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Chapter 1 
 

Introduction  
 
1.1      Magnetocaloric effect and magnetic refrigeration 

Magnetocaloric effect (MCE) is the temperature change produced by the adiabatic 

application of a magnetic field or the magnetic entropy change produced by the 

isothermal application of a magnetic field to a magnetic material. This phenomenon 

was first discovered by Warburg [1] in pure iron metal (where the cooling effect 

varied between 0.5 to 2 K/T [2]) in 1881. Since then many materials with large MCEs 

have been discovered, providing a much better and clearer understanding of this 

phenomenon. 

In a magnetic material we find next to the lattice entropy related to phonons a 

magnetic contribution related to magnons. Upon an adiabatic application of a 

magnetic field, the entropy in the spin system will change. As a consequence, the 

lattice entropy should change in order to keep the total entropy of the system 

unchanged. Thus the system heats up or cools down depending on the field effect. The 

normal MCE is when the temperature increases upon application of a magnetic field, 

and the inverse MCE results in a decrease of temperature upon the application of a 

magnetic field. 

Magnetic refrigeration utilizes the magnetocaloric effect for cooling 

applications. In 1926 Debye [3] and in 1927 Giauque [4] independently suggested that 

the effect could be used to reach temperatures below 1 K. In 1933 Giauque and 

MacDougall demonstrated the first operating adiabatic demagnetization refrigerator 

that reached 0.25K [5]. They used Gd2(SO4)3.8H2O as a magnetic coolant and a 

magnetic field of 0.8 T to reach 0.53 K, 0.34 K, and 0.25 K starting at 3.4 K, 2.0 K, 
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and 1,5 K, respectively. Between 1933 and 1997, a number of advances in the 

utilization of the MCE for cooling were reported [6-9]. 

 

 

 

Figure 1.1: Publications on magnetic cooling since 1992, the image is taken 

from ISI web of science (date: 14 Nov. 2008).  

 

The discovery of the giant MCE in Gd5(Si,Ge)4 compounds has triggered vast 

interest in magnetic cooling. Also in 1997, the first near room-temperature magnetic 

refrigerator was demonstrated by Zimm et al. at Ames Laboratory [10]. These two 

events attracted interest from both scientists and companies who started developing 

new kinds of room-temperature materials and magnetic-refrigerator designs. Figure 

1.1 shows the number of publications on magnetic cooling since 1992, and Fig. 1.2 

presents the number of magnetic refrigerators per year. 

By using solid magnetic materials as coolants instead of conventional gases, 

magnetic refrigeration avoids all harmful gases such as ozone-depleting gases, global-

warming greenhouse-effect gases, and other hazardous gaseous refrigerants. A solid 

coolant can easily be recycled. Furthermore, it has been demonstrated that magnetic 

cooling is energetically more efficient than conventional gas-compression cooling. 

This is of particular interest in view of the global energy shortage [8]. Also magnetic 

refrigerators make very little noise and may be built very compact. Therefore, 

magnetic refrigeration has attracted attention in recent years as a promising 

environmentally friendly alternative to conventional gas-compression cooling. 
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Figure 1.2: Number of magnetic refrigerators per year, (Gschneidner, 2008) 

 

 

 

 

 

Figure 1.3: A schematic representation of a magnetic refrigeration cycle, 

(Courtesy BASF future business).  
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A schematic representation of a magnetic refrigeration cycle in which heat is 

transported from the heat load to its surroundings is found in Fig. 1.3.  Initially, 

randomly oriented magnetic moments are aligned by a magnetic field. This implies a 

reduction of entropy in the spin system. This entropy is transferred via the spin-lattice 

coupling to the lattice, resulting in heating of the magnetic material. This heat is 

removed from the material to the ambient by heat transfer. On removing the field, the 

magnetic moments once more randomize, leading to cooling of the material below its 

initial temperature. As entropy is transferred from and to the quantum-physical spin 

system, a rather high energy-efficiency can be achieved when the magnetic field is 

generated by superconducting solenoids or permanent magnets.  

 

1.2 Motivation of this work 

The main motivation of this work is to explore new materials for magnetic 

refrigeration based on the well-known compound MnFeP1-xAsx [11], or Mn- and Fe-

based compounds. In order to develop new potential magnetic refrigerants, efforts 

were put on reducing the thermal hysteresis of the reported compounds while keeping 

their excellent magnetocaloric effects.  

In this spirit, this work first focuses on totally replacing As by (Ge,Si). The 

resulting materials show a large MCE near room temperature in low fields. The non-

linear dependence of the Curie temperature on the Si content and the peculiar 

hysteresis behavior need further study.  

In order to achieve a better understanding of the magnetic and magnetocaloric 

properties of the MnFe(P,Si,Ge)  compounds, the influence of Si and Ge on the 

magnetic phase transition and magnetocaloric properties of the MnFe(P,Si,Ge) 

compounds is studied. 

Then, the compounds in which As is totally replaced by the readily abundant, 

cheap and non-toxic Si are introduced.  The structure, magnetic and magnetocaloric 

properties of the MnFeP1-xSix compounds are studied experimentally. Finally, the 

electronic structure and magnetic moments are investigated theoretically in the frame 

work of density functional theory.   
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1.3     Thesis briefing 

This thesis focuses on exploring materials for magnetic cooling applications. 

Materials which have large magnetocaloric effects and working at room temperature 

have been found and researched.  

In chapter 1, a brief introduction to the magnetocaloric effect and its 

applications in magnetic refrigeration and a short review of the recent development in 

room-temperature magnetic refrigeration studies are presented.  

Some theoretical concepts related to the MCE, an overview of the density 

functional theory (DFT), and some methods used to calculate magnetic moments and 

density of state (DOS) of the MnFe(P,Si) compounds are given in chapter 2.  

In chapter 3 the experimental methods are briefly presented, including a 

description on how the samples were prepared as well as the information about 

equipment used to investigate the properties of the samples such as powder x-ray 

diffractometer, superconducting quantum interference device (SQUID), electron 

probe micro-analysis (EPMA) and maglab.  

Experimental results on the MnFe(P,Si,Ge) compounds are presented in the 

first part of chapter 4. The structural and magnetic properties are carefully studied; 

especially some promising samples were prepared a few times in order to have more 

materials for more detailed measurements of the magnetocaloric effect and transport 

properties. In the second part of chapter 4, the influence of Si and Ge substitutions on 

the magnetic and magnetocaloric properties of MnFe(P,Si,Ge) is discussed. Several 

compounds with different Si and Ge concentrations are systematically prepared and 

investigated.  

Chapter 5 describes the structure, magnetism, and magnetocaloric properties 

of MnFeP1-xSix compounds. We found large magnetocaloric effects over a wide range 

of working temperatures (225-377 K) in MnFeP1-xSix compounds. These materials are 

novel and of particular interest as they are safe and low cost, they can be a promising 

candidate material for room-temperature magnetic refrigeration. 

 A theoretical study of the MnFeP1-xSix compounds is important for 

understanding the mechanisms behind the phenomena. Chapter 6 shows that the 

results of electronic structure and magnetism in MnFeP1-xSix compounds, which are 

calculated based on the density functional theory with the virtual-crystal 
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approximation and with the super-cell approach. The calculated results are reasonable 

qualitative agreement with the experimental results.  

On the upshot, large magnetocaloric effects have been found in the 

MnFe(P,Si,Ge) compounds, which are relatively low cost and nontoxic materials, for 

room-temperature cooling application.  
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Chapter 2 
 

Theoretical concepts 

 

A better understanding of magnetocalorics and magnetism in magnetic materials is 

essential to searching, characterizing and developing new potential materials for 

magnetic cooling applications, and as well as to the design of new magnetic 

refrigerators.  

 The most recent reviews of thermodynamics of magnetocaloric effect were 

found in Refs. [1,2]. In the first part of this thesis, we will briefly introduce some 

aspects of thermodynamics used for describing and characterizing the MCEs we have 

been investigating in this work.  

 Interactions between electrons determine the structure and properties of matter 

from molecules to solids. The second part of this thesis is an introduction of the 

density functional theory, a powerful tool to treat interacting many-body systems, and 

some methods used to study the electronic structure and magnetism in MnFe(P,Si) 

compounds. 

 

2.1 Entropy and entropy change 

Entropy is a property which describes the amount of disorder or chaos of a system. In 

a system of spins, for instance a ferromagnetic or a paramagnetic material, the entropy 

can be changed by variation of the magnetic field or the temperature or other 

thermodynamic parameters. The total entropy of a magnetic material at constant 

pressure is represented by:  
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),(),(),(),( TBSTBSTBSTBS elm ++=                       (2.1) 

 

where mS is the magnetic entropy, lS  and eS  are the lattice and electronic 

contributions to the total entropy, respectively. 

In general, these three contributions depend on magnetic field and 

temperature, and it is difficult to clearly separate them. However, in this thesis we 

focus on magnetocaloric materials near room temperatures where the contribution of 

electrons to the entropy can be neglected. 

Magnetic entropy change upon an application/removal of magnetic field can 

be obtained from isothermal magnetization measurements. For magnetization 

measurements made at discrete temperature intervals, mS∆  can be calculated by 

means of   

   ∑ ∆
∆

∆
−−

∆
+

=∆∆
i
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iiii

m B
T

B
T

TMB
T

TM

BTS
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where ∆B is the sum of ∆Bi, ),
2

( ii B
T

TM
∆

+ and ),
2

( ii B
T

TM
∆

− represent the 

magnetization values in a magnetic field Bi at the temperatures 
2

T
T

∆
+ and 

2

T
T

∆
− , 

respectively. On the other hand, the field-induced magnetic entropy change can be 

obtained directly from a calorimetric measurement of the field dependence of the heat 

capacity and subsequent integration: 

 

    '
'

)0,'(),'(
),(

0

dT
T

TCBTC
BTS

T

m ∫
−

=∆ , (2.3) 

 

where C( T, B ) and C( T, 0 ) are the values of the heat capacity measured in a field B 

and in zero field, respectively. It has been confirmed that the values of 

),( BTSm∆ derived from the magnetization measurement coincide with the values from 

calorimetric measurement [3,4].  
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The adiabatic temperature change can be integrated numerically using the 

experimentally measured or theoretically predicted magnetization and heat capacity 
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∂
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′
−=∆ . (2.4) 

 

In practice the adiabatic temperature change derived from direct measurements is 

generally somewhat smaller than the one derived from Eq. 2.4. The reason for this is 

probably that the specific heat near the phase transition is a function which is heavily 

dependent on temperature and field and some interpolation is inevitable but difficult.  

Recently, magnetic entropy changes are also calculated theoretically either 

based on local moment descriptions in the Bean-Rodbell model or on itinerant 

electron descriptions [5-10].  The mean-field approaches give reasonable agreement 

though the shape of the temperature dependence of the magnetic entropy change is 

generally not well reproduced. However, this shortcoming of the mean-field approach 

is well known, as it does not account for so-called short-range ordering phenomena 

and local fluctuations.  

 

2.2 Density functional theory and the family of (L) APW-methods 

2.2.1 Density functional theory (DFT) 

Density functional theory is an efficient and accurate scheme to solve the many-

electron problem of a crystal. The idea of the DFT is that a solid consists of nuclei and 

electrons, if we have N nuclei and each nucleus has Z electrons, consequently we are 

dealing with a problem of N + NZ electromagnetically interacting particles.  The 

many-particle Hamiltonian for this system is:  
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where Mi is the mass of nucleus at iR
r

, me is the mass of electron at ir
r

. The first and the 

second term are the kinetic energy operators for the nuclei and the electrons, 

respectively. The last three terms are the Coulomb interactions between electrons and 

nuclei, electrons and other electrons, and nuclei and other nuclei. Hamiltonian (2.5) is 

very complicated. In order to find acceptable approximate eigenstates, we need to 

make approximations at three different levels. 

 

2.2.1.1 The Born-Oppenheimer approximation 

The idea of this approximation is that the nuclei are much heavier than electrons; 

hence they move much slower than the electrons. We can consider that the nuclei 

freeze at fixed positions and assume the electrons are kept as players in the many- 

body system. By considering that the nuclei do not move anymore, the kinetic energy 

of nuclei is equal to zero. Therefore, the first term of Eq. (2.5) disappears:  

 

0
2

ˆ
2

2

=
∇

−= ∑
i i

R

n
M

T i

r
h

, 

 

and the Coulomb interaction between nuclei and other nuclei becomes constant. This 

means that the last term of Eq. (2.5) becomes a constant: 

 

 .
8

1ˆ
2

0

const
RR

ZZe
V

ji ji

ji

nn =
−

= ∑
≠

− vr
πε

 

 

The Hamiltonian now becomes:  

 

extVVTH ˆˆˆˆ ++=  

 

where T̂  is the kinetic energy of the electron gas, V̂ is the potential energy due to 

electron-electron interactions, and extV̂ is the potential energy of the electrons in the 

external potential of the nuclei.  

 

 

(2.6) 
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2.2.1.2 Density Functional Theory 

The Hamiltonian (2.6) is much simpler than Hamiltonian (2.5), but still far too 

difficult to solve. How can we simplify Eq. (2.6) to a tractable form? In that spirit, a 

very important method is the Hartree-Fork (HF) method [11]. The basic 

approximation of the HF theory is to approximate the many-electron wave function by 

an anti-symmetrized product of one-electron wave functions, and to determine these 

by a variation method applied to the expectation value of the Hamiltonian. The HF 

method is described in many condensed matter textbooks. However, I will explain 

here a more modern and probably more powerful method than HF method, which is 

the Density Functional Theory (DFT).  

DFT is based on the famous theorems due to Hohenberg and Kohn [12] who 

demonstrate that the total energy of a many-electron system in an external potential is 

a unique functional of the electron density, and that this functional has its minimum at 

the ground-state density. Hohenberg and Kohn express the electron density )(r
r

ρ as a 

sum over one-electron densities 
2

)(ri

r
ψ  and using the one-electron wave functions as 

the variation parameters lead to Kohn-Sham one-electron equations [13]. The Kohn-

Sham Hamiltonian is: 

 

 

extxci

e
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2

2
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2

2

0
2

ˆ
i

em
T ∇−=

rh
  is the kinetic energy operator for a non-interacting electron gas, 

and ∫ −
= '

'

)'(

4
ˆ

0

2

rd
rr

re
VH

r
rr

r
ρ

πε
 stands for the Hartree contribution. 

The exchange-correlation potential is given by the functional derivative 

 

 
δρ

ρδ )(
)(ˆ xc

xc

V
rV =
r

 

 

and the exact ground-state density )(r
r

ρ  of an N-electron system is: 

extxcHKS VVVTH ˆˆˆˆˆ
0 +++= (2.7) 

(2.8) 
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1

rrr i

N

i
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rrr
ψψρ ∑
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∗
=  

 

where the single-particle wave functions ri

r
(ψ ) are the N lowest energy solutions of 

the  Kohn-Sham equation   

 

 

The Hamiltonian (2.7) is formally exact within the approximation of the two levels 

above, but the problem is that the exchange-correlation functional )(ρxcV is unknown.  

Local Density Approximation (LDA) is the first practical approximation to assume 

that the exchange-correlation energy has the following form: 

 

 

 

Formula (2.11a) means that the exchange-correlation energy LDA

xcE  of a single electron 

at the position r
r

is equal to the exchange-correlation energy of an electron in a 

homogenous gas of density 0ρ  equal to the local electron density )(r
r

ρ .  

The formula (2.11a) is used for non-magnetic systems. In chapter 6 of this thesis we 

shall calculate the magnetic moments in MnFeP1-xSix compounds. This is a spin-

polarization system, and so we should use a Local Spin Density Approximation 

(LSDA) with the exchange-correlation energy written as: 

 

 

 

 

where )(r
rαρ  and )(r

rβρ  are the densities of spin up and spin down electrons, 

respectively. In some cases, the LSDA exchange-correlation energy can equivalently 

be written as: 

 

 

iiiKSH ψεψ =ˆ
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where )()()( rrr
rrr βα ρρρ +=  and 

)(

)()(
)(

r

rr
r r

rr
r

ρ

ρρ
ς

βα −
=  are the total density and 

spin-polarization, respectively. Details of the density-functional theory (DFT) within 

the local spin density approximation (LSDA) can be found in [14]. 

 

2.2.1.3 Solving the Kohn-Sham equation 

We now end up with an infinite set of one-electron equations:  
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Solving the equation means that we have to find the coefficients 
m

pc  needed to express 

mψ  in a given basis set b

pψ  

 b

p

P

p

m

pm c ψψ ∑
=

=
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Equations (2.7) and (2.8) say that, both operators VH and Vxc depend on the charge 

density ρ (r), unfortunately the charge density ρ (r) depends on ψi which are being 

searched. It means that we are dealing with a so called “self-consistency problem”. An 

iterative procedure is needed to escape from this cycle. Figure 2.1 shows an 

illustration for the n
th

 iteration in the self-consistency procedure to solve Eq. (2.10).  

 

1. A density ρ0 (r) is guessed as an input value 

2. Then Vxc is determined by Eq. (2.8) and VH is determined by 
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3. Hamiltonian HKS1 is then constructed by Eq. (2.7) 

4. Solve the Kohn-Sham equation with Hamiltonian HKS1to find an eigenvalue ψn 

5. ρ1 (r) is constructed by Eq. (2.9)  

6. ρ1 (r) is used to construct HKS2,……until a ρf (r) is found.  

(2.13) 
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7. The system is assumed to convert if the difference ρf (r)- ρ0 (r) is smaller than 

0.00009, the final density ρf (r) is then consistent with the hamiltonian HKSf, 

and the SCF cycle will be stopped. Otherwise, a new guess of ρ (r) is needed. 

 

A good general review of density functional theory and its applications can be 

found in [15,16] and some useful books are [17,18].  

