆  represent the values of 

the magnetization in a magnetic field iB  at the temperatures 2TT ∆+  and 2TT ∆− , 

respectively. 

4.3 X-ray diffraction results 

It is known that the lattice parameters change discontinuously during the first-order 

magnetoelastic transition [9-11]. Thus, to separate the influence on the lattice parameters due 

to the magnetic phase transition and the addition of interstitial elements, the powder X-ray 

diffraction patterns of the Mn0.95Fe1.05P0.5As0.5Bx compounds (x = 0, 0.01, 0.02 and 0.04) were 

collected at both 250 and 330 K (in the ferromagnetic and paramagnetic states, respectively, 

for all the compounds shown in Figure 4.1). The results show that the reflections can be 

identified with the hexagonal Fe2P-type phase. There is a minor MnO impurity phase with a 

peak indicated by the arrow. Lattice parameters have been obtained from careful refinement 

of the XRD data by Rietveld refinement [12] using the Fullprof [13] program, the results are 
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summarized in Table 4.1. Due to thermal expansion the cell volume V increases about 0.6% 

from 250 to 340 K, the volume change at TC due to the magnetoelastic transition is less than 

0.1%. The boron addition mainly influences the lattice parameter a resulting in an increase of 

0.2% (at both 250 and 340 K) when increasing boron concentration from x = 0 to x = 0.04. 

The lattice parameter c is rather unaffected by the boron concentration. The expansion of the 

lattice volume with increasing boron concentration, observed in this study, indicates that the 

boron atoms are entering the lattice as an interstitial element rather than a substitutional 

element. Note that, small B atoms replacing P in Fe2P reduce the unit-cell volume and alter 

both lattice parameters a and c [14], as shown in Table 4.1.  
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Figure 4.1 X-ray diffraction patterns of Mn0.95Fe1.05P0.5As0.5Bx compounds (x = 0, 0.01, 0.02 and 

0.04) collected at 250 and 340 K (in ferromagnetic and paramagnetic state for all the samples, 

respectively). The arrow indicates the presence of minor impurity phase MnO. 

There are several possible Wyckoff positions that may be occupied by boron atoms as there 

are several sites with a sufficiently large open volumes in the MnFe(P,As) unit cell. The 

distinct difference between the response of lattice parameters a and c suggests that boron, as 

an interstitial element, prefers to occupy interstitial sites within the a-b plane. Introducing 

boron as an interstitial atom, thus, results in a negative pressure. This negative pressure is 

primarily parallel to the basal plane and raises TC. Concerning the application of pressure, one 

generally distinguishes hydrostatic and uniaxial pressures. The effect of both types of pressure 

on the parent compound Fe2P have been explored earlier: positive hydrostatic pressure 

reduces the size of the unit cell, changing the lattice parameters a and c simultaneously, with 
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the basal plane being more compressible than the c-axis [15,16]; uniaxial pressure on Fe2P 

single crystal (parallel to the c-axis or perpendicular to the c-axis) can provide a pressure 

perpendicular or parallel to the basal plane, which leads to increase or decrease of TC, 

respectively [17]. 

Table 4.1 Variation of lattice parameters a, c, V (volume) and c/a ratio (at 250 and 340 K), Curie 

temperature (TC), maximal isothermal magnetic entropy change (- ∆SM) and the relative cooling 

power RCP(S) under the magnetic field change ∆B = 0 – 2 T of Mn0.95Fe1.05P0.5As0.5Bx 

compounds (x = 0, 0.01, 0.02 and 0.04). For comparison, some results for Gd and Fe2P1-xBx 

(x = 0, 0.04, 0.08 and 0.15) from Ref. [1] and Ref. [14], respectively, are presented as well. 

 *Reference [1] and **Reference [14]. 

4.4 Magnetic properties and magnetocaloric effect 

Figure 4.2 shows the temperature dependence of the magnetization of the 

Mn0.95Fe1.05P0.5As0.5Bx compounds (x = 0, 0.01, 0.02 and 0.04) measured in a field of 0.05 T 

with increasing and followed by decreasing temperature. The thermal hysteresis, between the 

heating and cooling curves, indicates the magnetic transition is of first order, which is 

accompanied by a large magnetic entropy change due to latent heat. The thermal hysteresis 

(∆Thys) is hardly influenced by boron doping and the values are in the order of 1 or 2 K for all 

compounds. The Curie temperature, derived from M-T curves, increases about 15 K with 

increasing boron concentration from x = 0 to x = 0.04. Note that, B substitution in the 

Fe2P1-xBx compounds (x < 0.15) rapidly raises the TC (from 216 to 358 K when increase B 

Compounds a (Å) c(Å) V(Å3) c/a 
TC 
(K) 

-∆SM, max  
(J kg-1 K-1) 

RCP(S) 
(J kg-1) 

Mn0.95Fe1.05P0.5As0.5Bx (250 /340 K) (250 /340 K) (250 /340 K) (250 /340 K)    

x = 0 6.178/6.142 3.437/3.498 113.61/114.29 0.5563/0.5695 290 11.3 131 

x = 0.01 6.182/6.146 3.436/3.498 113.70/114.46 0.5558/0.5692 295 15.2 146 

x = 0.02 6.187/6.151 3.436/3.499 113.88/114.65 0.5553/0.5688 301 13.4 149 

x = 0.04 6.190/6.154 3.434/3.498 113.97/114.74 0.5548/0.5684 305 14.3 162 

Gadolinium*     293 4.2 166 

Fe2P1-xBx
**        

x = 0 5.872 3.442 102.78 0.5862 216   

x = 0.04 5.897 3.410 102.70 0.5782 358   

x = 0.08 5.916 3.370 102.14 0.5695 440   

x = 0.15 5.936 3.325 101.45 0.5602 528   
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content from 0 up to 0.04) [14]. Magnetic field induced phase transitions are at the basis of 

the giant magnetocaloric effect. For all boron concentrations a strong magnetic field-induced 

transition with small magnetic hysteresis is observed, as depicted in Figure 4.3. The magnetic 

hysteresis is slightly reduced with increasing boron concentration.  
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Figure 4.2 Temperature dependence of magnetization of Mn0.95Fe1.05P0.5As0.5Bx compounds 

(x = 0, 0.01, 0.02 and 0.04) in a field of 0.05 T with temperature increasing and decreasing. 
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Figure 4.3 Isothermal magnetization curves of the Mn0.95Fe1.05P0.5As0.5Bx compounds (x = 0, 

0.01, 0.02 and 0.04) measured in vicinity of TC with increasing and decreasing magnetic field. 
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The Arrott plot [18], which is obtained by plotting the magnetization M measured in the field 

µ0H as a function of 2M versus H/M, is an effective tool to determine the order of the phase 

transition. Figure 4.4 shows the Arrott plots for the Mn0.95Fe1.05P0.5As0.5Bx compounds with 

x = 0, 0.01, 0.02 and 0.04 in the vicinity of their respective TC’s. The S-shaped curves confirm 

the occurrence of a first-order magnetic phase transition (FOMT) in all compounds [19]. 

However, the S shape is less pronounced for the compound with the highest boron 

concentration. 

The isothermal magnetic entropy changes derived from the magnetization data are shown in 

Figure 4.5. A small amount of boron addition slightly enhances the magnetic entropy change, 

the values of maximum magnetic entropy changes in a field change of 2 T are shown in 

table 4.1. The relative cooling power (RCP) [20], a parameter which evaluates the magnetic 

cooling efficiency of magnetocaloric materials increases with increasing boron content. The 

full width at half maximum (δTFWHM) of the entropy change also increases with increasing 

boron content. The increase of RCP(S) values is probably caused by the widening of δTFWHM 

due to the less pronounced FOMT for the higher boron content compounds. 
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Figure 4.4 Arrott plots of the Mn0.95Fe1.05P0.5As0.5Bx compounds (x = 0, 0.01, 0.02 and 0.04) 

obtained from magnetized isothermal magnetization data measured in the vicinity of their 

critical temperatures. 
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Figure 4.5 Isothermal magnetic entropy changes of the Mn0.95Fe1.05P0.5As0.5Bx compounds 

(x = 0, 0.01, 0.02 and 0.04) in a field change of 2 T. 

The competition between the intra-layer (a-b plane) and the inter-layer (parallel to a-b 

plane) exchange interactions can be characterized by as the c/a ratio, resulting in the change 

of the Curie temperature [7, 8, 14 and 21]. Uniaxial pressure studies on the parent compound 

Fe2P show that, a change on either lattice parameter a or c will alter the Curie temperature: it 

increases by applying pressure along c, while it decreases applying pressure perpendicular to 

c [17]. With hydrostatic pressure both lattice parameters contract simultaneously. The change 

in Curie temperature is associated with a change of both a and c and is therefore best 

characterized by the c/a ratio. It is claimed that the strongest ferromagnetic exchange 

interactions are the ones between the different nearest-neighbor 3g intra-plane atoms and 

affected the most by the c/a ratio, while the ferromagnetic exchange interactions between the 

inter-layer (3g-3f sites) are less affected by the c/a ratio [11, 21]. In other words, a change of 

the c/a ratio will cause a shift in TC. In the case of hydrostatic positive pressure in Fe2P, a is 

much more compressible and goes down much faster than c, thus decreasing c/a and resulting 

in a decrease of TC [22]. If the c/a ratio remains constant, a constant TC would be expected. In 

our study, the boron doping expands the a-b plane, having little influence on the lattice 

parameter c, which makes the c/a ratio decrease, resulting in the upward shift of TC.  
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4.5 Conclusions 

The (Mn,Fe)2(P,As)Bx compounds (x = 0, 0.01, 0.02 and 0.04) crystallize in the 

hexagonal Fe2P-type structure and boron atoms occupy interstitial sites within the basal plane. 

First-order magnetoelastic phase-transitions with small thermal and magnetic hysteresis are 

observed in all these compounds. The ferromagnetic ordering temperatures increase by boron 

addition. The optimal working temperatures can be finely adjusted by varying the boron 

content without losing the good magnetocaloric properties. Both the maximal magnetic 

entropy changes and the RCP are slightly enhanced for all boron concentrations. All these 

features make boron addition a good tool to tune and improve magnetic and magnetocaloric 

properties in (Mn,Fe)2(P,As) compounds. 
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Chapter 5 

Transition metal substitution in Fe2P-based 

MnFe0.95P0.50Si0.50 magnetocaloric compounds 

 

 

 

 

5.1 Introduction 

Magnetic refrigeration has attracted much attention in recent years as a promising and 

environmentally friendly alternative to conventional gas-compression cooling [1-6]. 

Magnetocaloric materials that undergo a first-order magnetic phase transition (FOMT) are 

being intensively investigated. However, the thermal hysteresis, which is a characteristic 

feature of a FOMT, is unfavorable for thermal cycles. The reduction of thermal hysteresis 

(∆Thys) is an essential issue to practical refrigeration applications.  

Fe2P-based MnFeP1-xAsx compounds are known as promising materials for magnetic cooling, 

presenting small thermal hysteresis (less than 2 K), a large magnetocaloric effect and easy 

tuneability of the optimal operating temperature (from ~200 to ~340 K) by varying the P/As 

ratio [4, 7]. However, the toxicity of arsenic hampers the use of this material in practical 

applications. Following studies on both MnFe(P,Ge) [8] and MnFe(P,Si) [9] compounds have 

shown the successful replacement of the toxic element arsenic, at the expense of a large ∆Thys 

of ~ 10 K and 35 K, respectively. The limited availability of Ge puts the Mn-Fe-P-Si 

compound as the best candidate among Fe2P-based compounds so far. It is found that a large 
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temperature span and small ∆Thys can be achieved by varying the Mn/Fe and/or P/Ge(Si) 

ratios [10, 11]. Moreover, Co and Ni substitutions for Fe in Mn-Fe-P-Ge compounds reduce 

the thermal hysteresis, while retaining good magnetocaloric properties [12]. 

In the Mn-Fe-P-Si compound, Mn and Fe atoms preferably occupy the 3g and 3f sites, 

respectively, where ions in the 3g sites show much larger magnetic moments than that of the 

3f sites [9]. First-principle electronic structure calculations suggest that the high and 

low-moment sites show a different magnetic behavior: the 3g sites show a more localized 

magnetism, while 3f sites show weak itinerant magnetism [11]. Thus, the substitution of 

different elements on 3g or 3f sites may have different effects on the magnetic and 

magnetocaloric properties. In this chapter, we show the sensitivity of TC and the thermal 

hysteresis on the replacement of Fe(3f)/Mn(3g) by transition metals, e.g. Co, Ni and Cu, in the 

MnFe0.95P0.50Si0.50 compound. 

5.2 Sample preparation 

Polycrystalline Fe2P-based (Mn,Fe,T)1.95P0.50Si0.50 (T = Co, Ni and Cu) compounds were 

prepared by ball-milling and solid-state reactions. Appropriate amounts of starting materials 

of Mn (99.9%), Si (99.999%) chips, binary compound Fe2P (99.5%), red-P (99.7%), 

Co (99.8%), Ni (99.9%) and Cu (99.9%) powder were mixed and ball-milled for 10 h. The 

ball-milled powder was then pressed into small tablets and sealed in quartz ampoules in an Ar 

atmosphere of ~200 mbar. The samples were sintered at 1373 K for 2 h and then annealed at 

1123 K for 20 h before being furnace cooled to room temperature. For a better homogeneity, 

the obtained bulk samples were re-annealed at 1373 K for 20 h and finally quenched into 

water. X-ray diffraction patterns were collected in zero field using a PANalytical X-pert Pro 

diffractometer using Cu Kα radiation, a secondary-beam flat-crystal monochromator and a 

multichannel X’celerator detector. A superconducting quantum interference device (SQUID) 

magnetometer (Quantum Design MPMS 5XL) with the reciprocating sample option (RSO) 

mode was employed for magnetic measurements in the temperature range of 5 - 400 K and in 

magnetic fields up to 5 T. Differential scanning calorimetry (DSC) measurements were 

carried out using a TA-Q2000 DSC calorimeter in a temperature range of 90 K to 820 K. 
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5.3 Structural, magnetic and magnetocaloric properties 

The (Mn,Fe)1.95P0.50Si0.50 compound shows a TC of 395 K and ∆Thys of 16 K, as obtained from 

the DSC measurements. The X-ray diffraction pattern shows that the sample crystallizes in the 

hexagonal Fe2P-type structure (space group P-62m). Due to the site preferences of Fe and Mn, 

the 3f and 3g sites will be occupied by Fe and Mn, respectively. 

