
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Novel Materials for Magnetic Refrigeration

Tegusi, T.

Publication date
2003
Document Version
Final published version

Link to publication

Citation for published version (APA):
Tegusi, T. (2003). Novel Materials for Magnetic Refrigeration. [Thesis, fully internal,
Universiteit van Amsterdam]. PrinterPartners Ipskamp B.V.

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/novel-materials-for-magnetic-refrigeration(bff836f2-53ea-4f94-8a25-f0db87363cf1).html


Novell  Materials for 
Magneticc Refrigeration 



Novell  Materials for  Magnetic 

Refrigeration n 

ACADEMISC HH PROEFSCHRIFT 

terr verkrijging van de graad van doctor 

aann de Universiteit van Amsterdam 

opp gezag van de Rector Magnificus 

prof.. mr. P.F. van der Heijden 

tenn overstaan van een door het college voor promoties 

ingesteldee commissie, in het openbaar te verdedigen 

inn de Aula der Universiteit 

opp donderdag 23 oktober 2003 te 11.00 uur 

door r 

Tegusi i 

geborenn te Chifeng (P.R. China) 

AMSTERDAMM  2003 



Promotiecommissie e 

Promotores s 
Prof.. dr. F.R. de Boer 
Prof.. dr. K.HJ. Buschow 

Co-promotor r 
Dr.. E. Brück 

Overigee leden 
Prof.. dr. W.C. Sinke 
Dr.. A.M. Tishin 
Dr.ir.. H.J.M, ter Brake 
Prof.. dr. J.J.M. Franse 
Prof.. dr. M.S. Golden 
Dr.. A. de Visser 

Faculteitt der Natuurwetenschappen, Wiskunde en Informatica 

Thee work described in this thesis was supported by the Dutch 
Technologyy Foundation (STW), the applied science division of Netherlands 
Organizationn for Scientific Research (NWO) and the technology program of 
thee ministry of Economic Affairs, carried out in the Materials Physics group 

att the 

Vann der Waals-Zeeman Instituut, 
Universiteitt van Amsterdam 

Valckenierstraatt 65-67, 1018 XE Amsterdam, the Netherlands 

Wheree a limited number of copies of this thesis is available 
ISBN:: 90 5776 107 6 

Printedd in the Netherlands by PrinterPartners Ipskamp B.V., 
P.O.. Box 333, 7500 AH Enschede 

Coverr illustration: Ton Riemersma 



Too my parents, my wife Dagula and my son Yiliq i 



Contents s 

11 Introductio n 1 

1.11 General introduction 1 

1.22 The magnetocaloric effect 2 

1.33 Magnetic refrigeration 3 

1.44 Outline of this thesis 5 

Referencess 6 

22 Theoretical aspects 7 

2.11 Gibbs free energy 8 

2.22 Magnetic entropy 9 

2.33 The Bean-Rodbell model 11 

Referencess 14 

33 Experimental 15 

3.11 Sample preparation 15 

3.1.11 Arc melting and ball milling 15 

3.1.22 Crystal growth 17 

3.22 Sample characterization 18 

3.33 Magnetic measurements 19 

3.44 Specific-heat measurements 19 

3.55 Electrical-resistivity measurements 20 

3.66 Determination of the magnetocaloric effect 21 

3.6.11 Determination of the magnetocaloric effect from 

magnetizationn measurements 21 

3.6.22 Determination of the magnetocaloric effect from 



specific-heatt measurements 22 

Referencess 24 

44 Magnetic phase transitions and magnetocaloric effect in 

Gd-basedd compounds 25 

4.11 Introduction 25 

4.22 GdRu2Ge2 26 

4.2.11 Introduction 26 

4.2.22 Experimental 26 

4.2.33 Results and discussion 27 

4.2.44 Conclusions 33 

4.33 Single-crystalline Gd5Sii.7Ge2.3 33 

4.3.11 Introduction 33 

4.3.22 Cyrstal growth and characterization 34 

4.3.33 Magnetic properties 36 

4.3.44 Specific heat 41 

4.3.55 Magnetocaloric effect 43 

4.3.66 Discussion and conclusions 45 

Referencess 48 

55 Magnetocaloric effect in hexagonal MnFePi.xAsx 

compoundss 51 

5.11 Introduction 51 

5.22 Sample preparation and characterization 53 

5.33 Structural properties 54 

5.44 Magnetic properties 56 

5.55 Specific heat and dc susceptibility 60 

ii i 



5.66 Magnetocaloric effect 62 

5.77 Electrical resistivity and magnetoresistivity 68 

5.88 A model description of the first-order magnetic 

phasee transition 71 

5.99 Discussion and conclusions 77 

Referencess 82 

66 Effects of Mn/Fe rati o on the magnetocaloric properties of 

hexagonall  MnFe(P,As) compounds 85 

6.11 Introduction 85 

6.22 Experimental 87 

6.33 Results and discussion 87 

6.3.11 Structural and magnetic properties 87 

6.3.22 Magnetocaloric properties 94 

6.3.33 Electrical resistivity 102 

6.44 Conclusions 104 

Referencess 105 

Summaryy 107 

Samenvattingg 110 

Publicationss 113 

Acknowledgmentss 117 

in n 



1 1 

Chapterr  1 

Introductio n n 

1.11 General introduction 

Modernn society relies very much on readily available cooling. Next to the food 

storagee and transport, air-conditioning in buildings and cars gains more 

importance,, and in the near  future it is envisaged that superconducting electronics 

mayy be operated at liquid-nitrogen temperatures. These developments call for 

energy-efficientt  and versatile refrigeration technology. 

Thee vapor-compression refrigerator s have become ubiquitous in a large 

numberr  of cooling applications. However, the use of chlorofluorocarbons (CFCs) 

andd hydrochlorofluorocarbons (HCFCs) as working fluids has raised serious 

environmentall  concerns, primaril y for  the role in the destruction of the ozone layer 

[1,2]]  and the global warming. Replacement by fluid  hydrofluorocarbons (HFCs), 

whichh contain no chlorine and therefore have no ozone depletion potential, is not 

withoutt  problems because the HFCs are greenhouse gases [3] with higher  global 

warmingg potential than C02. In addition, the efficiency of the vapor-compression 

refrigerationn systems is not expected to be significantly improved in the future. 

Thus,, due to slow improvement of the efficiency and serious concern for  the 

environment,, alternative technologies that use either  inert gases or  no fluid at all 

becomee attractive solutions to the environment problems. 
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Magneticc refrigeration has been in use in scientific applications for a long 

timee for cooling below 1 K. But there are no commercial applications at 

temperaturess around room temperature due to the fact that the magnetocaloric 

effectt (MCE) is relatively weak in most ferromagnetic materials at these 

temperatures.. Only gadolinium exhibits a considerable MCE, about 2 K/T, at room 

temperature.. Recently, this technique has been demonstrated [4] as a promising 

alternativee for the conventional gas-compression/expansion technique generally in 

usee today. But the major problem in magnetic refrigeration is still to find working 

materialss with a large MCE in different temperature regions. 

Inn 1997, Pecharsky and Gschneidner [5] have reported the discovery of the 

so-calledd giant MCE in the Gd5(SixGei_x)4 system. Subsequently, a large number of 

materialss were reported as candidate materials for magnetic cooling [6-9]. 

Althoughh considerable success has been achieved in developing magnetic 

refrigerants,, the search for novel working materials is still an important task, in 

particular,, in order to develop suitable materials for room-temperature applications 

inn lower fields, which can be generated by permanent magnets [10, 11]. 

Thee motivation of our research project, namely to explore new materials for 

magneticc cooling, was two-fold. From the application point of view, we have 

focusedd on finding potential refrigerants, specifically among Mn- or Fe-based 

compounds,, in order to establish the appropriateness for room-temperature 

magnetic-coolingg application. From the fundamental point of view, our motivation 

wass to gain a deeper insight into the fundamental relations between the MCE and 

magneticc phase transitions, compositions, and the thermomagnetic properties of 

solidd magnetic materials. This insight may serve as a guide in the search for new 

materialss suitable for application. 

1.22 The magnetocaloric effect 

Thee MCE is defined as the thermal response of a magnetic material to an applied 

magneticc field and is apparent as a change in its temperature. It was discovered by 
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Warburgg [12] in 1881 and is intrinsic to all magnetic materials. In the case of a 

ferromagneticc material as depicted in Fig. 1.1, the material heats up when it is 

magnetizedd and cools down when it is removed out of the magnetic field. 

Thee magnitude of the MCE of a magnetic material is characterized by the 

adiabaticc temperature change ATad, or by the isothermal magnetic -entropy change 

A5mm due to a varying magnetic field. The nature of the MCE in a solid is the result 

off  the entropy variation due to the coupling of the magnetic spin system with the 

magneticc field [13]. For the various aspects of the MCE and magnetic refrigeration 

wee refer to Kuz'man and Tishin [14], Gschneidner and Pecharsky [15], and Tishin 

[16]. . 

1.33 Magnetic refrigeration 

Magneticc refrigeration is a method of cooling based on the MCE. The heating and 

coolingg caused by a changing magnetic field are similar to the heating and cooling 

off  a gaseous medium in response to compression and expansion. A schematic 

representationn of a magnetic-refrigeration cycle is depicted in Fig. 1.1. 

Whenn a ferromagnetic material containing atoms that carry magnetic 

momentss is placed in an external magnetic field, the field forces the magnetic 

momentss to align, reducing the magnetic entropy. Since the total entropy is 

constantt under adiabatic conditions, the reduced part of the magnetic entropy is 

transferredd from spin subsystem to lattice subsystem via spin and lattice coupling. 

Thiss causes an increase of the lattice entropy, which makes the atoms vibrate more 

rapidly,, and results in an increase of temperature of thee material. Conversely, when 

thee material is taken out of the magnetic field, the moments randomize again and 

removee entropy from the lattice, creating a cooling effect. 

Inn 1926, Debye [17] and Giauque [18] have independently proposed the 

principlee of adiabatic magnetic cooling, which utilizes the MCE of paramagnetic 

salts,, as a means of reaching temperatures below the boiling point of liquid helium. 
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Figuree 1.1: Schematic representation of a magnetic-refrigeration cycle in 
whichh heat is transported from the heat load to its surroundings. Initially 
randomlyy oriented magnetic moments are aligned by a magnetic field, 
resultingg in heating of the material. This heat is removed from the material to 
itss surroundings by a heat-transfer medium. On removing the field, the 
magneticc moments randomize, which leads to cooling of the magnetic 
materiall  to below the ambient temperature. Depending on the operating 
temperature,, the heat-transfer medium may be water (with antifreeze) or air, 
and,, for very low temperatures, helium. 

Inn 1933, Giauque and MacDougall [19] have put this idea into practice and have 

experimentallyy demonstrated the use of the MCE to achieve temperatures below 1 

K.. From then on, the MCE has been successfully utilized to achieve ultra-low 

temperaturess by employing a process known as adiabatic demagnetization. In 1976, 

Brownn [20] has reported a prototype of a room-temperature magnetic refrigerator 

andd demonstrated that magnetic refrigeration can be realized in the room-

temperaturee region. In 2001, Astronautics Corporation of America [4] has realized 

thee world's first successful room-temperature magnetic refrigerator, in which 
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permanentt magnets were used to generate the magnetic field. This achievement 

movess the magnetic refrigerator a step closer to commercial applications. 

1.44 Outline of this thesis 

Thee work presented in this thesis is a study of the MCE and related physical 

propertiess of several systems of intermetallic compounds. 

Thee theoretical aspects of the MCE and the Bean-Rodbell model that 

describess magnetic phase transitions observed in MnFePi_xAsx compounds are 

presentedd in Chapter 2. In Chapter 3, a short review is given of the experimental 

techniquess and set-ups that have been employed for the sample preparation, the 

characterizationn and the investigation of the physical properties of the materials 

studiedd in this thesis. 

Chapterr 4 is designated to the MCE and related physical properties of the 

Gd-basedd compounds GdRu2Ge2 and Gd5Si1.7Ge2.3- The isothermal magnetic -

entropyy change of GdRu2Ge2 was determined by means of both magnetization and 

specific-heatt measurements, which are in good agreement. We have also grown a 

singlee crystal of Gd5Sii.7Ge2.3 and have studied the thermomagnetic properties and 

thee MCE of this single crystal. 

Thee highlight of the work is the discovery of the giant MCE in transition-

metal-basedd compounds of the type MnFePi.xAsx. A systematic study of the MCE 

andd related physical properties of the MnFePi.xAsx compounds is presented in 

Chapterr 5. The magnetocaloric properties of MnFe(P,As)-based compounds can be 

improvedd by varying the Mn/Fe ratio. This is reported in Chapter 6. The last part is 

thee summary of the present thesis work. 

http://Gd5Si1.7Ge2.3
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Chapterr  2 

Theoreticall  aspects 

Thee magnetocaloric effect (MCE) of a magnetic material is associated with the 

magnetic-entropyy change of the material. The theoretical aspects of the MCE have 

beenn discussed in Refs. 1 and 2. According to thermodynamics, the MCE is 

proportionall  to dM/dT at constant field and inversely proportional to the field 

dependencee of the specific heat cp(TJS). In the temperature region of a magnetic 

phasee transition, the magnetization changes rapidly and, therefore, a large MCE is 

expectedd in this region [3,4]. However, the critical behavior of the physical 

quantitiess in the phase-transition region is so complicated that there is no unified 

theory.. The theoretical description of MCE is still far from complete. Therefore, 

thee adiabatic temperature change ATad of a given material can only be determined 

byy using experimental methods. 

Thee understanding of magnetic phase transitions and the evaluation of the 

entropyy change associated with the magnetic phase transitions, therefore, form an 

importantt part of this thesis. In this chapter, we will first introduce the theoretical 

backgroundd of the MCE. Then, we will give outlines of the Bean-Rodbell model 

[5]]  that we will use to describe the first-order magnetic phase transition in the 

hexagonall  MnFe(P,As)-type compounds. 
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2.11 Gibbs free energy 

Thee thermodynamic properties of a system are fully determined by the Gibbs free 

energyy or free enthalpy of the system. The system we consider here consists of a 

magneticc material in a magnetic field B at a temperature T under a pressure p. The 

Gibbss free energy G of the system is given by 

GG = U-TS + pV-MB, (2.1) ) 

wheree U is the internal energy of the system, S the entropy of the system, and M 

thee magnetization of the magnetic material. The volume V, magnetization M, and 

entropyy S of the material are given by the first derivatives of the Gibbs free energy 

ass follows 

V(T,B,p)V(T,B,p) = - ^ -
\\6p6p )T,B 

M(T,B,p)M(T,B,p) = -

S{TS{TiiB,p)B,p) = -

'dG_\ 'dG_\ 
(2.2) ) 

Thee specific heat of the material is given by the second derivative of the 

Gibbss free energy with respect to temperature 

r^2^\ r^2^\ 
c,(T,B)c,(T,B) = -T VG VG 

dr-dr- ill) ill) 
Jp Jp 
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Byy definition, if the first derivative of the Gibbs free energy is discontinuous 

att the phase transition, then the phase transition is of first order. Therefore, the 

volume,, magnetization, and entropy of the magnetic material are discontinuous at a 

first-orderfirst-order phase transition. If the first derivative of the Gibbs free energy is 

continuouss at the phase transition but the second derivative is discontinuous, then 

thee phase transition is of second order. 