 

 

 

 

 

 

 

 

Figure 2.1: Illustration for the n
th

 iteration in the self-consistency 

procedure to solve Eq. (2.10) 

 

HKSn 
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2.2.2 The Augmented Plane Wave (APW) method 

The idea behind the Augmented Plane Wave (APW) method is that the space is 

divided into two regions, the region close to nuclei (I) and the region far away from 

nuclei (II). Figure 2.2 shows the partition of the unit cell into muffin tin regions (I) 

and the interstitial region (II), for a case with two atoms.  

 

 

 

 

 

Figure 2.2: Division of a unit cell in muffin tin regions (I) and the 

interstitial region (II), for a case with two atoms. 

 

 In the region far away from the nuclei (II), the electrons are free, and 

consequently the wave functions described for these electrons are plane waves. In the 

region close to the nuclei (I), the electrons behave quite as if they were in a free atom, 

therefore they could be described by atomic like functions. One APW is defined as 
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 The APW method is exact, nevertheless, a disadvantage of this method is that 

the ),'( Erul

α term has to be constructed at the unknown eigenenergy n

k
E rε=  of the 

searched eigenstate, therefore it takes lots of time to solve this problem. More 

information about the APW method can be found in [19,20]. The Linearized 

Augmented Plane Wave (LAPW) method which is described in section 2.2.3 will give 

the possibility to recover ),'( Erul

α by the form of known quantities.  

 

2.2.3 The Linearized Augmented Plane Wave (LAPW) method 

The Linearized Augmented Plane Wave (LAPW) method is an accurate method to 

perform electronic structure calculations for crystals. The idea of this method is if we 

have calculated α
lu at energy E0, we could make a Taylor expansion to find it at 

energies not far away from it [21,22]. [ ),( Erul

α ] are the regular solutions of the radial 

Schrödinger equation for energy E of a free atom α. 
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Substituting the first two terms of Eq. (2.15) in Eq. (2.14) we find the definition of the 

basis set for LAPW.  
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In order to have basis sets which describe for every atom including s-, p-, d-, and f-

states, the final definition of the basis sets for LAPW is: 
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where the energy α
lE ,1  (up to l = 12) being fixed, the basis functions can be calculated 

once and for all.  

 

2.2.4 The Linearized Augmented Plane Wave with Local Orbitals 

(LAPW+LO) 

A drawback of the APW method is the energy dependence of the basis set. This 

disadvantage can be improved in the LAPW+LO method but with a larger basis set 

size [14]. The definition of the basis sets for the LAPW+LO is: 

 

0)(, =r
lm

LO

r
αφ   IIr ∈

r
       

          (2.18) 

),'ˆ()),'(
),'(

),'(()( ,2

,,

,1

,

,
,1

rYEruC
E

Eru
BEruAr l

mll

LO

lmEE

lLO

lmll

LO

lm

lm

LO
l

ααα
α

αααα
α αφ +

∂

∂
+=

=

r
Ir ∈

r
 

 

The coefficients LO

lmA ,α , LO

lmB ,α , and LO

lmC ,α are determined by requiring that the 

local orbitals are normalized, and have zero value and zero slope at the muffin tin 

boundary. 

 

2.2.5 The Augmented Plane Wave Plus local orbitals (APW+lo) method 

In the augmented plane wave plus local orbitals (APW+lo) method, the basis set will 

be energy independent but still have the same size as in the APW method. In others 

words, the APW+lo method combines the good features of the APW and the 

LAPW+LO methods. The basis set of APW+lo, therefore, contains two kinds of 

functions in order to have enough variation flexibility in the radial basis functions [23-

25].  

The first kind is the APW basis set with a fixed energy α
lE ,1  
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The second kind is: 
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where the two coefficients lo

lmA
,α and lo

lmB
,α  are determined by normalization, and 

requiring that the local orbitals have zero value at the muffin tin sphere boundary. The 

basis functions then have “kinks” at the sphere boundary, which makes it necessary to 

include surface terms in the kinetic energy part of the Hamiltonian. However, the total 

wave function is of course smooth and differentiable.  

 Compared to the LAPW method, the APW +lo method can be faster if we deal 

with a system that has a large number of atoms in the unit cell, because there are more 

functions. 

 Similar to the APW method, the APW +lo method requires that the local 

orbital has zero value at the muffin tin boundary. It means that the local orbital is 

continuous at the sphere boundary, but its first derivative is discontinuous. The APW 

+lo method is implemented in the Wien2k code we use in chapter 6.    

 

 

 

 

 

 

 

 

 

 

 

 

 

(2.20) 

Ir ∈
r

 

Ir ∉
r

 



Chapter 2: Theoretical concepts 

 19 

References 

[1] A.M. Tishin and Y.I. Spichkin, Magnetocaloric effect and its application, 

Series in Condensed Matter Physics, IOP publishing, Bristol, Philadelphia, 

2003 

[2] E. Brück, Magnetic refrigeration near room temperature, Handbook of 

magnetic materials Vol. 17 Chapt. 4 ed. K.H.J. Buschow, Elsevier, 

Amsterdam, (2007) 

[3]  K.A. Gschneidner, Jr., V.K. Pecharsky, A.O. Pecharsky, and C.B. Zimm, ed 

Rare Earths '98 315(3) (1999) 69 

[4] O. Tegus, N.P. Duong, W. Dagula, L. Zhang, E. Brück, K.H.J. Buschow, and 

F.R. de Boer,  J. Appl. Phys. 91(10) (2002) 8528 

[5] P.J. von Ranke, I.G. de Oliveira, A.P. Guimaraes, and X.A. da Silva, Phys. 

Rev. B 61(1) (2000) 447 

[6] P.J. von Ranke, N.A. de Oliveira, M.V.T. Costa, E.P. Nobrega, A.Caldas, and 

I.G. de Oliveira, J. Magn. Magn. Mater. 226 (2001) 970 

[7] P.J. von Ranke, A. de Campos, L. Caron, A.A. Coelho, S. Gama and N.A. de 

Oliveira, Phys. Rev. B 70(9) (2004) 094410 

[8] H. Yamada and T. Goto, Phys. Rev. B 68(18) (2003) 184417 

[9] H. Yamada and T. Goto, Physica B 346 (2004) 104 

[10] N.A. de Oliveira and P.J. von Ranke, J. Phys. Conden. Matter 17(21) (2005) 

3325 

[11]  J. Hafner, Acta. Mater. 48 (2000) 71 

[12] P. Hohenberg and W. Kohn, Phys. Rev. 136(3B) (1964) 864 

[13]  W. Kohn and L.J. Sham, Phys. Rev. 140 (4A) (1965) 1133 

[14] J.P. Perdew, Y. Wang, Phys. Rev. B 45 (1992) 13244 

[15] S. Cottenier, “Density Functional Theory and the family of (L) APW-methods:  

a step-by-step introduction”, (Instituut voor Kern- en Stralingsfysica, K.U. 

Leuven, Belgium), August 6, 2004, ISBN 90-807215-1-4 

[16] C. Pisani, “Quantum mechanical ab inito calculation of the properties of 

crystalline materials”, Springer-Verlag (1996), ISBN 3-540-61645-4 



Chapter 2: Theoretical concepts 

 20 

[17] M.R. Dreizler and E.K.U. Gross, “Density functional theory”, Springer-Verlag 

(1990), ISBN 3-540-51993-9 

[18] R.G. Parr, W. Yang, “Density functional theory of atoms and molecules”, 

Oxford University Press, New York (1989) 

[19] T.L. Loucks, Benjamin, “Augmented Plane Wave method: a guide to 

performing electronic structure calculations”, New York (1967) 

[20] L.F. Mattheis, J.H. Wood, A.C. Switendick, Meth. Comput. Phys. 8 (1968) 64 

[21] O.K. Andersen, Phys. Rev. B 12 (1975) 3060 

[22] D.D. Koeling, G.O. Arbman, J. Phys. F 5 (1975) 2041 

[23] E. Sjöstedt, L. Nordström, D.J. Singh, Sol. Stat. Commun. 114 (2000) 15-20 

[24] G.K.H. Madsen, P. Blaha, K. Schwarz, E. Sjöstedt, L. Nordström, Phys. Rev. 

B 64 (2001) 195134 

[25] K. Schwarz, P. Blaha, G.K.H. Madsen, Comput. Phys. Commun. 147 (2002) 

71 



Chapter 3: Experimental methods 

 

 21 

 

 

 

 

 

Chapter 3 
 

Experimental methods 
 
3.1 Sample preparation 

In this work, all samples were prepared by ball milling from Fe2P, P, and Fe powder 

mixed with Mn, Ge, and Si chips. In general, polycrystalline compounds were 

synthesized by high-energy ball milling in vacuum up to 10
-7

 mbar. In order to obtain 

homogeneous samples, the starting materials were ball milled for about one week 

until the steady state is obtained. During the milling process solid-state reactions are 

initiated through repeated deformation and fracture of the powder particles. After ball 

milling, the powder was pressed into pellets and sealed in quartz ampoules under 100-

200 mbar argon atmosphere. Then, the ampoules were sintered at 1000-1200 
0
C for 5-

10 hours, followed by annealing at 550-850 
0
C for 50 hours. Finally, they were slowly 

cooled down to room temperature. In the whole process, the heating and cooling rate 

was 180 
0
C per hour.  

 

3.2 Experiment and equipments 

 

3.2.1 Sample making 

Ball-milling: Figure 3.1 shows a high energy vibratory ball milling system in high 

vacuum. Two samples can be milled simultaneously under the same time and vacuum 

milling conditions. The milled sample amount in this work varied from about 5 to 11 

g. The milled samples are contained in a steel vial filled with argon gas in a glove box 

in order to prevent oxidization. This system works in vacuum down to 10 
-7

 mbar. The 
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milling time is automatically registered and the vibration amplitude can be easily 

adjusted.  

 

 

 

Figure 3.1: High-energy vibratory ball milling system 

 

A picture of the ball mill and its cross-section are shown in Fig. 3.2. A larger 

stainless-steel vial with a hardened-steel bottom was used. Inside this vial, there is a 

single hardened-steel ball with 6 cm diameter weighing 800 g. This ball is kept in 

motion by a water-cooled vibrating frame.  

 

 

 

Figure 3.2: Ball mill (on the left) and its cross section (on the right)  
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Hydraulic pressing: After ball milling for a sufficient time, the milled powder was 

divided into several parts for different annealing conditions, and each part was pressed 

into a pellet in order to have a more compact sample for heat treatment. In this work, a 

hydraulic pressing system at room temperature was used. The device is easily 

manually operated and the maximum pressure is 8 Ton.   

Ampoule making: After pressing, the pellets are sealed inside quartz ampoules under 

100-200 mbar argon atmosphere. This task was performed by the glass-blower 

department. Nowadays, fourteen ampoules can be made at the same time under the 

same condition of vacuum and different pressures of Ar atmosphere.   

Sample annealing: There are several furnaces at the Van der Waals-Zeeman Institute 

(WZI) including mufflers, vertical and horizontal tubes. They reach a maximum 

temperature of about 1250 
0
C. The furnace presents a temperature gradient, the area 

where the samples are placed is called hot zone. In the hot zone the temperature lies 

within 5 degrees of the set temperature, and the length of such zone is about 10 cm for 

the vertical and about 15 cm for the horizontal furnaces. All furnaces are controlled by 

an integrated user-friendly Windows-based furnace manager program. It is in these 

furnaces that the samples undergo a heat treatment process in order to obtain 

crystalline samples.  

 

3.2.2 Powder x-ray diffractometer                                                                              

In this work, a Philips PW-1700 powder diffractometer with Cu-Kα radiation, was 

used to measure the diffractograms of the samples. The equipment is placed at WZI. 

In principle, the diffractograms of the samples were measured following the Debye-

Scherrer method [1]. The measured diffractograms of the samples are compared with 

the calculated ones of the right material and structure. In this way one can determine 

if the samples have the right crystal structure, also information on the presence of 

second phases and state of crystallinity are obtained. The X-ray data give knowledge 

about the samples concerning crystal structure, crystallinity, amount of other phases 

and their determination, size of grains and porosity, etc…. The most widespread use 

of x-ray powder diffraction is for the identification of crystalline compounds by their 

diffraction pattern. The peaks due to impurities appear when there is more than 5 % of 

an impurity phase. Lattice parameters can be calculated by using the Philips X’pert 

Plus program, in order to have more accurate values, silicon powder was added as a 
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standard, mixed together with the sample powder for x-ray measurement at room 

temperature. 

 

3.2.3 Superconducting Quantum Interference Device (SQUID) 

The SQUID system at WZI is a multipurpose SQUID-based magnetic measuring 

system, consisting of a 5 T superconducting magnet equipped with a Variable 

Temperature Insert (VTI) for measurements at temperatures  

between 1.7 K and 400 K. The SQUID facility in this system allows the measurement 

of very small signals, and can in principle be used for any measurement where small 

voltages have to be determined. The magnetization measurements of all the samples 

studied in this thesis were measured on this SQUID. The magnetization is gained by 

the magnetic flux change in the superconducting loop induced by the movement of the 

sample. More information can be found in [2]. The heat-capacity measurements in 

applied fields in the range from -9 T to 9 T were carried out on a MagLabEXA, which 

is described in the following section.  

 

3.2.4 MagLab 

The MagLab System is a multipurpose magnetic measuring system consisting of a 9 T 

superconducting magnet equipped with a VTI for measurements at temperatures 

between about 2 K and 360 K. The temperature range can be extended a little, but at 

the cost of much time and helium or risk of damage by overheating. The given 

temperature limits are rather safe. 

Electrical resistivity measurements: The polycrystalline samples were cut into a bar 

shape (1 mm × 1 mm × 10 mm) for measurements of transport and magneto-transport 

properties. Magneto-transport measurements were accomplished in an Oxford 

Instruments Maglab-Exa magnetometer using a standard four-probe method in the 

temperature range 5-300 K and at magnetic fields up to 5 T. The electrical resistivity 

ρ is derived from the electrical resistance from
l

A
R=ρ , where R is the electrical 

resistance, A is the cross section of the sample perpendicular to the current direction 

and l is the distance between the voltage contacts. 

Specific heat measurements: There are several methods for the practical 

determination of the heat capacity of solids. Some of them are described in detail by 
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Touloulian and Kraftmakher [3,4]. However, the measurements on bulk samples are 

usually performed by a semi-adiabatic heat-pulse method or by a so-called relaxation 

method. The semi-adiabatic heat-pulse method has been used for a long time for low 

temperature measurements. In this method, a magnetic sample of about 1 g is attached 

to a holder on which a thermometer is mounted.  The holder and the sample are 

thermally isolated from the environment. The description of the method is found in 

[5,6]. In the relaxation method, the holder and the sample are thermally connected to a 

thermal bath by a weak heat link. The time constant for cooling through the heat link 

must be large compared to the characteristic time for the thermal relaxations within 

the sample, and between the sample and the holder. More information about this 

method can be found in [7-9].  

However, specific-heat measurements on the samples in this thesis, were carried out 

on a home made specific-heat set-up with a temperature range from 4.2 to 350 K 

using a new method called “hybrid technique” [10]. This technique is a modification 

of the semi-adiabatic heat-pulse method in case the temperature drift of the sample 

after the heat pulse is not linear but exponential. This method is faster than the 

traditional relaxation method and the accuracy is of the order of 1 %. 

 

3.2.5 Electron Probe Micro-Analysis (EPMA) 

The homogeneity and the stoichiometry of the samples were checked by Electron 

Probe Micro-Analysis (EPMA). Measurements are carried out on the JEOL 8621S 

microprobe at WZI- UvA. The principle of this equipment is that under influence of 

an electron beam, the atoms in the sample are excited. When returning to the original 

state, the atom emits a spectrum of photons. The energy of these photons depends on 

the energy difference of the electron levels of the atom and is characteristic for every 

element. The energy difference between K and L electron level gives a Kα, between 

M and L gives an Lα reflection line. The photons are generated in a pear-shape 

volume, “excitation volume”. The wave length of the photons is used for element 

detection and the intensity for quantification of every element present in the sample. 

The electron beam scans over a polished sample and the detected backscatter 

electrons give information about the different elements in the sample. The higher the 

element number, the higher the stopping power for the electron beam and the higher 

the rate of backscatter electrons. With this information an image of the sample is 
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constructed. The contrast of an image is caused by the composition of the sample. In 

this way segregations and other different phases in the sample can be observed. The 

intensity of the photons from the sample is compared with a “standard” material of 

known composition and with the same elements in it. After correction for atomic 

number, absorption, fluorescence and dead time of the photon counter, the 

composition is calculated. This is also done for other phase present. 
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Chapter 4  
 

MnFe(P,Si,Ge) compounds  

 

4.1 Structure, magnetism and magnetocaloric 

properties of MnFe(P,Si,Ge) compounds  

 

4.1.1 Introduction 

In recent years, a significant number of new materials with large MCE have been 

found, such as the rare-earth (R) Laves phases (RM2 with M = Al, Co or Ni), Gd5(Si1-

xGex)4, MnAs1-xSbx, MnFeP1-xAsx, LaFe13-xSix and their hydrides, and the manganites 

(R1-xMxMnO3, with M = Ca, Sr or Ba) [1-5]. Among these materials, Gd5(Ge1-xSix)4 

compounds with (0.2 ≤ x ≤ 0.5) [6] and MnFeP1-xAsx compounds with (0.15 ≤ x ≤ 

0.65) [7-10] are the most prominent ones.  

Gadolinium and its alloys are the best readily available materials today for 

magnetic refrigeration near room temperature. Gadolinium undergoes a second-order 

magnetic phase transition which does not involve magnetic and/or thermal hysteresis, 

and its alloys Gd5(Ge1-xSix)4 undergo a combined first-order structural and magnetic 

phase transition, which leads to a giant magnetic-field-induced entropy change, in the 

vicinity of their ordering temperatures.  