5.3.1 MnFe0.95-xCoxP0.50Si0.50 compounds 

X-ray diffraction patterns collected at 473 K, which is a temperature at which all the 

compounds are in the paramagnetic state, indicate that all the samples crystallize in the 

hexagonal Fe2P-type structure. The cell volume decreases with increasing Co content, as Co 

(1.26 Å) has a smaller covalent radius than Fe (1.32 Å). The lattice parameter a decreases and 

c increases with increasing Co content, as shown in Figure 5.1. We find that the c/a value 

increases linearly with increasing Co content.  
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Figure 5.1 Variation of lattice parameters obtained from XRD patterns measured at 473 K for 

MnFe0.95-xCoxP0.50Si0.50 (x = 0, 0.02, 0.04, 0.08, 0.12 and 0.16). 

The temperature dependence of the magnetization for the MnFe0.95-xCoxP0.50Si0.50 (x = 0.04, 

0.08, 0.12 and 0.16) compounds measured in a field of 1 T is shown in Figure 5.2. The 

temperature dependence of the magnetization shows very sharp first-order ferromagnetic to 
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paramagnetic phase transitions accompanied by a large temperature hysteresis ∆Thys of ~15 K 

between heating and cooling curves. TC decreases almost linearly with increasing Co content 

(see the insert in Figure 5.2). The reduction of TC suggests that the replacement of Fe(3f) by 

Co weakens the ferromagnetic (FM) ordering, which is consistent with the results for similar 

substitutions in Mn-Fe-P-X (X = As, Ge) compounds. The ∆Thys value is rather constant when 

Fe(3f) is replaced by Co up to 0.16 at. %, implying that the FOMT is retained and the energy 

barrier for nucleation [13] is hardly changed. This behavior is unexpected since it is found 

that Co substitution on the Fe(3f) site in Mn-Fe-P-Ge compounds reduces both TC and ∆Thys, 

while retaining a sharp magnetic transition at TC [12]. 
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Figure 5.2 Temperature dependence of the magnetization of MnFe0.95-xCoxP0.50Si0.50 (x = 0.04, 0.08, 

0.12 and 0.16) compounds measured in a magnetic field of 1 T. The insert shows the transition 

temperatures obtained from DSC experiments. 

Figure 5.3a shows the isothermal magnetization loops measured for increasing and decreasing 

magnetic field in the vicinity of TC for the x = 0.16 sample. Due to the large ∆Thys, the 

isothermal magnetization has been measured by the method discussed by Caron et al. [14]. A 

strong magnetic field-induced transition and a large field hysteresis confirm the first-order 

nature of the transition. All these results imply that the FOMT is retained when Fe(3f) is 

replaced by Co in MnFe0.95-xCoxP0.50Si0.50 compounds. The corresponding magnetic entropy 
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changes (-∆SM) can be derived using the Maxwell relation. The values are shown in 

Figure 5.3b. 
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Figure 5.3 Isothermal magnetization curves of the MnFe0.79Co0.16P0.50Si0.50 compound measured 

in vicinity of its TC with increasing and decreasing magnetic field up to 5 T (a) and its 

corresponding magnetic entropy changes as a function of temperature in different fields (b). 

5.3.2 Mn1-yCoyFe0.95P0.50Si0.50 compounds 

As shown above, the replacement of Fe by Co on the Fe(3f) site in MnFe0.95P0.50Si0.50 results 

in different behavior compared with the effect of the same substitution in Mn-Fe-P-Ge 

compounds [12]. Therefore, we have investigated another series of compounds, the 

Mn1-yCoyFe0.95P0.50Si0.50 (y = 0, 0.04, 0.08, 0.12, 0.16, 0.20, 0.24 and 0.28), where Mn(3g) is 
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replaced by Co. The variation in lattice parameters with Co content is shown in Figure 5.4. It 

is found that Co substitution reduces the a lattice parameter while it increases the c lattice 

parameter and the c/a ratio. Replacement of Mn(3g) by Co reduces the Curie temperature and 

broadens the ferro-paramagnetic phase transition. Moreover, the thermal hysteresis is 

gradually reduced with increasing Co content, as shown in Figure 5.5, suggesting that the 

energy barrier for nucleation is reduced when Mn(3g) is replaced by Co.  
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Figure 5.4 Variation of lattice parameters obtained from XRD patterns measured in zero-field for 

Mn1-yCoyFe0.95P0.50Si0.50 (y = 0, 0.04, 0.08, 0.12, 0.16, 0.20, 0.24 and 0.28). 
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Figure 5.5 Temperature dependence of the magnetization of Mn1-yCoyFe0.95P0.50Si0.50 (y = 0.08, 0.12, 

0.16, 0.20, 0.24 and 0.28) compounds measured in a magnetic field of 1 T. 
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Figure 5.6 Isothermal magnetization curves of the Mn1-yCoyFe0.95P0.50Si0.50 (y = 0.20, 0.24 and 0.28) 

compounds measured in vicinity of their TCs with increasing and decreasing magnetic field up to 5 T. 

Isothermal magnetization data of the compounds Mn1-yCoyFe0.95P0.50Si0.50 (y = 0.20, 0.24 and 

0.28) was measured in the vicinity of their TC's for increasing and decreasing magnetic field 

up to 5 T, as shown in Figure 5.6. A magnetic field induced transition and small field 

hysteresis are observed for the sample with y = 0.20, suggesting that the first-order nature of 
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the transition is kept when Mn(3g) is replaced by Co up to 0.20 at.%. Samples with a higher 

Co content (up to 0.28 at.%) display a second order-like phase transition, where field induced 

transitions and magnetic hysteresis are hardly observed, suggesting that the first-order nature 

of the transition is suppressed. 
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Figure 5.7 (a) Magnetic entropy changes under field changes of 0-2 T (open symbols) and 0-5 T 

(solid symbols). (b) Arrott plots obtained from increasing field magnetization isotherms in vicinity of 

the transition temperature for the Mn1-yCoyFe0.95P0.50Si0.50 (y = 0.20, 0.24 and 0.28) compounds. 

Figure 5.7a, shows the isothermal magnetic entropy changes (-∆SM) of the compounds 

Mn1-yCoyFe0.95P0.50Si0.50 (y = 0.20, 0.24 and 0.28) for a field change of 2 and 5 T, the 

maximum values of -∆SM decreases with increasing Co content. The Arrott plot [15], which is 

obtained by plotting the magnetization M measured in a field µ0H as M2 versus H/M, is an 
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effective tool to determine the order of the phase transition. Figure 5.7b shows the Arrott plots 

for Mn1-yCoyFe0.95P0.50Si0.50 with y = 0.20, 0.24 and 0.28 in vicinity of their respective TC's. 

The S-shaped curve for the y = 0.20 sample confirms the occurrence of a FOMT. Further 

increasing the Co content, yields a less pronounced S-shape curve, while it retains a small 

thermal hysteresis (< 1 K), suggesting that the transition is still of first-order. Thus, a small 

∆Thys and a large MCE can be obtained when the magnetic transition is controlled to be close 

to the border separating the first- and second-order magnetic transition regimes.  

5.3.3 (Mn,Fe,Ni)1.95P0.50Si0.50 and (Mn,Fe,Cu)1.95P0.50Si0.50 compounds 

Figures 5.8a and 5.8b show the temperature dependence of the magnetization for the 

compounds where Fe(3f) and Mn(3g), respectively, are substituted by Ni. Ni substitutions on 

160 200 240 280 320 360 400
0

20

40

60

80

100

120

140

160

160 200 240 280 320 360 400
0

20

40

60

80

100

120

140

160

160 200 240 280 320 360 400
0

20

40

60

80

100

120

140

160

160 200 240 280 320 360 400
0

20

40

60

80

100

120

140

160

 

 

 

MnFe0.95-xNixP0.50Si0.50

M
(A

m
2 k

g
-1

)

T (K)

 x = 0.08
 x = 0.16

1 T

a) b)

 
 

 

 

Mn1-yNiyFe0.95P0.50Si0.50

T (K)

M
(A

m
2 k

g
-1

)

 y = 0.08
 y = 0.16
 y = 0.24

1 T

c)

1 T

T (K)

M
(A

m
2 k

g
-1

)

MnFe0.85Cu0.10P0.50Si0.50

 

 

d)

1 T

T (K)

M
(A

m
2 k

g
-1

)

Mn0.90Cu0.10Fe0.95P0.50Si0.50
 

 

Figure 5.8 Temperature dependence of the magnetization measured in a magnetic field of 1 T of 

compounds: (a) MnFe0.95-xNixP0.50Si0.50 (x = 0.08 and 0.16), (b) Mn1-yNiyFe0.95P0.50Si0.50 (y = 0.08, 

0.16 and 0.24), (c) MnFe0.85Cu0.10P0.50Si0.50, (d) Mn0.90Cu0.10Fe1.95P0.50Si0.50. 

both the Fe(3f) and Mn(3g) sites in the (Mn,Fe)1.95P0.50Si0.50 compound result in similar 

magnetic properties. The ∆Thys decreases with increasing Ni content. TC is strongly reduced 

with increasing Ni content, while the reduction of TC is faster with a Ni substitution on the 

Fe(3f) site than with Ni substitution on the Mn(3g) site. Figures 5.8c and 5.8d show the 
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temperature dependence of the magnetization for the compounds with 0.1 at.% Cu substitution 

on the Fe(3f) and Mn(3g) sites, respectively. Interestingly, with increasing Cu content the 

∆Thys increases markedly, while TC strongly decreases. 

5.4 Discussion 

Figure 5.9a shows the transition-metal content dependence of TC with substitutions on the 

Fe(3f) and Mn(3g) sites, respectively. The reduction in TC for an increasing transition-metal 

content is independent of the transition metal species and independent on the site 

(Fe(3f)/Mn(3g)) they have been replaced, indicating that the ferromagnetic interaction is 

weakened with transition-metal substitution. However, the slopes of the curves are different. 

TC is the most sensitive to Cu substitution and the least sensitive to Co substitution. As for the 

same transition-metal substitution on different sites, TC is more sensitive when a 

transition-metal is substituted on the Fe(3f) than on the Mn(3g) site. Additionally, we found 

that an increase in the transition-metal content leads to an increase in the lattice parameter 

ratio c/a, which changes at the same rate as TC. The exchange interaction between the nearest 

Fe(3f)-Mn(3g) inter-layer is known to be responsible for ferromagnetic ordering in 

Mn-Fe-P-Si compounds and is more sensitive to changes in c/a ratio than to changes in the 

lattice parameters a and c itself. Substitution essentially alters the interatomic distances, 

indicating a strong distance dependence of the exchange interactions. 

Figure 5.9b shows the dependence of ∆Thys on the transition-metal content when substituted 

on the Fe(3f) and Mn(3g) sites, respectively. It is found that the substitution of Fe(3f)/Mn(3g) 

by Ni reduces ∆Thys, while the substitution by Cu increases ∆Thys. Interestingly, the slopes of 

the composition dependence of ∆Thys are the same for the same transition-metal substituted on 

different crystallographic sites.  

Substitution of Fe(3f)/Mn(3g) by Co results in inconsistent behavior of the thermal and field 

hysteresis. Replacement of Fe(3f) by Co results in hardly any change on the ∆Thys and the 

large field hysteresis suggests, that the first-order nature of the phase transition retains. 

Replacing Mn(3g) by Co reduces the ∆Thys and field hysteresis, indicating that replacing 

Mn(3g) by Co can lower the energy barrier for nucleation in the FOMT and gradually pushes 
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the FOMT towards the SOMT. The large MCE is retained with the substitution of Fe(3f) by 

Co and is slightly reduced with the substitution of Mn(3g) by Co, implying that the weakened 

FOMT reduces both the hysteresis (thermal and field) and the MCE. 
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Figure 5.9 Overview of TC and ∆Thys as function of the transition metal content in 

(Mn,Fe,T)1.95P0.50Si0.50 compounds . 

5.5 Summary 

The effect of transition metal substitution on TC and ∆Thys has been studied in 

(Mn,Fe,T)1.95P0.50Si0.50 (T = Co, Ni and Cu) compounds. X-ray diffraction patterns imply that 

all the compounds crystallize in the hexagonal Fe2P type of structure. It is found that all these 

transition metal substitutions for Mn(3g)/Fe(3f) weaken the ferromagnetic ordering. Ni 

substitutions reduce the thermal hysteresis, while the Cu substitutions enhance the thermal 

hysteresis. Moreover, the Co substitutions for Mn(3g) reduce thermal hysteresis, while the Co 

substitutions for Fe(3f) result in hardly any change in thermal hysteresis. 
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Chapter 6 

Structure, magnetism and magnetocalorics of 

Fe-rich (Mn,Fe)1.95P1-xSix melt-spun ribbons 

 

 

 

 

 

6.1 Introduction 

As described in chapter 4 MnFeP1-xAsx compounds are known for their good magnetocaloric 

and magnetic properties. However, the toxic element arsenic can be an obstacle for 

applications in household refrigeration appliances. In various studies As was successfully 

replaced by Ge and/or Si retaining the characteristics of the GMCE [1-5]. As discussed in the 

previous chapter for Si, the thermal and field hysteresis may markedly increase.  