2.22 Magnetic entropy 

Thee total entropy of a magnetic material in which the magnetism is due to localized 

magneticc moments, as for instance in lanthanide-based materials, is presented by 

S(T,B,p)=SS(T,B,p)=Sll(T(TiiB,p)B,p) + Se(T,B,p) + Sm(T,B,p), (2.4) 

wheree Si represents the entropy of the lattice subsystem, Se the entropy of 

conduction-electronn subsystem and Sm the magnetic entropy, i.e. the entropy of the 

subsystemm of the magnetic moments. In magnetic solids exhibiting itinerant-

electronn magnetism, separation of these three contributions to the total entropy is, 

inn general, not straightforward because the 3d electrons give rise to the itinerant-

electronn magnetism but also participate in the conduction. Separation of thee lattice 

entropyy is possible only if electron-phonon interaction is not taken into account. 

Sincee the entropy is a state function, the full differential of the total entropy 

off  a closed system is given by 

dSdS = 'M}'M}  IT 
—— dT + 

(dS_ (dS_ 
dp dp 

\ \ 

Ul„ „ dpdp + \ ^ \ dB. (2.5) 
T,B T,B 

Amongg these three contributions, the magnetic entropy is strongly field 

dependent,, and the electronic and lattice entropies are much less field dependent. 

Therefore,, for an isobaric-isothermal (dp = 0; dT= 0) process, the differential of 

thee total entropy can be represented by 
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dSdS = 
35 5 

dB. dB. (2.6) ) 
JT,P JT,P 

Forr a field change from the initial field B{ to the final field Bf, integration of 

Eq.. (2.6) yields for the total entropy change 

AS(T,AB)=S(T,BAS(T,AB)=S(T,Bff)-S(T,B)-S(T,Bii)) = ASm(T,AB), (2.7) ) 

wheree AB = B f- B,. This means that the isothermal-isobaric total entropy change 

off  a magnetic material in response to a field change AB is also presented by the 

isothermal-isobaricc magnetic-entropy change. 

Thee magnetic-entropy change is related to the bulk magnetization, the 

magneticc field and the temperature through the Maxwell relation 

dB dB II  i dM(T,B)} dM(T,B)} 
dT dT B,p B,p 

Integrationn yields 

(2.8) ) 

(2.9) ) 

Onn the other hand, according to the second law of thermodynamics 

dT dT 

cAT,B) cAT,B) 

JB,P JB,P 

(2.10) ) 

Integrationn yields 
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TTcJT\B) cJT\B) 
S(T,B)S(T,B) = S0+\ p , dT. (2.11) 

JJ T 0 0 

Inn the absence of configurational entropy, the entropy will be zero at T = 0 K, so 

thatt the value of S0 is usually chosen to be zero. Therefore, the entropy change in 

responsee to a field change AB is given by 

AS(T,AB)AS(T,AB) = j - ^  f , p l dT , (2.12) 
oo -* 

wheree cp(T ,Bf) and cp(T ,Bt) represent the specific heat at constant pressure p 

inn the magnetic field Bf and Bu respectively. 

2.33 The Bean-Rodbell model 

Beann and Rodbell [5] have proposed a phenomenological model that describes the 

first-orderfirst-order phase transition in MnAs. Blois and Rodbell have used this model to 

explainn the first-order magnetic phase transition observed for MnAs [6], Zach et al. 

[7]]  have used this model in a semiquantitative analysis of the magnetic phase 

transitionn in the MnFePt.xAsx series of compounds. In this section, we will 

introducee the Bean-Rodbell model. 

Thiss model correlates strong magnetoelastic effects with the occurrence of a 

first-orderfirst-order phase transition. The central assumption in the model of Bean and 

Rodbelll  is that the exchange interaction (or Curie temperature) is strongly 

dependentt on the interatomic spacing. In this model, the dependence of Curie 

temperaturee on the volume is represented by 

TTcc=T=T00[l[l  + p(V-V0)/V0], (2.13) 
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wheree Tc is the Curie temperature, whereas T0 would be the Curie temperature if 

thee lattice were not compressible, and V0 would be the volume in the absence of 

exchangee interaction. The coefficient̂  may be positive or negative. 

Inn the Bean-Rodbell model, the critical behavior of the magnetic system is 

analyzedd on the basis of the Gibbs free energy consisting of the following 

contributions s 

GG = Gexch + & Zeeman + Gelastic + Gentropy + Gpress, (2.14) 

wheree G«h, GZeeman, GMe, Gentropy,and GpreSs represent the exchange interaction, 

thee Zeeman energy, the elastic energy, the entropy term, and the pressure term, 

respectively.. Within the molecular-field approximation, for arbitrary spin j , Eq. 

(2.14)) is given by [6] 

3ff i \T1 „  _i „ „  1 (V-V0) GG = -M-l- NkBTca
2
 -BGQ<J + — ^—^- -nSj+S  ̂ + pV, (2.15) 

2 I // + 1 2K2K V, 

wheree N is the number of magnetic atoms per kilogram, kB the Boltzmann constant, 

Goo the saturation magnetization per kilogram at 0 K, o the relative magnetization 

(Moo),, K the compressibility, 5, the entropy of the spin subsystem, and Si the 

entropyy of the lattice subsystem. Inserting Eq. (2.13) into Eq. (2.15) and 

minimizingg the expression for G with respect to volume, we obtain the equilibrium 

volumee for arbitraryy' 

V-VV-Vnn 3 oo _ J—NkJ—NkBBKTKT00P<rP<r 22+aT-pK.+aT-pK. (2.16) 
VV00 2K0(y + l) 

Thiss result shows that the magnetization depends on the volume change. The 

termm af, in which a is the lattice thermal expansion coefficient, is from the thermal 

expansion. . 

Insertingg Eqs. (2.13) and (2.16) into Eq. (2.15), we obtain 
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NkNkBBTT0 0 SVSVn n 

\2 2 

yy + i 
NkNkBBTT00pp22Ko' Ko' 

--(-j-rXl-pipK-aT^a--(-j-rXl-pipK-aT^a22--
22 j + \ 

BGQG BGQG 

NkNkBBT, T, 

'Sj(a)-Sj(0)\ 'Sj(a)-Sj(0)\ 
(2.17) ) 

NkNkc c 

Thee implicit dependence of the magnetization on temperature is obtained by 

minimizingg Eq. (2.17) with respect to a. In the case of absence of external pressure 

(p(p = 0), we obtain 

where e 

TT _ ap +&/7/T + BGQ/MBT0 

To To 
-- 2apT0a -

11 dSj{o) 

Nk, Nk, dG dG 

(2.18) ) 

aaJJ = 
y y 

9(2yy + l ) 4 - l 
JJ 5 [2(y+ 1)]4 

^^  = 
5[4yoo + i)] 2 

2[(2yy + l ) 4 - l F 0 

NkNkBBKTKT00p p 

(2.19) ) 

Here,, rfj  is an important parameter, involving the parameters K and fi that are 

relatedd to the volume change. In the molecular-field approximation, the spin 

entropy,, S,, is a function of the relative magnetization a and can be expressedd as a 

seriess in even powers of a [5]. For the compounds MnFeP]_xAsx (0.25 < x < 0.65), 

magnetizationn measurements at 5 K show that the saturation magnetization is about 

44 UB/f.u., from which we conclude that the angular momentum j equals 2 (assuming 

thatgg = 2). In this case, Eq. (2.18) becomes 
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TT==  2<7 + 0.867r?2g
3+£(T0/M gr0 

TT00 2a + 0.867CT3 + 0.606(T5 - 2ajST0<7 ' 

Thiss equation may express the temperature and field dependence of the 

magnetizationn of MnFePi_xAsx in the vicinity of the phase transition. In Chapter 5, 

wee will fit  our experimental results based on Eqs. (2.17) and (2.20), and will give a 

modell  description of the first-order magnetic phase transition in MnFePi_xAsx 

compounds. . 
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Chapterr  3 

Experimental l 

3.11 Sample preparation 

3.1.11 Arc melting and ball millin g 

Generally,, intermetallic compounds are prepared by melting. In this way, also the 

intermetallicc compounds investigated in this present thesis were prepared by arc 

meltingg appropriate amounts of the constituent elements, typically about 5 g, of at 

leastt 99.9 % purity in a water-cooled copper crucible pre-evacuated to better than 

2xl0"66 mbar and refilled with high-purity Ar gas. In order to obtain homogeneous 

samples,, arc melting was repeated several times. In order to eliminate the stress 

andd to obtain a homogeneous single-phase sample with large grains, the ingots 

weree annealed at appropriate temperatures for several days, depending on the series 

off  alloys. 

Thee vapor pressures of P and As are too high to prepare the intermetallic 

compoundss containing P and/or As by means of arc melting. Therefore, instead of 

arcc melting, the ball-milling technique was used to prepare fine metallic powders 

off  these compounds. This technique is also suitable to accomplish a wide range of 

chemicall  reactions. Millin g devices include vibratory and planetary mills; products 

includee amorphous and nanocrystalline materials, and solid solutions. During 

milling,, solid-state reactions are initiated through repeated deformation and 

fracturee of the powder particles. In this thesis work, a solid-state reaction method 
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wass used for the preparation of the samples discussed in Chapters 5 and 6. First, 

thee mixture of starting materials with appropriate amounts was ball milled, then the 

powderr was sealed in a molybdenum crucible under argon atmosphere and placed 

inn a quartz ampoule for a couple of hours at a temperature at which the reaction 

couldd take place. Subsequent annealing was performed at a temperature below the 

reactionn temperature. 

Figuree 3.1: Schematic representation of the high-energy vibratory mill 

usedd in the present work. 

Thee vibratory ball mill used in the present study is presented in Fig. 3.1. The 

devicee consists of a stainless-steel vial with a hardened-steel bottom, the central 

partt of which consists of a tungsten-carbide disk. Inside the vial, a single hardened-

steell  ball with a diameter of 6 cm is kept in motion by a water-cooled vibrating 

frame.. The amount of milled sample varied from about 5 to 10 g in this thesis 

work.. The device is evacuated during the milling down to a pressure of 10" mbar 

inn order to prevent reactions with the gas atmosphere. 
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3.1.22 Crystal growth 

AA single crystal of Gd5Sii.7Ge2.3 was grown with the traveling-floating-zone 

methodd in an adapted NEC double-ellipsoidal-type image furnace. A schematic 

picturee of the image furnace is shown in Fig. 3.2. 

Entrancee of atmospheric gas 

Figuree 3.2: A schematic picture of the NEC SC-N35HD image furnace 
(takenn from [1]). 

Thee furnace consists of two mirrors, which are plated with gold for enhanced 

reflectivityy and corrosion resistance. The heat sources are two halogen lamps. The 

filamentss of the two halogen lamps are positioned in the focus of each of the 

mirrors,, and are projected on the common focal point of the two mirrors. In this 

way,, the input power is concentrated on the molten zone between the feed and the 
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seed.. The temperature of the molten zone is controlled by controlling the dc-

voltagee of the two lamps. 

Feedss were prepared by arc-melting the pure starting materials into a button, 

whichh was then cast into a cylindrical rod of 4 to 5 mm diameter. A quartz tube 

servedd as growth chamber. Before the growth, the chamber was evacuated to a 

pressuree of 10"6 mbar, and then filled with about 900 mbar Ar gas. During the 

growth,, the Ar atmosphere was continuously purified with Ti - Zr getter. The feed 

andd seed were counter-rotated with speeds of 20 rpm. The pulling speed of the 

shaftss was 3 mm/h for the Gd5Sii.7Ge2.3 crystal. After the growth, the sample was 

slowlyy cooled down to room temperature. In this way, a single crystal of 

Gd5Sii.7Ge2.33 was obtained with a diameter of 4 mm. 

3.22 Sample characterization 

Powderr x-ray diffraction (XRD) patterns were taken at room temperature by means 

off  a Philips diffractometer with Cu K« radiation. In this way, the main phase as 

welll  as the impurity phases can be detected, when the latter are present in amounts 

off  at least 5 vol. %. The crystal structure and the lattice parameters (with an 

accuracyy of 0.5 %) of the crystalline materials were analyzed by means of a 

refinementt procedure using Philips X'pert software. Laue x-ray back-scattering 

diffractionn was used to examine the single-crystallinity and to determine the 

crystallographicc directions of the single crystal. A Laue photo gives information on 

thee crystal quality of the surface over an area of about 1 mm2. By taking several 

picturess at different positions information on single-crystallinity is obtained. The 

crystallographicc directions of the samples were determined by using the software 

Orientt Express [2]. 

Electron-probee microanalysis (EPMA) was used to check the homogeneity 

andd the stoichiometry, and also the single-crystallinity of the samples. The 

measurementss were performed in the JEOL JXA-8621 equipment [3] at the FOM-

ALMOSS facility at the Kamerlingh Onnes Laboratory, University of Leiden. 
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3.33 Magnetic measurements 

AA Quantum Design MPMS2-type SQUID magnetometer [4] was employed to 

investigatee the temperature and magnetic-field dependence of the magnetization. 

Thiss SQUID magnetometer is capable of measuring magnetization values in the 

rangee of 10"12 to 103 Am2 with an accuracy of 0.1 % in the temperature range from 

1.77 to 400 K and in the field range from - 5 T to 5 T. The samples used for 

magnetizationn measurements in the SQUID magnetometer are single crystals, 

polycrystallinee bulk pieces and powders. 

Measurementss of the magnetization loop in fields higher than 5 T and of the 

magnetoresistancee were performed in an Oxford Instruments MagLab system [5] in 

thee temperature range from 1.7 to 400 K and in the field range from - 9 to 9 T. The 

sensitivityy of the system for magnetization measurements is 10"6 Am2. 

3.44 Specific-heat measurements 

Specific-heatt measurements on GdRu2Ge2 at low-temperatures and in high-

magneticc field were performed in the Amsterdam 17 T specific-heat measurement 

set-upp [6]. In this set-up, the magnetic-field dependence of the specific heat can be 

measuredd at temperatures between 300 mK and 90 K, by using the welll  known, and 

reliable,, semi-adiabatic method. Electrical heat pulses with a duration of 15 to 30 s 

aree applied to a sample holder, which is made of gold-plated cold-rolled silver. The 

temperaturee before and after the heat pulsee is monitored by a so-called combination 

thermometerr [7], which exhibits a very limited field dependence. The 3He cryostat 

iss a closed system, working with a room-temperature gas-storage vessel, and a 

cryopumpp for cooling the system down to 300 mK. 