Regarding MnFeP1-xAsx and related compounds [11-14], their structural and 

magnetic properties are strongly related to a first-order magnetic phase transition 

which leads to a giant magnetic-field-induced entropy change, across their ordering 

temperatures. In addition, the Curie temperatures of MnFeP1-xAsx compounds can be 
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tuned between about 170 K and 330 K by changing the P/As ratio between about 1.5 

and 0.5 without losing the large MCE. Also, the giant MCE in these compounds is 

reversible. However, Gd5(Ge1-xSix)4 and MnFeP1-xAsx compounds also have some 

disadvantages since Gd is rather expensive and slightly soluble in water and As is a 

toxic element. Our motivation is to find materials that exhibit a large MCE for cooling 

applications at room-temperature but also are relatively cheap and non-toxic. In this 

chapter, we investigate the MCEs in MnFe(P,Si,Ge) compounds.  

 

4.1.2 Sample preparation 

MnFe(P,Si,Ge) compounds were synthesized by a mechanically activated solid-

diffusion method. The starting materials, pure Mn, Si, Ge chips (purity 99,9%), red-P 

(purity 99,9% ) and the binary compound Fe2P (purity 99.5%), were ball milled 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. In order to obtain homogeneous samples, 5 g of the starting materials were 

ball milled up to 200 hours. After milling, the powder was pressed into pellets and 

sealed in quartz ampoules in Ar atmosphere of 100-200 mbar. Then, the ampoules 

were heated up at 1100 
0
C for 5-40 hours, followed by annealing at 550-850 

0
C for 50 

hours. Finally, they were slowly cooled down to room temperature. In the whole 

process, the heating and cooling rate is 180 
0
C per hour.   

  

4.1.3 Results and discussion  

4.1.3.1 Structural properties  

Figure 4.1 shows the powder x-ray diffraction (XRD) patterns of MnFe(P0.89-

xSix)Ge0.11 compounds, with nominal composition x = 0.19, 0.22, 0.26, 0.30 and 0.33, 

measured at
 
room temperature. The XRD patterns show that all samples crystallize in 

the hexagonal Fe2P-type of structure (space group mP 26 ). It is seen that the 

compounds contain a small amount of second phase which has been identified as 

cubic Fe2MnSi (space group Fm3m). The arrow indicates a reflection of the impurity 

phase. The fraction of this phase increases with increasing Si content. The (3 0 0), 

(2 1 1) and (0 0 2) reflections almost coincide.  
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Figure 4.1: Powder XRD patterns of MnFe(P0.89-xSix)Ge0.11 compounds 

with x = 0.19, 0.22, 0.26, 0.30 and 0.33, measured at
 
room temperature.  

 

A schematic drawing of the hexagonal Fe2P-type of structure is shown in Fig. 

4.2. In this structure, the Mn atoms occupy the 3g sites, the Fe atoms the 3f sites and 

the P, Ge and Si atoms the 1b and 2c sites, with preference of Ge for the 2c sites and 

of Si for 1b sites. Although the atomic size of Ge (1.25 Å) is somewhat larger and that 

of Si (1.10 Å) is a bit smaller than that of As (1.15 Å), the structure does not change 

when As is totally replaced by Ge and Si in the MnFeP1-xAsx system. The density ρ of 

MnFeP0.63Si0.26Ge0.11 was estimated using 

 

V

M
=ρ , 

 

where M is the mass of one unit cell, and V is the unit-cell volume which is calculated 

based on the lattice parameters a and c. The resulting density of MnFeP0.63Si0.26Ge0.11 

is ρ = 6.7 g/cm
3
 which is comparable with the density of bulk Gd (ρ = 7.9 g/cm

3
) 

[15,16].  
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Figure 4.2:  Schematic representation of the crystal structure of MnFe(P,Si,Ge) 

 

 

Figure 4.3: EPMA image of MnFeP0.63Si0.26Ge0.11 

 

 

100 nm 
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Figure 4.3 shows an electron probe microanalysis (EPMA) image of 

MnFeP0.63Si0.26Ge0.11. The energy of the electron beam was 20 kV. In the image, the 

black area with white shadow represents holes, which account for about 10% of the 

sample surface. The white area without shadow represents a second phase, which also 

accounts for about 10% of the sample. A composition analysis carried out on the main 

phase of the MnFeP0.70Si0.19Ge0.11, MnFeP0.67Si0.22Ge0.11, and MnFeP0.63Si0.26Ge0.11 

compounds, indicates that the real compositions of the main phase are 

Mn1.06Fe0.96P0.75Si0.13Ge0.10, Mn1.04Fe0.98P0.76Si0.13Ge0.09, and 

Mn1.05Fe0.98P0.67Si0.19Ge0.1, respectively. It is seen that the real composition is different 

from the nominal one. We found excess Mn and P in the main phase of each sample 

whereas there was less Fe and Si. Accordingly, the second phase was also analyzed, 

and more Fe and Si were found in the second phase of the samples. So, the difference 

between the real and the nominal composition is understandable. Because the sample 

is not homogeneous, Fe and Si go to the second phase. This causes a lack of Fe and Si 

in the main phase of the sample, leading to a difference in the real composition. 

Moreover, we found that the resulting composition is very sensitive to the starting 

materials and to the method of preparation such as ball-milling time, starting-material 

mass, sintering and annealing conditions. If the quality of the starting material is 

good, and the milling time is sufficient, and if a proper heat treatment is given, the 

resulting sample is more homogeneous. 

 

4.1.3.2 Crystallite size investigation 

From Fig. 4.3, the average crystallite size in the MnFeP0.63Si0.26Ge0.11 sample is 

estimated to be about 100 nm. Besides this, the crystallite size of this sample was also 

calculated from the XRD pattern using the Scherrer equation:  

 

θ

λ

cosB

k
d = , 

 

where d is the crystallite size in the sample, k is a shape factor (for spheres k = 0.89, 

for cubes k = 0.83-0.91, for tetrahedrons k = 0.73-1.03, and for octahedrons k = 0.82-

0.94), λ is the wavelength (for Cu-Kα radiation λ = 1.54 Å), θ is the position of the 



Chapter 4: MnFe(P,Si,Ge) compounds  

 32 

strongest reflection, B is the width at half maximum of the strongest reflection 

corrected for instrument resolution.   

The derived crystallite size is d = 90 nm, which is in quite good agreement 

with the value estimated from the EPMA image (d = 100 nm).  
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Figure 4.4: Investigated part of the XRD pattern of MnFeP0.63Si0.26Ge0.11  

 

 

Table 4.1: Crystallite size in MnFeP0.63Si0.26Ge0.11, sintered at 1100 
0
C for 

5 hours, followed by different annealing temperatures from 550 
0
C to 850 

0
C for 50 hours or without annealing, then cooled down to ambient 

temperature 

 

 

Heat-treatment conditions Crystallite size (nm) 

1100 
0
C / 5 h + cool down 86 

1100 
0
C / 5 h + 550 

0
C / 50 h  + cool down 89 

1100 
0
C / 5 h + 650 

0
C / 50 h  + cool down 90 

1100 
0
C / 5 h + 750 

0
C / 50 h  + cool down 104 

1100 
0
C / 5 h + 850 

0
C / 50 h  + cool down 110 
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Shown in Fig. 4.4 is part of the XRD pattern of MnFeP0.63Si0.26Ge0.11, sintered 

at 1100 
0
C for 5 hours, followed by annealing at 850 

0
C for 50 hours, then cooled 

down to ambient temperature. The dependence of the crystallite size on the annealing 

temperature was investigated. XRD was performed on five MnFeP0.63Si0.26Ge0.11 

samples, all with the same composition and the same sintering condition but different 

annealing temperatures as listed in Table 4.1. The crystallite size was found to be 

annealing-temperature dependent; the higher the annealing temperature, the larger the 

crystallite size. Samples That have not been annealed have smaller crystallite size than 

the annealed samples.  

 

4.1.3.3 Magnetic properties  

Figure 4.5 shows the magnetic-field dependence of the magnetization of 

MnFeP0.63Si0.26Ge0.11 at 5 K. The compound is FM at 5 K with measured saturation 

magnetic moment 4.22 µB/f.u. The field dependence of the magnetization of the 

compounds with x = 0.19, 0.22, 0.30, 0.33 was also measured. The M-B curves show 

that all compounds are FM at 5 K and that the observed magnetic moments are in the 

range 3.9-4.3 µB/f.u. These values are consistent with the spontaneous magnetic 

moments (about 4 µB/f.u) reported for MnFe(P,As) compounds [13].   
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Figure 4.5: Field dependence of the magnetization of MnFeP0.63Si0.26Ge0.11 

at 5 K 
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In Fig. 4.6, the temperature dependence of the magnetization of 

MnFeP0.59Si0.30Ge0.11 is presented. The measurement was carried out in the following 

way: first the magnetization was measured with decreasing temperature on the as-

prepared sample from 350 to 150 K (curve (a)). After this, the measurement was 

continued with increasing temperature from 150 to 350 K (curve (b)).  Finally, 

measurements were performed with decreasing temperature from 350 to 150 K (curve 

(c)). In the first cooling process, a virgin state is observed with the lowest 

paramagnetic (PM) - FM phase-transition temperature occurring at TC1 = 225 K. This 

virgin state is unique, and its origin is not yet understood well. However, a more 

careful study can be found in [14].  
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Figure 4.6:  Temperature dependence of the magnetization of 

MnFeP0.59Si0.30Ge0.11, (a) first cooling of the as-prepared sample, (b) 

subsequent heating, (c) subsequent cooling, the lines are guides to the eye. 

 

In the subsequent heating process, a FM-PM phase transition temperature is 

found at TC2 = 288 K, which is the highest phase-transition temperature. In the second 

cooling process, the phase-transition temperature is observed at TC3 = 270 K, which is 

different from the two transition temperatures mentioned above. The magnetic 

transition shows a clear thermal hysteresis of 18 K as evidence of a first-order 

magnetic phase transition. The thermal hysteresis between the transitions observed in 

the first heating and the second cooling process for all investigated MnFe(P0.89-

xSix)Ge0.11 samples is in the range 15 - 22 K.  
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Figure 4.7: Temperature dependence of the magnetization of 

MnFeP0.59Si0.30Ge0.1*, measured during successive cycles of cooling and 

heating at 0.05 T 

 

In order to have more samples for studying, a second 5 g batch of 

MnFeP0.59Si0.30Ge0.1 has been prepared. This sample is called MnFeP0.59Si0.30Ge0.1*. 

Figure 4.7 shows the temperature dependence of the magnetization of 

MnFeP0.59Si0.30Ge0.1* measured during successive cycles of cooling and heating at 

0.05 T. A clear thermal hysteresis and thermal-history dependence of the magnetic 

phase transition can be observed. Upon cooling the as-prepared sample for the first 

time, a sharp increase in magnetization indicates a PM to FM phase transition at 223 

K. On increasing the temperature, the FM to PM phase transition occurs at about 286 

K. When the temperature is decreased for a second time, the magnetic ordering 

temperature is about 268 K, which is much higher than that (223 K) in the virgin state. 

Compared with the previous sample, MnFeP0.59Si0.30Ge0.1 (*) has TC1 = 223 K, TC2 = 

286 K, and TC3 = 268 K, these values are 2 K lower than those for the sample prepared 

at the first time. Other properties, such as the thermal hysteresis, the satuation 

magnetization at 5 K and the sharpness of the magnetic-phase transitions are the same 

as for the MnFeP0.59Si0.30Ge0.1 sample. It means that the compound can be prepared in 

an almost reproducible way. The FM-PM phase-transition temperature and the 

magnetization are relatively stable at the subsequent heating and cooling cycles. 
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Figure 4.8: Temperature dependence of the magnetization of 

MnFeP0.59Si0.30Ge0.11, measured in constant fields of 1, 2, 3, 4 and 5 T at 

increasing and decreasing temperature.  

 

Measurements of the temperature dependence of the magnetization of 

MnFeP0.59Si0.30Ge0.11 were carried out in constant fields of 1, 2, 3, 4 and 5 T. In Fig. 

4.8, we see that the magnetization adopts higher values with increasing magnetic field 

and that the magnetic-phase-transition temperature increases with increasing field. 

The transition temperatures upon heating are 289.5, 291.1, 293.2, 295.6, and 298.5 K 

in magnetic fields of 1, 2, 3, 4, and 5 T, respectively. A thermal hysteresis of about 18 

K is quite stable under the magnetic-field changes.  

Figure 4.9 shows the magnetic-phase diagram of MnFeP0.59Si0.30Ge0.11 

constructed from the magnetization loops in Fig. 4.8. The filled squares are the values 

of TC on cooling and the dashed squares are the TC values on heating. The two straight 

lines are the linear fits of these data. The distance between these two lines shows a 

thermal hysteresis of about 18 K. We observed that the Curie temperature increases 

with increasing applied field with an average rate of 2.2 K/T.  This rate is much lower 

than 4.4 K/T for Gd5Si1.7Ge2.3 and 3.3 K/T for MnFeP0.45As0.55. [13]. 
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Figure 4.9: Magnetic-phase diagram of MnFeP0.59Si0.30Ge0.11 constructed 

from the magnetization measurements. The arrows indicate the phases in 

the history-dependent regions.  

 

4.1.3.4 Relation between lattice parameters and Curie temperature  

The relation between the lattice parameters a and c and the Curie temperature has 

been investigated. In order to obtain accurate values of the lattice parameters, silicon 

powder was added as a standard, mixed together with MnFe(P0.89-xSix)Ge0.11 powder 

for XRD measurements at room temperature. The Curie temperatures were derived 

from the magnetization data. 

Figure 4.10 shows that the dependencies of the parameters a and c, the c/a 

ratio, and the Curie temperature on the Si content are non-linear. For instance, with 

increasing Si concentration from 0.19 to 0.26, there is an increase of a and a decrease 

of c. However, for further increase of the Si concentration from 0.26 to 0.33, a 

decrease of a and an increase of c is observed. The parameter a has its maximum 

value when the Si concentration is 0.26 where the parameter c has a minimum (see 

Figs. 4.10 a and b). The dependence of the c/a ratio on the Si concentration is similar 

to the dependence of the parameter c on the Si concentration (see Figs. 4.10 c and b). 

TC reaches its highest value when the parameter a also reaches its maximum, while c 

reaches a minimum value. 
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Figure 4.10: Lattice parameters a and c, c/a ratio, and Curie 

temperature as a function of silicon content for MnFe(P0.89-xSix)Ge0.11 

compounds. The lines are guides to the eye. 

 

Table 4.2: Lattice parameters a and c, c/a ratio and magnetic-ordering 

temperature (TC) of MnFeP0.89-xSixGe0.11 compounds. 

 

x a (Å)  c(Å) c/a TC (K) 

0.19 6.010 3.471 0.577 240 

0.22 6.028 3.459 0.574 270 

0.26 6.040 3.424 0.567 292 

0.30 6.035 3.458 0.573 288 

0.33 6.030 3.469 0.575 260 

 

 

Figures 4.10 b and d show that TC increases as the parameter c decreases. This 

might be understood bearing in mind that when the parameter c decreases, the Fe-Fe 

layer distance also decreases, leading to a stronger exchange interaction between 
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adjacent Fe-layers, so that TC will be higher. The non-linear dependence of TC on the 

Si concentration is in good agreement with other results [18]. 

It can be seen in Table 4.2 that the Curie temperature, which is also the 

temperature where the maximum isothermal magnetic-entropy change occurs, can be 

tuned by the Si concentration. However, the dependence of the Curie temperature on 

the Si concentration is extremely strong and non-linear. The most suitable TC for 

room-temperature magnetic-refrigeration application is observed for the compounds 

with x = 0.26 and 0.30. The c/a ratio is inverse proportional to the Curie temperature: 

TC has a maximum value of 292 K for x = 0.26 while c/a has a minimum value at this 

composition.  

 

4.1.3.5 Magnetocaloric effect 

The magnetization of a sample is usually measured as follows: Taking 

MnFeP0.59Si0.30Ge0.11 as an example, starting at a temperature in the FM state, at 276 

K, a magnetic isotherm is measured with increasing magnetic field. After the 

measurement, the temperature is increased from 276 to 280 K where the next 

magnetic isotherm is measured. This is repeated with a 4 K temperature step up to 292 

K, covering the whole magnetic-phase-transition region. This way of measurement is 

called the “normal method”, in contrast with the “new method” of measuring 

magnetic isotherms of samples with a large thermal hysteresis, which we will discuss 

later. 

Figure 4.11 shows the magnetic isotherms of MnFeP0.59Si0.30Ge0.11, measured 

in the vicinity of the Curie temperature with increasing and subsequently with 

decreasing magnetic field. The measurements were carried out by the “normal 

method”. A gradual decrease of the magnetization with temperature increasing from 

276 to 292 K is observed. Up to 5 T, no field-induced magnetic transition is observed, 

but a small magnetic hysteresis between the curves measured with increasing and 

subsequent decreasing field is present at 280, 284, and 288 K. This hysteresis is 

expected for first-order magnetic phase transitions. In contrast with MnFe(P1−xAsx) 

and Gd5(Ge1−xSix)4 compounds, we do not observe a field-induced transition for fields 

up to 5 T in all samples. But the large change of magnetization with temperature near 

the phase transition results in large MCE values. 
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Figure 4.11: Magnetic isotherms of MnFeP0.59Si0.30Ge0.11, measured in 

the vicinity of the Curie temperature with increasing and subsequent 

decreasing magnetic field. The measurement was carried out following 

the “normal method”. 