It has been shown, that the thermal hysteresis in the Mn-Fe-P-Ge compounds can be strongly 

reduced by adjusting the ratio of Mn/Fe and/or P/Ge, the heat treatment and the synthesis 

method [6]. In the Mn-Fe-P-Si system there appears to be also a metallurgical issue: it is 

difficult to avoid the formation of impurity phases. In most cases this impurity phase is the 

(Mn,Fe)3Si phase [4]. A strong reduction of the impurity phase has been observed on 

adjusting the metal to non-metal ratio in the Mn-rich Mn-Fe-P-Si compounds [7]. As we 

observed that the amount of impurity phase strongly depends on the quality of the starting 

materials, a melt segregation may help to avoid impurity phases in the final sample. 

Melt-spinning combines liquid phase segregation and rapid solidification, which may result in 

fine grained single phase materials. In this chapter, the structural, magnetic and 
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magnetocaloric properties of the Fe-rich Mn0.66Fe1.29P1-xSix melt-spun ribbons have been 

investigated. 

6.2 Sample preparation 

Polycrystalline Fe-rich (Mn,Fe)1.95(P,Si) melt-spun ribbons were prepared using the melt 

spinning technique. Appropriate proportions of starting materials, pure Mn chips (purity 

99.99%), Fe granules (purity 99.98%), Si pieces (purity 99.99%) and the binary compounds 

Fe1.21P (purity 97%), were put in a quartz crucible and melted by radio-frequency induction 

heating in an argon atmosphere. The obtained ingots were then put into a quartz tube with a 

nozzle at the bottom, melted and ejected through the nozzle on to the Cu wheel rotating at a 

surface speed of 40 m/s. The as-spun ribbons were annealed at 1100 ºC for 2 hours before 

quenching into water. A total of 11 compositions of Mn0.66Fe1.29P1-xSix were studied, with x = 

0, 0.12, 0.18, 0.24, 0.30, 0.33, 0.34, 0.36, 0.37, 0.40 and 0.42. The X-ray diffraction patterns 

were collected at various temperatures with a PANalytical X-pert Pro diffractometer using Cu 

Kα radiation, a secondary-beam flat-crystal monochromator and a multichannel X’celerator 

detector.  

A superconducting quantum interference device (SQUID) magnetometer (Quantum Design 

MPMS 5XL) with the reciprocating sample option (RSO) mode was employed for magnetic 

measurements in the temperature range of 5 - 400 K and in magnetic fields up to 5 T. 

Measurements are performed on 1 - 2 mg of powder samples and temperature scans are 

performed at a sweep rate of 2 K/min. The differential scanning calorimetry (DSC) 

measurements were carried out using a TA-Q2000 DSC instrument in the temperature range 

from 90 to 820 K. 

6.3 Structure and phase formation 

The room-temperature X-ray diffraction patterns indicate that all Si containing quaternary 

samples studied crystallize in the hexagonal Fe2P-type structure (space group P-62m). Only 

the ternary sample Mn0.66Fe1.29P crystallizes in the orthorhombic Co2P-type structure (space 

group Pnma), in good agreement with earlier results [8]. X-ray diffraction patterns are 

frequently used to determine the amount of impurity phases. In the Mn-Fe-P-Si system this is 

not straightforward, because the strongest characteristic reflection of the cubic (Mn,Fe)3Si 

phase, a well-known impurity phase of Mn-Fe-P-Si compounds, usually overlaps with the 

(210) peak of the main phase in the ferromagnetic state [4, 9, 10]. This implies that X-ray 
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patterns below and above TC need to be analyzed. As indicated by the dashed lines in Figure 

6.1, no secondary phases were detected. 
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Figure 6.1 X-ray diffraction patterns of Mn0.66Fe1.29P0.66Si0.34 recorded at different temperatures. 

The lines indicate the (210) peak positions before and after the phase transition. 

Figure 6.1 depicts the evolution of X-ray diffraction patterns with temperature in the 2θ range 

30° - 60° for the x = 0.34 sample in the temperature range of 298 - 488 K recorded upon 

heating. Within this temperature range the x = 0.34 sample undergoes a ferromagnetic 

(FM) - paramagnetic (PM) phase transition without change in the crystal structure. The X-ray 

pattern at 348 K shows the coexistence of both the FM and PM phase, a characteristic feature 

of a first-order phase transition. With increasing temperature the (300) and (002) peaks shift 

towards each other, indicating the lattice constants a and c change in opposite sense.  

Figure 6.2 shows the temperature dependence of the lattice parameters for the 

Mn0.66Fe1.29P1-xSix compounds with x = 0.33, 0.37, 0.40 and 0.42. For all these compositions, 

the thermal evolution of the lattice parameters c resembles an S-shape rather than a linear 

response. An inverted S-shape is observed for the lattice parameter a. Thus, while the c 

parameter shows the expected increase with increasing temperature the a parameter shows a 

contraction upon heating over a wide range of temperatures. For an increasing Si content, the 

discontinuous change in lattice parameter at TC becomes less pronounced. Besides, TC is 

shifted to higher temperature with increasing Si content. Finally, the lattice parameter a 

increases while c decreases with increasing Si content. 
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Figure 6.2 Temperature dependence of the lattice parameters a and c of the Mn0.66Fe1.29P1-xSix 

compounds with x = 0.33, 0.37, 0.40 and 0.42 derived from X-ray diffraction patterns measured 

upon heating. (arrows indicate the jump in lattice parameter in the two-phase region) 
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Figure 6.3 Temperature dependence of the volume of the Mn0.66Fe1.29P1-xSix compounds with 

x = 0.33, 0.37, 0.40 and 0.42 derived from X-ray diffraction patterns measured in nitrogen 

atmospheres upon heating. 
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These observations strongly support an exceptional coupling between the magnetism and the 

elastic properties of the lattice in these compounds. Obviously, this is not limited to the direct 

vicinity of TC, but a rather broad temperature range above and below TC is affected by this 

coupling. The width of this temperature range of this anomalous behavior appears to be 

inversely correlated with the size of the discontinuous change in lattice parameter at TC. In 

other words the transition is smeared out over a larger temperature interval with increasing Si 

content, while the nature of the transition retains first-order. 

Table 6.1 Structural and magnetization data for Mn0.66Fe1.29P1-xSix compounds. 

x Struc. 

Type of 
the 

magnetic 
transition  

TN 

(K) 
TC 

(K) 
µs 

(µB) 
∆Thys 
(K) 

-∆SM 
(J/kgK) 

∆B = 2 T 

Density**  

(g cm-3) 

0 O AFM-PM 208      

0.12 H AFM-PM 138      

0.18 H AFM-PM 134      

0.24 H FM-PM  195 3.97 61 12 6.55 

0.30 H FM-PM  258 4.27 14 15 6.51 

0.33 H FM-PM  338 4.38 2 10 6.48 

0.34 H FM-PM  350 4.57 3 11 6.49 

0.36 H FM-PM  375 4.42 1 12 6.48 

0.37 H FM-PM  392* 4.47 2*  6.47 

0.40 H FM-PM  427* 4.43 2*  6.46 

0.42 H FM-PM  451* 3.86 1*  6.45 

µs is spontaneous magnetic moment given in µB/f.u., H = hexagonal, O = orthorhombic, 

AFM = anti-ferromagnetic, PM = paramagnetic, FM = ferromagnetic, the TC values are determined 

from the heating M vs. T curves, the thermal hysteresis is measured at 1 T. *The values are obtained 

from zero-field DSC measurements with sweeping rate of 20 K/min. **The density is estimated from 

X-ray diffraction pattern measured at room temperature. 

Discontinuous changes and nonlinear variations in lattice constants at and around the FM-PM 

phase transition, confirm the presence of a first-order magneto-elastic transition (FOMET). 

The coexistence of two phases at the transition is confirmed, as two sets of lattice parameters 
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are obtained. It is interesting to note that, although the changes in lattice parameters a and c at 

the phase transition are of the order of a percent, as they are in the opposite sense, they result 

in a rather small volume change (< 0.1%), as depicted in Figure 6.3. The overall thermal 

volume expansion is linear and the coefficient of volume expansion is 3.7×10-5 K-1, in the 

same order of magnitude as pure Fe and Ni. 

6.4 Magnetism and magnetocaloric effect 

The temperature dependence of the magnetization of the Mn0.66Fe1.29P1-xSix compounds 

with 0 ≤ x ≤ 0.36 measured in an applied magnetic field of 1 T is plotted in Figure 6.4. For the 

compounds with x = 0, 0.12 and 0.18, an antiferromagnetic (AFM) – paramagnetic phase 

transition is observed, the Néel temperatures (TN) are 208, 138 and 134 K, respectively. For 

the compounds with higher Si content, a FM-PM phase transition is observed and the TC 

increases from 195 K for x = 0.24 to 375 K for x = 0.36, as shown in Table 6.1. All the 

magnetization curves plotted were chosen from the second cooling-heating cycle. The so 

called “virgin-effect” [2, 11] curves are excluded and all the magnetization curves are 

reproducible in subsequent cycles. For the compounds with x ≥ 0.37, the TC values are not 

measurable using the SQUID magnetometer due to the limitation of the accessible 

temperature range. The thermal hysteresis (∆Thys) between the cooling and heating transitions 

drastically reduces from ~61 K for x = 0.24 to ~2 K for x = 0.33 and the small thermal 

hysteresis is retained when further increasing Si content upto 0.42 wt.% (see Figure 6.5). The 

existence of ∆Thys confirms the first-order nature of the transition, which is usually associated 

with the large MCE [12]. 

Figure 6.5 shows the temperature dependence of the specific heat (Cp) for the 

Mn0.66Fe1.29P1-xSix compounds with x = 0.37, 0.40 and 0.42 measured in zero-field using a 

Differential Scanning Calorimeter (DSC). A small thermal hysteresis between the cooling 

(dashed lines) and heating (solid lines) is observed. The transition temperature (TC), 

determined from the peak position upon heating, are 392, 427 and 451 K for x = 0.37, 0.40 

and 0.42, respectively. The pronounced thermal effects confirm the first-order nature of the 

transitions. 

 



Structure, magnetism and magnetocalorics of Fe-rich (Mn,Fe)1.95P1-xSix melt-spun... 

 

53 

0

2

4

6

8

0 100 200 300 400
0

20

40

60

80

100

120

140

160
 

Mn0.66Fe1.29P1-xSix

 x = 0.18
 x = 0.12
 x = 0

 

 

B = 1 T

M
 (A

m
2 /

K
g

)

 x=0.36
 x=0.34
 x=0.33
 x=0.30
 x=0.24

 
 

 

T(K)

M
 (A

m
2 /

K
g

)

 

Figure 6.4 Temperature dependence of the magnetization of the Mn0.66Fe1.29P1-xSix compounds 

with x = 0, 0.12 and 0.18, measured in a field of 1 T upon cooling. For the compounds with 

x = 0.24, 0.30, 0.33, 0.34 and 0.36, measurements were performed in a field of 1 T upon both 

cooling and heating. 
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Figure 6.5 Temperature dependence of the specific heat of the Mn0.66Fe1.29P1-xSix compounds 

with x = 0.37, 0.40 and 0.42 measured in zero-field upon cooling (dashed lines) and heating 

(solid lines). 
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Figure 6.6 shows the magnetic field dependence of the magnetization of the 

Mn0.66Fe1.29P1-xSix compounds with x = 0, 0.12, 0.18, 0.24, 0.30, 0.33, 0.34, 0.36, 0.37, 0.40 

and 0.42 at 5 K. The compounds with a Si content from 0.24 to 0.42 are ferromagnetic and 

their spontaneous magnetic moments (Ms) are between 3.86 and 4.57 µB/f.u.. These values are 

in agreement with those obtained from our neutron diffraction results (see Chapter 8). Note 

that, the Ms values of Fe-rich Mn0.66Fe1.29P1-xSix compounds are the largest among all the 

Fe2P-based Mn-Fe-P-X (X = As, Ge and Si) compounds.[2, 4, 13-16] 
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Figure 6.6 Field dependence of the magnetization of the Mn0.66Fe1.29P1-xSix compounds measured 

at 5 K. 

Figure 6.7 (a) shows the isothermal magnetization loops measured in the vicinity of TC for the 

sample with x = 0.33. A pronounced magnetic field-induced PM-FM transition is observed, 
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which is accompanied by a small magnetic field hysteresis between the field increasing and 

decreasing magnetization curves. These results from the first-order nature of the magnetic 

phase transition. For the samples with a large thermal hysteresis, the isothermal magnetization 

curves were measured following the method discussed by Caron et al. [17]. The isothermal 

magnetic entropy change (-∆Sm) has been derived from the magnetic isotherms using the 

Maxwell equation (2.12). Figure 6.7 (b) shows the temperature dependence of the isothermal 

magnetic entropy change of the x = 0.33 sample in different magnetic field changes.  
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Figure 6.7 Magnetic isotherms of the Mn0.66Fe1.29P0.67Si0.33 compound in the vicinity of its TC (a) 

and the magnetic entropy changes for different magnetic field change (b). 

Figure 6.8 shows the temperature dependence of the magnetization curves M(T) in different 

magnetic fields upon cooling and heating. TC and the thermal hysteresis are field dependent. 

The TC values on heating shift to higher temperatures with increasing field, indicating 

enhanced ferromagnetic interactions. The magnetic field induced PM-FM transition observed 
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in the Figure 6.7 (a), is triggered by this enhanced FM interaction. The insert in Figure 6.8 

shows a linear increase of TC with applied magnetic field. The rate (∆TC/∆B) is about 4.4 K/T. 

∆Thys shows a slight reduction for increasing magnetic field. 
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Figure 6.8 Temperature dependence of the magnetization of the Mn0.66Fe1.29P0.67Si0.33 compound 

measured with increasing temperature and then decreasing temperature. 

6.5 Conclusions 

We have synthesized the Mn0.66Fe1.29P1-xSix (0 ≤ x ≤ 0.42) single phase compounds using the 

melt-spinning (rapid solidification) technique. All the compounds form in the Fe2P-type 

hexagonal structure, except a Co2P-type orthorhombic structure of the Si-free Mn0.66Fe1.29P 

compound. The compounds with 0.24 ≤ x ≤ 0.42 present a FM-PM phase transition, while the 

compounds with lower Si content show an AFM-PM phase transition. 