Specific-heatt measurements on GdsSiuGeu were performed in the 

temperaturee range from 4.2 to 300 K in a home-built set-up [8]. The accuracy of 

thee measurement is better than 1 % in the whole temperature range. The sample, 

withh a flat surface and a mass of about 100 mg, was fixed on a sapphire plate by N-
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typee apiezon for good thermal contact. The temperature of the sample is monitored 

byy a Cernox resistance-temperature sensor over the whole range of temperatures. A 

carbon-glasss thermometer and a PID temperature controller are used to control the 

environmentt temperature. In this way, semi-adiabatic measurements can be 

performed.. The magnetic -field dependence of the specific heat can be obtained by 

positioningg the system into a superconducting magnet system. 

Becausee of its high ordering temperature, the specific-heat measurements of 

MnFePo.45Aso.55(I)) were performed in a PPMS system [9] at the Kamerlingh Onnes 

Laboratory,, University of Leiden. In this system, the specific heat can be measured 

inn the temperature range from 1.7 to 400 K. 

3.55 Electrical-resistivity measurements 

Thee electrical resistance was measured by means of the four-point method using an 

Oxfordd Instruments MagLab system [5]. The system at the Van der Waals-Zeeman 

Institutee is equipped with a 9 T magnet and is capable of measurements between 

1.77 K and 400 K. The ac-frequency range is from 1 Hz to 10 kHz. The maximum 

inputt current (both ac and dc) is 250 mA. The sensitivity of the voltage 

measurementss is about 2 nV. 

Thee electrical resistivity p is obtained from the electrical resistance by 

p=RJ,p=RJ, (3.1) 

wheree R is the electrical resistance, A the cross section of the sample 

perpendicularr to the current direction, and / the distance between the voltage 

contacts.. The magnetoresistance is obtained from the electrical-resistance 

measurementss in an applied magnetic field by 
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AAPP(BJ)=^(BJ)=^ T)T)-*-* BB = 0>T\ (3.2) 
p(Bp(B = OJ) 

wheree B is the magnetic field and T is the absolute temperature. 

3.66 Determination of the magnetocaloric effect 

Theree are several ways to determine the MCE in a magnetic material 

experimentally.. Clark and Callen [10], Kuhrt et al. [11], and Ponomarev [12] have 

directlyy measured the temperature of the sample with a thermocouple during the 

applicationn or removal of a magnetic field. For the principal scheme of these direct-

measurementt methods and set-ups we refer to Dan'kov et al. [13]. The accuracy of 

thee direct measurements depends on the errors in thermometry, the errors in field 

settingg rates, the quality of thermal isolation of the samples, and the quality of the 

compensationn circuitry to eliminate the effect of the changing magnetic field on the 

temperaturee sensors. As Pecharsky and Gschneidner [14] have pointed out, tie 

accuracyy is claimed to be in the 5 to 10 % range. Larger errors will occur if one of 

thee above mentioned issues affecting the accuracy are not resolved properly. Other 

techniquess for determining the MCE are indirect. Indirect methods that are often 

usedd include the ones based on magnetization measurements and on specific-heat 

measurementss in a constant magnetic field. 

3.6.11 Determination of the magnetocaloric effect from magnetization 
measurements s 

Forr magnetization measurements made at discrete temperatures, the integral in Eq. 

(2.9)) can be numerically evaluated by 

ASmASm {T,AB) = X Ultf.B)-M,<Tl.B,)ABit (3 3) 
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wheree M(TnBt) and M(TnB()represent the values of the magnetization at a 

magneticc field Bt at the temperatures T. and Tit respectively. Tis the mean value of 

T.T. and 7]. AB{ is the step of field increase, and AB = Bf- B0. In the experiments that 

wee have conducted, the field is varied from B0 = 0 to a field B = Bf. The 

accumulationn of experimental errors in the determination of ASm(7\A5) has been 

analyzedd by Pecharsky and Gschneidner [15], and the validity of using this method, 

evenn for a first-order magnetic phase transition, is discussed in Refs. 16 and 17. 

Althoughh a magnetization measurement by means of a SQUID magnetometer is the 

mostt accurate method to determine the bulk magnetization of a magnetic material, 

thee accumulated errors in the determination of magnetic-entropy change 

ASASmm(T,AB)(T,AB) can be as high as 20 to 30 %, mainly because of the poor thermal 

contactt between the sample and the thermocouple. Nevertheless, this method is 

oftenn used to quickly establish the potential magnetocaloric properties of a 

magneticc material. 

3.6.22 Determination of the magnetocaloric effect from specific-heat 
measurements s 

AA specific-heat measurement is the most accurate method of determining heat 

effectss in a material. The total entropy change of a magnetic material can be 

derivedd from the specific heat by using Eq. (2.12). According to Eq. (2.7), this 

entropyy change is equal to the magnetic-entropy change for an isobaric- isothermal 

process.. This means that we can also obtain the magnetic-entropy change from the 

fieldfield dependence of the specific-heat measurements by using Eq. (2.12). 

Thee determination of the absolute value of the adiabatic temperature change 

inn different magnetic materials is a rather complicated task. By combining Eqs. 

(2.6),, (2.8), and (2.10), the infinitesimal adiabatic temperature change for the 

adiabatic-isobaricc process is found to be 
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dT(T,B)dT(T,B) = -
T T 

c.{T,B) c.{T,B) 

BM BM 
dB.dB. (3.4) 

Byy integration of Eq. (3.4), the adiabatic temperature change for a field change 

fromfrom Bj to Bf is given by 

TT f 2M \ 

dB.dB. (3.5) 
p p icicpp(T,B)(dT(T,B)(dT )B< 

Analyticall  integration of Eq. (3.5) is actually impossible since both the 

magnetizationn and the specific heat are material dependent and generally unknown 

functionss of temperature and magnetic field in the vicinity of the phase transition. 

Abovee the Debye temperature, the lattice specific heat of solids approaches the 

Dulong-Petitt limit of 3R. Therefore, at higher temperatures, if the specific heat can 

bee considered to be only weakly dependent on temperature, and the variation of 77 

ccpp(T,B)(T,B) with temperature is slow compared with the variation of the magnetization 

withh temperature, then, Eq. (3.5) can be simplified to 

ATATadad(T,AB)(T,AB) = l—ASm(T,AB). (3.6) 
ccpp(T,B) (T,B) 

Obviously,, MCE is large when (dM/df)B is large and cp(T,B) is small at the same 

temperature.. Since (dM/dT)Bp peaks around the magnetic ordering temperature, a 

largee MCE is expected in the vicinity of the temperature of the magnetic phase 

transition.. The determination of the MCE from magnetization, specific heat, or the 

combinedd magnetization and specific-heat data can be used to characterize the 

magnetocaloricc properties of magnetic refrigerant materials. Magnetization data 

providess the magnetic-entropy change ASm(T,AB). Specific heat at constant field 

providess both magnetic-entropy change ASm(T,AB) and adiabatic temperature 
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changee ATad(T,AB). However, an analysis of experimental errors in the MCE as 

derivedd from magnetization measurements and specific-heat measurements has 

beenn shown that the accumulation of experimental errors may be as high as 20 % to 

300 % near room temperature [15]. 
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Magneticc phase transitions and 
magnetocaloricc effect in Gd-based 
compounds s 

4.11 Introductio n 

Magneticc cooling takes advantage of the entropy difference between the 

magnetizedd and the demagnetized state of the working material. The entropy 

changee depends on both the properties of the material and the strength of the 

appliedd magnetic field. The magnetocaloric effect (MCE) in heavy rare-earth 

metalss and their compounds has been studied intensively for some decades because 

off  the fact that they possess the largest magnetic moments and, therefore, the 

largestt available magnetic entropy. Among them, Gd3+ has a *S1/2 ground state and 

thee highest effective exchange coupling around room temperature. Thus, for 

magnetic-coolingg purposes, Gd metal and its compounds appear to be superior to 

otherss in the sub-room-temperature range. 

Thee discovery of the giant MCE in the ferromagnetic (FM) material 

Gd5Si2Ge22 [1] and the high magnetic fields that can be generated by high-energy-

productt permanent magnets [2] have revived interest in magnetic cooling as a 

technologyy competitive with vapor-cycle refrigeration. In the meantime, the basic 
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understandingg of the MCE and its relationship with the magnetic phase transitions, 

andd the methods of determination of MCE in the investigated materials have been 

improved.. In the second section of this chapter, we present a study of the magnetic 

phasee transition and the MCE in the compound GdRu2Ge2 by means of both 

magnetizationn and specific-heat measurements. In the third section, we present the 

magneticc phase transitions and the dependence of the MCE in single -crystalline 

Gd5Si1.7Ge2.33 on the crystallographic directions. 

4.22 GdRu2Ge2 

4.2.11 Introductio n 

Recently,, large MCEs have been observed in materials that exhibit a magnetic 

field-inducedfield-induced first-order phase transition. Pecharsky and Gschneidner [1] have 

discoveredd the so-called giant MCE in Gd5Ge2Si2, originating from a first-order 

structurall  and magnetic transition at Tc = 276 K. Wada et al. [3] have observed a 

largee MCE in DyMn2Ge2, originating from two successive first-order phase 

transitionss at 36 and 40 K. The ternary rare-earth compounds of the type GdT2X2 

(TT = transition metal; X = Si, Ge) have been studied intensively because of the 

largee variety of structural and physical properties shown by these phases [4, 5]. 

Duongg [6] has studied the magnetic properties of GdT2Ge2 (T = 3d, 4d) and found 

thatt there are several types of magnetic phase transitions in these compounds. For 

instance,, GdRu2Ge2 displays a field-induced magnetic phase transition at low field 

strengths.. In this section, we report on the magnetic phase transitions and the 

determinationn of the MCE in this compound by means of specific-heat 

measurementss and magnetization measurements. 

4.2.22 Experimental 

AA polycrystalline sample of GdRu2Ge2 was prepared by repeatedly arc-melting 

appropriatee amounts of the starting materials with a purity of 99.9 wt.% and 
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subsequentt annealing at 1073 K for two weeks in a 200 mbar Ar atmosphere. The 

annealedd sample was examined by x-ray diffraction (XRD) and found to be mainly 

singlee phase with the tetragonal ThC^Sfe-type structure. The composition of the 

samplee was examined by electron-probe micro-analysis (EPMA) and found to be 

mainlyy the stoichiometric composition GdRu2Ge2 with a small amounts of second 

phasee of Gd oxide [6], 

Thee temperature and the field dependence of the magnetization of the sample 

wass measured in a SQUID magnetometer and an Oxford Instruments MagLab 

systemm in the temperature range from 5 to 300 K. 

Specific-heatt measurements were performed by means of a semi-adiabatic 

heat-pulsee method in the temperature interval from 300 mK to 70 K in fields of 0, 

2,, 4, 6, and 15 T. The magnetic-entropy changes in GdRu2Ge2 were determined 

fromfrom magnetization data by using Eq. (5.3) and from the specific-heat data by 

usingg Eq. (2.12). Finally, the adiabatic temperature change ATad was obtained by 

usingg Eq. (3.6). 

4.2.33 Results and discussion 

Thee temperature dependence of the specific heat of GdRu2Ge2, measured on a 

polycrystallinee sample, is shown in Fig. 4,1 in the representation cp/Tvs T. Two 

distinctt peaks at Tx = 29 K and T2 = 33 K are observed in the zero-field specific-

heatt curve, indicating two separate phase transitions exist in this compound. The 

temperaturee dependence of the magnetization measured in a field of 0.1 T is shown 

inn Fig. 4.2. This result agrees with the result of the specific -heat measurements, 
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Figuree 4.1: Temperature dependence of the specific heat, plotted as cp/Tvs 

T,T, of GdRu2Ge2 in zero field and in fields of 2, 4, 6, and 15 T. These results 

havee been taken from Ref. [6]. 

4.0 0 

GdRu 2Ge2 2 

100 0 

Figuree 4.2: Temperature dependence of the magnetization of GdRu2Ge2 

determinedd on a sample cooled to 5 K in zero field. The measurement was 

madee on heating in a field of 0.1 T. 
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althoughh the two separate transitions are less clear in the M{T) curve. The peak in 

thee cp/T curve at lower temperature 7] still persists in a field of 2 T, but has become 

markedlyy broadened and has disappeared in the curves measured in higher fields. 

Thee peak at higher temperature has become invisible in the 2 T field curve due to 

broadening.. At about 34 K, the specific heat in a field of 2 T exceeds the value in 

zeroo field. These results indicate that the observation of T\ and T2 strongly depends 

onn the strength of the applied field. 

40 0 
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Figuree 4.3: Total entropy of GdRu2Ge2 as a function of temperature and 

magneticc field, derived from specific -heat measurements. 

Thee temperature dependence of the total entropy S in different fields was 

obtainedd by integrating cpIT with respect to 7 by using Eq. (2.11). The results are 

depictedd in Fig. 4.3. The zero-field S(T) curve shows a small change at the 

transitions.. In the non-zero-field 5(7) curves, no clear changes are found at the 

transitions.. The field dependence of the magnetization of GdRu2Ge2 at 5 K, 15 K 

andd 31 K, measured with increasing field and subsequent decreasing field, is shown 
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inn Fig. 4.4. The M(B) curves measured at 5 K and 15 K show a rapid increase in 

magnetizationn at 1 T and 0.8 T, respectively. The saturation moment at 9 T is about 

7.44 ^B/Gd-atom, which is close to the value for the free Gd3+ ion. These results 

showw that the field-induced magnetic transition is of the antiferromagnetic to FM 

typee and that the transition is magnetically reversible. This transition is closely 

15K K 

«99 31 K 

increasingg field 
i—— decreasing field 

44 6 
M0H(T) ) 

10 0 

Figuree 4.4: Field dependence of the magnetization of GdRu2Ge2 at 5, 15 

andd 31 K, measured with increasing fie Id and subsequently with decreasing 

field. field. 

associatedd with the fact that the PM Curie temperature is positive (dp = 37.2 K) 

[6].. It means that the overall interaction between the Gd moments in this compound 

iss FM and that the antiferromagnetic ground state is rather instable. The broadening 

off  the transition in the cp/T(T) curves measured at H * 0 can be ascribed to this 

field-inducedfield-induced magnetic transition. 

Figuree 4.5 shows a set of magnetic isotherms of GdRu2Ge2, measured in the 
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Figuree 4.5: Magnetic isotherms of GdRu2Ge2 between 5 and 75 K, 
measuredd with increasing magnetic field. 