 

In Fig. 4.12, the magnetic isotherms of MnFeP0.89-xSixGe0.11 compounds are 

displayed, measured in the vicinity of the Curie temperature with increasing 

temperature and magnetic field. All measurements were performed with increasing 

temperature, according to the normal method. All samples show a large change of 

magnetization with temperature near the transition. From the isothermal 

magnetization measurements, the isothermal magnetic-entropies were derived using 

the Maxwell relations.  
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Figure 4.12: Magnetic isotherms of MnFeP0.89-xSixGe0.11 measured in the 

vicinity of the Curie temperature with increasing temperature and magnetic 

field. The measurements were carried out following the “normal method” 
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Figure 4.13: Isothermal magnetic-entropy changes in MnFe(P0.89-

xSix)Ge0.11 compounds with x = 0.22, 0.26, 0.30, and 0.33, for magnetic-

field changes of 0-2 T (lower curves) and 0-5 T (upper curves).  
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In Fig. 4.13 are, the magnetic-entropy change -∆Sm is presented for MnFeP0.89-

xSixGe0.11 compounds, as derived from magnetization measurements according to the 

“normal method”. All compounds show appreciable peaks when subjected to 

magnetic field changes from 0 to 2 T and from 0 to 5 T. The -∆Sm values for 0 – 2 T 

and for 0 – 5 T field change are listed in Table 4.3. 

However, the magnetic-entropy change derived from the magnetization 

obtained following the “normal method” brings a problem. The problem arises 

because of the large thermal hysteresis, which directly affects the history dependence 

of the magnetic response of the first-order transition. So far, there have been a lot of 

arguments about the correct determination of the isothermal magnetic-entropy change 

from magnetic measurements carried out on materials with the first-order magnetic 

phase transition [19-21]. To avoid the hysteresis problem, we have recently developed 

a new method of measuring magnetic isotherms of these compounds [22]. We argue 

that the Maxwell relations are valid but experiments need to be carried out with great 

care, and the history dependence of the magnetic response of the first-order transition 

should be considered when planning the experiment. By means of this new method, 

the isothermal magnetic-entropy changes can be derived more accurately with the 

Maxwell relation. We found that the way to treat the history of the samples correctly 

is to measure the isothermal magnetization by cooling the samples from the PM state 

to the target temperature for each of the magnetic isotherms. This we call the “new 

method”.  

Figure 4.14 shows magnetizatic isotherms of MnFeP0.89-xSixGe0.11. We observe 

S-shaped magnetization curves for all compounds in the vicinity of the magnetic-

phase-transition temperature, corresponding to a magnetic field-induced transition 

which is similar to that reported for MnFeP1-xAsx compounds. Let us make a 

comparison between the magnetic isotherms, measured by the normal method shown 

in the Fig. 4.12 and those measured by the new method shown in the Fig. 4.14. 

Surprisingly, there is a field-induced magnetic phase transition in the curves measured 

by the new method. What is the reason for this?  

It can be understood as follows: In the sample which has a first-order 

magnetic-phase transition, and exhibits very large thermal hysteresis, when the 

measurements are performed by the normal method, the first measurement (the first 

magnetization curve) starts mainly in the FM state. After this measurement, the 
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portion of the FM state has increased and, from that point on, we find a larger FM 

contribution than there should actually be present. Therefore, in the next measurement 

(the next magnetization curve) there is a strong memory of the FM state, and when the 

field-induced transition is not a pronounced one, it is barely observed. In contrast, 

when the magnetic isotherms are measured by the new method, after each 

measurement, the sample is brought to the PM state. By doing this, the memory of 

each previous measurement is erased, so that we observe the correct fraction of FM 

and PM state, and then the field-induced transition is observed.  

 

 

 

Figure 4.14: Magnetic isotherms of MnFeP0.89-xSixGe0.11, measured in 

the vicinity of the Curie temperature with increasing temperature and 

magnetic field. The measurements were carried out following the “new 

method”. 

 

 



Chapter 4: MnFe(P,Si,Ge) compounds  

 44 

In Fig. 4.15, the magnetic-entropy changes are presented for some selected 

compounds, derived from the magnetization data which have been measured with the 

“new method”. All compounds show pronounced peaks when subjected to field 

changes. The -∆Sm values for 0 – 2 T and 0 – 5 T field changes are listed in Table 4.3. 

 

 

 

Figure 4.15: Isothermal magnetic-entropy changes in MnFe(P0.89-

xSix)Ge0.11 compounds with x = 0.22, 0.26, 0.30, and 0.33, for magnetic 

field changes of 0-1 T (lowest curves) ,0-2, 0-3 0-4,  and 0-5 T (upper 

curves) 

 

Although the shape of the magnetic isotherms looks different when the 

measurements were carried out following the normal and the new method, a large 

magnetization change under the temperature changes is still observed in all 

compounds. The derived magnetic-entropy changes are large and the values are not 

much different between these two methods. This observation is different from what 

was found for Mn0.99Cu0.01As and MnFeP0.8Ge0.2 where the MCE values derived by 

the new method are less than half of those derived by the normal method [22]. This is 
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because in the MnFeP0.89-xSixGe0.11 compounds, the magnetic-phase transition is much 

broader than in Mn0.99Cu0.01As and MnFeP0.8Ge0.2. For the latter two compounds step-

like magnetic isotherms are observed which is not observed for the MnFeP0.89-

xSixGe0.11 compounds. 

In Table 4.3, the magnetic ordering temperature measured at 0.05 T, thermal 

hysteresis, and isothermal magnetic-entropy change for a field change from 0 to 2 T 

and from 0 to 5 T for the MnFeP0.89-xSixGe0.11 compounds are summarized. We found 

a large MCE in all samples near room temperature which is of importance for 

magnetic-cooling application. The magnetic-entropy change in MnFeP0.89-xSixGe0.11 

compounds near room temperature is larger than in Gd5(Ge1-xSix)4 compounds and 

about the same as in MnFe(P1-xAsx) compounds.  

 

Table 4.3: Magnetic-ordering temperature (TC), thermal hysteresis (∆Thys) 

and isothermal magnetic-entropy change (-∆Sm) for field changes from 0 to 2 

T and from 0 to 5 T of MnFeP0.89-xSixGe0.11 compounds.  

 

-∆Sm (Jkg
-1

K
-1

) 

“normal method” 

-∆Sm (Jkg
-1

K
-1

) 

“new method”   

x TC  

(K) 

∆Thys  

(K) 

∆B = 0-2 T ∆B = 0-5 T ∆B = 0-2 T ∆B = 0-5 T 

0.22 270 22 14.0 38.5 10.0 26.6 

0.26 292 15 15.6 40.9 13.4 26.5 

0.30 288 18 13.9 39.1 11.3 25.9 

0.33 260 20 13.1 36.4 12.2 24.4 

 

 

4.1.3.6 Heat capacity 

Specific-heat measurements were performed in the temperature range from 20-320 K 

in a home-built set-up. The accuracy of the measurement is better than 1 % in the 

whole temperature range. Figure 4.16 shows the temperature dependence of the 

specific heat of MnFeP0.59Si0.30Ge0.11, measured with increasing temperature in zero 

field. 
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Figure 4.16: Temperature dependence of the specific heat of 

MnFeP0.59Si0.30Ge0.11, measured in zero field with increasing temperature. 

The inset shows the temperature dependence of the total entropy, derived 

from the specific-heat data. 

 

The peak position corresponds to a Curie temperature of about 286 K, which is 

slightly smaller than the value of TC obtained from the magnetic measurement (288 

K) at 0.05 T. The sharpness and the relatively large amplitude of the peak are both 

evidence of a first-order phase transition. The temperature dependence of the total 

entropy (S) in zero field was obtained by means of the formula: 

 

∫+=
T

p
dT

T

TC
STS

0

'
'

)'(
)0()( , 

 

taking S(0) = 0.  

The inset of Fig. 4.16 shows the temperature dependence of the total entropy, 

derived from the specific-heat data. There is a change of the total entropy at the 

transition indicating that there is a change in the magnetic entropy at the transition 

that contributes to the total entropy change. 
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4.1.3.7 Transport properties  

We have investigated the magnetic phase transitions and magnetocaloric properties of 

MnFe(P,Si,Ge) compounds by means of magnetic measurements [17, 23]. We have 

found large MCE values at a large range of working temperatures from about 250 K 

up to above 300 K. This temperature range is of great importance for magnetic-

cooling applications. Further study of these compounds is needed. Besides the 

magnetocaloric properties, the electrical and heat conductivity are of utmost 

importance. Here, we present the electrical transport properties of 

MnFeP0.67Si0.22Ge0.11.  
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Figure 4.17: Field dependence of the magnetization of 

MnFeP0.67Si0.22Ge0.11, measured on the virgin sample with decreasing 

temperature from 220-190 K 

 

Figure 4.17 shows the field dependence of the magnetization of a virgin 

sample at different temperatures. The measurement was carried out at a few 

temperatures decreasing from 220-190 K and, at each temperature, the curve was 

measured with increasing field from 0-5 T, except at 200 K where the measurement 

was done with both increasing and subsequently decreasing field. A linear field 

dependence of the magnetization is observed at temperatures higher than 205 K, 

showing PM states. When the temperature is decreased to 200 K, a sharp change in 
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the magnetization can be observed with increasing field at about 4 T. However, a 

similar change cannot be observed with decreasing field, except for a kink at about 

4.4 T. Such behavior is not observed at lower temperatures. The magnetization curves 

at temperatures below 199 K show the FM state. From the results above, we can see 

that not only the temperature but also the magnetic field can induce an irreversible 

change in magnetization. 
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Figure 4.18: Temperature dependence of the resistivity of 

MnFeP0.67Si0.22Ge0.11, measured on the virgin sample at zero field and at a 

field of 3 T 

 

In order to investigate the magneto-transport behavior in the virgin state, 

another virgin sample was used to investigate the temperature dependence of the 

resistivity in an applied field of 3 T. In Fig. 4.18, the temperature dependence of the 

resistivity of MnFeP0.67Si0.22Ge0.11 is shown in 0 and 3 T. The transition temperature 

has clearly shifted from 190 K to 203 K for magnetic fields of 0 and 3 T, respectively. 

It means that the average increase rate of the ordering temperature of the virgin 

sample is 4.3 K/T. Together with the shift of the transition temperature to a higher 

value, the resistivity also increases from 2500 µΩcm to 4360 µΩcm in 3 T, indicating 

that cracks are formed during the transition, causing an increase of the resistivity. 
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In Fig. 4.19 is the field dependence of the resistivity of MnFeP0.67Si0.22Ge0.11, 

is presented, measured on the virgin sample at 250 K and 200 K. At 250 K, there is no 

clear change in the field dependence of the resistivity, but when the temperature is 

decreased to 200 K, with increasing field, a huge increase in the resistivity can be 

observed near the critical field (Bc) of about 1 T. When the field is decreased, the 

resistivity remains high, indicating an irreversible change in the resistivity with field. 

However, some changes in the resistivity can still be detected near the critical field 

(see the inset of Fig. 4.19). 
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Figure 4.19: Field dependence of the resistivity of MnFeP0.67Si0.22Ge0.11, 

measured on a virgin sample at 250 K and 200 K. The inset presents the 

resistivity at 200 K in the range from 4570 to 4680 µΩcm, measured with 

decreasing field. 

 

In Fig. 4.20, the temperature dependence of the resistivity of 

MnFeP0.67Si0.22Ge0.11 is shown in zero field. In order to compare the magnetic and the 

transport properties of this compound, the resistivity measurements were performed 

including also three steps. First, a measurement was carried out with decreasing 

temperature on the as-prepared sample. After this, a measurement was performed with 

increasing temperature and, finally, a measurement was performed with decreasing 

temperature on the once-cooled sample. 
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Figure 4.20: Temperature dependence of the resistivity of 

MnFeP0.67Si0.22Ge0.11 at zero field. 
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Figure 4.21: Temperature dependence of the magnetization of 

MnFeP0.67Si0.22Ge0.11, measured at a magnetic field of 0.05 T. (1) first 

cooling of the as-prepared sample, (2) subsequent heating, (3) 

subsequent cooling.  
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We observed an extremely sharp transition at 190 K, where the electrical 

resistivity increases from about 300 µΩcm to 2500 µΩcm. Below this transition 

temperature, the resistivity is constant and above the transition it decreases slowly 

with decreasing temperature and has metallic character. The transition at 190 K is 

associated with the virgin effect observed in the magnetic measurement (Fig. 4.21). 

On a subsequent temperature increase, the resistivity increases slowly and a maximum 

value around 3755 µΩcm is observed. Then, the resistivity decreases abruptly 

showing a transition at 268 K. 

This transition corresponds to the transition at TC2 in Fig. 4.21 and indicates a 

strong coupling between spin, charge and lattice in the compound. Above this 

transition, the resistivity slowly decreases until the temperature reaches 300 K. When 

the measurement was performed with subsequent decreasing temperature, there is a 

magnetic transition at 248 K corresponding to the transition at TC3 in the 

magnetization measurement. The resistivity increases dramatically in a narrow 

temperature range and then recovers the metal-like temperature dependence. The 

resistivity becomes much larger after this cooling process. Similar results have been 

observed in Fe0.75Mn1.35As [24] and ZnNMn3 [25].  

In the MnFe(P,Si,Ge) system, there are magnetic interactions between Mn-Mn, 

Mn-Fe, and Fe-Fe moments. The magnetoelastic phase transition can be associated 

with the Mn-Fe and Fe-Fe distances, which are related to the a and c lattice 

parameters [26]. The change in TC is associated with a change in the c/a ratio. 

Correspondingly, after the first cycle of cooling and warming the PM-FM phase-

transition temperature increases due to the irreversible change in lattice parameters 

and the thermal hysteresis decreases due to the smaller grain size, which results in the 

virgin effect. 

After several cycles of cooling and warming processes, the microcracks in the 

sample are saturated. Figure 4.22 shows the temperature dependence of the resistivity 

of MnFeP0.67Si0.22Ge0.11, measured at 5 T with increasing and subsequent decreasing 

temperature. The measurement was performed on the sample after three cycles of 

cooling and warming. The curves shown in Fig. 4.22 indicate that a 5 T magnetic field 

suppresses spin fluctuations, stabilizes the FM state and increases the PM-FM phase-

transition temperature to higher temperatures. 

 



Chapter 4: MnFe(P,Si,Ge) compounds  

 52 

240 260 280 300
4000

5000

6000

7000

8000

9000

 

 

 

T (K)

 decreasing T

 increasing T

ρ
 (

µ
Ω

 c
m

)

B = 5 T

 

 

Figure 4.22: Temperature dependence of the resistivity of 

MnFeP0.67Si0.22Ge0.11, measured at 5 T with increasing and subsequent 

decreasing temperature  

 

Figure 4.23 represents the field dependence of the magnetoresistance (MR) for 

MnFeP0.67Si0.22Ge0.11 at different temperatures, in which MR is given by: 
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We observed small values of MR at 280 and 285 K under a magnetic-field 

change, but a significant value as large as MR = 28% is observed at 270 K in a 5 T 

applied field. The magnetoresistance increases with increasing applied field.   
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Figure 4.23: Field dependence of the magneto-resistance (MR) of 

MnFeP0.67Si0.22Ge0.11 at 270, 275, 280 and 285 K 

 

In conclusion, we have observed an agreement of the magnetic-phase 

transition temperatures in the magnetic and electrical-resistivity measurements. The 

transition at TC1 is the sharpest, and TC1 is much lower than TC2 and TC3. There is an 

unusual thermal history of the magnetic phase transition, the so-called virgin 

behavior. The virgin behavior is due to an irreversible change in lattice parameters at 

the transition. The lattice parameter change implies a volume change. The 

magnetization curves show that on cooling the as-prepared sample for the first time, a 

PM-FM phase transition is observed at 188 K. Subsequently increasing the 

temperature, the FM-PM phase transition occurs at about 270 K and upon a second 

decrease of the temperature, the magnetic-ordering temperature is at about 250 K, but 

the phase-transition temperatures and the magnetization are relatively stable at further 

heating and cooling cycles. However, a difference is observed in the electrical-

resistivity measurements. The resistivities become higher with cycling. The 

irreversible change in resistivity is associated with electron scattering on cracks, 

defects and dislocations which are due to the formation of micro-cracks induced by 

the sharp change of lattice parameters during the magnetic phase transition. Moreover, 

we observed thermal hysteresis in both the magnetic and the electrical-resistivity 

measurements. 
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4.1.4 Conclusions 

We have studied the structural, magnetic and magnetocaloric properties of 

MnFe(P,Si,Ge) compounds. The structural properties of the compounds were 

determined by XRD at room temperature which shows that all investigated 

compounds crystallize in the hexagonal Fe2P-type structure with space group mP 26 . 

The (3 0 0), (2 1 1) and (0 0 2) reflections almost coincide, which indicates that all 

samples are PM at room temperature. The homogeneity and stoichiometry of the 

compounds were checked by EPMA, with results that are in a good agreement with 

the XRD results. It is very difficult to obtain a single phase MnFe(P,Si,Ge) sample by 

ball milling. However, the amount of second phase can be limited by reducing the 

silicon concentration.  