In the Mn0.66Fe1.29P1-xSix compounds, TC and ∆Thys are not only Si content dependent, but also 

magnetic field dependent. By increasing the Si content from x = 0.24 to 0.42, TC increases 

from 195 to 451 K and ∆Thys is strongly reduced from ~61 to ~1 K. TC increases and ∆Thys 

decreases with increasing magnetic field, ∆TC/∆B is about 4.4 K/T. Mn0.66Fe1.29P1-xSix 

compounds show large spontaneous magnetic moments with values up to 4.57 µB/f.u.. A large 

MCE with a small thermal hysteresis is obtained simultaneously in Fe-rich Mn0.66Fe1.29P1-xSix 

melt-spun ribbons. The compounds with a high working temperature may also be useful for 

other applications, e.g. thermomagnetic generators and heat pumps. 
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Structure, magnetism and magnetocalorics of 

Fe-rich Mn1.95-xFexP2/3Si1/3 compounds 

 

 

 

 

 

 

 

 

 

 

7.1 Introduction 

In Chapter 6, we reported the structure, magnetism and magnetocalorics in Fe-rich 

(MnFe)1.95P1-xSix compounds, in which the ferromagnetic (FM) – paramagnetic (PM) 

transition temperature can be easily tuned from 195 to 451 K by varying the P/Si ratio. The 

thermal hysteresis is strongly reduced from ~61 K for x = 0.24 to ~2 K for x = 0.33 and the 

small value is retained up to x = 0.42. While on the metal sites, the transition metals 

substitution (Chapter 5) shows strong effects not only on the magnetic interaction, but also on 

the thermal and field hysteresis. In this chapter, we show systematic studies on the structure, 

magnetism and magnetocalorics of Fe-rich Mn1.95-xFexP2/3Si1/3 compounds by varying the 

Mn/Fe ratio. 
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7.2 Sample preparation 

Polycrystalline Fe-rich Mn1.95-xFexP2/3Si1/3 compounds with x = 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 

1.7, 1.8, 1.9 and 1.95 were prepared by ball milling technology, followed by a solid-state 

reaction as described in Chapter 5. The X-ray diffraction patterns were collected at various 

temperatures with a PANalytical X-pert Pro diffractometer using Cu Kα radiation, a 

secondary-beam flat-crystal monochromator and a multichannel X’celerator detector. A 

superconducting quantum interference device (SQUID) magnetometer (Quantum Design 

MPMS 5XL) with the reciprocating sample option (RSO) mode was employed for magnetic 

measurements in the temperature range of 5 - 400 K and in magnetic fields up to 5 T. The 

differential scanning calorimetry (DSC) measurements were carried out using a TA-Q2000 

DSC instrument in the temperature range of 90 to 820 K. 

7.3 Structure and phase formation 

X-ray diffraction patterns show that all the Mn1.95-xFexP2/3Si1/3 compounds with 1.0 ≤ x ≤ 1.6 

crystallize in Fe2P-based hexagonal structure. The compounds with higher Fe content show a 

body-centered orthorhombic (bco) to hexagonal (hex) structural transition. A phase diagram 

of the crystal structure and magnetic phase transitions as a function of the temperature and Fe 

content is shown in Figure 7.1. 
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Figure 7.1 Phase diagram of the Fe content dependence of the phase transition temperatures of 

the Mn1.95-xFexP2/3Si1/3 compounds. TC is the magnetic ordering temperature upon cooling (open 

circles) and heating (solid stars), TS is the bco - hex structural transition temperature. 



Structure, magnetism and magnetocalorics of Fe-rich (Mn,Fe)1.95P1-xSix melt-spun... 61 

30 40 50 60 30 40 50 60

T = 173 K

In
te

ns
ity

(a
rb

.u
ni

t)

2θ θ θ θ (degree)

 

00
2

21
1

30
0

20
1

11
1

21
0

a)

T = 473 K

b)

In
te

ns
ity

(a
rb

.u
ni

t)

2θθθθ (degree)

 

00
221
130

0

20
1

11
1 21

0

T = 173 K

T = 473 K

 

Figure 7.2 X-ray diffraction patterns collected at 173 K (FM) and 475 K (PM) for the 

Mn1.95-xFexP2/3Si1/3 compounds with x = 1.0 (a) and x = 1.2 (b).  
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Figure 7.3 X-ray diffraction pattern of the x = 1.9 compound collected at 473 K (FM – bco) and 

573 K (FM – hex). 

Figure 7.2 shows the X-ray diffraction patterns collected at 173 K (ferromagnetic state) and 

475 K (paramagnetic state) for the representative samples x = 1.0 (a) and x = 1.2 (b). The 

hexagonal Fe2P-type structure (space group P-62m) is confirmed below and above the 

FM-PM phase transition. For x = 1.0 sample, a minor impurity (Mn,Fe)3Si phase (~0.36%) is 

observed. This phase is only observed in the paramagnetic diffraction pattern, as this 

reflection peak is overlapping with the (210) peak of the main phase in the FM state [1]. For 

x = 1.2 sample, a single phase pattern is confirmed.  
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Figure 7.3 shows the X-ray diffraction patterns collected at 473 K (FM - bco) and 573 K 

(FM - hex) for the x = 1.9 sample, these confirm a bco-hex structural transition and a single 

phase sample. The lattice parameters are listed in Table 7.1. 

Table 7.1 Lattice parameters of the x = 1.9 compound in FM - bco and FM - hex crystal structure. 
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Figure 7.4 Temperature dependence of the lattice parameters a and c of the Mn1.95-xFexP2/3Si1/3 

compounds with x = 1.0, 1.1, 1.2, 1.3 and 1.4 derived from X-ray diffraction patterns measured 

upon heating (arrows indicate the jump in lattice parameters in the two-phase coexistent region). 

Figure 7.4 shows the temperature dependence of the lattice parameters for the 

Mn1.95-xFexP2/3Si1/3 compounds with x = 1.0, 1.1, 1.2, 1.3 and 1.4. A discontinuous change of 

x = 1.9 
Lattice parameters  Temperature 

(K) 
Crystal 

structure 
Space 
group a (Å) b (Å) c (Å) V (Å3) 

473 hex P-62m 6.05892 6.05892 3.336368 106.0705 
573 bco Imm2 6.55854 10.44656 6.14453 420.984 
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the lattice parameters a and c is observed at the transition for all the compounds. TC shifts 

with about 2 K/%Fe to higher temperature with increasing Fe content.  

For increasing temperature, the lattice parameters a and c change abruptly at the transition, 

while only a small volume expansion (∆V/V) of < 0.1% is observed. For all these 

compositions, the thermal evolution of the lattice parameters a and c show discontinuous 

changes at the transition, confirming the transition is of first-order. The ∆a and ∆c values 

decrease with increasing Fe content (see Figure 7.4). The relative lattice parameter changes 

|∆a/a| and |∆c/c| decrease from 2.2% and 4.1% for x = 1.0 to 0.24% and 0.54% for x = 1.4, 

respectively (see Table 7.2). Comparing these |∆a/a| and |∆c/c| values with the ∆Thys, it is 

found that the magnitudes of the relative lattice parameter changes are correlated with the 

magnitude of the ∆Thys. However, since both parameters are extrinsic, the relationship is just 

qualitative.  

Table 7.2 Curie temperature (TC) upon heating and thermal hysteresis (∆Thys) determined from 

zero field DSC measurement with a sweeping rate of 20 K/min, |∆a/a| and |∆c/c| are relative 

lattice parameter changes at the transition for the Mn1.95-xFexP2/3Si1/3 compounds. 

 

7.4 Magnetism and magnetocaloric effect 

Figure 7.5 shows the temperature dependence of the magnetization of the Mn1.95-xFexP2/3Si1/3 

compounds with 1.0 ≤ x ≤ 1.5 measured in an applied magnetic field of 1 T. Because the 

materials are prone to the virgin-effect, all the magnetization curves are plotted from the 

second or third heating-cooling cycles and thus are repeatable. The existence of thermal 

hysteresis (∆Thys) confirms the first-order nature of the transition, which is usually associates 

with a large MCE [2]. ∆Thys drastically reduces from ~65 K for x = 1.0 to ~4 K for x = 1.5. 

DSC measurements show the ∆Thys is further reduced to ~1 K for x = 1.7. Very small values 

of ∆Thys are retained for higher Fe content compounds (see Figure 7.1). All the compounds 

show a FM-PM phase transition. Their transition temperatures upon heating increase almost 

linearly from 269 K for x = 1.0 to 345 K for x = 1.4. For higher Fe contents, a steeper increase 

in TC is observed. 

Composition TC (K) ∆Thys (K) |∆a/a| (%) |∆c/c| (%) 
x = 1.0 269 65 2.2 4.1 
x = 1.1 290 49 1.9 3.5 
x = 1.2 311 25 1.4 2.6 
x = 1.3 326 11 0.77 1.1 
x = 1.4 345 6 0.24 0.54 
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Figure 7.5 Temperature dependence of the magnetization of the Mn1.95-xFexP2/3Si1/3 compounds 

with 1.0 ≤ x ≤ 1.5, measured in a field of 1 T upon cooling and heating. 
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Figure 7.6 Temperature dependence of specific heat of the Mn1.95-xFexP2/3Si1/3 compounds 

measured in zero field with a sweeping rate of 20 K/min upon heating. Ts indicates the bco-hex 

structural transition temperature. 

Since the Fe and Mn atoms favor the 3f and 3g sites, respectively, in Fe-rich 

Mn1.95-xFexP2/3Si1/3 compounds, the excess Fe atoms occupy the 3g sites. It appears that the 

ferromagnetic Fe/Mn(3g)-Fe(3f) interlayer exchange coupling is enhanced by introducing Fe 

on the 3g sites, as more Fe atoms on the 3g sites, strongly enhances TC (see Figure 7.1 and 

7.6).  Note that, the TC of the Mn-free compound is in good agreement with the value reported 

in reference [3]. For the compounds with 1.0 ≤ x ≤ 1.2, the FOMT is pronounced. A further 
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increase of the Fe content (1.3 ≤ x ≤ 1.95) strongly weakens the first-order nature of transition, 

as shown in Figure 7.6. 

Figure 7.7 shows the magnetic field dependence of the magnetization of the 

Mn1.95-xFexP2/3Si1/3 compounds with 1.0 ≤ x ≤ 1.9 at 5 K. All the compounds are ferromagnetic 

at 5 K. The saturation magnetic moments (Ms) are between 3.1 and 4.3 µB/f.u.. The moment is 

independent from the Fe content for the compounds with 1.0 ≤ x ≤ 1.2 and decreases with 

further increasing the Fe content. The Ms of Fe-rich Mn1.95-xFexP2/3Si1/3 compounds are larger 

than that of Mn-rich Mn-Fe-P-Si compounds [4]. In contrast with the enhancement of the 

Fe/Mn(3g)-Fe(3f) interlayer exchange coupling, the reduction of the magnetic moment in the 

Fe-rich Mn1.95-xFexP2/3Si1/3 compounds, suggests that the local electron configuration is 

dominant to the size of the moment, thus confirming a more localized magnetism on the 3g 

sites. 
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Figure 7.7 Field dependence of the magnetization of the Mn1.95-xFexP2/3Si1/3 compounds measured 

at 5 K. 

Figure 7.8a and 7.8c show the isothermal magnetization loops measured in the vicinity of TC 

for the Mn1.95-xFexP2/3Si1/3 compounds with x = 1.2 and 1.4, as representatives. Since the 

compounds show a large ∆Thys, the magnetization data were collected with the loop method as 

discussed in reference [5]. For the x = 1.2 compound, a magnetic-field induced PM-FM 

transition is reflected in the S-shaped magnetization isotherms, while the field-induced 

transition is not visible for the compound with the higher Fe content x = 1.4. The isothermal 

magnetic entropy change (-∆Sm) has been derived from the magnetic isotherms using the 
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Maxwell equation (2.12). The -∆Sm value as a function of temperature for the 

Mn1.95-xFexP2/3Si1/3 compounds with x = 1.2 and 1.4 are shown in Figure 7.8b and 7.8d. The 

lower MCE for the x = 1.4 compound is due to lower magnetic moment and  the broader 

FM-PM phase transition that is possibly related to a wider spread in local critical temperature 

[6]. 
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Figure 7.7 Magnetic isotherms of the Mn1.95-xFexP2/3Si1/3 compound with x = 1.2 and 1.4 in the 

vicinity of their TC values(a and c) and the magnetic entropy changes for different magnetic field 

change (b and d). 

7.5 Conclusions 

We have synthesized single phase Mn1.95-xFexP2/3Si1/3 compounds with 1.0 ≤ x ≤ 1.95 using 

ball-milling technology and solid-state reactions. All the compounds show a FM-PM phase 

transition. The compounds with x ≤ 1.6 crystallize in Fe2P-based hexagonal structure, for the 

higher Fe content compounds, a bco-hex structural transition is observed. In contrast to the 

Mn-rich Mn-Fe-P-Si system, no coupling between the magnetic and structural transition is 

found [7]. 
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TC and ∆Thys in the Mn1.95-xFexP2/3Si1/3 compounds can be easily tuned by adjusting the Fe/Mn 

ratio. By increasing the Fe content from x = 1.0 to 1.95, the TC increases from ~269 to ~647 K 

and the ∆Thys strongly reduces from ~65 to ~1 K.  

The reduction in the magnetic moment of the Fe-rich Mn1.95-xFexP2/3Si1/3 compounds, suggests 

that the dominant effect on the size of the moment is the change in local electron 

configuration rather than the interlayer exchange coupling, thus confirming a more localized 

magnetism on the 3g sites. 
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Chapter 8 

Neutron diffraction study on the magnetic structure 

of Fe2P-based (MnFe)1.95P1-xSix melt-spun ribbons 

 

 

 

 

8.1 Introduction 

The giant magnetocaloric effect (GMCE), that is associated with a first-order magnetic 

transition (FOMT), makes near room-temperature magnetic refrigeration attractive as a highly 

efficient and eco-benign technology [1-7]. We discovered a GMCE in the Fe2P-type 

hexagonal (Mn,Fe)2(P,Si) compounds. Initially a large thermal hysteresis (> 20 K) associated 

with the FOMT in MnFe(P,Si) hampered the use of this material for cyclic applications [8]. 