T(K) T(K) 

Figuree 4.6: Comparison of the magnetic-entropy changes of GdRu2Ge2 

derivedd from the magnetization and from the specific heat. 
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temperaturee range from 5 to 75 K and fields up to 5 T, with increasing temperature 

stepss of 5 K. From these magnetization data, the isothermal magnetic-entropy 

changee ASm has been derived by using Eq. (3.3). The results are shown in Fig. 4.6 

togetherr with the results obtained from the specific-heat measurements by using 

Eq.. (2.12). ASm is seen to peak around 33 K, which is close to the magnetic-

orderingg temperature. The negative values of - ASm obtained below 20 K for a field 

changee from 0 to 2 T are due to the fact that the material is in the antiferromagnetic 

state,, in which the external field reduces the magnetic order rather than enhances 

it.. The maximal values of -ASm are 1.7 J/kgK and 5.0 J/kgK in 2 T and 4 T, 

respectively.. The entropy changes associated with the two successive transitions 

aree only a small fraction of the maximum available magnetic entropy of Gd, 

i?ln(2/+l)) = 110 J/kgK (J = 7/2 for Gd3+). The magnetic-entropy changes 

determinedd by means of the two types of measurements agree quite well. This 

confirmss that magnetic measurements form a reliable method to determine the 

isothermall  magnetic-entropy change of magnetic materials. 
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Figuree 4.7: Adiabatic temperature change ATad in GdRu2Ge2 between 5 

andd 50 K for magnetic field changes from 0 to 2, 0 to 4, and 0 to 6 T. 
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Thee temperature dependence of the adiabatic temperature change ATad in 

thee temperature range from 5 to 50 K upon field changes ranging from 0 to 2, 0 to 

44 and 0 to 6 T has been derived from the specific -heat measurements by using Eq. 

(3.6).. The results are shown in Fig. 4.7. The maximum values of ATad are 

approximatelyy 1.5, 3.5 and 4.5 K for field change from 0 to 2, 0 to 4 and 0 to 6 T, 

respectively.. The profiles of ATad are similar to those of ASm, although there is 

somee broadening of the peaks. 

4.2.44 Conclusions 

GdRu2Ge22 orders antiferromagnetically below T2 = 33 K. The antiferromagnetic 

groundd state is rather unstable. At 5 K, a field-induced transition occurs at a field of 

11 T. This transition is closely associated with the overall interaction between the 

Gdd moments as indicated by the positive paramagnetic Curie temperature. We 

foundd that the maximum value of the adiabatic temperature change ATad is about 

4.55 K in 6 T, which is a moderate MCE for a rare-earth compound in the 

temperaturee range below 40 K. The results confirm that specific-heat and 

magnetizationn measurements can both be employed to assess the MCE of a 

magneticc material. 

4.33 Single-crystalline GdsSii.7Ge23 

4.3.11 Introductio n 

Thee discovery of the giant MCE in GdsSfcCfo [1] has led to a revival of the 

researchh dealing with magnetic refrigeration. This compound belongs to the 

pseudo-binaryy system Gd5(SiKGei.x)4, in which the magnetic properties change 

fromfrom antiferromagnetic to ferromagnetic (FM) upon increasing the Si content x. 

Thee composition range 0.24 < x < 0.5 is of special interest since a giant MCE, giant 

magnetoresistancee [7], and colossal magnetostriction [8] are observed in this 
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compositionn range. All these unusual features are related to a first-order magnetic 

phasee transition accompanied by a structural transition from the low-temperature 

orthorhombicc FM state to the high-temperature monoclinic paramagnetic (PM) 

state.. This magneto-structural transition can be induced by temperature and/or by 

magneticc field. 

AA better understanding of the nature of the first-order phase transition in the 

Gds(Sv<3ei.044 system is of fundamental and practical importance. Especially the 

relationn between the structural and magnetic phase transitions from the low-

temperaturee orthorhombic FM state to the high-temperature monoclinic PM state 

andd the giant MCE in the Gd5(SixGei.x)4 alloys is intriguing. Choe et al. [9] have 

studiedd the formation and breaking of the covalent bonds between Si(Ge) and 

Ge(Si)) atoms in Gd5Si2Ge2, and have pointed out that the structural transition 

occurss by a shear mechanism in which the (Si,Ge)-(Si,Ge) dimers increase their 

distancee by 0.859(3) A which leads to twinning. The structural transition changes 

thee electronic structure and provides on micro-structural level an explanation of the 

changee in magnetic behavior with temperature in this system. Both the magnetic 

andd the crystal structure are easily affected by temperature and/or magnetic field, 

indicatingg a strong coupling between the magnetism and the lattice. The changes in 

thee magnetic and crystallographic parameters of such a system may lead to unusual 

phenomena,, such as unusual magnetic behavior and the spontaneous generation of 

ann electrical voltage in Gd5(SixGei_x)4 during the transition [10]. 

Inn order to obtain more insight into the mechanism of this unusual physical 

behaviorr and the MCE in the Gd5(SixGe,.x)4 system, we have grown a single crystal 

off  Gd5Si,.7Ge2.3 and studied the magnetic and magnetocaloric properties and their 

relationshipp with the structural and magnetic phase transitions. 

4.3.22 Crystal growth and characterization 

AA single crystal of GdsSi^Gê was grown by means of the traveling-floating-zone 

methodd in an adapted NEC double-ellipsoid image furnace. The starting materials 
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weree 4N Gd (from Ames Lab., USA), 6N Si and 6N Ge. The crystal was grown 

underr an Ar atmosphere of 900 mbar with a speed of 3 mm/h. The feed and seed 

weree counter-rotated at 22 and 31 rpm, respectively. The characteristic region 

betweenn 20 = 20 and 40° of a powder XRD pattern of Gd5Si17Ge2 3 is shown in 

Fig.. 4.8. Si powder was added as internal standard. The diagram was indexed 

withinn the monoclinic structure (space group PI 12[/a) with the unit-cell parameters 

aa = 7.585 A, b = 14.800 A, c = 7.777 A, ft = 93.29°. The unit cell contains four 

formulaa units and has a volume Q = 871.6 A3. The molar volume Vm equals 1.312 

xx 10" m /mol. These crystallographic data are in good agreement with literature 

valuess [11,12]. 

""  Gd Si Ge 

(A A 
C C - i ii  n i i ii  i i i i i i i i ii  i 11 n i 

26 6 28 8 30 0 322 34 

200 (deg.) 

36 6 38 8 40 0 

Figuree 4.8: XRD pattern of the Gd5Sii.7Ge2.3 collected at room temperature. 

Thee open circles represent the observed data and the lines represent the 

calculatedd XRD pattern. The vertical bars indicate the calculated positions 

off  the Bragg reflections for Cu K,,, radiation. The difference between the 

experimentall  and calculated intensities is shown at the bottom as a solid 

line. . 
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Figuree 4.9: EPMA micrograph of a Gd5Sii.7Ge2.3 single crystal. 

Thee as-grown single crystal was checked as regards composition, 

homogeneityy and single-crystallinity by means of EPMA and x-ray Laue 

backscattering.. The EPMA micrograph as presented in Fig. 4.9 shows that the 

crystall  is homogeneous. A slight gradient of the Si content has been detected along 

thee growth direction of tie crystal. The average composition of the crystal is 56.3 

at.. % Gd, 18.4 at. % Si and 25.3 at. % Ge, which corresponds to the actual formula 

Gd5.06Si1.6eGe2.28--

4.3.33 Magnetic properties 

Figuree 4.10 shows the temperature dependence of the magnetization of single-

crystallinee Gd5Sii.7Ge2.3, measured in a magnetic field of 50 mT and 5 T, 

respectively,, applied along the three principal crystallographic axes. The magnetic 

orderingg is observed as a pronounced change in magnetization, which is clearly 

differentt from a second-order FM phase transition, indicating that the transition is 

off  first order. The Curie temperature Tc, determined as the temperature 

http://Gd5.06Si1.6eGe2.28
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Figuree 4.10: Temperature dependence of the magnetization of Gd5Sii7Ge23 

inn a field of 50 mT (top panel) and 5 T (bottom panel), respectively, 

measuredd with the field direction along the three principal axes a ([100]), b 

([010]),, and c ([001]). 

correspondingg to the extreme of dM/dT, is 240.2 K. In the FM state, the M(T) 

curvess measured for Gd5Sii.7Ge2.3 in a field of 50 mT display anisotropic behavior. 

Thiss anisotropy in the M(T) curves of Gd5Sii.7Ge2.3 disappears in a field of 5 T as 

indicatedd in the bottom panel of Fig. 4.10. This is, therefore, possibly due to 

domain-walll  displacement and/or rotation of the magnetization of the domains, 

whilee one cannot exclude that it is related to a spin reorientation. In the 

paramagneticc state, the temperature dependence of the inverse dc magnetic 

susceptibilityy of Gd5Sii ?Ge23 obeys the Curie-Weiss law in the higher-temperature 

regionn with an effective moment //efrof 8.2, 8.4, and 8.6 ^B/Gd-atom for the a, b, 

andd c direction, respectively. These values are slightly larger than the theoretical 
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valuee of 7.94 //B for a free Gd3+ ion and the experimental value of 7.98 juB for Gd 

metal.. The PM Curie temperature Q equals 204 K. 

Inn order to determine the change of the Curie temperature with applied 

magneticc field and the thermal hysteresis, we have performed measurements of the 

temperaturee dependence of the magnetization with increasing and decreasing 

temperaturee in fields of 1, 2, 3, 4 and 5 T. The results are shown in Fig. 4.11. It is 

clearr that the Curie temperature increases with increasing field and that there is a 

largee thermal hysteresis. 

1800 200 220 240 260 280 300 

7 ( K ) ) 

Figuree 4.11: Temperature dependence of the magnetization of 

Gd5Si,.5Ge2.3,, measured with increasing and decreasing temperature in a 

fieldfield of 1, 2, 3, 4, and 5 T, respectively. 

Figuree 4.12 shows the magnetic isotherms of single-crystalline Gd5Sii.7Ge2 3 

measuredd at 5 K and at several temperatures around Tc, measured with the 

magnetic-fieldd direction along the three principal crystallographic axes [100], [010] 
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Figuree 4.12: Magnetic isotherms of Gd5Sii.7Ge2.3 along the three principal 

axess at 5 K and at several temperatures, which are in the vicinity of the 

Curiee temperature, measured with increasing (A) and decreasing (V) field. 

andd [001] with increasing and decreasing magnetic fields. The spontaneous 

magnetizationn at 5 K is 7.08, 7.18, and 7.28 //B/Gd-atom along the a, b, and c axis, 

respectively.. These values are slightly larger than the value of 7.0 /*B/Gd-atom for 

thee free Gd3" ion. Below Tc, the magnetization curves show FM behavior. Above 

TTcc,, the magnetization increases linearly in low field strengths, which is 

characteristicc for simple PM behavior. Above a lower field 5cl, the magnetization 
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increasess sharply and saturates at a higher field Bc2, indicating that the applied 

magneticc field gives rise to a field-induced PM to FM phase transition. With 

decreasingg field, a reverse magnetic phase transition FM to PM starts at the field 

5c33 and ends at the field 5c4. The field hysteresis observed in the field dependence 

off  the magnetization, which is about 1 T, also indicates that the transition is of first 

order. . 
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Figuree 4.13: Magnetic phase diagram of Gd5Sii.7Ge2.3-(B) and ) indicate 

thee data from the temperature dependence of the magnetization. (A, A), (T, 

v)) and , o) indicate the data from the field dependence of the 

magnetization,, measured along the [001], [010] and [100] direction, 

respectively.. The solid lines are guides to the eye. 

Thee magnetic phase diagram of Gd5Sii.7Ge2.3 constructed from the 

temperaturee dependence of the magnetization and the field dependence of the 

magnetization,, measured with the field direction along three principal 

crystallographicc axes. The results are shown in Fig. 4.13. The critical-field values 

weree taken as the mean value of 5cl and Bc2 for increasing field and, 5c3 and Bc4 for 

decreasingg field, respectively. Both sets of experimental data are in good 

dataa from 
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agreementt with each other and there are no clear differences along the three 

directions.. Tc almost linearly increases with increasing field at a rate of 4.4 K/T. 

Extrapolationn of the temperature dependence of the critical-field lines to zero field 

showss that the zero-field Curie temperature Tc of Gd5Sii.7Ge2.3 is 240.1 K for a 

measurementt with increasing temperature and 235.3 K for decreasing temperature, 

respectively.. It indicates that a thermal hysteresis of about 5 K exists between the 

increasing-- and decreasing-temperature measurements. This is in good agreement 

withh the result observed in thermal-expansion measurements [13]. 

4.3.44 Specific heat 

Usually,, the specific heat of a material at constant pressure behaves anomalously 

nearr the magnetic phase transition and hence measurements of the specific heat can 

bee a useful tool for studying the nature of a given magnetic phase transition. Figure 

4.144 shows the temperature dependence of the specific heat of Gd5Sii.7Ge2.3, 

measuredd with increasing temperature in zero field. 

Gd
5Si 1 7Ge2 3 3 

zeroo fiel d 
increasin gg  T 

TTcc = 239 K 

300 0 

Figuree 4.14: Temperature dependence of the specific heat of Gd5Si|.7Ge2.3, 

inn the representation cpIT vs T, measured with increasing temperature in 

zeroo field. The solid line is a Debye fit with 6D = 237 K. 
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Figuree 4.15: Temperature dependence of the specific heat of Gd5Si17Ge2.3, 

inn the representation cpIT vs T, measured with increasing temperature in 

zeroo field and in 2 T. 

Thee peak position corresponds to a Tc of about 239 K, which is slightly smaller 

thann the value of Tc obtained from magnetic measurement. The sharpness and the 

largee amplitude of the peak suggest that the phase transition in Gd5Sii.7Ge2.3 is of 

firstt order. A fit  of the low-temperature data to the formula cpIT = y +fiT2 yields 

ann electronic contribution to the specific heat y = 32.3 mJ/molK and a Debye 

temperaturee QD = 237 K. 

Figuree 4.15 shows the specific heat of Gd5Sii.7Ge2.3 measured across the 

phase-transitionn region in zero field and in 2 T with increasing temperature. The 

magneticc field suppresses the magnetic part of the specific heat and shifts the peak 

positionn to a higher temperature Tc, which is about 246 K at 2 T. This value is 

slightlyy smaller than the value of Tc (in 2 T) obtained from the magnetic 

measurement. . 
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4.3.55 Magnetocaloric effect 

Thee magnetic-entropy changes of Gd5Si|.7Ge2.3, which have been derived from the 

magneticc isotherms measured with increasing temperature and increasing field 

alongg the three principal axes by using Eq. (3.3), are displayed in Fig. 4.16. 
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Figuree 4.16. Temperature dependence of the magnetic-entropy changes of 
GdjSiuGeajj  along the three principal crystallographic axes, for field 
changess from 0 to 1, 0 to 2, 0 to 3, 0 to 4 and 0 to 5, derived from the 
magnetizationn data. 
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Figuree 4.17: Temperature dependence of the total entropy of Gd5Si,.7Ge2.3 

determinedd from the zero-field specific heat. The inset shows an enlarged 

vieww of the entropy at the transition. 