The crystallite sizes of the samples were derived using the Scherrer equation. and 

are in the range from 90 to 110 nm. The crystallite size was found to depend on the 

annealing-temperature: the higher the annealing temperature, the larger the crystallite 

size. Magnetization measurements show that all investigated MnFe(P,Si,Ge) 

compounds are in the FM state at low temperature. With increasing temperature, the 

compounds undergo a FM-PM phase transition and the Curie temperatures are found 

tunable over a wide temperature interval covering the room-temperature range. In 

good agreement with MnFeP1-xAsx and Gd5Si1.7Ge2.3 compounds, the Curie 

temperature of the MnFe(P,Si,Ge) compounds is found to be magnetic-field 

dependent: TC increases with increasing applied magnetic field with an average rate of 

2.2 K/T. Above the magnetic-ordering temperature, the compounds are in the PM 

state, which is in a good agreement with the XRD results. In the FM state, the 

spontaneous magnetic moments are in the range 3.9-4.3 µB/f.u. These values are 

consistent with the spontaneous magnetic moments (about 4 µB/f.u) observed for the 

MnFe(P,As) compounds [13]. The magnetic moments at low temperature originate 

from the spin moments of the 3d electrons of the Mn and Fe atoms. Specific-heat 

measurements carried out on MnFeP0.59Si0.30Ge0.11 show a first-order FM-PM phase 

transition. The MCE derived from the magnetization data shows that this effect in the 

MnFe(P,Si,Ge) compounds is equally large as in Gd-based and MnFeP1-xAsx 

compounds. This means that we have succeeded in completely replacing As by 

(Ge,Si) in the latter compounds without loosing the favorable magnetic properties. We 

have observed large MCEs in all investigated compounds. It is shown that, for first-
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order magnetic-phase transition compounds, when the magnetization measurements 

are performed with the appropriate so-called “new method”, the real isothermal 

magnetic-entropy changes can be obtained by using the Maxwell relation. The upshot 

is that we have found relatively low-cost and non-toxic materials for room-

temperature-cooling application. The magnetic, transport and magneto-transport 

properties of MnFeP0.67Si0.22Ge0.11 have been investigated. The irreversible change in 

the lattice parameters results in thermal-history behavior associated with the magnetic 

phase transition, which indicates a strong dependence of the exchange interaction on 

the separation between the magnetic atoms. With increasing number of heating and 

cooling cycles, the electrical resistivity shifts to higher values due to the formation of 

microcracks induced by the sharp lattice-parameter change during the magnetic phase 

transition. The origin of this irreversible transport behavior is the reduction of the 

mean-free path of the charge carriers, associated with electron scattering on cracks, 

defects and dislocations. Both the temperature and the magnetic field can induce 

irreversible changes in resistivity and in magnetization. A significant positive 

magnetoresistance, as large as 28%, is observed at 270 K in an applied field of 5 T. 
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4.2 Influence of Si and Ge on the magnetic and 

magnetocaloric properties of MnFe(P,Si,Ge) compounds 

 

4.2.1 Introduction 

We have found large MCEs and favourable magnetic properties for low-cost and non-

toxic MnFe(P,Si,Ge) compounds. One interesting characteristic of these compounds is 

the non-linear dependence of the Curie temperature (TC) on the Si concentration. This 

dependence is associated with the change of the lattice parameters a and c, and their 

c/a ratio. Compounds with a larger parameter a and smaller c/a ratio have higher TC. 

It is clear that Si and Ge atoms play an important role in the magnetic and 

magnetocaloric properties of the MnFe(P,Si,Ge) compounds. In this section, we study 

the effect of Si and Ge on the magnetic phase transition, thermal hysteresis and 

magnetocaloric properties of these materials. Our study shows that the thermal 

hysteresis can be smaller for certain Ge contents and some Si/Ge ratios. In addition, 

the magnetic-phase-transition temperature can be tuned in the room-temperature range 

without losing the giant magnetocaloric properties 

 

4.2.2 MnFeP0.59Si0.41-xGex compounds 

To investigate the influence of Ge concentration and Si/Ge ratio on the physical 

properties of MnFe(P,Si,Ge) compounds, a study of MnFeP0.59Si0.41-xGex compounds 

with nominal compositions x = 0.03, 0.07, 0.11, and 0.15 was carried out. In this 

series, all compounds have the same P concentration but different Ge and Si 

concentrations. 

 

4.2.2.1 Structural properties 

In Fig. 4.24 powder XRD patterns of MnFeP0.59Si0.41-xGex compounds with nominal 

composition x = 0.03, 0.07, 0.11, and 0.15 are displayed, measured at
 
room 

temperature. It is clear that all samples crystallize in the hexagonal Fe2P-type 

structure, space group mP 26 . The extra reflection at 2θ = 45 º shows that all 

compounds contain a small amount of second phase. 
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Figure 4.24: Powder XRD patterns of MnFeP0.59Si0.41-xGex compounds, 

measured at
 
room temperature.  
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From the position of the additional reflection, the second phase has been 

identified as cubic Fe2MnSi (space group Fm3m), which is in agreement with the 

impurity found in the MnFe(P0.89-xSix)Ge0.11 compounds. The fraction of second phase 

is smaller in the sample with x = 0.07 than in the other samples.  
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Figure 4.25: Lattice parameters a and c as a function of Ge content of 

MnFeP0.59Si0.41-xGex compounds at room temperature. The lines are linear 

fits to the observed values  

 

Figure 4.25 presents the parameters a and c as a function of Ge content for 

MnFeP0.59Si0.41-xGex compounds. The values were derived from XRD measurements 

at room temperature which were carried out on powder samples mixed with Si 

powder. An increase of the Ge content leads to a linear expansion of the a axis and to 

a linear reduction of the c axis. However, from the slopes of the straight lines in Fig. 

4.25, one can conclude that upon increasing Ge content, the rate of the expansion of 

the a axis is slower than the reduction of the c axis. For instance, for x increasing from 

0.03 up to 0.15, a increases by 0.77% and c decreases by 1.93%. 

 

4.2.2.2 Magnetic properties 

In Fig. 4.26 the magnetic field dependence of the magnetization for the 

MnFeP0.59Si0.41-xGex compounds is presented, measured at 5 K. It can be seen that all 

compounds are FM at 5 K, and that all magnetization curves look very similar. The 
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lowest magnetic moment at 5 K is found for the compound with x = 0.03 which 

contains less Ge than the others. The measured spontaneous magnetic moments of all 

compounds are about 4 µB/f.u.  

 

 

 

Figure 4.26: Field dependence of the magnetization of MnFeP0.59Si0.41-xGex 

compounds with x = 0.03, 0.07, 0.11 and 0.15, measured at 5 K 

 

In Fig. 4.27, the temperature dependence of the magnetization of 

MnFeP0.59Si0.41-xGex compounds in a field of 0.05 T is shown. The measurements 

were carried out independently on each sample with increasing temperature from 150 

K up to above 320 K where all samples are in the PM state. In good agreement with 

the magnetization versus magnetic field curves shown in Fig. 4.26, the lowest 

magnetization at low field was found for the sample with the lowest Ge concentration 

x = 0.03. The magnetization increases with increasing Ge concentration, the curves 

are shifted to higher temperatures and the phase transition becomes sharper when the 

Ge concentration increases. 
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Figure 4.27: Temperature dependence of the magnetization of 

MnFeP0.59Si0.41-xGex compounds, measured with increasing temperature in 

a field of 0.05 T 
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Figure 4.28: Temperature dependence of the magnetization of 

MnFeP0.59Si0.30Ge0.11, measured in 0.05 T with increasing and 

decreasing temperature  
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Figure 4.28 shows the magnetization loop of the compound with x = 0.11. 

This measurement was carried out on the sample after removing the virgin state. The 

magnetic transition exhibits pronounced thermal hysteresis between the heating and 

the cooling curve. This thermal hysteresis and the abrupt change of the magnetization 

are characteristics of a first-order phase transition. We found that, with increasing Ge 

concentration, the thermal hysteresis becomes smaller and that the FM-PM phase 

transition becomes sharper. The observed values of the thermal hysteresis are 40, 27, 

20 and 16 K for the compounds with x = 0.03, 0.07, 0.11 and 0.15, respectively. The 

Curie temperatures have beene derived from magnetization measurements with 

increasing temperature in a field of 0.05 T. The TC values are proportional to the Ge 

concentration which may be correlated with the linear increase of the lattice parameter 

a with increasing Ge concentration. 

 

4.2.2.3 Magnetocaloric effect 

In Table 4.4 are the Si/Ge ratio, TC, ∆Thys and -∆Sm of the MnFeP0.59Si0.41-xGex 

compounds are presented for a field change from 0 to 2 T. The compound with x = 

0.03 has a small MCE, as a result of the broad magnetic phase transition and the small 

change of the magnetization upon the field change. When the Ge content increases, 

the isothermal magnetic-entropy change also increases and MCE values of 14 (J/kgK) 

are achieved under a field change of 2 T for the compound with x = 0.15. It shows 

that the MCE for x = 0.11 and x = 0.15 near room temperature is about the same as 

for MnFeP1-xAsx compounds [5,7,8]. The high MCE is associated with a smaller 

Si/Ge ratio.  

 

Table 4.4: Si/Ge ratio, magnetic ordering temperature (TC), thermal hysteresis 

(∆Thys) and isothermal magnetic-entropy change (-∆Sm) for MnFeP0.59Si0.41-

xGex compounds. The asterisk indicates that the value has been derived from a 

magnetization measurement carried out by means of the normal method 

(described in section 4.1.3.5) 

x Si/Ge  TC (K) ∆Thys (K) -∆Sm (J/kgK) at 2 T 

0.03 12.67 252 40 small 

0.07 4.86 280 27 6 * 

0.11 2.73 286 20 11 

0.15 1.73 288 16 14 
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4.2.3 MnFeP0.67Si0.33-xGex compounds 

In order to provide more evidence of the influence of the Ge concentration on the 

magnetic and magnetocaloric properties of MnFe(P,Si.Ge) compounds, a second 

series of samples with different Ge concentration was studied. However, in this series 

the P concentration is fixed at a higher value (67% P). In Table 4.5, the magnetic-

ordering temperatures, thermal hysteresis and isothermal magnetic-entropy changes of 

MnFeP0.67Si0.33-xGex compounds are shown for a field change from 0 to 2 T. The 

compounds with x = 0.15 has the smallest thermal hysteresis, 14 K, and a value of -

∆Sm =19 J/kgK was obtained for a 2 T magnetic/field change. These results are in 

good agreement with the results for MnFeP0.59Si0.41-xGex compounds. That is, TC 

increases with increasing Ge content, the thermal hysteresis becomes smaller and the 

isothermal magnetic-entropy change becomes larger when the Ge content is increased.  

 

Table 4.5: Magnetic/ordering temperature (TC), thermal hysteresis (∆Thys) 

and isothermal magnetic-entropy change (-∆Sm) for a field change from 0 to 

2 T for MnFeP0.67Si0.33-xGex compounds. The asterisk indicates that the value 

has been derived from a magnetization measurement carried out by the 

means of the normal method (described in section 4.1.3.5) 

 

x TC (K) ∆Thys (K) -∆Sm (J/kgK) at 2 T 

0.07 235 32 2 * 

0.11 268 22 10 

0.15 297 14 19 

 

4.2.4 MnFeP0.85-ySiyGe0.15 compounds  

The motivation to study MnFeP0.85-ySiyGe0.15 compounds is to investigate the 

influence of Si on the magnetic and magnetocaloric properties of the MnFe(P,Si,Ge) 

compounds. In this series, the concentration of Ge was fixed at 15 % and the P/Si 

ratio was varied. This Ge concentration is highest of all compounds investigated in 

this thesis.  

Figure 4.29 shows the powder XRD pattern of MnFeP0.55Si0.30Ge0.15, measured 

at
 
room temperature. It shows that the compound crystallizes in the hexagonal Fe2P-

type of structure, with space group mP 26 . However, for MnFeP0.55Si0.30Ge0.15, the 
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(300), (211) and (002) reflections are separated, indicating a FM state at room 

temperature, the separation obviously being caused by magnetostriction in the ordered 

state. The separated reflections are also observed in MnFeP0.67Si0.18Ge0.15. 
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Figure 4.29: Powder XRD patterns of MnFeP0.55Si0.30Ge0.15, measured at
 

room temperature.  
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Figure 4.30: Field dependence of the magnetization of MnFeP0.55Si0.30Ge0.15 at 

5 K 

 

Plotted in Fig. 4.30, the magnetic field dependence of the magnetization at 5 K 

is presented for MnFeP0.55Si0.30Ge0.15. The compound is FM at 5 K and the measured 
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spontaneous magnetic moment is 4.13 µB/f.u. The values for y = 0.26 and y = 0.18 are 

4.10 and 3.90 µB/f.u., respectively. These values are consistent with those for the 

MnFeP0.59Si0.41-xGex and MnFeP0.67Si0.33-xGex compounds.  
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Figure 4.31: Temperature dependence of the magnetization of 

MnFeP0.55Si0.30Ge0.15, measured at 0.05 T with increasing and decreasing 

temperature 

 

Table 4.6: Magnetic-ordering temperature (TC), thermal hysteresis (∆Thys) 

and isothermal magnetic-entropy change (-∆Sm) for field changes from 0 to 2 

T and from 0 to 5 T of MnFeP0.85-ySiyGe0.15 

 

y TC (K) ∆Thys (K) -∆Sm (J/kgK) 

at 2 T 

-∆Sm (J/kgK) 

at 5 T 

0.18 297 14 19 48 

0.26 288 16 14 35 

0.30 316 9 16 41 

 

 

In Fig. 4.31, the temperature dependence of the magnetization of 

MnFeP0.55Si0.30Ge0.15 is shown, measured at 0.05 T with increasing and decreasing 

temperature. The measurement was carried out on the sample after removal of the 

virgin state. A first-order magnetic phase transition is observed with a much smaller 
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thermal hysteresis of 9 K. The sharp magnetic phase transition promises a large value 

of magnetic/entropy change (see Table 4.6). 

Figure 4.32 shows the magnetic isotherms of MnFeP0.55Si0.30Ge0.15 in the 

vicinity of the phase transition, measured with increasing and decreasing field. The 

magnetization process shows that there is a field-induced magnetic phase transition 

from a PM to a FM state at the phase-transition temperature. The field hysteresis 

indicates a first-order field-induced transition. The sample exhibits a large 

magnetization change in the applied magnetic field.   
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Figure 4.32: Magnetic-field dependence of the magnetization of 

MnFeP0.55Si0.30Ge0.15, measured with increasing and decreasing field in 

the vicinity of the phase transition 

 

The isothermal magnetic-entropy changes for MnFeP0.85-ySiyGe0.15 compounds 

are presented in Fig. 4.33. The compounds show large peaks when subjected to a 2 

and 5 T field change. The maximum -∆Sm values are listed in Table 4.6. Compared 

with MnFeP0.89-xSixGe0.11 compounds, the isothermal magnetic-entropy changes of the 

MnFeP0.85-ySiyGe0.15 compounds are larger. It proves that a higher Ge concentration 

leads to a sharper magnetic phase transition and, therefore, to a larger magnetic/-

entropy change. 
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Figure 4.33: Magnetic-entropy change of MnFeP0.85-ySiyGe0.15 for a field 

change from 0 to 2 T (lower curves) and from 0 to 5 T (higher curves) 

 

The thermal hysteresis is also lowered when the Ge concentration is higher. Its 

values in MnFeP0.85-ySiyGe0.15 compounds are 5 K lower than in MnFeP0.89-xSixGe0.11 

compounds. 

 

4.2.5  MnFeSi0.30P0.70-zGez compounds  

In Fig. 4.34, the temperature dependence of the magnetization of MnFeSi0.30P0.70-zGez 

compounds with z = 0.07, 0.11, and 0.15 is shown, measured with increasing and 

decreasing temperature in a magnetic field of 0.05 T. All samples show a large 

thermal hysteresis, with values 35, 20 and 9 K for z = 0.07, 0.11 and 0.15, 

respectively. The thermal hysteresis becomes much smaller and the magnetic phase 

transition becomes much sharper when the Ge concentration is higher. Also, the 

magnetization in the FM state is larger for higher Ge concentration.  

In Table 4.7, the magnetic-ordering temperatures, thermal hysteresis and 

isothermal magnetic-entropy change for a field change from 0 to 2 T are shown for 

MnFeSi0.30P0.70-zGez compounds. We observed that, when TC increases, the thermal 
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hysteresis becomes smaller and the isothermal magnetic-entropy changes become 

larger with increasing Ge content.  
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Figure 4.34: Temperature dependence of the magnetization of 

MnFeSi0.30P0.70-zGez compounds, measured with increasing and 

decreasing temperature in a magnetic field of 0.05 T 

 

Table 4.7: Magnetic/ordering temperature (TC), thermal hysteresis (∆Thys) 

and isothermal magnetic-entropy change (-∆Sm) of MnFeSi0.30P0.70-zGez 

compounds. The asterisk indicates that the value has been derived from a 

magnetization measurement carried out by means of the normal method 

(described in section 4.1.3.5) 

 

z TC (K) ∆Thys (K) -∆Sm (J/kgK) at 2 T 

0.07 250 35 3 * 

0.11 286 20 11 

0.15 316 9 16 

 

Recently, Song et al. have made an assessment of the magnetic-entropy 

change in MnFeSi0.25P0.75Gex compounds with x = 0.08, 0.1, and 0.12 [27]. The 

magnetic and magnetocaloric properties found in the MnFeSi0.30P0.70-zGez compounds 

are consistent with those reported for MnFeSi0.25P0.75Gex compounds. For example, 
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the Curie temperatures of the MnFeSi0.25P0.75Gex compounds are 275, 293, and 323 K 

for x = 0.08, 0.1 and 0.12, respectively. The magnetic-entropy changes are about 25 

J/kgK for all the samples when subjected to a magnetic-field change from 0 to 2 T. 

These values are higher than those observed in the MnFeSi0.30P0.70-zGez compounds 

with z = 0.07, 0.11, and 0.15. This is not surprising since the Si contents of these two 

compounds are different. Moreover, the MCE values of the MnFeSi0.25P0.75Gex 

compounds were derived from magnetization measurements with a small temperature 

step of 1 K, while the MCE values of the MnFeSi0.30P0.70-zGez compounds were 

derived from magnetization measurements with a step of 4 K.  

 

4.2.6 Discussion and conclusions  

Here, we will discuss the properties of the MnFe(P,Si,Ge) compounds and the 

influence of Si and Ge on the magnetic and magnetocaloric properties of the 

compounds. XRD was carried out on all samples, and the results show that all 

compounds crystallize in the hexagonal Fe2P-type of structure with space group mP 26 . 