By varying the Mn/Fe ratio well away from 1, the thermal hysteresis has been significantly 

reduced to about 1 K for specific P/Si ratios while the GMCE is well preserved [9]. The 

discovery of high-performance and low-cost (Mn,Fe)2(P,Si) compounds paves the way for 

commercial applications. 

The earlier results show that Mn and Fe preferentially occupy different alternating 

layers in the Fe2P structure. A high local magnetic moment is associated with the Mn layer 

and a lower moment with the Fe layer. For a Mn/Fe ratio that is unequal to 1, the excess Fe or 

Mn atoms will inevitably occupy the other layer. Consequently, the site disorder will affect 

the magnetic interactions. Meanwhile, first principle electronic structure calculations suggest 

that the origin of the GMCE is the coexistence of strong and weak magnetism in alternate 

atomic layers. The weak magnetism (disappearance of local magnetic moments at the Curie 
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temperature) is responsible for a strong coupling with the crystal lattice [9]. Knowing how the 

site disorder affects the local magnetic moment of each layer will help understanding the 

property-tuning mechanism. With neutron diffraction, the magnetic structure and the 

distribution of Fe and Mn atoms can be resolved by, while Fe and Mn can hardly be 

distinguished by X-ray diffraction. The insight obtained from these experiments will provide 

a handle to further improve this material for applications. 

8.2 Experimental details 

The Fe-rich compounds Mn0.66Fe1.29P1-xSix (x = 0.34, 0.37 and 0.42) were prepared by 

the melt-spinning technique. The melt-spun ribbons were produced under argon atmosphere at 

a 40 m/s surface speed of the copper wheel. The as-spun ribbons were subsequently quenched 

into water after annealing at 1100 °C for 2 hours. The X-ray diffraction patterns were 

collected at various temperatures in zero field using a PANalytical X-pert Pro diffractometer 

equipped with an Anton Paar TTK450 low-temperature chamber using Cu Kα radiation, a 

secondary-beam flat-crystal monochromator and a multichannel X’celerator detector. The 

neutron diffraction data were collected at the Bragg Institute of the Australian Nuclear 

Science and Technology Organization (ANSTO) on the ECHIDNA high-resolution powder 

diffractometer with an incident wavelength of 1.622 Å [10]. The sample powder was 

contained in a vanadium can which was mounted in a cryostat. The measurements were 

carried out at fixed temperatures in the ferromagnetic and the paramagnetic state in zero field. 

The refinement of all the diffraction patterns was performed by the Rietveld method [11] 

using the FullProf program [12]. A superconducting quantum interference device (SQUID) 

magnetometer (Quantum Design MPMS 5XL) with the reciprocating sample option (RSO) 

mode was employed for magnetic measurements below 400 K. 

8.3 Structural parameters 

X-ray diffraction measurements indicate that all the compounds Mn0.66Fe1.29P1-xSix (x = 0.34, 

0.37 and 0.42) crystallize in the hexagonal Fe2P-type structure (space group P-62m). As 

shown in Figure 8.1, the contour plots display the thermal evolution of the X-ray diffraction 

patterns of all the compounds. For the compounds with x = 0.34 and 0.37, a discontinuity of 

the diffraction peak positions at the transition temperatures indicates a step change in lattice 

constants. While the compound with the highest Si content (x = 0.42) shows a nearly 

continuous peak shift.  
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Figure 8.1 Contour plots of the X-ray diffraction patterns for Mn0.66Fe1.29P1-xSix compounds with 

x = 0.34 (a), 0.37 (b) and 0.42 (c) on heating. The bar on the upper-right corner represents the 

normalized intensity scale. 

This variation indicates that the nature of the transition has changed from FOMT towards 

SOMT (second-order magnetic transition) when the Si content increases from x = 0.34 to 0.42. 
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The representative (300) and (002) peaks shift in the opposite direction, indicating that the 

lattice constants a and c change in opposite sense. The lattice constant a decreases and c 

increases upon heating, resulting in hardly any volume change at the transition for all three 

compounds. The Curie temperature of all the three compounds can be obtained from the 

contour plots. The values of TC are 350, 392 and 451 K for x = 0.34, 0.37 and 0.42, 

respectively. Such high optimal working temperatures combined with the GMCE make the 

Fe-rich Mn-Fe-P-Si system a good candidate for both magnetic cooling and energy 

conversion [9]. 

Table 8.1 Structural parameters of the Mn0.66Fe1.29P1-xSix compounds with x = 0.34, 0.37 and 0.42 

obtained from the Rietveld refinement of the neutron diffraction patterns measured in the 

paramagnetic state. Space group: P-62m. Atomic positions: 3f-Fe (x1, 0, 0); 3g-Mn/Fe (x2, 0, 1/2); 

2c-P/Si (1/3, 2/3, 0); 1b-P/Si (0, 0, 1/2). 

 

In the paramagnetic state, only nuclear scattering contributes to the neutron diffraction 

patterns and the site occupancy can be determined by refining these patterns. The refinement 

of the neutron diffraction patterns confirms the hexagonal Fe2P-type structure (space group 

P-62m) for all the compounds and shows a minor (Mn,Fe)3Si impurity phase (see Figure 8.2a, 

with x = 0.34 as an example). It is found that, for all the compounds Mn0.66Fe1.29P1-xSix 

  x = 0.34 x = 0.37 x = 0.42 

Parameters PM (400 K) PM (440 K) PM (475 K) 

 a(Å) 6.022844 6.042284 6.082227 

 c(Å) 3.436675 3.425065 3.396646 

 V(Å3) 107.9622 108.2932 108.8193 

3f x1 0.25412 0.25422 0.25452 

 n(Fe)/n(Mn ) 0.246/0.004 0.241/0.009 0.239/0.011 

3g x2 0.6192 0.6393 0.6152 

 n(Fe)/n(Mn ) 0.085/0.165 0.090/0.160 0.092/0.158 

2c n(P)/n(Si) 0.1133/0.0533 0.1054/0.0624 0.0894/0.0784 

1b n(P)/n(Si) 0.0533/0.0313 0.0534/0.0304 0.0564/0.0274 

 RP(%) 4.09 4.37 5.29 

 Rwp(%) 5.33 5.60 7.13 

 χ
2 4.88 5.14 4.30 
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(x = 0.34, 0.37 and 0.42), the Fe and Mn atoms are preferably situated in the tetrahedral 3f and 

the pyramidal 3g sites, respectively. The 3f site is nearly completely occupied by Fe atoms 

(Mn atoms occupy about 2 - 4%), while the 3g site is occupied by Mn atoms and the excess 

Fe atoms. Mn and Fe are randomly distributed and the Mn/Fe ratio is about 64.4/35.6, which 

is in good agreement with the nominal value of 66.0/34.0. We also find that there is no site 

preference for Si and P: both atoms are randomly distributed (see Table 8.1). This 

arrangement is the same as the MnFeP1-xAsx compounds [13], but is different from the data 

reported for the Mn1.1Fe0.9P0.8Ge0.2 compound, where Ge has been found to prefer the 2c 

site [14]. The detailed structural parameters are given in Table 8.1. 

8.4 Alignment of magnetic moment 

In the ferromagnetic state, the magnetic structure can be determined by refining the 

diffraction patterns. Since earlier studies show that the magnetic moments align along the 

c-direction in the parent alloy Fe2P [15] and within the a-b plane in MnFeP0.5Si0.5 

compound [16], we first assumed that the alignment of the magnetic moments is either along 

the c-direction or within the a-b plane. By comparing the two refinements, a better fitting is 

obtained with magnetic moment along the c-direction. This indicates that the alignment of 

magnetic moment is rather along the c-direction than within the a-b plane for the x = 0.34 

sample. However, further exploration shows that the best fitting is obtained when the 

alignment of the magnetic moment is canted ~29o away from c-axis (Figure 8.2c). To 

illustrate the significance of the magnetic contribution to the low temperature neutron 

diffraction patterns we plot the nuclear and magnetic fits in Figure 8.2. When comparing the 

refinement with only nuclear scattering (Figure 8.2b) and the refinement with both nuclear 

and magnetic scattering (Figure 8.2c), there are significant differences between the observed 

and calculated intensity in the low-angle 2θ range of the neutron diffraction pattern, as 

expected from the almost compensated nuclear form factor of Mn and Fe on the 3g site. 

Interestingly, by allowing the angle to be free, we obtained an optimized rotation angle of 29o, 

46o and 67o with respect to the c-direction for the x = 0.34, 0.37 and 0.42 samples, 

respectively. The refined parameters are listed in Table 8.2. This suggests that the alignment 

of the magnetic moment strongly depends on the Si content. Note that, such a deviation from 

the c-direction has previously been reported for the compound MnFeP0.7As0.3 [13], where a 

moment angle of 50o with the c-direction was found. We propose that the magnetic moments 

are canted away from the c-direction towards the a-b plane for increasing Si contents from x = 
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0.34 to 0.42 in the Mn0.66Fe1.29P1-xSix compounds. The evolution of the alignment is shown in 

Figure 8.3a-c. The canted magnetic moments indicate a low magnetic anisotropy in the 

Fe-rich Mn-Fe-P-Si system, which confirms this material is magnetically soft. 

 

Table 8.2 Structural parameters of the Mn0.66Fe1.29P1-xSix compounds with x = 0.34, 0.37 and 0.42 

in their ferromagnetic state. θ represents the angle between the c-direction and the alignment of 

the magnetic moment. M3f and M3g are the average magnetic moment at 3f and 3g site, 

respectively; MTotal is the total moment per formula unit; Ms is the saturation magnetic moment at 

5 K determined by magnetization measurements. 

 

Refined parameters x = 0.34 x = 0.37 x = 0.42 
 θ (degree) 293 464 673 
 T (K) 10 10 3 

a(Å) 6.118868 6.136726 6.167035 

c(Å) 3.299175 3.284596 3.263435 

Unit 
cell 

V(Å3) 106.9742 107.1242 107.4872 

x1 0.25572 0.25642 0.25572 
3f 

M3f(µB) 1.717 1.71 0.956 

x2 0.6021 0.6172 0.6151 
3g 

M3g(µB) 2.866 2.338 2.285 
 

MTotal(µB) 4.579 4.01 3.238 

 Rp(%) 3.78 5.48 6.85 
 Rwp(%) 4.81 7.01 5.15 
 χ

2 2.96 6.21 3.91 
 Ms(µB) 4.56 4.47 3.86 
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Figure 8.2 Observed (crosses) and calculated (continuous lines) neutron diffraction patterns for 

sample x = 0.34 at 400 K (PM) and 10 K (FM). (a) The fitted neutron diffraction pattern in the 

paramagnetic state, (b) the fitted neutron diffraction pattern in the ferromagnetic state with a 

nuclear structure contribution only, (c) the fitted the neutron diffraction pattern in the 

ferromagnetic state with both nuclear structure and magnetic contributions for moment ~29o 

canted away from c-axis. Differences between observed and calculated patterns are shown in the 

lower part of the plots. A minor amount of the cubic (Mn,Fe)3Si impurity phase is detected. 

Vertical lines indicate the diffraction peaks for the nuclear (top) and the magnetic (middle, if any) 

structure of the main phase, and the impurity phase (bottom).  
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Figure 8.3 Crystal and magnetic structure of Mn0.66Fe1.29P1-xSix compounds with x = 0.34 (a), 

0.37 (b) and 0.42 (c). The direction and the length of the arrows correspond to the alignment and 

the magnetic moments.  
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Figure 8.4 Magnetic moment as a function of  the Si content derived from the neutron diffraction 

patterns measured in the ferromagnetic state for the Mn0.66Fe1.29P1-xSix compounds with x = 0.34, 

0.37 and 0.42. The total moments (open circles) are very close (x = 0.34) or slightly lower (x = 

0.37 and 0.42) to those obtained from saturation magnetization measurements at 5 K (solid 

circles). Note that, the used valences for the metal ions are Fe0(3f) and Mn/Fe4+(3g).  

Figure 8.4 shows the Si content dependence of the magnetic moment (total magnetic moment 

and the average magnetic moment on the 3f and the 3g sites) measured in the ferromagnetic 

state. The average magnetic moment on the 3f and the 3g sites decrease gradually with 

increasing Si content. For the sample with x = 0.34, the average magnetic moment on the 3g 

site (2.86 µB) is larger than the value on the 3f site (1.71 µB). The total moment (4.57 µB) is 

very close to the value obtained from macroscopic measurements of the low-temperature 

saturation magnetization, as shown in Figure 8.4. The values are much larger than those 

observed at 5 K/10 K in the Mn-rich Fe2P-type Mn-Fe-P-Si compounds [17] and slightly 

larger than the values observed at 296 K in the MnFeP0.5Si0.5 compound with a Tc of 382 K 

[16]. Such high values certainly benefit the GMCE in the Fe-rich Mn-Fe-P-Si system and 

suggest a high magnetic density.  

8.5 Valence state and interatomic distances 

The total magnetic moment obtained from the neutron diffraction refinement and the 

macroscopic measurements are expected to be comparable. The refined total magnetic 

moment of the compound with x = 0.34 is in agreement with the value obtained from the 

magnetization measurement at low temperature, while the compounds with x = 0.37 and 0.42 
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show a small discrepancy, as shown in Figure 8.4. This discrepancy might be due to the 

selection of the magnetic form factors when performing the neutron diffraction refinement. 

All the refinements were performed using magnetic form factors corresponding to the valence 

states of Fe0 and Mn/Fe4+ on the 3f and the 3g sites, respectively, based on data from ref. [18]. 

However, a valence state of Mn/Fe2+ (3g site) has also been used/reported in Refs. [13, 19]. 