Thee shape of -ASm consists of a spike and a plateau part. The spike is probably 

relatedd to an irreversible magnetization process and most likely associated with the 

factt that the magnetic transition occurs simultaneously with the crystal-structure 

change,, and it boosts the value of - ASm to higher values. With increasing field, the 

plateauu part saturates and extends to higher temperatures. 

Thee entropy evolution as a function of temperature, S(T)- \c {T)ITdT > 

off  the system can directly be obtained from the specific-heat data. The 5(7) curve 

inn zero field is depicted in Fig. 4.17. The entropy change associated with the 

transitionn is about AS = 11 J/kgK and the latent heat L= TCAS = 2.63 kJ/kg. 
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4.3.66 Discussion and conclusions 

First,, we discuss the magnetic phase transition and the magnetic interactions in 

Gd5Sii.7Ge23.. On the basis of the observed discontinuous behavior of the 

magnetizationn and the entropy at the transition, and the constructed magnetic phase 

diagramm of GdsSiuGe,̂ we conclude that the phase transition observed in this 

materiall  is a first-order phase transition. From the specific-heat measurements, we 

havee determined the latent heat involved in this phase transition is about 2.63 

kJ/kgK.. According to the study reported in Ref. 8, the origin of the transition is a 

simultaneouss structural and magnetic phase transition. The crystal structure adopts 

thee orthorhombic structure in the FM state and changes into the monoclinic 

structuree in the PM state. The major crystallographic structure change occurs due 

too the breaking cf covalent-like Si-Si, Si-Ge and Ge-Ge bonds at the transition 

fromfrom the FM state to the PM state [9,14]. 

Thee large effective magnetic moment, the abrupt change in the magnetization 

att the transition, and the anisotropy observed in Gd5Si]  7Ge23 cannot well be 

explainedd in the framework of the indirect RKKY 4f-4f exchange interaction. 

Therefore,, there may exist other exchange interactions that play an important role 

inn this compound. One possible exchange interaction in this compound may be the 

indirectt exchange between the 4f-electron spins via polarization of the 5d-electron 

spinss [15]. The experimental observation of saturation magnetic moments at 5 K 

thatt are slightly larger than the Gd free-ion moment and the somewhat enhanced 

effectivee magnetic moment support the occurrence of polarized 5d-electron spins in 

thiss compound. Another possible interaction is a Gd-Si(Ge)-Gd superexchange 

interactionn in the low-temperature FM phase propagating through the interlayer 

covalent-likee bonds [15]. The fact that the long-range FM order is abruptly 

destroyedd at the transition where the material becomes PM is because of the 

breakingg Si(Ge)-Ge(Si) bond between the slabs occurs at the structural 

transformationn which leads to the disappearance of the superexchange interaction. 
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However,, the determination of these interactions is complicated because they are 

stronglyy dependent on composition and temperature [9]. 

Secondly,, we discuss the MCE observed in this compound. The MCE in this 

phase-transitionn region is extremely large. Not only the magnitude of the MCE is 

large,, but also the full width at the half maximum of the MCE with respect to the 

fieldd change is large. The maximum value of - ASm for a field change from 0 to 5 

TT is 44.6 J/kgK at the spike and around 30 J/kgK at the plateau part. These values 

aree consistent with the results reported earlier on polycrystalline material [16]. If 

wee take 30 J/kgK as maximum value of the magnetic-entropy change - ASm (max) 

thenn the full width at the half maximum (8TFWHM = T2 - Tx ) [16] is about 19 K for 

aa field change from 0 to 5 T. A recent study [17] has shown that the plateau part 

perfectlyy matches the AS values given by the Clausius-Clapeyron equation 

AS=AMdBAS=AMdBcc/dT/dT (where AM is the jump of the magnetization at the magneto-

structurall  transition, and dBJdT is the rate of critical-field change with 

temperature).. From the linear relation between Bc and T, we have obtained dBc/dT 

==  0.23 T/K. If we take the value of M at the Tc as AM , then we obtain AS as 32 

J/kgKK for a field change from 0 to 1 T and 35 J/kgK for a field change from 0 to 5 

T.. These values roughly match with the values of AS on the plateau part shown in 

Fig.. 4,16. However, we should mention that the value of dBc/dT can be easily 

determinedd from the phase diagram (see Fig. 4.13), but the determination of the 

jumpp of the magnetization at the transition is complicated because the first-order 

transitionn does not occur infinitely fast. One may determine AM in different ways 

fromfrom the M(T) curve or from the M(B) curve and may obtain different values. 

Finally,, we discuss the magnetic anisotropy in this compound. The magnetic 

anisotropyy of the Gd-based compounds is usually negligible due to the spherical 

symmetryy of the 4f orbitals of Gd3+ ions and the isotropic nature of the RKKY 

interaction.. There are, however, some indications for anisotropic behavior in this 

material.. First, the temperature dependence of the magnetization in low field 
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exhibitss an anisotropic behavior. As we discussed this anisotropic behavior may 

belongg to the domain-wall displacement and/or rotation of the magnetization of the 

domains.. However, the anisotropy may arise from anisotropic exchange 

interactions.. Duijn [18] has proposed a possible mechanism for the occurrence of 

anisotropyy in the Gd5(Sii.xGex)4 compounds. Our magnetic measurements show 

thatt the magnetic anisotropy is negligibly small and/or has only a minor effect on 

thee magnetization along three principal crystallographic axes as well as the MCE in 

thee compound Gd5Sii.7Ge2.3, as indicated by the similar magnetic behavior and 

magnitudee of - ASm obtained along the three principal axes. It should be noted that 

thesee magnetic parameters are determined for the monoclinic structure, while the 

FMM phase adopts the orthorhombic structure. The other anisotropic behavior in this 

compoundd that should be mentioned is found in the thermal-expansion 

measurementss along the principal crystallographic axes that have been performed 

onn the same single crystal [13]. They show that the magnetic and structural phase 

transitionn occur at one and the same temperature. The thermal expansion shows a 

pronouncedd anisotropy between the 6c-plane and the a-axis. The resulting steps in 

AL/LAL/L for the b- and c-axis attain negative values of- 2.0 x 10"3 and - 2.1 x 10"3, 

uponn heating, respectively, while for the a-axis the step is positive and much larger, 

6.88 x 10"3. The volume change AVIV at Tc is positive and amounts to 2.7 x 10"3. 

Byy combining the specific -heat and the thermaLexpansion data and by making use 

off  the Clausius-Clapeyron relation, we extract a hydrostatic pressure dependence of 

TTcc equal to dTc/dp = 3.2  0.2 K/kbar. This value is in good agreement with the 

valuee dTc/dp = 3.46 K/kbar extracted from thermal-expansion measurements under 

hydrostaticc pressure for a GdsSii.gGê sample [8]. The result points out that the 

pressuree effect is strongly anisotropic. Uniaxial pressure along the a-axis enhances 

Tc,, while uniaxial pressure in the bc-p\ane suppresses Tc. This provides important 

informationn how to chemically substitute the system in order to further enhance Tc. 

Inn conclusion, we have studied the magnetic and magnetocaloric properties 

off  a single crystal of Gd5Si[  7Ge2.3. The bulk-property measurements show thatt the 



48 8 Chapterr  4 

unusuall  magnetic properties and the giant MCE in this compound is associated 

withh a simultaneous magnetic and structural transition. This phase transition is of 

firstfirst order. The magnetic properties observed in this compound suggest that not 

onlyy the indirect RKKY exchange interaction, but also the indirect 4f-electron 

spinss coupling via polarization of 5d-electron spins and the Gd-Si(Ge)-Gd 

superexchangee interaction may play important roles in governing the magnetic 

propertiess of Gd5Sii.7Ge2.3. The MCE in this compound system is large. There are 

somee indications of the magnetic anisotropy in this compound. But the magnetic 

anisotropyy has a negligible effect on the MCE in this compound. However, an 

accuratee determination of the magnetic structure, the magnetic interactions and the 

microstructuree of the Gd5Si1,7Ge2 3 compound are still required for a full 

understandingg of the unusual magnetic behavior observed in this interesting alloy 

system. . 
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Magnetocaloricc effect in hexagonal 
MnFePi_xAsxx compounds 

5.11 Introductio n 

Sincee the discovery of the giant magnetocaloric effect (MCE) in Gd5Ge2Si2 at 

Amess Laboratory [1], the research on magnetic refrigerant materials has been 

stronglyy intensified worldwide. Currently, most research groups study the MCE in 

rare-earth-basedd materials because the large moments of the rare-earth atoms imply 

thee possibility of large MCE. However, especially for the important applications 

aroundd room temperature only a very limited number of rare-earth compounds 

(usuallyy the ordering temperature of the rare earth compounds is below room 

temperature)) are suitable because the MCE is optimal around the magnetic-

orderingg temperature. The largest MCE known so far in rare-earth materials near 

roomm temperature is observed in Gd metal. The maximum MCE in Gd occurs at the 

temperaturee where it orders ferromagnetically (294 K). When the magnetic field 

changess from 0 to 1.5 T, the MCE is about 4 K, and it is 11 K when the magnetic 

fieldfield changes from 0 to 5 T [2]. It is unclear whether the giant-MCE material 

Gd5Ge2Si2,, which was reported to exceed the reversible MCE in any known 

magneticc material by at least a factor of two, will be suitable for practical 

application.. Because of the low Curie temperature (about 276 K) and the relatively 

largee thermal hysteresis, this may not be the case. 
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Onn the other hand, a number of transition-metal-based materials, such as 

FeRhh [3, 4], MnP,.xAsx [5], MnzSb [6], MnAs,.xSbx [7], and La,.xCaxMn03 [8, 9] 

havee been investigated with respect to their MCE. In general, the MCE in 

transition-metal-basedd materials is lower than in rare-earth alloys in the same 

temperaturee range. Interestingly, FeRh exhibits an unusual and irreversible, but 

giant,, MCE as large as -13 K at 307 K for a field change from 0 to 1.95 T. This 

effectt is related to a first-order metamagnetic phase transition. The lanthanum-

manganesee perovskite oxides Lai_xCaxMn03, known as colossal-magnetoresistance 

(CMR)) material, also show considerable magnetic-entropy changes. In these CMR 

materials,, only the Mn ions have magnetic moments. However, Pecharsky et al. 

[10]]  and Sun et al. [11] have pointed out that the CMR materials do not seem 

promisingg candidates for magnetic refrigeration as previously claimed in many 

reports,, because of their relatively small adiabatic temperature change. 

Thee results on the above-mentioned Mn-based materials have in common 

thatt their MCE can be rather large. This motivated us to study the MCE in the 

vicinityy of the first-order metamagnetic phase transition in other Mn-based 

materials.. These materials have various phase transitions and frequently order 

aroundd room temperature, and Mn ions can have relatively large magnetic 

momentss compared to other transition metals. However, the magnetic moments of 

Mnn are generally about two times smaller than those of the heavy rare-earth 

elements.. Enhancement of the MCE associated with magnetic -moment alignment 

mayy be achieved through the induction of a first-order phase transition. 

Amongg Mn-based compounds, the hexagonal MnFePi.xAsx compounds that 

aree stable for 0.15 < x < 0.66 exhibit peculiar magnetic properties [12-14] 

associatedd with a first-order metamagnetic transition. Our recent studies [15,16] 

havee shown that MnFePj.xAsx compounds possess a large magnetic-entropy change 

withh the same magnitude as Gd5Ge2Si2. This result is of significant importance, 

becausee it not only makes these compounds attractive candidates for working 

materialss in magnetic refrigeration but also indicates significant progress in the 
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searchh for new magnetic refrigerant materials. In this chapter, we report on a 

detailedd study of the magnetic and magnetocaloric properties of the hexagonal 

MnFePi.xAsxx compounds. 

5.22 Sample preparation and characterization 

Polycrystallinee samples of MnFePi_xAsx compounds with nominal compositions x 

== 0.25, 0.35, 0.45, 0.50, 0.53, 0.55 and 0.65 were synthesized by a solid-state 

reaction.. The starting materials used in our sample preparation are the binary 

compoundss Fe2P (purity 99.5 %, Alfa Aesar) and FeAs2 (purity 99.5 %, Alfa 

Aesar),, pure Mn chips (purity 99.99 %) and red-P powder (purity 99.99 %). In 

orderr to obtain homogeneous samples, appropriate proportions of the starting 

materialss were ball milled in a high-energy vibratory ball-mill before the solid-state 

reaction. . 

Figuree 5.1 presents the x-ray diffraction (XRD) patterns of MnFePo.sAso.s 

afterr various periods of milling. With increasing milling time, the characteristic 

.. M n | - e ^ 0 5 A S 0 . 5 A MnFeP05As 05 5 900 h 

400 h 

Figuree 5.1: XRD patterns of MnFePo.sAso.s after various periods of milling. 
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peakss of the starting materials become broadened. After 90 hours milling, only the 

broadd profile of Mn is visible. For complete homogenization, all the samples are 

milledd up to 200 hours. 

Thee solid-state reaction was performed in a molybdenum crucible. First, the 

obtainedd mixture was sealed in the crucible in a 100 - 200 mbar Ar atmosphere. 

Then,, this crucible was heated at 1273 K for 100 hours, followed by a 

homogenizationn process at 923 K for 120 hours. Finally, the crucible was slowly 

cooledd down to ambient conditions. 

Thee powder XRD patterns of the samples show that the MnFeP|.xAsx 

compoundss with x = 0.25, 0.35, 0.45, 0.50, 0.53, 0.55 and 0.65 crystallize in the 

hexagonall  Fe2P-type of structure (space group P62m ) with a small amount of 

MnOO as a second phase. From the broadening of the XRD patterns, the mean grain 

sizee is estimated to be about 100 nm. The homogeneity and stoichiometry of the 

sampless with x = 0.45, 0.53, and 0.55 were checked by means of electron-probe 

microanalysiss (EPMA). Also the MnFePo.45Aso.55 sample contains an extra phase 

withh Mn, which is probably MnO as detected by XRD. The MnFePo.47Aso.53 sample 

alsoo contains an extra phase with Mn. The actual composition of the main phase of 

MnFePo.47Aso.533 is 30.1 at. % Mn, 34.5 at. % Fe, 16.0 at. % P and 18.8 at. % As, 

whichh corresponds to the formula Mno.93Fe104Po.48Aso.56. The composition of the 

samplee is very sensitive to the starting materials and the preparation process. For 

thee composition x = 0.55, we used two samples for the measurements presented in 

thiss chapter. Because their properties are slightly different, one is indicated as 

MnFePo.45Aso.55(I),, and the other as MnFeP0 ̂ Aso.ssOI). 

5.33 Structural properties 

Thee MnFePi_xAsx compounds crystallize in three different types of structures: the 

orthorhombicc Co2P type (Prima, No. 62) for low As contents (0 < x < 0.15), the 

hexagonall  Fe2P type (P62m , No. 189) for intermediate As contents (0.15 < x < 

http://MnFePo.45Aso.55
http://MnFePo.47Aso.53
http://MnFePo.47Aso.53
http://Mno.93Fe104Po.48Aso.56
http://MnFePo.45Aso.55
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0.66),, and the tetragonal Fe2As type (P4/nmm, No. 129) for the highest As contents 

(0.666 < x < 1) [14]. In the present thesis, only the isostructural hexagonal series of 

compoundss is considered in which the large MCEs are observed. 