In this structure, the Mn atoms occupy the 3g sites, the Fe atoms the 3f sites and the P, 

Ge, Si atoms occupy the 1b and 2c sites, with preference of Ge for the 2c sites and of 

Si for 1b sites[xx]. At low temperatures, the investigated compounds are in the FM 

state. With increasing temperature, all compounds undergo a first-order magnetic 

phase transition from the FM to the PM state. They also exhibit a virgin state with a 

much lower transition temperature than the Curie temperature found with increasing 

temperature. The spontaneous magnetic moments of these compounds at 5 K are in 

the range from 3.9 to 4.2 µB/f.u., which is in good agreement with the magnetic 

moments found for the MnFeP1-xAsx compounds.  

Table 4.8 presents the Si/Ge ratio, magnetic/ordering temperature (TC), 

thermal hysteresis (∆Thys) and isothermal magnetic-entropy change (-∆Sm) for a field 

change from 0 to 2 T for some selected MnFe(P,Si,Ge) compounds with different 

Si/Ge ratios. 

It is seen that the Curie temperatures are in the range 235 - 316 K, covering 

room temperature. If the P concentration is fixed, TC increases rapidly with increasing 

Ge concentration (compounds 3-6) and (compounds 9-11). The Si/Ge ratio plays an 

important role in increasing TC, improving the thermal hysteresis and enhancing the 

isothermal magnetic-entropy change of the compounds. The thermal hysteresis of the 

(Si,Ge)-based compounds can be quite large, but is controllable since it depends on 
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the Ge concentration. It is seen that the thermal hysteresis becomes smaller and the 

magnetic phase transition becomes sharper with increasing Ge concentration. The 

smallest thermal hysteresis is observed in the sample with smaller Si/Ge ratio or 

higher Ge concentration. Recent work shows that the thermal hysteresis can be 

reduced remarkably by increasing the Mn concentration; especially in ribbon samples 

without Si, the thermal hysteresis can be reduced to 1 K [28]. 

 

Table 4.8: Si/Ge ratio, magnetic-ordering temperature (TC), thermal 

hysteresis (∆Thys) and isothermal magnetic-entropy change (-∆Sm) for a 

field change from 0 to 2 T for the MnFe(P,Si,Ge) compounds. The asterisk 

indicates that the value has been derived from a magnetization 

measurement carried out by means of the normal method (described in 

section 4.1.3.5) 

 

No P Si Ge Si/Ge TC (K) ∆Thys  

(K) 

-∆Sm (Jkg
-1

K
-1

) 

at 2 T 

1 0.55 0.3 0.15 2.00 316 9 16 

2 0.56 0.33 0.11 3.00 260 20 12 

3 0.59 0.26 0.15 1.73 288 16 14 

4 0.59 0.3 0.11 2.73 286 20 11 

5 0.59 0.34 0.07 4.86 280 27 6 * 

6 0.59 0.38 0.03 12.67 252 40 small 

7 0.63 0.26 0.11 2.36 292 15 13 

8 0.63 0.3 0.07 4.29 250 35 3 * 

9 0.67 0.18 0.15 1.20 297 14 19 

10 0.67 0.22 0.11 2.00 268 22 10 

11 0.67 0.26 0.07 3.71 235 32 2 * 

 

The MCE in MnFe(P,Si,Ge) compounds is equally large as in MnFe(P,As) 

compounds but, when the Ge concentration is reduced to nearly zero, the MCE 

collapses. However, when Ge is eliminated and the Si concentration is between 40 

and 60 %, the MCE recovers with values between 7 and 30 Jkg
-1

K
-1

 at a 2 T field 

change. This will be discussed in detail in chapter 6 of this thesis.  

In order to have a better overview of the thermal hysteresis and the Curie 

temperature of all MnFe(P,Si,Ge) compounds, a schematic diagram is presented in 

Fig. 4.35. Each chimney carries a number from 1 to 11 that corresponds to the number 
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of the compound in Table 4.8. The position of the chimney represents the 

concentrations of P, Si, and Ge. Each chimney consists of two parts, a bottom part and 

a top part. The height of the bottom part represents the thermal hysteresis and the 

height of the top part the Curie temperature.  

 

 

Figure 4.35: Schematic diagram that illustrates systematically the Curie 

temperatures and thermal hysteresis of MnFe(P,Si,Ge) compounds 

 

It is clear that compounds with larger Ge concentrations (compounds 1, 3, and 

9) have higher TC and smaller ∆Thys values than the others. ∆Thys is larger in the area 

where the compounds 3, 8, 5, and 11 are located, indicating that samples with smaller 

Ge concentration than about 7 % have larger thermal hysteresis.  

In conclusion, we have prepared a number of MnFe(P,Si,Ge) compounds and 

have investigated the influence of Si, Ge, and their ratio on the structure, magnetic 

and magnetocaloric properties of these compounds. Si and Ge substitution affect the 

magnetic and magnetocaloric properties of the MnFe(P,Si,Ge) compounds quite 

differently. For instance, TC is proportional to the Ge concentration in MnFeP0.59Si0.41-

xGex and in MnFeP0.67Si0.33-xGex compounds. On the other hand, in MnFeP0.85-

ySiyGe0.15 compounds, the dependence of TC on the Si concentration was found to be 
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extremely strong but non-linear. This is in good agreement with our previous results 

[18,23]. Generally, the TC dependence of all samples correlates with changes of the 

lattice parameters a and c. TC is higher in samples with larger parameter a and smaller 

parameter c. We have achieved a large MCE, spanning a large range of working 

temperatures from about 235 up to 316 K. This temperature range is of crucial 

importance for magnetic/cooling applications. The thermal hysteresis is reduced with 

increasing Ge concentration. 
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Chapter 5 
 

Structure, magnetism and magnetocalorics of 

MnFeP1-xSix compounds  

 
5.1 Motivation 

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

environmentally friendly alternative to conventional gas-compression cooling. Regarding 

this aspect, MnFeP1-xAsx compounds [1] are promising materials for magnetic cooling, 

presenting small hysteresis, a large magnetocaloric effect (MCE) and easy tunability of the 

Curie temperature by changing the P/As ratio. Recently, a great deal of effort has been 

spent on substituting As for other elements in order to make the compound safer. Partially 

replacing As by Ge leads to an enhancement of the ordered magnetic moment. However, 

the extremely strong dependence of the Curie temperature on the Ge concentration may 

present a problem, as a small variation in the composition of the magnetic refrigerant may 

strongly alter its performance [2]. When partially replacing As by Si [3], an enhancement 

of the MCE is obtained while keeping a good tunability of the Curie temperature with the 

Si content. However, the thermal hysteresis is markedly increased, which is unfavorable for 

magnetic-cooling applications. In MnFe(P,As) compounds, As can be completely replaced 

by a combination of Si and Ge [4]. The resulting materials show a large MCE near room 

temperature in low fields. The non-linear dependence of the Curie temperature on the Si 
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content and the peculiar hysteresis behavior need further study. In this work, we have 

investigated compounds in which As is totally replaced by the readily abundant, cheap and 

non-toxic Si.  The structural, magnetic and magnetocaloric properties of the MnFeP1-xSix 

compounds are presented.  

 

5.2 As-milled powder 

According to Tegusi [5], for the MnFeP0.50As0.50 compound (Fig. 5.1a), after 90 hours 

ball milling, only the broad profile of Mn is visible, and for complete homogenization, 

the MnFeP1-xAsx compound should be milled up to 200 hours. 

 

 

 

Figure 5.1a: XRD patterns of MnFeP0.5As0.5 after various periods of milling [5] 

 

Therefore, for the MnFeP0.56Si0.44 compound, with a similar approach, at first  

100 hours ball milling was tried, and the x-ray diffraction pattern is shown in Fig. 5.1b 

(lower graph). A good agreement with the MnFeP0.50As0.50 compound is that the Mn 

profile has been removed; however some reflections of Si, Fe2P, and Fe are present with 

quite sharp peaks. Consequently, the MnFeP0.56Si0.44 powder was continued milling up 

to 200 hours, and the x-ray diffraction pattern is shown in Fig. 5.1b (upper graph). The 

homogeneity of the sample after 200 hours ball milling has been improved when 
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compared with the 100 hour-milled powder. The Si, Fe2P, and Fe reflections become 

much broader, however, they are there meaning that the 200 hour-milled powder is still 

not really amorphous, unlike the MnFeP1-xAsx compound. It is challenge to work with 

compounds containing Si. A test of 300 hours ball milling was also carried out; the x-

ray diffraction pattern does not show much difference from that for the 200 hours ball 

milling powder. Thus, all the investigated compounds were ball milled up to about 200 

hours. 

 

 

 

Figure 5.1b: XRD patterns of MnFeP0.56Si0.44 after 100 and 200 h of ball milling 

without any heat treatment  

 

 

5.3 Structural and magnetic properties in general   

The XRD patterns taken on all investigated compounds show that the MnFeP1-xSix 

compounds crystallize in three different types of structures.  
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Figure 5.2: XRD pattern of MnFeP0.5Si0.5, measured at
 
room temperature 
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Figure 5.3: XRD pattern ofMnFeP0.3Si0.7, measured at
 
room temperature  

 

Samples with x ≤ 0.24 crystallize in the orthorhombic Co2P–type structure (space group 

Pnma, No. 62). Samples with intermediate Si concentrations 0.28 ≤ x ≤ 0.64 crystallize 
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in the hexagonal Fe2P-type of structure (space group mP 26 , No. 189). The structure of 

the samples with x ≥ 0.70 is a mix of the hexagonal Fe2P-type and an unknown phase. 

Figure 5.2 shows powder x-ray diffraction pattern of MnFeP0.5Si0.5. The patterns 

show that sample x = 0.50 crystallizes in the hexagonal Fe2P-type of structure and the 

compound contain a small amount of second phase which has been identified to be 

cubic Fe2MnSi (space group Fm3m). The (3 0 0), (2 1 1) and (0 0 2) reflections are 

separated, which implies that the ferromagnetic-paramagnetic phase-transition 

temperature of the samples is higher than room temperature (about 295 K).  

Shown in Fig. 5.3 is powder x-ray diffraction pattern of MnFeP0.3Si07. The 

patterns show that the structure is a mix of the hexagonal Fe2P-type of structure and an 

unknown phase. The indices represent the reflections of the hexagonal Fe2P-type 

structure.  

Figure 5.4, which is based on magnetic measurements carried out in a field of 1 

T and on XRD patterns taken at room temperature, shows the composition dependence 

of the ordering temperature and a tentative phase diagram of the MnFeP1-xSix system. 

When the Si concentration is lower than 24%, the compounds crystallize in the 

orthorhombic Co2P–type structure. There are two critical temperatures in this region. 

Initially, the sample is in an antiferromagnetic (AFM) state at low temperature. As the 

temperature is increased up to the first critical point, the ferromagnetic (FM) state is 

obtained. The AFM-FM phase transition temperatures are 19 K and 25 K for x = 0.1 

and x = 0.2, respectively. With further increase of temperature, a ferromagnetic –

paramagnetic (FM-PM) phase transition takes place.  

Samples with x between 0.28 and 0.64 adopt the hexagonal Fe2P-type structure, 

and the compounds contain a small amount of second phase which has been identified 

to be cubic Fe2MnSi. The fraction of this phase increases with increasing Si content. In 

this region, the FM-PM phase transition is observed, and the ordering temperature (TC) 

gradually increases with increasing Si concentration from 214 K for x = 0.4 to 377 K 

for x = 0.56. With further increase of the Si concentration, TC decreases. The 

dependence of TC on the Si concentration is unusual, but in good agreement with 

previous results [3, 4]. 

 



Chapter 5: Structure, magnetism and magnetocalorics of MnFeP1-xSix compounds 

 78 

 

 

Figure 5.4: Composition dependence of the ordering temperature, determined 

with increasing temperature, for MnFeP1-xSix compounds. The filled circles 

indicate the AFM-FM phase-transition temperatures.  

 

 

5.4 MnFeP1-xSix  compounds with 0.44 ≤ x ≤ 0.60 

In this section, we focus our attention on the composition range 0.44 ≤ x ≤ 0.60 for 

which the hexagonal Fe2P-type structure (space group mP 26 ) is obtained. The magnetic 

and magnetocaloric properties are investigated in detail as a function of Si 

concentration (x). We shall show that these compounds are considered as promising 

magnetocaloric refrigerants due to their excellent magnetocaloric effects. Moreover, the 

compounds contain non-toxic and low cost starting materials, motivating further 

studies.  
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5.4.1 Electron Probe Micro-Analysis (EPMA) results 

Figure 5.5 shows a back-scattered electron image of the MnFeP0.50Si0.50 compound with 

a magnification of 1000 times. The energy of the electron beam is 20 kV. In the image, 

the black area with white shadow presents holes, the white area without shadow 

represents a second phase, which accounts for about 18 % of the sample. Composition 

analysis carried out on the main phase of the compounds indicates that the real 

composition of the main phase is Mn1.13Fe0.99P0.55Si0.33. This means that there is extra 

Mn and P in the main phase of the sample whereas there is less Fe and Si. Moreover, 

extra Fe and Si are found in the second phase of the samples. The Mn : Fe : Si ratio in 

the second phase is found as 1.0 : 2.1: 0.8. Because the sample is not homogeneous, Fe 

and Si go to the second phase causing a deficiency of Fe and Si in the main phase of the 

sample, leading to a difference in the real composition when compared to the nominal 

one.  

 

 

Figure 5.5: Back-scattered electron image of MnFeP0.50Si0.50 

 

 

 

100 nm 



Chapter 5: Structure, magnetism and magnetocalorics of MnFeP1-xSix compounds 

 80 

5.4.2 Magnetic properties  

Shown in Fig. 5.6 is the magnetic field dependence of the magnetization for the 

MnFeP1-xSix compounds, measured at 5 K. It is seen that all of the compounds are 

ferromagnetic at 5 K, and the magnetization curves look similar to each other. The 

measured spontaneous magnetic moments of all samples are shown in Table 5.1.  

 

 

 

Figure 5.6: Field dependence of the magnetization of the MnFeP1-xSix 

compounds with different Si concentration, measured at 5 K 
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Figure 5.7: Temperature dependence of the magnetization of the MnFeP1-

xSix compounds, measured in a field of 1 T. (1) first cooling of the as-

prepared sample, (2) subsequent heating, (3) subsequent cooling, the lines 

are guides to the eye. 

 

The temperature dependence of the magnetization of the MnFeP1-xSix 

compounds with different Si concentration, measured in a field of 1 T, is displayed in 

Fig. 5.7. The measurement was carried out
 
in the following way: for instance with x = 

0.5, first the magnetization was measured with decreasing temperature on the as-

prepared sample from 360 to 150 K, curve (1). Second, the measurement was performed 

continuously with subsequent increasing temperature from 150 to 360 K, curve (2).  

Finally, it was performed with decreasing temperature from 360 to 150 K, curve (3). 

The magnetic transition shows a clear thermal hysteresis as evidence of a first-order 
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transition which is related to the large magnetocaloric effect. Similar to the 

MnFe(P,Si,Ge) compounds, on the first cooling process, a virgin state is observed with 

the lowest paramagnetic-ferromagnetic phase transition temperature. The ordering 

temperature was determined as the temperature where the first temperature derivative of 

the magnetization has its extreme value. The result, as found on increasing temperature 

(TC) is displayed in Table 5.1. 

 

5.4.3 Lattice parameters   

The lattice parameters a and c and their ratio c/a were investigated as a function 

of Si concentration and Curie temperature. In order to obtain more accurate values of 

lattice parameters, silicon powder as a standard, was mixed together with MnFeP1-xSix 

powder for x-ray measurements at room temperature.  

 

0.44 0.48 0.52 0.56 0.60

0.33

0.34

0.35

0.60

0.61

0.62

0.63

 

 

la
tt

ic
e
 p

a
ra

m
e
te

r 
(n

m
)

Si concentration 

 a

 c

 

 

Figure 5.8: a and c lattice parameters as a function of silicon 

concentration for the MnFeP1-xSix compounds.  
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Shown in Fig. 5.8 are the a and c lattice parameters as a function of Si 

concentration for the MnFeP1-xSix compounds. We observe a nonlinear dependence of 

the a and c parameters on Si content.  For instance, with increasing Si concentration 

from 0.44 to 0.56, there is an increase in the a parameter. However, further increase of 

the Si concentration from 0.56 to 0.60, leads to a decrease of the a parameter. When the 

Si content increases from 0.44 to 0.52, a decrease of the c parameter is observed, and 

with further increasing the Si content, we see an increasing in the c parameter. 
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Figure 5.9: c/a and Curie temperature as a function of silicon 

concentration for the MnFeP1-xSix compounds.  

 

The dependences of c/a ratio and Curie temperature on Si concentration are 

displayed in Fig. 5.9. It is obvious that the dependence of the c/a ratio on the Si 

concentration is reversed to the dependence of TC on the Si concentration. TC reaches 

the highest value when the c/a reaches its minimum. With increasing Si concentration 

from 0.44 to 0.56, TC increases whereas there is a decrease of the c/a ratio. From Fig. 

5.8 and 5.9, the dependence of the a parameter and the dependence of TC on Si 
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concentration are similar. It means that the higher TC relates to the stronger exchange 

interaction between adjacent Fe-layers. This is in good agreement with our results found 

in MnFeP0.5As0.5-xSix (x = 0 – 0.3) [3], and in MnFe(P0.89-xSix)Ge0.11 [4]. 

 

5.4.4 Magnetocaloric effect   

 

 

 

Figure 5.10: Isothermal magnetization of MnFeP0.50Si0.50 and 

MnFeP0.48Si0.52, measured with increasing field in the vicinity of the Curie 

temperature. 
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To calculate the isothermal-magnetic entropy changes, the field dependence of 

the magnetization for the MnFeP1-xSix compounds was measured following the new 

method, which was mentioned in chapter 4 of this thesis, and in Ref. [6]. Shown in Fig. 