The polarized neutron diffraction study on single crystalline Fe2P shows different spherical 

magnetic form factors for the free Fe atom state and the Fe4+ atom state [18]. Different 

combinations of valence states for the Fe(3f) and Mn/Fe(3g) ions will lead to slightly different 

magnetic form factors and result in small variations in the refined magnetic moment. To 

establish exact valence states of Fe(3f) and Mn/Fe(3g) ions further experimental evidence, by 

e.g. polarized neutron diffraction and Mössbauer spectroscopy, is required. 

Figure 8.5 shows dependence of the lattice parameters and the interatomic distances 

on the Si content for the Mn0.66Fe1.29P1-xSix compounds in the ferromagnetic state. The 

detailed values are listed in Table 8.3. The results confirm that the lattice constants change in 

the opposite sense with increasing Si content: the lattice constant a increases, while c 

decreases. We find that the intralayer interatomic distances for the (3f) positions increase and 

for the (3g) positions decrease with increasing Si content, the opposite changes in the 3g and 

3f layers is likely to destabilize the crystal structure. Introducing Si (up to around 10%)  into 

the Fe2P compound was previously found to induce a phase transition from the hexagonal 

(space group P-62m) to the body-centered orthorhombic (space group Imm2) crystal 

structure [20]. Introducing Mn into the Fe2P system, counteracts this destabilizing effects and 

for 33% Mn the structural transformation is suppressed for Si content up to 42%. Note that, 

all the compounds solely show a hexagonal crystal structure in the temperature range from 5 

to 523 K. Thus, Mn doping, plays an important role in stabilizing the hexagonal crystal 

structure. The exchange energy between the magnetic atoms, enhanced by partially replacing 

Fe with Mn, appears to be the driving force behind the stabilization of the hexagonal phase.  
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Table 8.3 Lattice parameters and interatomic distances of the Mn0.66Fe1.29P1-xSix compounds with x = 0.34, 0.37 and 0.42 in the ferromagnetic state. 

   x = 0.34 x = 0.37 x = 0.42 
   (θ = 293

o) ( θ = 464
o) ( θ = 673

o) 
Lattice parameters   FM (10 K) FM (10 K) FM (3 K) 
a(Å)   6.118868 6.136736 6.167035 
c(Å)   3.299175 3.284606 3.263435 
V(Å3)   106.9742 107.1242 107.4872 
Metal-metal distances (Å)     
Fe(3f)-Fe(3f) Intralayer ×2 2.7102 2.7262 2.7322 
Mn/Fe(3g)-Mn/Fe(3g) Intralayer ×4 3.299175 3.284606 3.263435 
Mn/Fe(3g)- Fe(3f) Interlayer ×1 2.6855 2.7578 2.7536 
 Interlayer ×2 2.7004 2.6446 2.6525 
 Mean distance  2.6956 2.681 2.6866 
Metal-nonmetal distances (Å)    
Fe(3f)-P/Si(2c) Intralayer ×2 2.31408 2.3181 2.33208 
Fe(3f)-P/Si(1b) Interlayer ×2 2.27368 2.2751 2.26949 

 Mean distance  2.2941 2.2961 2.3011 
Mn/Fe(3g)-P/Si(2c) Interlayer ×4 2.4962 2.5213 2.5182 
Mn/Fe(3g)-P/Si(1b) Intralayer ×1 2.4356 2.351 2.3728 

 Mean distance  2.4842 2.491 2.491 
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Figure 8.5 Lattice parameters and interatomic distances as a function of the Si content derived 

from neutron diffraction patterns measured at low temperatures (3 K for x = 0.34 and 0.37, 10 K 

for x = 0.42) for the Mn0.66Fe1.29P1-xSix compounds with x = 0.34, 0.37 and 0.42. The square 

symbols represent the intralayer interatomic distances; the circle symbols represent the interlayer 

interatomic distances. 
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8.6 Conclusions 

The Fe-rich Mn-Fe-P-Si compounds are promising materials for high-temperature 

magnetocaloric applications. A magnetic moment of up to 4.57 µB/f.u. for x = 0.34, indicates a 

high magnetic density in the system, which certainly benefits the GMCE. Introducing site 

disorder at the 3g site by replacing 1/3 of Fe with Mn appears to enhance the magnetic 

interaction, while the strong magnetoelastic coupling is maintained. The Mn substitution also 

shows a stabilizing effect on the hexagonal crystal structure, which is maintained to a high Si 

content. The moment alignment within the crystallographic unit cell is affected when the Si 

content increases from x = 0.34 to 0.42 in Mn0.66Fe1.29P1-xSix compounds, as the canting angle 

with respect to the c-direction increases. The canted magnetic moment alignment confirms a 

low magnetic anisotropy, which ensures soft magnetic properties of Fe-rich Mn-Fe-P-Si 

compounds.  
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Chapter 9 

Neutron diffraction study on the Fe2P-type 

Mn1.95-xFexP2/3Si1/3 compounds 

 

 

 

 

9.1 Introduction 

Recently, magnetic refrigeration based on the magnetocaloric effect (MCE) has attracted 

interest as an alternative to the conventional vapor compression cooling techniques due to its 

high-energy efficiency and low environmental impact. [1-3] We discovered the Giant MCE in 

Fe2P-based hexagonal (Mn,Fe)2(P,Si) compounds, and realized that the undesired thermal 

hysteresis can be significantly reduced by varying Mn/Fe or/and P/Si ratio(s) while 

maintaining the GMCE [4, 5]. 

Careful X-ray diffraction studies show that a large increase in c/a ratio occurs through the 

transition from ferromagnetic to paramagnetic state, while the unit-cell volume is hardly 

changed. Earlier neutron studies for MnFeP0.6Si0.4 [4] show that Mn and Fe occupy the 3g and 

3f sites, respectively, in alternating layers in the Fe2P structure. First principles electronic 

structure calculations suggest that at the ferro to paramagnetic transition the spin polarization 

of the Fe 3d electrons at the 3f site, presenting a magnetic moment of about 1.5 µB, vanishes. 

In contrast to this, the spin polarization of the Mn 3d electrons at the 3g site, presenting a 

magnetic moment of 2.8 µB remains almost unaffected through the transition [5].  

This unexpected behavior is attributed to the competition between bonding and magnetism. In 

the paramagnetic state the Fe atoms on the 3f site are tetrahedral coordinated, surrounded by 4 
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metalloid atoms at short distances (~2.3 Å). Therefore, the chemical bonding at the 3f site is 

among the strongest in MnFe(P,Si) compounds. The change in c/a at the phase transition 

distorts the tetrahedron, weakening or breaking the two intra-layer bonds. The moments 

developing at the 3f sites originate from the electrons freed from the chemical bonding. 

Meanwhile the 3g site is pyramidal, and the Mn atom is surrounded by 5 metalloid atoms at 

relatively large distances (~2.5 Å). Therefore the Mn 3d electrons are more localized and less 

affected by the lattice distortion. Within the layer, the 3g sites are interconnected triangularly 

and antiferromagnetic next nearest neighbor interactions are reported [6]. The exchange field 

between the 3g layers induces moment on the 3f sites, leading to the ferromagnetic state. 

Studying this novel mechanism responsible for the large MCE is the aim of the current study. 

In Fe-rich (Mn,Fe)2(P,Si) compounds, the excess Fe atoms will occupy the 3g sites. This will 

result in a modified electron density on the 3g sites, while the symmetry will be less affected 

as the ionic volumes of Mn and Fe are very similar. The site occupation of Mn and Fe atoms 

at the two crystallographic sites and the position parameters can only be resolved by neutron 

diffraction since Mn and Fe are neighbors in the periodic table and can hardly be 

distinguished by X-ray diffraction. Additionally, we can determine the magnetic moments in 

the magnetically ordered state on the two magnetic sublattices. The insight obtained with 

neutron diffraction will certainly deepen our understanding and possibly shed light on how to 

further improve the material properties for applications. 

9.2 Experimental details 

The Fe-rich compounds Mn1.95-xFexP2/3Si1/3 (x = 1.0, 1.1, 1.2, 1.3 and 1.4) were prepared by 

the ball-milling technique as described in Chapter 5. The X-ray diffraction patterns were 

collected at various temperatures in zero field with a PANalytical X-pert Pro diffractometer 

equipped with an Anton Paar TTK450 low-temperature chamber using Cu Kα radiation. A 

secondary-beam flat-crystal monochromator and a multichannel X’celerator detector were 

used to reduce the background and to maintain a reasonable data-collection time. The neutron 

diffraction data was collected at the Institute Laue-Langevin (ILL) on the D2B 

high-resolution powder diffractometer [7] with an incident wavelength of 1.595 Å. The 

sample powder was contained in a vanadium can which was mounted in an Orange cryostat. 

The measurements were carried out at fixed temperatures in the ferromagnetic and the 

paramagnetic states in zero field. The refinement of all the diffraction patterns was performed 

by the Rietveld method [8] using the FullProf program [9]. A superconducting quantum 
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interference device (SQUID) magnetometer (Quantum Design MPMS 5XL) with the 

reciprocating sample option (RSO) was employed for magnetic measurements below 400 K. 

9.3 Structural parameters 

X-ray diffraction measurements indicate that all the compounds Mn1.95-xFexP2/3Si1/3 (x = 1.0, 

1.1, 1.2, 1.3 and 1.4) crystallize in the hexagonal Fe2P-type structure (space group P-62m). As 

shown in Figure 9.1, the contour plots display the thermal evolution of the X-ray diffraction 

patterns of all the compounds. For the compounds with x = 1.0, 1.1, 1.2 and 1.3, a 

discontinuity in the peak positions at the transition temperatures indicates a discontinuous 

change in lattice constants. 
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Figure 9.1 Contour plots of the X-ray diffraction patterns for Mn1.95-xFexP2/3Si1/3 compounds (x = 

1.0, 1.1, 1.2, 1.3, and 1.4) on heating. The bar on the upper-right panel represents the normalized 

intensity scale. 

 

The higher Si content compound (x = 1.4), however, shows a more continuous shift of the 

peaks. This difference in behavior indicates that the nature of the transition changes from 

FOMT towards SOMT (second-order magnetic transition) when the Fe content increases from 

x = 1.0 to 1.4. The representative (300) and (002) peaks shift in the opposite direction, 
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indicating that the lattice constants a and c change in opposite sense. The lattice constant a 

decreases while c increases upon heating, resulting in only a minute volume change (< 0.1%) 

at the FOMT for all compounds. Note that, the FOMT is usually accompanied with a sudden 

change in lattice volume [10]. Due to the strong magnetoelastic coupling present in these 

compounds, the Curie temperatures can be easily obtained from the X-ray contour plots as 

shown in Figure 1. The values of TC are 269, 290, 311, 326 and 345 K for x = 1.0, 1.1, 1.2, 1.3 

and 1.4, respectively, in good agreement with magnetic measurements. 

Table 9.1 Structural parameters of the Mn1.95-xFexP2/3Si1/3 compounds with x =1.0, 1.1, 1.2, 1.3, 

and 1.4 obtained from the Rietveld refinement of the neutron diffraction patterns measured in the 

paramagnetic state at 400 K. Space group: P-62m. Atomic positions: 3f-Fe (x1, 0, 0); 

3g-Mn/Fe (x2, 0, 1/2); 2c-P/Si (1/3, 2/3, 0); 1b-P, Si (0, 0, 1/2). 

 

 

 

 

 

 

 

 

 

 

 

Since the nuclear scattering cross-section of all 4 elements Fe, Mn, P and Si are markedly 

different, the neutron diffraction patterns in the paramagnetic state are suited to determine the 

site occupancy by refining the patterns. The results confirm the hexagonal Fe2P-type structure 

(space group P-62m) of the main phase for all the compounds and a minor cubic (Mn,Fe)3Si 

impurity phase. Note that, due to the low content of the (Mn,Fe)3Si phase (< 0.4%), it is 

undetectable in some compounds by X-ray diffraction. In all the compounds 

Mn1.95-xFexP2/3Si1/3 (x = 1.0, 1.1, 1.2, 1.3 and 1.4), it is found that the Fe and Mn atoms 

  x = 1.0 x = 1.1 x =1.2 x = 1.3 x = 1.4 

Parameters PM (400 K) PM (400 K) PM (400 K) PM (400 K) PM (400 K) 

a(Å) 6.018663 6.014564 6.018634 6.022495 6.024005 

c(Å) 3.482643 3.473743 3.456353 3.443095 3.428894 U
ni

t 
ce

ll
 

V(Å3) 109.2541 108.8271 108.4292 108.1512 107.7592 

3f x1 0.25442 0.25472 0.25491 0.25502 0.25522 

 n(Fe)/n(Mn) 0.235/0.015 0.244/0.006 0.248/0.002 0.25/0.00 0.25/0.00 

3g x2 0.58805 0.58929 0.5812 0.6073 0.5981 

 n(Fe)/n(Mn) 0.021/0.229 0.038/0.212 0.06/0.19 0.085/0.165 0.107/0.143 

2c n(P)/n(Si) 0.1243/0.0423 0.1203/0.0463 0.1243/0.0423 0.1253/0.0413 0.1264/0.0404 

1b n(P)/n(Si) 0.0423/0.0423 0.0463/0.0383 0.0423/0.0423 0.0413/0.0433 0.0404/0.0444 

 
Microstrain 

(%) 
0.037382 0.041702 0.088618 0.13661 0.10501 

 RP(%) 4.65 4.73 4.32 4.52 4.94 

 Rwp(%) 5.99 6.18 5.60 5.81 6.64 

 χ
2 4.88 5.52 5.63 4.36 8.22 
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preferentially occupy the tetrahedral 3f and the pyramidal 3g sites, respectively. In the case of 

our Fe-rich Mn-Fe-P-Si compounds, the excess Fe atoms and Mn atoms share the 3g site.  