AA schematic drawing of the structure of the hexagonal MnFePi_xAsx 

compoundss is shown in Fig. 5.2. There are two different metal sites: Fe(3f) at the 

tetragonall  position (xi, 0, 0) with local symmetry m2m and Fe(3g) at the pyramidal 

positionn (x2, 0, 1/2) with the same local symmetry. There are also two different 

non-metall  sites: one two-fold position P(2c) at (1/3, 2/3, 0) and one single position 

P(lb)) at (0, 0, 1/2) [14]. Substitution of Mn for Fe in this structure leads to 

preferentiall  Mn occupation of the 3g sites and substitution of As for P leads to a 

randomm distribution of As over the lb and 2c sites. Therefore, the MnFePi.xAsx 

compoundss magnetically consist of two basal planes alternating along the 

hexagonall  c-axis, one containing the Mn atoms and the other one containing the Fe 

atoms.. The shortest Mn-Mn distance within the Mn-layer is dMn-Mn = 

aJ\aJ\ - 2x2 + 3x2
2 [17], in which a represents the lattice parameter. It should be 

## Mn  P/As © Fe 

Figuree 5.2: Schematic representation of the Fe2P-type of structure. The 

volumee shown contains three unit cells. 
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Tablee 5.1: Lattice parameters determined by means of XRD at room 

temperature,, and Curie temperatures of MnFePi.xAsx compounds. 

Nominal ,,  x 

aa (A ) 
c(A ) ) 
da da 

TTCC(K) (K) 

0.2 5 5 

6.039 2 2 

3.487 0 0 

0.577 4 4 

168 8 

0.3 5 5 

6.067 7 7 

3.487 4 4 

0.574 8 8 

213 3 

0.4 5 5 

6.108 0 0 

3.490 0 0 

0.571 4 4 

240 0 

0.5 0 0 

6.129 0 0 

3.480 5 5 

0.567 9 9 

282 2 

0.5 3 3 

6.162 8 8 

3.494 6 6 

0.567 0 0 

290 0 

0.55(1 ) ) 

6.173 9 9 

3.451 1 1 

0.559 0 0 

300(1 ) ) 
307(11 ) ) 

0.6 5 5 

6.212 0 0 

3.463 3 3 

0.557 5 5 

332 2 

notedd that, because 1/2 < x2<  2/3, only the a axis and not the b axis is a two-fold 

axis.. The structural parameters x\ and x2 depend on the constituents of the 

compoundd under consideration, and can be obtained from intensity fits to XRD or 

neutron-diffractionn patterns [14]. 

Thee lattice parameters of MnFePi.xAsx determined by means of XRD at room 

temperature,, and the Curie temperature Tc are listed in Table 5.1. The lattice 

parameterr c remains constant in the paramagnetic (PM) state and displays a 

pronouncedd decrease in the ferromagnetic (FM) state, while the parameter a 

increasess markedly with increasing x both in the PM and the FM state. The c/a 

ratioo decreases with increasing x. 

5.44 Magnetic properties 

Thee temperature dependence of the magnetization of the MnFePt.xAsx compounds, 

measuredd in a field of 50 mT, is shown in Fig. 5.3. The compounds with x > 0.25 

aree FM and exhibit a sharp magnetic phase transition. Only the compound with x = 

0.255 behaves differently, the magnetization having a much smaller value and an 

anomalyy in the M(T) curve around 40 K. 

Figuree 5.4 shows the composition dependence of the Curie temperature (left 

axis)) and the spontaneous magnetization (right axis) of MnFeP].xAsx at 5 K. The 
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Figuree 5.3: Temperature dependence of the magnetization of 

MnFePi_xAsxx compounds in a field of 50 mT. 

uu 240 

4 4 

Figuree 5.4: Composition dependence of the Curie temperature (left axis) 

andd the spontaneous magnetization (right axis) of MnFeP^ASx compounds 

at5K. . 
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Curiee temperature, which is listed in Table 5.2, was determined as the temperature 

wheree the first derivative of the magnetization with respect to temperature has an 

extremee value. Upon substitution of As for P, the Curie temperature increases 

linearlyy from 168 K for x = 0.25 to 332 K for x = 0.65, indicating that the Curie 

temperaturee is very sensitive to the variation of the P/As ratio. The spontaneous 

magnetizationn at 5 K is about 4 |iB per formula unit, but it slightly decreases with 

increasingg x. 

2700 280 290 300 310 320 330 340 350 360 

r(K ) ) 

Figuree 5.5: Temperature dependence of the magnetization of 

MnFePo.45Aso.55(II),, measured in constant fields of 1, 2, 3, 4, and 5 T with 

temperaturee increasing and decreasing in steps of 1 K. 

Forr MnFeP0.45Aso.55(II), we have measured the M(T) curves in fields of 1, 2, 

3,, 4, and 5 T with increasing and decreasing temperature. The results are shown in 

Fig.. 5.5. Based on these measurements, we have constructed a magnetic phase 

diagram,, which is shown in Fig. 5.6. The result shows that the Curie temperature of 

thee sample increases linearly with applied field at a rate of dTcldB = 3.3 K/T. 

http://MnFePo.45Aso.55
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Figuree 5.6: Magnetic phase diagram of MnFePo.45Aso 55(II) . The arrows 

indicatee the phases in the history-dependent region. 
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Figuree 5.7: Magnetic-field dependence of the magnetization of 

MnFePo.45Aso.555 (I), measured with increasing and decreasing field in the 

vicinityy of the phase transition. 
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Extrapolationn of the temperature dependence of the critical fields to zero field 

showss that the PM to FM transition occurs at 302.8 K on cooling, and that the 

inversee transition occurs at 306.6 K on heating. This indicates a thermal hysteresis 

off  3.8 K. As we have seen, the transition becomes smoother in higher fields, and 

thee thermal hystersis decreases slightly with increasing field. 

Figuree 5.7 shows the magnetic isotherms of MnFePo^Aso.ssCI) in the vicinity 

off  its Curie temperature measured with increasing and decreasing field. The 

magnetizationn processes show that there exists a field-induced magnetic phase 

transitionn from the PM to the FM state. At low fields, the phase transition exhibits 

aa stepwise discontinuity in the magnetization, but at higher fields the transition 

becomess smoother. The hysteresis is limited to a small field range of about 0.5 T 

andd does not extend to zero field. 

5.55 Specific heat and dc susceptibility 

Thee specific heat of MnFeP045As055(I) was measured in zero field with temperature 

decreasingg from 390 to 250 K, utilizing the adiabatic heat-pulse relaxation method 

inn the PPMS described in Chapter 3. The result is given in Fig. 5.8. The 

temperaturee corresponding to the peak is 294 K. This is slightly smaller than the 

valuee of 296 K, which is the Curie temperature determined from the magnetic 

measurementt with decreasing temperature in a field of 50 mT. The dotted line in 

Fig.. 5.8 represents the high-temperature limit of the molar lattice specific heat 9 R 

(RR is the universal gas constant). 

Thee evolution of the entropy of MnFePo.45Aso.55 (I) in the temperature range 

fromfrom 250 to 390 K is depicted in the inset of Fig. 5.8. The entropy exhibits a 

discontinuouss change at the transition and this entropy change AS associated with 

thee transition is about 5.2 J/molK (31.4 J/kgK) The latent heat involved in the 

transitionn is determined as L = Tc A S = 1.53 kJ/mol (9.2 kj/kg). 

http://MnFePo.45Aso.55
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Figuree 5.8: Temperature dependence of the specific heat of 

MnFePo.45Aso.555 (I) measured in zero field with decreasing temperature. 

Thee dotted line indicates the value of 9R, which is the high-temperature 

limi tt of the lattice specific heat. The inset shows the temperature 

dependencee of the total entropy difference 5(7) -5(250) of 

MnFePo.45Aso.555 (I), derived from the specific-heat data. 

Forr the MnFeP,.xAsx compounds, anomalous behavior is found in the 

magneticc susceptibility just above the Curie temperature. As representative 

examples,, the temperature dependence of the reciprocal susceptibility of the 

MnFeP,„xAsxx compounds with x = 0.35, 0.45 and 0.55(11), measured in a field of 

IT,, is shown in Fig. 5.9. It is seen that, at higher temperatures, the compounds 

exhibitt Curie-Weiss behavior. Near the Curie temperature, the reciprocal 

susceptibilityy abruptly drops to zero. A further analysis of the temperature 

dependencee of the PM susceptibility in terms of the Bean-Rodbell model, that we 

http://MnFePo.45Aso.55
http://MnFePo.45Aso.55
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Figuree 5.9: Temperature dependence of the reciprocal susceptibility of 

MnFePo.55Aso.45--

havee introduced in Chapter 2, will be presented in Section 5.8 in conjunction with 

thee analysis of the temperature dependence of the magnetization of MnFeP]_xAsx 

compounds. . 

5.66 Magnetocaloric effect 

Inn order to determine the magnetic-entropy changes in the MnFePi.xAsx system, we 

havee carried out measurements of the field dependence of the magnetization at 

differentt temperatures across the Curie temperature of each sample. A 

representativee measurement result is presented in Fig. 5.10. 

Thee magnetic-entropy changes A5m have been derived from the 

magnetizationn data on the basis of Eq. (3.3). The results for field changes from 0 to 

22 and 0 to 5 T are shown in Fig. 5.11. It is found that the MnFeP,.xAsx compounds 

exhibitt large magnetic -entropy changes, for instance, the maximum values of the 

http://MnFePo.55Aso.45


MC EE in MnFePi.xAsx compounds 63 3 

120 0 

100 0 

MnFeP045As 00 55(l) 274-342 K AT = 4 K 

B 5 8 2 S g 3 3 ^ 3 3 ^ ^ r S 3 3 ^ » ^ 5 3 3 33 3 
.o -- j . - O - O O 

trfllfliïia» » 
33 4 5 

Figuree 5.10: Magnetic isotherms of MnFeP0.45Aso.55(I) in the vicinity of the 

Curiee temperature, measured with increasing temperature and field. 
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Figuree 5.11: Magnetic-entropy changes of MnFeP,.xAsx for field changes 

fromm 0 to 2 and 0 to 5 T. 
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magnetic-entropyy changes are 20 J/kg K for x = 0.45 for a field change from 0 to 2 

TT and 33 J/kg K for x = 0.35 for a field change of 0 to 5 T. The large magnetic-

entropyy changes of the MnFeP,.xAsx compounds are concentrated in a certain 

temperaturee interval. This interval increases with increasing field change. For 

comparison,, the magnetic-entropy changes of the metal Gd and the giant MCE 

compoundd Gd5Ge2Si2 are shown in Fig. 5.12 together with those of 

MnFeP0.45Aso.55(I).. It is evident that the magnetic-entropy changes of 

MnFePo.45Aso.555 (I) are larger than of Gd and comparable with the ones of 

Gd5Ge2Si2. . 
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Figuree 5.12: Magnetic-entropy changes of MnFePo^AsossOO for field 

changess from 0 to 2 and 0 to 5 T, derived from the magnetization data, 

comparedd with those for Gd and Gd5Ge2Si2 (after [1]). 

Inn order to further examine the MCE in the MnFeP,.xAsx compounds, also a direct 

measurementt was made by Tishin's group at Moscow State University. The 

temperaturee change of MnFeP0.45Aso.55(II) was measured under adiabatic conditions 

http://MnFePo.45Aso.55
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withh a continuous registration of the temperature change upon fast increase of the 

appliedd magnetic field from 0 to 1.45 T. The rate of the field change was 0.4 T/s. 

Thee accuracy of these measurements was about 5-20 % depending on the 

temperaturee interval. More details of these direct measurements of the MCE are 

givenn in Ref. 18. The results are shown in Fig. 5.13. The largest value of the MCE 

iss about 4 K for a field change from 0 to 1.45 T. This value is about same as that 

forr Gd. 
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Figuree 5.13: Temperature dependence of the adiabatic temperature change 

ATATadad of MnFePo.45Aso.55(II) for a field change from 0 to 1.45 T. This 

measurementt was performed by Tishin's group at Moscow State 

University. . 

Thee field dependence of ATad measured at different temperatures in the 

vicinityy of the Curie temperature is shown in Fig. 5.14. It can be seen that 

ATATadad increases with increasing field. The MCE is as high as 3 K for a field change 

fromm 0 to 1 T, and it is 2.2 K when field changes from 0 to 0.8 T at 306 K. 
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Figuree 5.14: Adiabatic temperature change ATad of MnFePo.45Aso.55(II) as 

aa function of applied-magnetic-field change, obtained by direct 

measurementss in the vicinity of Tc. The measurement was performed by 

Tishin'ss group at Moscow State University. 

Thee refrigerant capacity or cooling power is one of the most important 

parameterss for magnetic refrigeration. It is defined as [19] 

'2 '2 

qq = -JASm(T,AB)dT, (5.4) ) 

wheree T\ and T2 are the temperatures of the cold reservoir and the hot sink, 

respectively.. It indicates how much heat can be transferred between the cold and 

hott parts in a single ideal refrigeration cycle. Figure 5.15 shows the dependence of 

thee refrigerant capacity (left axis) of MnFePo.45Aso.55 (I) on the field change in the 

correspondingg full-width-at-half-maximum temperature interval, STFWHM (right 

axis). . 

http://MnFePo.45Aso.55
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Figuree 5.15: Field-change dependence of the refrigerant capacity and the 

full-width-at-half-maximumm temperature interval of MnFeP0.45Aso.55(I). 
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Figuree 5.16: Refrigerant capacities of MnFeP,.xAsx compounds and the 

materialss Gd and Gd5Ge2Si2, for a field change of 5 T and a temperature 

spann from Tc - 25 to Tc + 25 K. 
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Thee refrigerant capacity almost linearly increases with the field change up to 

55 T. In order to compare the refrigerant capacities of our samples with those of Gd 

andd Gd5Ge2Si2, we used a field change of 5 T and a temperature range from Tc - 25 

too 7̂  + 25 K for the calculations. The results are shown in Fig. 5.16. It is clear that 

thee refrigerant capacity of the MnFeP].xAsx compounds is larger than that of Gd 

metal,, which is used as magnetic refrigerant in the prototypes of magnetic 

refrigerators s 

5.77 Electrical resistivity and magnetoresistivity 

Bearingg h mind the use of MnFe(P,As) materials in magnetic refrigerators, next to 

thee magnetocaloric properties also the electrical and heat conductivity are of 

utmostt importance. There is hardly any information on the electrical-transport 

propertiess of these materials. The electrical resistance can also be useful for a more 

detailedd investigation of the magnetic phase transition because it is very sensitive 

too changes in the interactions between magnetic ions. The availability of electrical-

resistancee data would make it possible to compare the critical magnetic fields 

derivedd from magnetic and electrical measurements and to understand the role of 

thee electron-phonon and electron-magnon interactions. In order to study this, we 

havee selected one of the samples, MnFePo.55Aso.45, for measurements of the 

electricall  resistance and magnetoresistance. Figure 5.17 shows the temperature 

dependencee of the electrical resistivity of MnFePo.55Aso.45, normalized to its room 

temperaturee value measured during cooling of the sample. It can be seen that there 

iss an anomaly at Tcr = 231 K. Below T„,  the resistance increases with increasing 

temperaturee and has metallic character, but above TCT it decreases dramatically in a 

narroww temperature range and then recovers the metal-like temperature 

dependence.. The total contribution from both electron-phonon scattering and 

electron-magnonn scattering in the PM phase is smaller than in the FM phase which 

iss in contrast with normal FM metallic materials. 

http://MnFePo.55Aso.45
http://MnFePo.55Aso.45


MC EE in MnFePi-xAsx compounds 69 9 

1.50 0 

125 5 

**  1.00 
o> > 
CS S 

 0.75 

PP 0.50 

025 5 

0.00 0 
00 50 100 150 200 250 300 

T(K) ) 

Figuree 5.17: Temperature dependence of the electrical resistivity of 

MnFePo.55Aso.45,, normalized to the room temperature value, measured with 

decreasingg temperature. 

