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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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