As for the picture of the crystal and magnetic structure, we refer to Figure 8.3. The detailed 

structural parameters are listed in Table 9.1. Interestingly, at the 3f site, a small amount of Mn 

(about 6%) is observed for the x = 1.0 compound and the amount of Mn is gradually reduced 

to 2% and 1% for x = 1.1 and 1.2 compounds, respectively. Eventually, the amount of Mn in 

the 3f site is negligible for compounds with higher Fe content. We find that Si and P show no 

site preference for all studied compounds and both atoms are randomly distributed. Note that, 

this arrangement is the same as in MnFeP1-xAsx compounds [11], but is different from that 

reported for the Mn1.1Fe0.9P0.8Ge0.2 compound, where Ge shows a preference for the 2c 

site [12].  

9.4 Alignment of the magnetic moment 

The magnetic structure can be determined by refining the diffraction patterns in the 

ferromagnetic state. Earlier studies show that the aligned magnetic moment is along the c-axis 

in the parent alloy Fe2P [13], within the a-b plane in MnFeP0.5Si0.5 compound [14] and 

between the a-b plane and the c-axis for other compositions [15]. We have considered all the 

three possible alignments when refining the neutron data for all the compounds. The detailed 

refined parameters are listed in the Table 9.2. The significant differences and the contribution 

of the magnetic reflection to the three possible alignments are shown in Figure 9.2. The 

x = 1.0 sample is selected as an example. Considering the magnetic form factor [16], the 

magnetic contribution will be dominant in the low-angle range of the neutron diffraction 

pattern. Thus, by comparing the quality of the refinement, especially in the low-angle range, 

one can conclude whether the magnetic moments are aligned within the a-b plane, along 

c-axis or in between.  
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Table 9.2 Structural parameters of the Mn1.95-xFexP2/3Si1/3 compounds with x =1.0, 1.1, 1.2, 1.3, and 1.4 at 10 K (in their ferromagnetic state). θ represents 

the angle between the c-axis and the alignment of the magnetic moment. M3f and M3g are the average magnetic moment at 3f and 3g site, respectively; 

MTotal is the total moment per formula unit; Ms is the spontaneous magnetic moment per formula determined by magnetization measurements at 5 K. 

Parameters x = 1.0 x = 1.1 x =1.2 x = 1.3 x = 1.4 

 
θ 

(deg.) 
90 0 875 90 0 837 90 0 806 90 0 363 90 0 264 

a(Å) 6.166473 6.166484 6.166473 6.156274 6.156345 6.156284 6.137475 6.137605 6.137545 6.10381 6.10391 6.10391 6.07981 6.08011 6.07991 

c(Å) 3.290103 3.290133 3.290103 3.290503 3.290564 3.290513 3.296724 3.296785 3.296734 3.32271 3.32301 3.32291 3.33411 3.33421 3.33421 

U
ni

t c
el

l 

V(Å3) 108.3461 108.3471 108.3461 108.0011 108.0062 108.0011 107.5452 107.5522 107.5482 107.2065 107.2175 107.2165 106.7315 106.7425 106.7375 

3f x1 0.25832 0.25902 0.25822 0.25772 0.25852 0.25772 0.25722 0.25782 0.25702 0.25732 0.25732 0.25712 0.25723 0.25763 0.25693 

 M3f(µB) 1.627 1.819 1.557 1.738 1.91 1.638 1.556 1.71 1.366 1.087 1.359 1.279 0.947 0.589 0.869 

3g x2 0.59386 0.59227 0.59406 0.59529 0.5921 0.59579 0.5942 0.5843 0.5972 0.6002 0.5962 0.5962 0.6031 0.6021 0.6011 

 M3g(µB) 2.788 2.198 2.758 2.749 2.139 2.739 2.746 1.968 2.755 2.859 2.657 2.928 2.768 2.626 2.827 

 
MTotal 

(µB) 
4.41 4.01 4.31 4.51 4.01 4.41 4.299 3.71 4.118 3.91 4.01 4.21 3.71 3.31 3.71 

 
Micros-

train 
(%) 

  0.050054   0.059144   0.101525   0.26511   0.27962 

 RP(%) 5.62 6.34 5.65 5.73 6.34 5.73 5.44 6.01 5.50 6.36 6.19 6.13 6.94 6.68 6.44 

 Rwp(%) 7.29 8.45 7.32 7.37 8.44 7.38 7.19 8.05 7.22 8.09 7.82 7.80 9.09 8.68 8.48 

 χ
2 7.78 10.5 7.86 8.17 10.7 8.20 9.21 11.5 9.28 8.57 8.02 7.97 16.4 14.9 14.2 

 MS(µB) 4.23 4.30 4.20 4.00 3.70 
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Figure 9.2 Observed (crosses) and calculated (continuous lines) neutron diffraction patterns for 

sample x = 1.0 at 10 K (FM). (a) Neutron diffraction pattern fitted with a nuclear structure 

contribution only, (b) neutron diffraction pattern fitted with both nuclear structure and magnetic 

contributions for magnetic moments along the c-axis, (c) neutron diffraction pattern fitted with 

both nuclear structure and magnetic contributions for magnetic moments within the a-b plane, (d) 

the fitted neutron diffraction pattern with both nuclear structure and magnetic contributions for 

magnetic moments along the refined direction. Differences between observed and calculated 

patterns are shown in the lower part of the plots. A minor amount of the cubic (Mn,Fe)3Si 

impurity phase is observed. Vertical lines indicate the diffraction peaks for the nuclear (top) and 

the magnetic (middle, if any) structure of the main phase, and the impurity phase (bottom). 

The alignment angle of the moments in the Mn1.95-xFexP2/3Si1/3 compounds obtained is 87, 83, 

80, 36 and 26 degrees away from the c-axis for x = 1.0, 1.1, 1.2, 1.3 and 1.4, respectively. 

This indicates that the moment alignments are canted from nearly within a-b plane for x = 1.0 

towards along c-axis for x = 1.4, as listed in Table 9.2. The canted magnetic moments reflect a 

low magnetic anisotropy of the Mn-Fe-P-Si compounds, which display properties close to that 

of soft magnets. Interestingly, the alignment angle of the moments in the sample with x = 1.3 

is about 36 degrees away from the c-axis, in good agreement with that observed for 

Mn0.66Fe1.29P0.66Si0.34 [15] melt-spun ribbon, of about 29 degrees away from the c-axis. Note 
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that, the magnetic properties of Fe2P [17] and Fe2P-based Mn-Fe-P-X (X = As, Ge and Si) 

compounds [18-20] are very sensitive to composition, synthesis method and defects (e.g. 

vacancies).  
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Figure 9.3 Magnetic moment as a function of the Fe content derived from the neutron diffraction 

patterns measured at 10 K in the ferromagnetic state for the Mn1.95-xFexP2/3Si1/3 compounds with 

x = 1.0, 1.1, 1.2, 1.3 and 1.4. The total moments are very close to those obtained from saturation 

magnetization measurements at 5 K (solid circles).  

In the Fe-rich Mn1.95-xFexP2/3Si1/3 (0 ≤ x ≤ 1.4) compounds, the Mn/Fe(3g) moments show a 

constant value of about 2.86 µB as a function of Fe content, while the Fe(3f) moments 

decrease gradually from 1.55 µB for x = 1.0 to 0.86 µB for x = 1.4, as shown in Figure 9.3. The 

total moments are very close to the values obtained from macroscopic measurements of the 

low-temperature saturation magnetization. The values are much larger than those observed in 

the Mn-rich Mn-Fe-P-Si compounds [21]. Note that, due to the site preference of the Fe and 

Mn atoms, the excess Fe will occupy the 3g sites, where Fe(3g) carries a larger magnetic 

moment than that of Fe(3f). Variation of the Mn/Fe ratio in the Fe-rich Mn1.95-xFexP2/3Si1/3 

compounds results in a change of the Mn/Fe ratio only on the 3g sites. Such a variation has 

hardly any influence on the average Mn/Fe(3g) magnetic moment, suggesting that the Mn(3g) 

and Fe(3g) have similar magnetic moments and the 3g site moment depends on the adjacent 

electron configuration of the atoms rather than the type of atom. This finding supports the 

picture of weak magnetism in the 3f sites, as the 3f moments are affected by replacing Mn by  
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Table 9.3 Lattice parameters and interatomic distances of the Mn1.95-xFexP2/3Si1/3 compounds with x =1.0, 1.1, 1.2, 1.3 and 1.4 in the ferromagnetic state 

at 5 K. 

   x = 1.0 x = 1.1 x = 1.2 x = 1.3 x = 1.4 
   (θ = 875º) ( θ = 837º) ( θ = 806º) ( θ = 363º) ( θ = 264º) 

Lattice parameters        
a(Å)   6.166473 6.156284 6.137545 6.10391 6.07991 
c(Å)   3.290103 3.290513 3.296734 3.32291 3.33421 
c/a   0.533554 0.534505 0.537146 0.54441 0.54841 

V(Å3)   108.3461 108.0011 107.5482 107.2165 106.7375 
Metal-metal distances (Å)       

Fe(3f)-Fe(3f) Intralayer ×2 2.7581 2.74752 2.7321 2.7182 2.7052 
Mn/Fe(3g)-Mn/Fe(3g) Intralayer ×4 3.290103 3.290513 3.296734 3.322923 3.334193 

Mn/Fe(3g)-Fe(3f) Interlayer ×1 2.6443 2.6534 2.6587 2.6558 2.6765 
 Interlayer ×2 2.7432 2.7333 2.7256 2.7257 2.7044 
 Mean distance  2.714 2.7066 2.7039 2.7028 2.6958 

Metal-nonmetal distances (Å)      
Fe(3f)-P/Si(2c) Intralayer ×2 2.32197 2.32037 2.31606 2.30289 2.2951 
Fe(3f)-P/Si(1b) Interlayer ×2 2.28957 2.28548 2.28137 2.2851 2.2851 

 Mean distance  2.3061 2.3032 2.29879 2.2941 2.2901 
Mn/Fe(3g)-P/Si(2c) Interlayer ×4 2.49218 2.4922 2.4922 2.4923 2.4982 
Mn/Fe(3g)-P/Si(1b) Intralayer ×1 2.5043 2.4895 2.4759 2.461 2.4256 

 Mean distance  2.4953 2.4916 2.4899 2.4861 2.4837 
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Figure 9.4 Lattice parameters and interatomic distances as a function of the Fe content derived 

from neutron diffraction patterns measured at 10 K for the Mn1.95-xFexP2/3Si1/3 compounds with 

x =1.0, 1.1, 1.2, 1.3 and 1.4.  

Fe on the 3g sites. We find that the Mn/Fe(3g)-Mn/Fe(3g) interatomic distance and is about 

~3.2 Å increases with increasing Fe content (see Table 9.3). The Mn/Fe(3g)-Mn/Fe(3g) 

interatomic distance is larger than the average Mn/Fe atomic radius (1.27 Å for Mn and 

1.68 Å for Fe), in agreement with a more localized character of the moments on the 3g site. 
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The Fe(3f)-Fe(3f) interatomic distance is about ~2.7 Å and decreases with increasing Fe 

content and the value (see Table 9.3). The Fe(3f)-Fe(3f) interatomic distance is smaller than 

the average Fe atomic radius, favoring the itinerant magnetism on the 3f sites.  

9.5 Influence of site disorder on the stability of the crystal structure 

Figure 9.4 shows the variation of the lattice parameters and the distances between the 

magnetic atoms and the nearest neighbors as a function of Fe content. Replacing Mn(3g) with 

the smaller Fe atom reduces the cell volume (see Table 9.1 and 9.2), decreases the a and 

increases the c lattice parameters. The alternating 3g and 3f layers are parallel to the a-b plane 

of the hexagonal structure. The average interatomic distances within 3f and 3g layers change 

in opposite sense with increasing Fe content, the intralayer Fe(3f)-Fe(3f) distance decreases, 

while the intralayer Mn/Fe(3g)-Mn/Fe(3g) distance increases. The lattice parameter c 

increases with increasing Fe content, while the interlayer interatomic mean-distance 

Mn/Fe(3g)-Fe(3f) decreases due to the rearrangement of their displacement, which cants the 

Mn/Fe(3g)-Fe(3f) bond towards the c-axis. Meanwhile, we find that microstrain develops 

with increasing Fe content and that it is partially released at high temperatures (see Table 9.1 

and 9.2). Apparently, introducing Fe atoms into the 3g site is not energetically favorable in 

this layered structure, where the Fe and Mn atoms tend to have different preferred 

occupancies. Moreover, the mean interlayer interatomic distance Mn/Fe(3g)-Fe(3f) changes 

oppose that of the c lattice parameter (see Table 9.3). These opposing trends of the atomic 

displacements are probably the reason for the induced microstrain, the driving force of such a 

distorted structure. Note that, we find that further increasing the Fe content (x = 1.8) leads to a 

collapse of the hexagonal crystal structure and the formation of the body-centered 

orthorhombic crystal structure (see Chapter 7). Thus, the role of Mn in the Fe-rich 

Mn-Fe-P-Si compounds is that of stabilizing the hexagonal crystal structure. 

9.6 Conclusions 

The high magnetic moments and the easily tunable working temperatures make the Fe-rich 

Mn-Fe-P-Si compounds promising magnetocaloric materials. The alignment of the magnetic 

moment is canted from nearly the a-b plane towards c-axis with increasing Fe content in the 

Fe-rich Mn1.95-xFexP2/3Si1/3 compounds with 1.0 ≤ x ≤ 1.4. The canted magnetic moment 

alignment confirms a low magnetic anisotropy of the Mn-Fe-P-Si compounds, which display 

properties close to that of soft magnets. The magnetic moments are enhanced on both the 3f 

and 3g sites by introducing Mn atoms into the 3g sites. Decrease of the Mn/Fe ratio on the 3g 
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sites does not affect the Mn/Fe(3g) magnetic moment, but results in a gradual decrease in the 

magnitude of the Fe(3f) magnetic moment, supporting the description of the 3f sites as weakly 

magnetic. Microstrains develop with decreasing Mn content, and are proposed to be caused by 

the inconsistent change of the intralayer and interlayer interatomic distances with respect to 

the changes in a and c lattice constants, respectively. Hence, the Mn favors not only the high 

magnetic moment, but also the hexagonal crystal structure of the Fe-rich Mn-Fe-P-Si 

compounds.  
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Summary 

 

This thesis presents a study of the crystal and magnetic structure, the magnetocaloric effect 

and related physical properties in Mn-Fe-P-X compounds. 