Thee isothermal magnetic-field dependence of the hysteresis loops of the 

magnetoresistance,, Ap/p0 = (R(B,T) - R(0,T))/R(0,T), of MnFePo.55Aso.45 in the 

temperaturee interval from 243 to 265 K is shown in Fig. 5.18. An increase of the 

magneticc field leads to an increase of the electrical resistance, beginning at a 

criticall  field BCTi and ending at Bcr2. Hence, between 243 and 265 K the sample is in 

thee PM phase in zero-field, but the application of a magnetic field exceeding 5crl 

bringss it into the FM regime. The field-induced PM-FM transition ends at 5cr2. 

Duringg the decrease of the magnetic field, the reversible FM-PM transition begins 

att Z?cr3 and ends at 5cr4. 

http://MnFePo.55Aso.45
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Figuree 5.18: Isothermal magnetic-field dependence of the 

magnetoresistancee of MnFePo.55Aso.45 in the temperature range from 243 K 

too 265 K, measured with increasing and decreasing magnetic field. 
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Figuree 5.19: Magnetic phase diagram of MnFePo.55Aso.45. 

Thee solid lines are guides to the eye. 

Thee magnetic phase diagram of MnFePo.55Aso.45 is given in Fig. 5.19. The 

criticall  fields displayed in this figure were determined as midpoints of the 

transitionn curves in increasing and decreasing magnetic field in Fig. 5.18. The 

behaviorr of the electrical resistance in a magnetic field reflects the presence of 

magneticc field hysteresis for the complete PM-FM transitions and indicates that 

alsoo the field-induced transition is of first order. 

5.88 A model description of the first-order magnetic phase 
transition n 

Thee occurrence of a first-order magnetic phase transition in MnFePi.xAsx 

compoundss is a very striking and intriguing feature. In this section, we will present 

aa description of the magnetic properties of the MnFeP^ASx compounds in terms of 

thee Bean-Rodbell model [20] that we have introduced in Chapter 2. First, we will 

analyzee the temperature dependence of the PM susceptibility of MnFeP,.xAsx 

http://MnFePo.55Aso.45
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compoundss presented in Section 5.5. After this, we will present the results of an 

analysiss of the temperature dependence of the magnetization of the MnFePi.xAsx 

compounds. . 

Takingg into account that the Curie temperature strongly depends on the 

interatomicc spacing, Blois and Rodbell have proposed the following expressions 

forr the PM susceptibility [21]. 

CC C C* 
X-X- = = r» (5.1) 

T-TT-Tcc T-T0(\+apT) T-T* 

wheree C is the Curie constant, a is the coefficient of linear thermal expansion, and 

pp is the slope of the dependence of Tc on the volume 

C'C' = C and T: =  r° . (5.2) 
\-apr,\-apr, l-apT0 

Thee Curie constant is given by 

CC = Nn2
Bg2j(j  + l)/3kB, (5.3) 

wheree N is the number of magnetic ions per formula unit, ftB is the Bohr magneton 

and,, g is the gyromagnetic ratio (about 2). The average total angular momentum 

numberr j for a formula unit is estimated to be two from the saturation moment. 

Figuree 5.20 shows the Curie-Weiss fit of the temperature dependence of the 

reciprocall  PM susceptibility of MnFePi_xAsx compounds with x = 0.35, 0.45 and 

0.555 by using Eq. 5.1. 

file:///-apr
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Figuree 5.20: The Curie-Weiss fit  of the temperature dependence of the 

reciprocall  PM susceptibility of MnFeP,.xAsx compounds with x = 0.35, 

0.455 and 0.55. 

Table5.2::  The parameters C*, T*, a^T„ and T0 for MnFeP,.xAsx 

compoundss with x = 0.35, 0.45 and 0.55. 

X X 

0.35 5 

0.45 5 

0.55(11) ) 

C*(KuB/Tf.u.) ) 

10.43 3 

8.56 6 

6.15 5 

^ ( K ) ) 

101 1 

181 1 

299 9 

^o(K) ) 

53 3 

114 4 

263 3 

aprapr0 0 

0.48 8 

0.37 7 

0.12 2 

Fromm the fitting, we have determined the apparent Curie constant C", the 

apparentt Curie temperature ro* . The parameters a/3 7), and T0 are calculated by 

usingg Eq. 5.2 and 5.3. The results are listed in Table 5.2. We will use these 

parameterss in the following analysis of the temperature dependence of the 

magnetizationn of MnFeP, _xAsx compounds. 
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Ass a representative example of the analysis of the temperature dependence of 

thee magnetization, we have selected MnFePo.45Aso.55 (II) for a detailed analysis. 

Figuree 5.21 shows the relative magnetization a (which is Mlaö) of 

MnFePo.45Aso.555 (II) as a function of temperature for different values of the 

parameterr r/2 (for simplification, the subscript of r\ is neglected in the following 

discussion)) obtained by evaluating Eq. (2.20). The parameters that yield the best 

matchh with the experimentally observed temperature dependence of the 

magnetizationn of MnFePo.45Aso.55(II), measured in a field of 1 T, are 77 = 1.75, T0 = 

2633 K, and af5T0 = 0.12. In order to understand the role of the parameter 77, we 

havee calculated the o(T) curves in zero field, on the basis of the obtained 

parameterss and for different r\ values. This is shown in Fig. 5.22. It can be seen 

2000 22 5 25 0 27 5 30 0 32 5 35 0 

T(K) ) 

Figuree 5.21: Relative magnetization a in 1 T vs temperature for j = 2, T0 

==  263 K and different values of 77 also shown is the experimentally 

determinedd relative magnetization for MnFePo.45Aso.55(II). 
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Figuree 5.22: Relative magnetization vs temperature in zero field for 

differentt 77 values calculated for the case of MnFePo.45Aso.55Cn). 

thatt 77 = 1 separates the first-order and the second-order transition. The curves 

withh 77 < 1 correspond to a continuous change in the magnetization. In this case, 

thee temperature 7] is the Curie temperature being also the paramagnetic Curie 

temperature.. The transition is of second order. If 77 > 1, then a discontinuous 

changee (indicated by dashed vertical lines) occurs in the magnetization, showing 

thee transition is of first order. The temperature T2 is the limiting temperature of the 

FMM state. Up to this temperature, with increasing temperature the system is found 

inn the FM phase. 

Wee may illustrate some of the features of the first-order transition from the 

evolutionn of the Gibbs-free-energy isotherms. Figure 5.23 shows the evolution of 

thee Gibbs free energy of MnFePo^sAso.ssCH) in the vicinity of the Curie 

temperature,, which is about 307 K (see Fig. 5.6), in zero field. Just above the Curie 

http://MnFePo.45Aso.55Cn
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Figuree 5.23: Reduced Gibbs-free-energy (G(a)-G(0))/NkB isotherms vs o 

inn the vicinity of the transition as calculated on the basis of Eq. (2.17) fory' 

== 2; T7 = 1.75; T0 = 263 K; afiT0 = 0.12 and B = 0 T. 

temperature,, the Gibbs free energy has two shallow local minima besides the 

absolutee minimum at a = 0, indicating the existence of a metamagnetic state. 

Thesee free-energy minima that are separated by an energy barrier determine the 

metastablee state of the magnetization, and are strongly dependent on temperature. 

Thee minima disappear when the temperature increases. When the temperature 

decreasesdecreases from high temperature where the system is in the stable PM phase down 

too Tu the PM phase becomes metastable. So T, is the limiting temperature of the 

PMM state when temperature decreases and, therefore, corresponds to the PM Curie 

temperature.. The FM state and the PM state coexist in the temperature interval T{ < 

T<T< T2. Therefore, there exists a temperature Tc, which is the Curie temperature of 

thee first-order phase transition, at which the stability of the two phases is equal, in 
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thiss interval. From Fig. 5.23, we may estimate this Tc to be around 308 K, which is 

inn good agreement with the experimental value of 307 K (see Fig. 5.6). 

Tablee 5.3: Composition dependence of the parameter rf for 

MnFePi.xAsxx compounds. 

X X 

Ï? ? 

0.35 5 

2.43 3 

0.45 5 

1.90 0 

0.55 5 

1.75 5 

0.65 5 

1.47 7 

Wee carried out the same fitting procedure for the MnFePi.xAsx compounds 

andd obtained the composition dependence of the parameter T) that is listed in Table 

5.3.. All values of rj  are larger than one, indicating that these compounds exhibit a 

first-orderr phase transition. This is consistent with the experimental observations. 

Zachh et al. [22] have carried out a similar analysis and obtained similar parameters 

ï]ï]  = 1.62 and TQ = 250 K for MnFePo.5Aso.5- We conclude that the first-order phase 

transitionn behavior, such as the discontinuous change of the magnetization, the 

thermall  hyteresis and the magnetic field-induced transition can be quite well 

understoodd on the basis of the Bean-Rodbell model. 

5.99 Discussion and conclusions 

Wee will now present a more general discussion of the magnetic properties of the 

MnFePi.xAsxx compounds based on the results described above. At low 

temperatures,, the investigated MnFePj.xAsx compounds have a FM ground state. 

Withh increasing temperature, the compounds undergo a phase transition from the 

FMM state to the PM state. In the FM state, the moment of the MnFeP,.xAsx 

compoundss is about 4 ns/fu. at 5 K, which is in good agreement with the results of 

neutron-diffractionn measurements on the MnFePi.xAsx compounds with x = 0.3 and 

0.55 [23]. These magnetic moments originate from the spin moments of the 3d 
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electronss of the Mn and Fe atoms. Because of the itinerant character of the 3d 

electrons,, the magnetic moments are governed by the Fe 3d-band and Mn 3d-band, 

andd the main magnetic interactions in this system are direct exchange interactions. 

Ass we see in Fig. 5.4, the Curie temperature of the MnFeP]_xAsx compounds, 

whichh is a measure of the magnetic interactions, increases linearly with increasing 

Ass contents, indicating that the FM interactions become stronger. The reason is that 

thee substitution of As with larger covalent radius (1.18 A) for P (1.10 A) leads to 

ann expansion of the lattice in the a-b plane. This expansion probably results in a 

weakeningg of the magnetic interactions between the Mn- moments and between the 

Fe-moments,, which are claimed to be antiferromagnetic [23]. Thus, variation of the 

compositionn as well as the presence of impurities and vacancies have a strong 

effectt on the magnetic interactions. Different manners of sample preparation 

probablyy result in small differences in the stoichiometry, which may be the reason 

thatt the magnetic ordering temperatures observed for our samples are different 

fromfrom the values reported by Bacmann et al. [14]. The sharp transition and the big 

differencee between the paramagnetic Curie temperature and the Curie temperature 

indicatee that the exchange interaction in this system is strongly temperature 

dependent. . 

Basedd on the occurrence of a discontinuous change in the magnetization at 

thee transition temperature, on the thermal hysteresis in the temperature dependence 

off  the magnetization, and on the very sharp peak of the specific heat at the 

transitionn temperature, we have established that the magnetic phase transition is of 

firstfirst order. Moreover, as illustrated in Fig. 5.7, the transition can be induced by the 

applicationn of an external magnetic field. The stepwise change of the magnetization 

att the transition and the field hysteresis observed in the field dependence of the 

magnetizationn present evidence that also the field-induced transition is of first 

order. . 

Thee first-order transition observed in the MnFeP].xAsx system has some 

similaritiess with the transition observed in the Gd5(GexSii_x)4 system. In both 
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systems,, the observed PM-FM transitions are rather sharp and occur with a certain 

thermall  hysteresis. The PM-FM transition can be induced by an applied field. In 

thee Gd5(GexSii.x)4 system, the transition is accompanied by a simultaneous 

structurall  transition as discussed in Section 3 of Chapter 4, but in the MnFePi_xAsx 

systemm there is no crystal-symmetry change at the magnetic phase transition. 

However,, the mechanism of the first-order transition in these compounds is not 

clear,, yet. Bean and Rodbell [20] have proposed that a first-order phase transition 

couldd be driven by a strong dependence of the exchange interactions on the 

interatomicc distances, in which the lattice distortion due to the magnetoelastic 

effectt plays an important role. An applied magnetic field leads to a magnetoelastic 

effectt that results in an enhanced exchange interaction and thus in an effectively 

enhancedd applied field. Band-structure calculations have shown that the 

magnetoelasticc phase transitions observed in this system can be associated with the 

distancess between the magnetic atoms as well as with changes in the density of 

statess (DOS) near the Fermi level, mainly due to the DOS of the Fe 3d electrons 

[14,24].. According to these calculations, the strong magnetic interactions between 

thee Fe-layer and the Mn-layer and between the Mn-moments lead to a contraction 

off  the lattice parameter c and result in a first-order type magnetic phase transition. 