5.10 is the isothermal magnetization of MnFeP0.50Si0.50 and MnFeP0.48Si0.52, measured 

with increasing field in the vicinity of the Curie temperature. S-shaped magnetization 

curves, corresponding to a magnetic field-induced transition, are observed in both x = 

0.50 and x = 0.52 compounds. This behavior is similar to that reported for MnFeP1-xAsx 

[7] and Gd5(Ge1-xSix)4 compounds [8]. We observed a large magnetization change at 

about T = 298 K and T = 338 K under the field change for the MnFeP0.50Si0.50 and the 

MnFeP0.48Si0.52 compounds, respectively. Such feature is commonly associated with a 

large magnetocaloric effect. From the magnetization measurements, the magnetic-

entropy change can be derived using the Maxwell relation [6,9,10]. 
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Figure 5.11: Magnetic-entropy changes of MnFeP0.50Si0.50 and MnFeP0.48Si0.52 
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Figure 5.11 displays the temperature dependence of the magnetic-entropy 

change (-∆Sm) for the MnFeP0.50Si0.50 and MnFeP0.48Si0.52 compounds. The calculated 

maximum values of -∆Sm  for x = 0.50 sample are 14 Jkg
-1

K
-1

, 30 Jkg
-1

K
-1

 and 42 Jkg
-

1
K

-1
 for field changes from 0 to 1 T, 0 to 2 T, and 0 to 3 T, respectively. The values for 

x = 0.52 are 14 Jkg
-1

K
-1

, 29 Jkg
-1

K
-1

 and 37 Jkg
-1

K
-1

. Compared with MnFeP0.5As0.5-

xSix and related compounds, larger -∆Sm values were achieved. Especially our 

compounds are safe and cheap, although with a much larger thermal hysteresis.   

 

5.5 Conclusions  

We have studied the structural, magnetic and magnetocaloric properties of MnFeP1-xSix 

compounds. XRD patterns taken on 200 hour as-milled powder shows that the powder 

is not really amorphous, which presents difficulties to reach homogenous samples after 

heat treatment.  XRD patterns taken on samples after heat treatment indicate that the 

structures are hexagonal Fe2P-type in the range from x = 0.28 to 0.64, and 

orthorhombic Co2P-type for x ≤ 0.24.  

Displayed in Table 5.1 are ordering temperatures found on increasing 

temperature, saturation magnetization at 5 K, thermal hysteresis and isothermal 

magnetic-entropy change for a field change of 2 T in the MnFeP1-xSix compounds as a 

variation of Si concentration. We found a nonlinear dependence of the TC on the Si 

concentration. This is in good agreement with [3, 11]. The saturation magnetizations, 

measured at 5 K in a magnetic field of 0.05 T, are a bit smaller than those found in 

MnFeP1-xAsx [5, 7] and MnFe(P,Si,Ge) compounds [4, 11]. In those three compounds, 

the spontaneous magnetic moment comes mainly from Mn and Fe; therefore we expect 

a value of the same order in those three compounds. However, the MnFeP1-xSix 

compounds contain about 20 % of impurities. So the measured magnetic moment is a 

bit smaller than expected. In chapter 6 of this thesis, we shall study theoretically the 

magnetism of the MnFeP1-xSix compounds, and the magnetic moment will be corrected 

considering the impurities.   
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Table 5.1: Ordering temperature found on increasing temperature (TC ), 

saturation magnetization at 5 K (MS), thermal hysteresis (∆Thys) and 

isothermal magnetic-entropy change(-∆Sm) (for a field change of 2 T) in 

MnFeP1-xSix compounds.  

 

x TC  

(K) 

MS 

(µβ/f.u.) 

∆Thys 

(K) 

-∆Sm 

(Jkg
-1

K
-1

) 

0.44 225 3.5 37 7 

0.48 268 3.6 21 10 

0.50 332 3.8 35 30 

0.52 360 3.8 23 29 

0.56 377 3.7 12 8 

0.60 370 3.6 18 20 

 

 

We have achieved large magnetocaloric effects especially for x = 0.50 and x = 

0.52. However, more efforts should be done to make samples with better homogeneity. 

The MnFe(P,Si) samples in the investigated range have large thermal hysteresis values 

which imply difficulties for cooling cycles. The samples have large MCEs, for some of 

them they are accompanied by comparatively high working temperatures which may 

be useful for heat-pumping applications. 
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Chapter 6 
 

Electronic structure and magnetism of 

MnFeP1-xSix compounds 

 

6.1 Introduction 

The magnetocaloric effect is related to the variation of magnetization with temperature, 

which may be expected to be large in materials whose magnetic moments are large. 

Therefore, study of the magnetization provides important information concerning 

magnetocaloric properties of materials. Recently, we have studied experimentally the 

structure, magnetism and magnetocaloric effect of MnFeP1-xSix compounds, and have 

found that these compounds exhibit large magnetic-entropy changes. Of prime importance 

is the fact that these compounds do not contain any toxic components, so that they are 

suitable for magnetic-cooling application at room temperature [1]. In this chapter, we will 

theoretically investigate the electronic structure and magnetism of MnFeP1-xSix compounds. 

In section 6.2, the electronic structure and magnetism of these compounds will be studied 

by the virtual-crystal approximation (VCA) [2] in the frame work of density-functional 

theory (DFT). We use the augmented-plane-wave plus local-orbital method (APW+lo) [3-

5], implemented in the WIEN2k latest version of the original WIEN code [6]. In section 

6.3, the electronic structure and magnetic properties of MnFeP1-xSix compounds are studied 



Chapter 6: Electronic structure and magnetism of MnFeP1-xSix compounds 

 

 90 

by means of ab initio band-structure calculations with the localized-spherical-wave (LSW) 

method [7,8] using the super-cell approach.   

 

6.2 Electronic structure and magnetic properties of MnFeP1-xSix 

compounds calculated with the virtual-crystal approximation 

 

6.2.1 Theoretical aspects and details of the calculations 

In this work, we focus our calculations on MnFeP1-xSix compounds in the composition 

range 0.44 ≤ x ≤ 0.60 which crystallize in the hexagonal Fe2P-type structure (space 

group mP 26 ).  

First-principle methods have been applied to obtain information about the ground-

state electronic structure and the magnetism of the compounds. The ground-state 

electronic structure was calculated based on DFT [9] within the local-spin-density 

approximation (LSDA) [10]. Full potential APW + lo is applied, and the calculations 

were performed using the following parameters. The non-overlapping atomic sphere radii 

of Mn, Fe, P, and Si are 2.1, 2.1, 1.9, and 1.9 a.u. (1 a.u. = 0.529177 Å), respectively. 

States less than 6 Ry below the Fermi energy were considered as valence states. 

Assuming that the 3d and 4s states of Mn and Fe can be treated as band states, the 3p 

states are treated as semi-core states, and all other states with energy lower than 3p states 

are treated as core states. For P and Si, the 3s and 3p states are treated as band states, and 

the other states are treated as core states. The Brillouin-zone integrations were performed 

on a 152 special k-points mesh with the tetrahedron method [6]. The positions of Mn and 

Fe in the crystal structure are determined by minimizing the forces at the experimental 

values of the lattice parameters a and c, and those of P and Si are treated using the VCA.  

 

6.2.2 Calculation of the magnetic moment 

Table 6.1 shows the experimental saturation magnetization at 5 K (MExp), experimental 

saturation magnetization corrected for impurity (MCorr), and calculated values of the 

magnetic moments (MCal) of MnFeP1-xSix compounds as a function of the Si 
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concentration. We find reasonable agreement between the experimental and the 

calculated values.  

 
Table 6.1: Variation of the experimental saturation magnetization at 5 

K (Mexp), saturation magnetization corrected for impurity (Mcorr), and 

calculated magnetization (Mcalc) of MnFeP1-xSix compounds. 

 
 

 

 

There are some compositions (0.50 ≤ x ≤ 0.56) where we achieve a maximum 

value of the magnetic moment both experimentally and in the calculations. However, the 

experimentally obtained magnetic moments are lower than the calculated ones. This can 

be explained as follows: from electron-probe microprobe analysis (EPMA) and x-ray 

diffraction data from the samples, a second phase, cubic Fe2MnSi, was found which 

hampers the determination of the intrinsic values of the magnetic moments of the 

MnFeP1-xSix compounds. Composition analysis by EPMA shows that there is about 20 

% of this second phase. The corrected magnetization values Mcorr seem to be in a better 

agreement with the calculated values. However, we do not achieve a perfect agreement 

between these two results. This is because the calculations were performed using the 

VCA, which seems to be too crude for the MnFeP1-xSix system, and the uncertainty of 

the percentage of the second phase may lead to a large uncertainty in Mcorr and to 

differences between Mcorr and Mcalc 

 

 

x Mexp 
(µB/f.u.) 

Mcorr 

(µB/f.u.) 
Mcalc  

(µB/f.u.) 

0.44 3.5 3.8 4.07 

0.48 3.6 3.9 4.11 

0.50 3.8 4.1 4.23 

0.52 3.8 4.1 4.24 

0.56 3.7 4.1 4.27 

0.60 3.6 3.9 4.22 
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The drawback of the VCA is that in this approximation, we introduce effective 

atoms with effective atomic numbers. The structural disorder of P (Si) atoms at the 2c 

and 1b sites are treated by occupying these sublattices by atoms with an effective atomic 

number Zeff (x) = 15 – x. It means that we have completely neglected the difference in 

chemical properties of P and Si. 

 

6.2.3 Calculation of the density of states of MnFeP0.50Si0.50 

In Fig. 6.1, the calculated LSDA spin-up density of states (DOS) of MnFeP0.5Si0.5 is 

presented, as obtained by using the experimental lattice parameters.  
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Figure 6.1: Spin-polarized LSDA-calculated spin-up DOS of MnFeP0.5Si0.5. 

The Fermi level is at zero energy.  

 

The occupied part of the DOS can be decomposed into two regions. The first region 

ranges from -12.4 to -9.0 eV. The second region, which is the main valence-band group, 

has its bottom at -6.9 eV. There is a gap of 2.1 eV ranging from – 9.0 to – 6.9 eV. In Fig. 
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6.2, the partial (atom-projected) DOS (PDOS) of the constituting atoms of MnFeP0.5Si0.5 

is shown for spin up. Compared to the total spin-up DOS in Fig. 6.1, we see that the first 

region of the total spin-up DOS arises mainly from the contribution of Si-3s and P-3s 

states (Figs. 6.2 c and d). The main valence-band group represents predominantly the 

Mn-3d and Fe-3d states which are strongly hybridized. The main contribution of Mn-3d 

states is between -6.7 and 0.3 eV (Fig. 6.2 a) and the main contribution of Fe-3d states is 

between -6.8 and 0.3 eV (figure 6.2 b). The contribution of the Fe-3d states to the total 

spin-up DOS is more homogeneous than that of the Mn-3d states. The contributions of 

P-3p and Si-3p to the main valence-band are mainly situated between -6.9 and -3.3 eV, 

but they are much smaller than the contributions of Mn-3d and Fe-3d. The Fermi level is 

situated at the edge of the peak of the occupied Mn-3d and Fe-3d states, implying that 

the calculated electronic structure is unstable with respect to exchange splitting.  

Figure 6.3 shows the calculated LSDA spin-down DOS of MnFeP0.5Si0.5. In 

general, the spin down band looks similar to the spin up band; there is a gap of about 2.1 

eV and a valence-band with main contribution from the 3d-electrons. However, the main 

valence-band is shifted to higher energy and the Fermi level is situated in the middle of 

this band, exactly at a minimum of the DOS. On comparison with Fig. 6.1 the exchange 

splitting is clearly visible in Fig. 6.3 in the region from -6.9 to 5 eV. It means that a 

ferromagnetic state is found which is in good agreement with experimental results. A 

detailed study of the DOS of the MnFeP1-xSix compounds can be found in [11].  
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Figure 6.2: Partial (atom-projected) spin up DOS (PDOS) of 

MnFeP0.5Si0.5. The Fermi level is at zero energy. 
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Figure 6.3: Spin-polarized LSDA-calculated spin-down DOS of 

MnFeP0.5Si0.5. The Fermi level is at zero energy.  

 

6.3 Electronic structure and magnetism of MnFeP1-xSix compounds 

calculated with the localized-spherical-wave method 

6.3.1 Motivation 

Because the VCA has the drawback that it completely neglects the chemical difference 

between P and Si atoms as well as possible magnetic disorder of the Mn and Fe 

magnetic moments, it is of interest to introduce the LSW calculation scheme, which is 

also based on DFT, but in which a super-cell approach is used instead of the VCA. The 

LSW method utilizes an additional approximation to the potential: the atomic-sphere 

approximation. This approximation is quite reliable for close-packed structures of not 

too low symmetry, like the ones considered here. The advantage of the LSW method is 

that it is extremely efficient in its enabling of the use of a supercell.  
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6.3.2 The localized-spherical-wave method 

The LSW method is closely related to the augmented-spherical wave (ASW) method 

[12]. Its basis functions are linear combinations of the ASW basis set with maximal 

localization on a cluster of atoms. The ASW method is similar to the APW method, but 

instead of plane waves which the APW method employs, the ASW method augments 

outgoing Hankel functions. The advantage of the ASW method is that it has much less 

basis functions since these resemble atomic functions. The ASW method employs the 

Anderson atomic-sphere approximation for the description of the electronic potential, the 

crystal potential is represented by spherically averaged potentials inside space-filling 

atom-centered spheres. The ASW basis functions follow from this construction of the 

potential. At each atomic position, spherical waves are centered, one for each (l,m) 

combination which are numerical solutions of the radial Schrödinger equation.  

Figure 6.4 shows the flow-diagram of the LSW program which has been used to 

calculate the DOS and magnetic structure of MnFeP1-xSix compounds. A manually 

constructed input file called “structure file” lies at the start of every calculation. The 

structure file contains the crystal structure data and chemical composition such as: space 

group, lattice parameters a and c, classes of atoms, Wyckoff positions and coordinates. 

After completing the structure file, a starting charge density (ρi) is generated as input for 

a self-consistency procedure to solve the Kohn-Sham equation [13-15]. V(r) is the 

crystal potential and it is obtained via the Poisson’s equation from the charge density (ρ) 

and DFT. The charge density depends on the wave function (ψ), so that the potential is 

also unknown. A way to get out of this problem is to solve the Kohn-Sham equation 

starting from a judiciously guessed input for V, ψ, or ρ, and then feed the resulting 

output, after some mixing with the input, back into this equation. This process is 

continued until the input and the output are comparable within some pre-described 

accuracy. It is then said that this iterative process has converged and the Kohn-Sham 

equations have been solved self-consistently. Once the self-consistency condition has 

been reached, a self-consistent potential is found for calculating the DOS, the total 

energy of the cell, the band structure, or the magnetic structure etc. 
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Figure 6.4: The LSW flow-diagram  

 

6.3.3 Results and discussion  

Table 6.2 presents the atomic-sphere projected magnetic moments of Mn and Fe, and 

calculated total magnetic moment, and the energy of the total cell as a function of Si 

Structure file 

Starting charge density (ρi) 

Poisson’s equation 
DFT 

V (r) ρ (r) 

Mixing ρ (r) Mixing V (r) 

Kohn-Sham equation 

Self-consistent potential 

Band structure 
Density of states 
Total energies 
Magnetic moments, etc. 
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concentration. Since there are no neutron diffraction data available on the x = 0.50 

compound, that provide information on preference of Si and P for different Wyckoff 

positions, we have calculated the magnetic moment and the total energy of the cell for x 

= 0.50 for two cases A and B in which the positions of P and Si are interchanged. 

Information about classes, atom in each class, Wyckoff positions, and coordinates for the 

two cases A and B are given in Tables 6.3 and 6.4, respectively. 

We find that the variation of the Fe moment is larger than that of Mn for all 

investigated compositions. For instance, in the x = 0.42 compound, the magnetic 

moments of Fe vary from 1.01 to 1.45 µB (varying by 0.44 µB) whereas the magnetic 

moments of Mn vary from 2.75 to 2.82 µB (varying by 0.07 µB). The moments 

clearly depend on the structure and on the atomic order of the Si/P lattice. This 

implies that the super-cell approach is more attractive than the VCA and that the total 

magnetic moment of some compositions in the MnFeP1-xSix series is not well 

described by the VCA. 

 

Table 6.2: Variation of the atomic-sphere projected magnetic moments of 

Mn (MMn), and Fe (MFe), and calculated total magnetic moment (Mtot), and 

the energy of the total cell (Etot) for MnFeP1-xSix compounds.  

 

x MMn 

(µB/f.u.) 
MFe 

(µB/f.u.) 

Mtot 

(µB/f.u.) 