The influences of boron addition in (Mn,Fe)2(P,As) compounds have been studied. It is found 

that boron atoms occupy interstitial sites within the basal plane. First-order magnetoelastic 

phase-transitions with small thermal and magnetic hysteresis are observed in all these 

compounds. The ferromagnetic ordering temperatures increase by boron addition. The 

optimal working temperatures can be finely adjusted by varying the boron content without 

losing the good magnetocaloric properties. Both the maximal magnetic entropy changes and 

the Relative Cooling Power (RCP) are slightly enhanced. All these features make boron 

addition a good tool to tune and improve magnetic and magnetocaloric properties in 

(Mn,Fe)2(P,As) compounds. (Chapter 4) 

The effect of transition metal substitution on TC and ∆Thys has been studied in 

(Mn,Fe,T)1.95P0.50Si0.50 (T = Co, Ni and Cu) compounds. X-ray diffraction patterns imply that 

all the compounds crystallize in the hexagonal Fe2P type of structure. It is found that all these 

transition metal substitutions for Mn(3g)/Fe(3f) weaken the ferromagnetic ordering. Ni 

substitutions reduce the thermal hysteresis, while the Cu substitutions enhance the thermal 

hysteresis. Moreover, the Co substitutions for Mn(3g) reduce thermal hysteresis, while the Co 

substitutions for Fe(3f) result in hardly any change in thermal hysteresis. (Chapter 5) 

Single phase compounds Mn0.66Fe1.29P1-xSix (0 ≤ x ≤ 0.42) have been synthesized using the 

melt-spinning (rapid solidification) technique. All the compounds form in the Fe2P-type 

hexagonal structure, except a Co2P-type orthorhombic structure of the Si-free Mn0.66Fe1.29P 

compound. The compounds with 0.24 ≤ x ≤ 0.42 present a FM-PM phase transition, while the 

compounds with lower Si content show an AFM-PM phase transition. By increasing the Si 

content from x = 0.24 to 0.42, TC increases from 195 to 451 K and ∆Thys is strongly reduced 
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from ~61 to ~1 K. TC increases and ∆Thys decreases with increasing magnetic field. It is also 

found that TC and ∆Thys are not only Si content dependent, but also magnetic field dependent. 

Mn0.66Fe1.29P1-xSix compounds show large spontaneous magnetic moments with values up to 

4.57 µB/f.u.. A large MCE with a small thermal hysteresis is obtained simultaneously in 

Fe-rich Mn0.66Fe1.29P1-xSix melt-spun ribbons. The compounds with a high working 

temperature may also be useful for other applications, e.g. thermomagnetic generators and 

heat pumps. (Chapter 6) 

Single phase Mn1.95-xFexP2/3Si1/3 compounds with 1.0 ≤ x ≤ 1.95 have been synthesized using 

ball-milling technology and solid-state reactions. All the compounds show a FM-PM phase 

transition. The compounds with x ≤ 1.6 crystallize in Fe2P-based hexagonal structure, for the 

higher Fe content compounds, a bco-hex structural transition is observed. In contrast to the 

Mn-rich Mn-Fe-P-Si system, no coupling between the magnetic and structural transition is 

found. The TC and ∆Thys in the Mn1.95-xFexP2/3Si1/3 compounds can be easily tuned by adjusting 

the Fe/Mn ratio. By increasing the Fe content from x = 1.0 to 1.95, TC increases from ~269 to 

~647 K and the ∆Thys strongly reduces from ~65 to ~1 K. The reduction in the magnetic 

moment of the Fe-rich Mn1.95-xFexP2/3Si1/3 compounds, suggests that the dominant effect on 

the size of the moment is the change in local electron configuration rather than the interlayer 

exchange coupling, thus confirming a more localized magnetism on the 3g sites. (Chapter 7) 

High-resolution neutron diffraction has been employed to determine the crystal and magnetic 

structure, the magnetic moment and the interatomic distances in the melt-spun ribbons 

Mn0.66Fe1.29P1-xSix. Introducing site disorder at the 3g site by replacing 1/3 of Fe with Mn 

appears to enhance the magnetic interaction, while the strong magnetoelastic coupling is 

maintained. The Mn substitution also shows a stabilizing effect on the hexagonal crystal 

structure, which is maintained to a high Si content. The moment alignment within the 

crystallographic unit cell is affected when the Si content increases from x = 0.34 to 0.42 in 

Mn0.66Fe1.29P1-xSix compounds, as the canting angle with respect to the c-direction increases. 

The canted magnetic moment alignment confirms a low magnetic anisotropy, which ensures 

soft magnetic properties of Fe-rich Mn-Fe-P-Si compounds.  (Chapter 8) 

The effect of varying the Mn/Fe ratio in the Mn1.95-xFexP2/3Si1/3 compounds has been studied 

using high-resolution neutron diffraction.  The alignment of the magnetic moment is canted 

from nearly the a-b plane towards c-axis with increasing Fe content in the Fe-rich 

Mn1.95-xFexP2/3Si1/3 compounds with 1.0 ≤ x ≤ 1.4. The canted magnetic moment alignment 
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confirms a low magnetic anisotropy of the Mn-Fe-P-Si compounds, which display properties 

close to that of soft magnets. The magnetic moments are enhanced on both the 3f and 3g sites 

by introducing Mn atoms into the 3g sites. Decrease of the Mn/Fe ratio on the 3g sites does 

not affect the Mn/Fe(3g) magnetic moment, but results in a gradual decrease in the magnitude 

of the Fe(3f) magnetic moment, supporting the description of the 3f sites as weakly magnetic. 

Microstrains develop with decreasing Mn content, and are proposed to be caused by the 

inconsistent change of the intralayer and interlayer interatomic distances with respect to the 

changes in a and c lattice constants, respectively. Hence, the Mn favors not only the high 

magnetic moment, but also the hexagonal crystal structure of the Fe-rich Mn-Fe-P-Si 

compounds. (Chapter 9) 



 

 

Samenvatting 

 

Dit proefschrift presenteert een studie van de kristal- en magnetische structuur, het 

magneto-calorisch effect en gerelateerde fysische eigenschappen in Mn-Fe-P-X verbindingen. 

De effecten van boriumadditie in (Mn,Fe)2(P,As) verbindingen zijn bestudeerd. Gevonden 

werd, dat boriumatomen interstitiële sites binnen het grondvlak innemen. Eerste-orde 

magnetoelastische faseovergangen met kleine thermische en magnetische hysterese zijn 

waargenomen in al deze verbindingen. De ferromagnetische ordeningstemperaturen verhogen 

door boriumadditie. De optimale werktemperaturen kunnen fijn worden afgestemd door het 

boriumgehalte te variëren zonder de goede magnetocalorische eigenschappen te verliezen. 

Zowel de maximale magnetische entropieveranderingen als het Relatieve Koel-Vermogen 

(RKV) zijn licht verbeterd. Al deze eigenschappen maken boriumtoevoeging een goed 

instrument om de magnetische and magneto-calorische eigenschappen in (Mn,Fe)2(P,As) 

verbindingen af te stemmen en te verbeteren. (Hoofdstuk 4) 

Het effect van overgangsmetaalsubstitutie op TC en ∆Thys werd bestudeerd in 

(Mn,Fe,T)1.95P0.50Si0.50 (T = Co, Ni and Cu) legeringen. Röntgendiffractiepatronen impliceren 

dat al deze verbindingen in de hexagonale structuur van het Fe2P type kristalliseren. Er werd 

gevonden dat deze substituties door overgangsmetalen voor Mn(3g)/Fe(3f) de 

ferromagnetische ordening verzwakken. Ni substituties verlagen de thermische hysterese, 

terwijl Cu substituties de thermische hysterese verhogen. Verder verlagen Co substituties voor 

Mn(3g) de thermische hysterese, terwijl Co substituties voor Fe(3f) nauwelijks enige 

verandering in thermische hysterese bewerkstelligen. (Hoofdstuk 5) 

Éénfasige verbindingen Mn0.66Fe1.29P1-xSix (0 ≤ x ≤ 0.42) werden gesynthetiseerd met de 

smelt-spinnen (snelle stolling) techniek. Alle verbindingen worden gevormd in de Fe2P-type 

hexagonale structuur, behalve het Si-vrije Mn0.66Fe1.29P. dat een orthorhombische structuur 

van het Co2P-type krijgt. De stoffen met 0.24 ≤ x ≤ 0.42 laten een FM-PM faseovergang zien, 
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terwijl die met lager Si gehalte een AFM-PM faseovergang vertonen. Door het Si gehalte te 

verhogen van x = 0.24 tot 0.42, stijgt TC van 195 naar 451 K en wordt ∆Thys sterk verlaagd 

van ~61 naar ~1 K. TC verhoogt en ∆Thys verlaagt met toenemend magnetisch veld. Eveneens 

werd gevonden dat de TC en ∆Thys niet alleen afhankelijk zijn van het Si gehalte, maar ook 

van het magnetisch veld. Mn0.66Fe1.29P1-xSix verbindingen laten hoge spontane magnetische 

momenten zien met waarden tot aan 4.57 µB/f.u.. Een hoog MCE met simultaan een kleine 

thermische hysterese is verkregen in Fe-rijk uit smelt gesponnen lint van Mn0.66Fe1.29P1-xSix. 

De verbindingen met een hoge werktemperatuur kunnen ook bruikbaar zijn voor andere 

doeleinden, b.v. thermomagnetische generatoren en warmtepompen. (Hoofdstuk 6) 

Enkelfasige Mn1.95-xFexP2/3Si1/3 samenstellingen met 1.0 ≤ x ≤ 1.95 zijn gesynthetiseerd met 

de kogelmolentechnologie en vaste-stof reacties. Alle verbindingen vertonen een FM-PM 

faseovergang. De verbindingen met x ≤ 1.6 kristalliseren in de Fe2P-gebaseerde hexagonale 

structuur, voor de verbindingen met hoger Fe gehalte, werd een bco-hex structurele overgang 

waargenomen. In kontrast met het Mn-rijke Mn-Fe-P-Si systeem, werd geen koppeling tussen 

de magnetische en de structurele overgang gevonden. De TC en ∆Thys in de Mn1.95-xFexP2/3Si1/3 

verbindingen kan gemakkelijk worden afgestemd door de Fe/Mn ratio in te stellen. Door het 

Fe gehalte te verhogen van x = 1.0 tot 1.95, gaat TC van ~269 naar ~647 K en de ∆Thys 

verkleint van ~65 naar ~1 K. De reductie in het magnetisch moment van de Fe-rijke 

Mn1.95-xFexP2/3Si1/3 verbindingen, suggereert dat het dominante effect op de grootte van het 

moment de verandering in locale elektronenconfiguratie is, veeleer dan de 

uitwisselingskoppeling tussen lagen, en hiermee wordt een meer gelokaliseerd magnetisme op 

de 3g sites bevestigd. (Hoofdstuk 7) 

Hoge-resolutie neutronendiffractie werd toegepast om de kristal- en magnetische structuur, 

het magnetisch moment en de interatomaire afstanden te bepalen in de uit smelt gesponnen 

linten Mn0.66Fe1.29P1-xSix. Het introduceren van wanorde op de 3g site door vervanging van 

1/3 van Fe door Mn lijkt de magnetische interactie te versterken, waarbij de sterke 

magneto-elastische koppeling behouden blijft. De Mn substitutie laat ook een stabiliserend 

effect op de hexagonale kristalstructuur zien, welke behouden blijft tot een hoog Si gehalte. 

De momentoriëntatie binnen de kristallografische eenheidscel wordt beïnvloed als het Si 

gehalte stijgt van x = 0.34 naar 0.42 in Mn0.66Fe1.29P1-xSix verbindingen, waarbij de hoek ten 

opzichte van de c-richting toeneemt. De scheve oriëntatie van de momenten bevestigt een lage 
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magnetische anisotropie, die de zachte magnetische eigenschappen van Fe-rijk Mn-Fe-P-Si 

verzekert. (Hoofdstuk 8) 

Het effect van variaties in de Mn/Fe verhouding in de Mn1.95-xFexP2/3Si1/3 verbindingen werd 

bestudeerd met hoge-resolutie neutronendiffractie. De oriëntatie van het magnetisch moment 

verandert van bijna in het a-b vlak naar meer langs de c-as met toenemend Fe gehalte in de 

Fe-rijke Mn1.95-xFexP2/3Si1/3 verbindingen met 1.0 ≤ x ≤ 1.4. De scheve oriëntatie van de 

magnetische momenten bevestigt een lage magnetische anisotropie van de Mn-Fe-P-Si 

verbindingen, welke eigenschappen laten zien in overeenstemming met zachte magneten. De 

magnetische momenten zijn versterkt op zowel de 3f en 3g sites door Mn atomen te 

introduceren op de 3g sites. Verlaging van de Mn/Fe ratio op de 3g sites beïnvloedt niet het 

Mn/Fe(3g) magnetisch moment, maar resulteert in een graduele afname in de grootte van het 

Fe(3f) magnetisch moment, wat de beschrijving van de atomen op de 3f sites als zwak 

magnetisch ondersteunt. Microspanningen ontwikkelen zich bij afnemend Mn gehalte. Zij 

worden mogelijk veroorzaakt door de inconsistente verandering van de atoomafstanden 

binnen en tussen de atoomlagen in vergelijking tot de veranderingen respectievelijk in de a en 

c roosterconstanten. Aldus veroorzaakt het Mn niet alleen het hoge magnetische moment, 

maar ondersteunt het ook de hexagonale kristalstructuur van de Fe-rijke Mn-Fe-P-Si 

verbindingen. (Hoofdstuk 9) 
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