Etot 

(Ry) 

0.42 2.7828 (3g) 
2.8276 (3g) 
2.7525 (6k) 

1.0128 (3f) 
1.2578 (3f) 
1.4536 (6j) 

3.99 -65913.614 

0.50(A) 2.7862 (3g) 
2.7401 (3g) 
2.7877 (6k) 

1.4578 (3f) 
1.4922 (3f) 
1.2922 (6j) 

4.07 -65809.774 

0.50(B) 2.7898 (3g) 
2.8150 (3g) 
2.7672 (6k) 

1.3544 (3f) 
1.3647 (3f) 
1.5100 (6j) 

4.14 -65809.753 

0.58 2.8090 (3g) 
2.7557 (3g) 
2.8513 (6k) 

1.6325 (3f) 
1.5164 (3f) 
1.3420 (6j) 

4.17 -65705.499 
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  Table 6.3: Information about classes, atom in each class, Wyckoff 

positions and coordinates for MnFeP0.5Si0.5 (A) 

 

class atom Wyckoff position coordinates 

1 Fe 3f x = 0.127385 

2 Fe 3f x = 0.627385 

3 Fe 6j x = 0.127385 
y = 0.5 

4 Mn 3g x = 0.294865 

5 Mn 3g x = 0.794865 

6 Mn 6k x = 0.294865 
y = 0.5 

7 P 1b 0; 0; 0.5 

8 P 3g x = 0.5 

9 P 2c 1/3; 2/3; 0 
2/3; 1/3; 0 

10 Si 6j x = 1/6 
y = 1/3 

 

Table 6.4: Information about classes, atom in each class, Wyckoff positions, 

and coordinates for the MnFeP0.5Si0.5 (B) 

 

class atom Wyckoff position coordinates 

1 Fe 3f x = 0.127385 

2 Fe 3f x = 0.627385 

3 Fe 6j x = 0.127385 
y = 0.5 

4 Mn 3g x = 0.294865 

5 Mn 3g x = 0.794865 

6 Mn 6k x = 0.294865 
y = 0.5 

7 Si 1b 0; 0; 0.5 

8 Si 3g x = 0.5 

9 Si 2c 1/3; 2/3; 0 
2/3; 1/3; 0 

10 P 6j x = 1/6 
y = 1/3 
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The total energies found for the compounds A and B are equivalent. The small 

difference between the two total energies for A and B, ∆E = 0.021 Ry (~0.29 eV) 

implies that there is no clear preference of P and Si for a particular positions. However, 

the interchange of the positions of P and Si does affect the magnetic moments of Mn and 

Fe. Especially, for the x = 0.50(A) compound, the value of the moment of Fe at the 6j 

position is much lower than that of the x = 0.50(B) compound which leads to a 

difference in total magnetic moment in the two cases. 

 

Table 6.5: Coordination of Mn/Fe by Si/P and 3d-moment of Mn/Fe for the 

samples MnFeP0.5Si0.5 (A) and MnFeP0.5Si0.5 (B) 

 

x = 0.50(A) 

atom Coordination 
z = 0 

Coordination 
z = 0.5 

3d moment 
(µB/f.u.) 

Fe (3f) Si P 1.48 

Fe (3f) Si P 1.51 

Fe (6j) P+Si P 1.31 

Mn (3g) Si P 2.77 

Mn (3g) Si P 2.73 

Mn (6k) P+Si P 2.78 

x = 0.50(B) 

Fe (3f) P Si 1.37 

Fe (3f) P Si 1.38 

Fe (6j) P+Si Si 1.53 

Mn (3g) P Si 2.76 

Mn (3g) P Si 2.78 

Mn (6k) P+Si Si 2.75 

 

 

Table 6.5 shows the coordination of the transition metals Mn/Fe by Si/P and 3d-

moment of Mn/Fe for the compounds with x = 0.50(A) and x = 0.50(B). It is clear that 

the Mn moment is insensitive to the coordination, the variation of the Mn moment being 

about 0.05 and 0.03 µB for A and B, respectively. This is not a surprise, since Mn has a 

much larger moment and is close to strong ferromagnetism, unlike Fe. The Fe moment is 



Chapter 6: Electronic structure and magnetism of MnFeP1-xSix compounds 

 

 101 

much more sensitive. Coordination by two P and/or two Si atoms leads to a moment of 

about 1.5 µB, if the Si atoms are in the same plane as the Fe, and to about 1.4 µB if the P 

atoms are in the same plane as the Fe. In this case, replacement of a P atom by Si 

significantly increases the moment, while replacement of a Si atom by P in the plane 

reduces the moment. The variations of the moments on the Fe-lattice are strong and 

primarily the origin of the variations of the overall moment. 

With increasing Si content from x = 0.42 to x = 0.58, the total magnetic moment 

increases which is in good agreement with the experimental results corrected for 

impurities, and the results calculated by using the VCA presented in Table 6.1.  

However, the increase in moment with Si content is smoother for the LSW method than 

for the VCA method, though the step size between the calculated concentrations is 

larger.  

Figure 6.5 presents the DOS of MnFeP0.50Si0.50(B) for both spin up and spin 

down. The occupied part of the DOS consists of two regions. The first region is from -11 

eV to -7.5 eV and the rest belongs to the second region. Compared to Figs. 6.1 and 6.3, 

which show the DOS of MnFeP0.50Si0.50 calculated by using the VCA method, a 

pronounced difference is that there is no gap whatsoever in the total DOS calculated by 

the super-cell. This is because, in the VCA, there are no real Si and P atoms with 

different chemical properties. For instance, in MnFeP0.50Si0.50, an effective electron 

charge of 14.5 was used instead of 14(15). Therefore, there is no contribution of real Si 

and P to the DOS as shown in Figs. 6.1, 6.2 and 6.3 which results in a gap expanding 

from -9.0 to 6.9 eV. In contrast to the VCA, the super cell approach utilizes “real” Si and 

P atoms with their real electron charge of 14 and 15 electrons, respectively. In Fig. 6.7, 

we see a finite DOS of Si in the range from -9.0 to 6.9 eV, and P in the range from -7.2 

to 6.9 eV. There is no gap in the DOS as calculated by the super-cell approach (Fig. 6.5).  
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Figure 6.5: Spin-up and spin-down DOS of MnFeP0.50Si0.50 (B). The Fermi level 

is at the zero energy.  
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Figure 6.6a: Atom-projected PDOS of MnFeP0.5Si0.5 (B).  The Fermi 

level is at zero energy. 
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Figure 6.6b: Atom-projected PDOS of MnFeP0.5Si0.5 (B). The Fermi 

level is at zero energy. 
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In Figs. 6.6a and 6.6b, the atom-projected PDOS of MnFeP0.5Si0.5(B) for spin up 

and spin down is shown. In the majority band, the Fermi level is situated at the edge of 

the peak of occupied Mn(Fe) 3d states. In the minority band, the Fermi energy is at a 

minimum of the DOS. The valence band consists of mainly the Mn-3d and the Fe-3d 

states, which is in good agreement with the DOS calculated by VCA. We also observe a 

visible exchange splitting in the main valence band showing the existence of a 

ferromagnetic state. 

 

6.4 Conclusions 

In summary, we have calculated the electronic structure and magnetic moments of 

MnFeP0.5Si0.5, with composition range of 0.44 ≤ x ≤ 0.60, based on first-principles DFT 

with the VCA and with the super-cell approach. In general, the results found by using 

the VCA and using super-cell are in reasonable qualitative agreement. The total and 

local magnetic moments, the atom-projected and the total DOS are better described by 

the super-cell approach since, in the super-cell approach, the difference in chemical 

properties of Si and P is taken into account. However, the disadvantage of the super-cell 

approach is that it is difficult to investigate the MnFeP1-xSix series with a small step of Si 

concentration as the VCA does. We have learned that, in the x = 0.50 compound, there 

no preference of P and Si for a particular position: the total-energy difference between 

the two cases in which Si and P interchange their position is 0.29 eV. From the 

calculation with the LSW method, we found that the 3d-Mn electrons are more localized 

than the 3d-Fe electrons. The magnetic moments of Mn are rather independent on the 

coordination, whereas the Fe moments are very sensitive to the P/Si lattices. DOS 

calculations by using both VCA and supercell approach show that the main valence-band 

of the DOS represents predominantly the Mn-3d and Fe-3d states which are strongly 

hybridized. 
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Summary  
This thesis presents a study of the phase formation, crystal structure, magnetism and 

MCE of MnFe(P,Si,Ge) compounds. These materials are relatively low cost and nontoxic 

for room-temperature magnetic-refrigeration applications.  

Chapter 1 addresses recent developments in magnetocaloric studies, and the 

motivation of this thesis. 

Chapter 2 presents the relevant formulas to determine the MCE from experiments. 

The last part of this chapter presents an overview of Density Functional Theory and some 

methods used to calculate magnetic moments and density of state for the MnFeP1-xSix 

compounds. 

All samples studied in this thesis were synthesized by high-energy ball milling in 

vacuum up to 10
-7

 mbar for about one week until the milled powder is close to an 

amorphous state. After ball milling, the powder is sintered at 1000-1200 
0
C for 5-10 

hours, followed by annealing at 550-850 
0
C for 50 hours. The heat treatment is performed 

in quartz ampoules under 100-200 mbar argon atmosphere. Additional information about 

sample preparation and experimental setups used in this work is given in chapter 3.  

In the first part of chapter 4, we describe the successful replacement of As by Si 

and Ge in the magneto-refrigerant MnFe(P,As) without losing the favourable magnetic 

properties. However, the thermal hysteresis of the new compounds is quite broad; 

therefore a new method to perform magnetization measurements was introduced. It is 

possible to reliably obtain the isothermal magnetic-entropy changes in first-order 

magnetic-phase transition compounds using the Maxwell relation, if the magnetization 
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measurements are carried out in the appropriate way. Because the magnetization is 

proportional to B/T, in the measurement process we need to combine increasing 

temperature with decreasing field or decreasing temperature with increasing field. The 

magnetic-entropy change recorded for the new alloys are comparable to the ones in 

MnFe(P,As) compounds. The new compounds do not contain any hazardous components; 

therefore they are promising for magnetic-cooling applications. 

In the second part of chapter 4, we have prepared several MnFe(P,Si,Ge) 

compounds, where the influence of the Si, Ge ratio on the structure, magnetic and 

magnetocaloric properties are investigated. Si and Ge substitutions affect very differently 

the magnetic and magnetocaloric properties of the MnFe(P,Si,Ge) compounds, for 

instance, TC is proportional to the Ge concentration in MnFeP0.59Si0.41-xGex and 

MnFeP0.67Si0.33-x’Gex’ compounds. On the other hand, in MnFeP0.85-ySiyGe0.15 compounds, 

the dependence of TC on the Si concentration is found to be extremely strong but 

nonlinear. Generally, the TC dependence of all samples is correlated with the change in a 

and c parameters. TC is higher in samples with larger a parameter and smaller c 

parameter. The thermal hysteresis is reduced with increasing Ge concentration. We 

achieved large MCE, spanning a range of working temperatures from about 235 up to 

372 K. This temperature range is of great importance for magnetic cooling applications 

near room temperature. 

Particularly interesting is the successful replacement of As by the abundant, cheap 

and non-toxic Si in MnFe(P,As). Chapter 5 presents the structure, magnetism, and 

magnetocaloric effect of MnFeP1-xSix compounds. Samples in the range from x = 0.28 to 

0.64 crystallize in the hexagonal Fe2P-type structure with a small amount of a second 

phase which increases with increasing Si content. Samples with lower Si content show 

the orthorhombic Co2P-type structure. We have obtained large magnetocaloric effects in 

the MnFeP1-xSix compounds, especially for x = 0.50 and x = 0.52. However, better 

homogeneity must be achieved. Another concern for applications is the large thermal 

hysteresis that calls for improved processing. The large MCEs, persistent up to high 

working temperatures may be useful for heat-pumping applications. 

In chapter 6, the MnFeP1-xSix compounds are investigated theoretically. The 

electronic structure and magnetism of the compounds are studied by the virtual-crystal 
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approximation in the framework of density functional theory, and by the Localized 

Spherical Wave method with a supercell approach. We discuss the spin-polarized LSDA-

calculated DOS for both spin up and down. The result show that there is a visible 

exchange splitting in the main valence band that originates mainly from the Mn-3d and 

Fe-3d states. We have investigated the total magnetic moments of the MnFeP1-xSix 

compounds with composition range of 0.44 ≤ x ≤ 0.60. The calculated magnetic moments 

are in good qualitative agreement with the experimental values. The total and local 

magnetic moments, the atom-projected and the total DOS are better described by the 

super-cell approach since in the super-cell approach the difference in chemical properties 

of Si and P is taken into account. 

 

 

 

 

 

Samenvatting 
Dit proefschrift beschrijft een studie van de fasevorming, de kristalstructuur, het 

magnetisme en het magnetocalorischeffect MCE in materialen van het type 

MnFe(P,Si,Ge). Deze goedkope en niet-toxische materialen zijn geschikt voor het 

toepassen van magnetischekoeling bij kamertemperatuur.  

Hoofdstuk 1 beschrijft recente ontwikkelingen in magnetocalorische materialen, 

en de motivatie voor deze proefschrift. 

Hoofdstuk 2 stelt de relevante formules voor om het MCE uit experimenten te 

bepalen. Het laatste deel van dit hoofdstuk presenteert een overzicht van de Density 

Functional Theory (DFT) en enkele methodes die worden gebruikt om magnetische 

momenten en toestanddichtheid van MnFeP1-xSix verbindingen te berekenen. 
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Alle preparaten die in dit proefschrift zijn bestudeerd werden verkregen door 

ongeveer één week lang hoogenergie-kogelmalen in vacuüm toe te passen zodat het 

gemalen poeder dichtbij een amorfe toestand is. Na het balmalen, is het poeder gesinterd 

bij 1000-1200 ºC gedurende 5-10 uur, gevolgd door een gloeibehandeling  bij 550-850 ºC 

gedurende 50 uur. 

De thermische behandeling wordt uitgevoerd in kwartsampullen onder een 

atmosfeer van 100-200 mbar argon. Verdere informatie over de preparatie en 

experimentele opstellingen die in dit werk zijn gebruikt wordt gegeven in hoofdstuk 3. 

In het eerste deel van hoofdstuk 4, beschrijven wij de succesvolle vervanging van As 

door Si en Ge in het magnetocalorische koelmiddel MnFe(P,As) zonder de gunstige 

magnetische eigenschappen te verliezen. Helaas is de thermische hysterese van de nieuwe 

samenstellingen vrij breed; daarom werd een nieuwe methode geïntroduceerd om 

magnetisatiemetingen uit te voeren. Het is mogelijk de isotherme magnetische 

entropieverandering betrouwbaar te bepalen ook voor preparaten die een faseovergang 

van eerste orde vertonen, mits de magnetisatiemetingen op de aangewezen manier 

worden uitgevoerd. Omdat de magnetisatie evenredig aan B/T is, moet in het meetproces 

of stijgende temperatuur met dalend magneetveld of dalende temperatuur met stijgend 

magneetveld worden combineerd. De magnetische entropieverandering voor de nieuwe 

legeringen is vergelijkbaar met die in MnFe(P,As) verbindingen. De nieuwe verbindingen 

bevatten geen gevaarlijke componenten; daarom zijn zij veelbelovend voor magnetische 

koeling toepassingen. 

In het tweede deel van hoofdstuk 4, hebben wij verscheidene MnFe(P,Si,Ge) 

verbindingen bereid, waar de invloed van de Si/Ge ratio op de structuur, magnetische en 

magnetocalorisch eigenschappen wordt onderzocht. De substituties van Si en van Ge 

beïnvloeden zeer verschillend de magnetische en magnetocalorisch eigenschappen van de 

MnFe(P,Si,Ge) verbindingen. Bijvoorbeeld, TC is evenredig aan de concentratie van Ge 

in verbindingen als MnFeP0.59Si0.41-xGex en MnFeP0.67Si0.33-xGex. Anderzijds, in 

verbindingen als MnFeP0.85-ySiyGe0.15, wordt een uiterst sterke maar niet-lineaire 

afhankelijkheid van TC als functie van de concentratie van Si gevonden. Over het 

algemeen, is de TC afhankelijkheid van alle preparaten gecorreleerd met de verandering 

in de a en c roosterparameters. TC is hoger in preparaten met groter a parameter en 
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kleinere c parameter. De thermische hysterese vermindert met stijgende Ge concentratie. 

Wij bereiken een groot MCE, in een breed gebied van werktemperaturen tussen 235 en 

372 K. Dit temperatuurgebied is van groot belang voor magnetische koeling toepassingen 

dichtbij kamertemperatuur. 

Bijzonder interessant is de succesvolle vervanging van Ge door overvloedig, 

goedkoop en niet-toxisch Si in MnFe(P,Ge). Hoofdstuk 5 behandelt de structuur, het 

magnetisme, en magnetocalorisch effect van samenstellingen MnFeP1-xSix. De preparaten 

in het gebied van x = 0.28 tot 0.64 kristalliseren in de hexagonale Fe2P-type structuur met 

een kleine hoeveelheid tweede fase die met stijgende inhoud van Si toeneemt. De 

preparaten met een lagere Si-inhoud tonen de orthorhombisch Co2P-type structuur. Wij 

hebben een groot MCE in MnFeP1-xSix, vooral voor x = 0.50 en x = 0.52 verkregen. Er 

moet echter een betere homogeniteit worden bereikt. Een andere zorg voor toepassingen 

is de grote thermische hysterese die een betere preparaat bereiding vereist. Een Groot 

MCE ook bij hoge werktemperaturen kan nuttig zijn voor warmtepomp toepassingen. 

In hoofdstuk 6 worden de verbindingen MnFeP1-xSix theoretisch onderzocht. De 

elektronische structuur en het magnetisme van de verbindingen worden bestudeerd door 

de virtuele-kristalbenadering binnen density functional theory DFT, en door de Localized 

Spherical Wave methode met een supercellbenadering. Wij bespreken de spin-

gepolariseerd LSDA DOS voor beide spinoriëntaties. Het resultaat toont aan dat er een 

zichtbare exchangesplitting in de belangrijkste valentieband optreedt dat hoofdzakelijk 

uit de Mn-3d en Fe-3d toestanden voortkomt. Wij hebben de totale magnetische 

momenten van de MnFeP1-xSix verbindingen met samenstelling 0.44 ≤ x ≤ 0.60 

onderzocht. De berekende magnetische momenten zijn in goede kwalitatieve 

overeenkomst met de experimentele waarden. De totale en lokale magnetische 

momenten, de atoom-projecteerde en totale toestandsdichtheid DOS worden beter 

beschreven door de super-celbenadering aangezien in de super-celbenadering het verschil 

in chemische eigenschappen van Si en P worden meegenomen. 
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