Onn the basis of the Bean-Rodbell model, we have proposed a model 

descriptionn of the first-order transition observed in the MnFeP!.xAsx system. The 

transitionn observed in this system is associated with a double minimum in the 

Gibbss free energy as a function of magnetization. At a certain temperature, the 

appliedd field shifts the energy minimum of the FM state to lower values than that 

off  the PM state above Tc, resulting in the metamagnetic transition. The reasonably 

goodd degree of agreement between the Bean-Rodbell model and the experimental 

observations,, and the equally reasonable values of the parameters obtained from 

thee fittings lend credence to the applicability of the model in its cardinal features to 

thee hexagonal MnFeP].xAsx compounds. 
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Now,, we discuss the MCE observed in the hexagonal MnFePUxAsx 

compounds.. The entropy changes associated with the first-order magnetic phase 

transitionn have been derived from the magnetization data by using Eq. (3.3). As we 

havee seen in Fig. 5.11, the maximum values of the isothermal entropy change are 

quitee large, for instance, as high as 20 J/kgK for x = 0.45 for a field change from 0 

too 2 T. As we have mentioned in Chapter 3, the magnetic-entropy change derived 

fromm the magnetization data does not guarantee a high accuracy for determining the 

MCE.. But the results obtained from the magnetization data provide a reasonable 

estimatee of the MCE in a material and of the possible origin of the MCE. The large 

magnetic-entropyy changes in the MnFeP,.xAsx system should be attributed to the 

comparativelyy high 3d moments and, principally, to the rapid change of the 

magnetizationn at the transition. 
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Figuree 5.24: Temperature dependence of the magnetization of 

MnFePo.45Aso.555 (I) and Gd, measured with increasing temperature in a 

fieldfield of 1 T. 
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Too illustrate the reason why this system has a large MCE, we have made a 

comparisonn of the temperature dependence of the magnetization of Gd metal and 

MnFePoo 45Aso55(I). As we see in Fig. 5.24, in Gd metal the moment fully develops 

onlyy at low temperatures and strongly decreases with increasing temperature due to 

RKKYY interaction. The transition observed in Gd metal, which is a second-order 

phasee transition, gives rise to a relatively small value of {dM ldT)B. The strong 

andd direct exchange interactions between the 3d moments in transition-metal 

compoundss lead to perfect long-range magnetic order below the ordering 

temperaturee and a sharper transition at Tc. As we have mentioned, the sharp 

transitionn in the MnFePi_xAsx compounds originates from the strong magnetoelastic 

coupling,, which leads to a modification of the distances between the magnetic ions, 

andd involves competing intra- and inter-atomic interactions. 

Thee direct measurements of the MCE in MnFePo.45Aso.55 have confirmed the 

largee MCE in this system. The results obtained from the direct measurements show 

thatt the MnFeP,.xAsx compounds exhibit a large MCE in low magnetic field, such 

ass 0.8 T. This result is very important for practical applications because lower 

fieldss like 0.8 T are much easier to generate by permanent magnets than higher 

fieldss like 2 T. 

Finally,, we discuss the temperature and field dependence of the electrical 

resistancee of MnFePo.55Aso.45. The results presented in Section 5.7 indicate that the 

PM-FMM phase transition can be induced both by temperature and magnetic field. 

Thee former type of transition takes place from a high-resistance FM state at low 

temperaturee to a low-resistance PM state at high temperature. The latter type of 

transitionn leads to a positive magnetoresistance peak above Tc. The magnetic phase 

diagramm based on the electrical resistance data shows that the FM-PM transition 

hass a field hysteresis of about 1 T. It is interesting to note that the transition at Tcr is 

accompaniedd by a change of the c/a ratio [23], which may lead to a change in the 

Fermii  surface topology and affect the electron-phonon scattering. 

http://MnFePo.45Aso.55
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Inn conclusion, we have prepared the hexagonal MnFePi_xAsx compounds by 

meanss of ball milling and a solid-state reaction method. In the MnFePi_xAsx system, 

thee magnetic and structural properties are strongly related to a first-order magnetic 

phasee transition. The first-order phase transition in this compound system can 

reasonablyy well be described by the Bean-Rodbell model. The MCE associated 

withh this first-order transition is large. Besides the large MCE, two additional 

featuress make these materials excellent candidates for magnetic refrigerants in 

room-temperaturee applications. The first is the fact that their Curie temperature can 

bee tuned between 168 K and 332 K by varying the P/As ratio between 1.5 and 

aboutt 0.5. This in turn allows one to tune the maximum MCE in this temperature 

range,, without losing the large MCE. The second is the fact that, unlike FeRh, the 

giantt MCE in the MnFeP].xAsx compounds is reversible. 
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Chapterr  6 

Effectss of Mn/Fe ratio on 
thee magnetocaloric properties of 
hexagonall  MnFe(P,As) compounds 

6.11 Introductio n 

Thee three most important factors for the realization of domestic magnetic 

refrigerationn are a low-cost magnetic-field source, an active magnetic refrigerant, 

andd a proper design of the thermodynamic refrigeration cycle. The best choice of 

thee field source for domestic applications would be a permanent magnet. However, 

thee field generated by permanent magnets is typically below 1 T, but it is also 

possiblee to generate a field of 2 T with high-energy-product magnets [1,2]. 

Usually,, the magnetocaloric effect (MCE) of a magnetic material is very small for 

suchh a low-field change. This calls for new materials that possess a large MCE. 

Recentlyy developed new materials exhibit a very large MCE [3-5]. For example, as 

wee have reported in Chapter 5, the compound MnFePo.45Aso.55 exhibits an adiabatic 

temperaturee change of about 3 K at a field change of 1 T around 30°C. These 

achievementss are very promising for developing domestic magnetic refrigerators as 

ann alternative for the conventional gas compression/expansion refrigerators in use 

today.. The large MCE observed in the new materials reported in Refs. [3]-[5] is 

relatedd to a first-order phase transition and is strongly material dependent. 

Therefore,, a better understanding of the magnetocaloric properties of these 
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materialss is essential for developing new materials. Recent developments in new 

designss of prototypes of magnetic refrigerators [6,7] have brought the magnetic -

refrigerationn technology a step closer toward room-temperature applications. Due 

too an enhanced lattice entropy above 20 K in relevant materials, the Ericsson cycle 

iss most suited for the high-temperature applications. 

Ass reported in Chapter 5, the new materials MnFeP^As* that consist of Mn, 

Fe,, P, and As with a ratio of Mn:Fe:(P+As) =1:1:1, have advantages over existing 

magneticc coolants. It exhibits a large MCE, which is larger than that of Gd metal 

andd its operating temperature can be easily tuned from 168 to about 332 K by 

adjustingg the P/As ratio between 1.5 and 0.5 without losing the large MCE [8]. The 

mainn effect of varying the composition of the non-magnetic P and As is a variation 

off  the lattice parameters and a change of the magnetic-ordering temperature. In this 

case,, as may be expected, the size of the magnetic moments is hardly affected. 

Onlyy beyond 65 at. % P, the moment is reduced. The MCE increases with 

decreasingg magnetic -ordering temperature. The large entropy change is associated 

withh a field-induced first-order phase transition. The magnetoelastic effect plays an 

importantt role in the phase transition, and may lead to an enhancement of the 

exchangee interactions and thus a change of the molecular field. This may enhance 

thee effective magnetic field. 

Wee have studied the effects of substitution of some elements on the MCE of 

MnFe(P,As)-basedd compounds [9-12]. We have found that the variation of the 

compositionn of the magnetic elements Mn and Fe directly changes the magnetic 

momentss and simultaneously induces a change in the magnetic interactions. We 

mayy expect an enhanced MCE with increasing Mn content since Mn has a larger 

magneticc moment than Fe. We have also been aware of the fact that thermal 

hysteresiss or field hysteresis is one of the main obstacles for applications. Although 

thiss hysteresis is intrinsic to the first-order phase transition, it may be reduced by 

preciselyy adjusting the magnetic interactions. In this chapter, we report on our 
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studiess that were motivated to improve and to optimize the MCE observed in the 

MnFe(P,As)-basedd compounds by varying the Mn/Fe ratio. 

6.22 Experimental 

Polycrystallinee samples of Mn2-xFexPo.5As0.5 with x = 1.2, 1.1, 1.0, 0.9, 0.8, 0.7, 0.6, 

0.5,, 0.4, and MnuFeo.9Po.47Aso.53 were prepared by ball milling, followed by a 

solid-statee reaction as reported in Chapter 5. The starting materials are the binary 

compoundss Fe2P (99.5 % pure, Alfa Aesar), FeAs2 (99.5 % pure, Alfa Aesar), Mn 

chipss (99.99 % pure, Alfa Aesar), and red-P powder (99.5 % pure). X-ray 

diffractionn (XRD) was used for the characterization of the phases and for the 

determinationn of the unit-cell parameters. 

Thee temperature and field dependence of the magnetization of the samples 

weree measured with a Quantum Design SQUID magnetometer in the temperature 

rangee from 5 to 400 K and in magnetic fields from 0 to 5 T. The resistance 

measurementss were carried out in an Oxford Instruments MagLab system using a 

four-pointt method. The sample used in the measurements had dimensions 2 x 2 x 

100 mm3. The measurements were performed with 10 mA ac current with a 

frequencyy of 63 Hz, and the direction of the ac current was perpendicular to the 

fieldfield direction. 

Directt measurements of the MCE were carried out at Moscow State 

University.. The rate of the field change was up to 0.4 T/s. The accuracy of the 

measurementss was about 5-20 %. 

6.33 Results and discussion 

6.3.11 Structural and magnetic properties 

Figuree 6.1 shows the XRD patterns of the Mn2.xFexP0.5Aso.5 compounds. With 

increasingg Mn content, we observe a small shift of the peak positions to lower 

http://MnuFeo.9Po.47Aso.53
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Figuree 6.1: XRD patterns of Mn2_xFexPo.5As0.5 compounds with x = 1.2, 

1.1,, 1.0, 0.9, 0.8, 0.7, 0.6, 0.5 and 0.4, measured at room temperature. 

Thee indices of the main reflections of the Fe2P type are also given. 

angle.. This indicates a small increase of the unit-cell volume as may be expected 

fromm the slightly larger atomic volume of Mn compared to that of Fe. Refinement 

off  the structure results in the lattice parameters as summarized in Table 6.1, where, 

wee see that with increasing Mn content, mainly the lattice parameter a increases 
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whilee the parameter c remains unchanged. This effect is quite similar to that caused 

byy variation of the P (and As) content. 

Tablee 6.1: Lattice parameters of Mn2.xFexPo.5Aso.5 compounds with x = 

1.2,, 1.1, 1.0, 0.9, 0.8, 0.7, 0.6, 0.5, and 0.4 at room temperature obtained 

throughh refinement of XRD data. 

Nominal,, x 
1.2 2 
1.1 1 
1.0 0 
0.9 9 
0.8 8 
0.7 7 
0.6 6 
0.5 5 
0.4 4 

a(A) ) 
6.1126 6 
6.1224 4 
6.1243 3 
6.1344 4 
6.1470 0 
6.1372 2 
6.1507 7 
6.1610 0 
6.1621 1 

c(A) ) 
3.4770 0 
3.4743 3 
3.4765 5 
3.4744 4 
3.4980 0 
3.4820 0 
3.4810 0 
3.4970 0 
3.4982 2 

c/a a 
0.569 9 
0.567 7 
0.568 8 
0.566 6 
0.569 9 
0.567 7 
0.566 6 
0.568 8 
0.568 8 

v(AJ) ) 
112.5 5 
112.8 8 
112.9 9 
113.2 2 
114.5 5 
113.6 6 
114.0 0 
115.0 0 
115.0 0 

Figuree 6.2 shows the magnetic-field dependence of the magnetization of the 

Mn2.xFexPo.5Aso.55 compounds with x = 1.2, 1.1, 1.0, 0.9, 0.8, 0.7, 0.6, 0.5 and 0.4 at 

55 K. The Mn2.xFexPo.5Aso.5 compounds with x = 1.2, 1.1, 1.0, 0.9, 0.8 and 0.7 are 

ferromagneticc (FM). The observed magnetic moment varies between 3.8 and 4.2 

(iB/f-u... The largest moments observed are 4.2 jie/fu. for MnL2Fe0.8P0.5As0.5 and 4.1 

uVfu-- for Mnt iFe0.9Po.5Aso.5, probably due to the higher moment of Mn compared 

too that of Fe. In the case of excess of Fe, we would expect a reduction of the 

magneticc moment, but the moment remains almost unchanged. This indicates that 

Fee has a higher moment at the 3g sites than at the 3f sites. These results are in 

agreementt with neutron-diffraction results [13] and band-structure calculations 

[14].. Because both Mn2P and Mn2As are antiferromagnetically ordered [15], we 

expectt that for the Mn-rich compounds beyond some amount of Mn substitution 

thee FM ground state wil l be destroyed. This is seemingly the case for the 

compoundss in which 40 - 60 % of the Fe is replaced by Mn, which are clearly not 

FM. . 
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Figuree 6.2: Field dependence of the magnetization of Mn2.xFexPo.5Aso.5 

compoundss with x = 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1 and 1.2, measured at 

5K. . 

Inn Fig. 6.3, we have plotted the temperature dependence of the magnetization 

off  Mn2_xFexPo.5Aso.5 compounds with x = 0.4, 0.5, 0.6 and 0.7, 0.8, 0.9, 1.0, 1.1 and 

1.2,, measured in an applied field of 50 mT. In the Mn2.xFexPo.5Aso.5 compounds 

withh x =0.4, 0.5 and 0.6, obviously no FM order occurs. Instead, we observe 

complexx magnetic behavior below the magnetic-ordering temperature, and 

additionallyy we observe some differences between the field-cooled and zero-field-

cooledd measurements, which may indicate a complicated spin structure in these 

compoundss at low temperatures. As a magnetocaloric material, these materials are 

off  less interest. The Mn2.xFexPo.5Aso.5 compounds with x = 0.7, 0.8, 0.9, 1.0, 1.1 

andd 1.2 are FM. The sample with x = 0.9 has exactly the same critical temperature 
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Figuree 6.3: Temperature dependence of the magnetization of the 

Mn2_xFexPo.5Aso.55 compounds with x = 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1 

andd 1.2, measured with increasing temperature in a field of 50 mT. For x = 

0.4,, 0.5 and 0.6, also the measurements with decreasing temperature are 

included. . 

TTcc = 282 K as MnFePo.5Aso.5- Further increase of the Mn content leads to the 

expectedd reduction of the Curie temperature as can be seen for the samples with x 

== 0.8 and 0.7. In these samples, the Curie temperature is strongly reduced to 240 

andd 203 K, respectively. The samples with x = 1.1 and 1.2 exhibit an increase of 

thee Curie temperature to 319 and 322 K, respectively. No thermal hysteresis is 

observedd in the samples with x = 1.1 and 1.2. These results suggest that the 

magneticc interactions and the magnetic phase transition do not only depend on the 

http://MnFePo.5Aso.5


92 2 Chapte rr  6 

2500 26 0 27 0 28 0 29 0 30 0 31 0 32 0 33 0 34 0 35 0 

7(K ) ) 

Figuree 6.4: Temperature dependence of the magnetization of 

Mn1.1Feo.9Po.47Aso.53,, measured with increasing temperature in fields of 5, 4, 

3,, 2, and 1 T. The inset shows the field dependence of the Curie 

temperature. . 

distancess between the magnetic atoms but that they are also related to the 

electronicc structure of the magnetic atoms, presumably to the density of the 3d-

electronn states near the Fermi level. 

Inn order to adjust the ordering temperature of the material around room 

temperaturee (assuming 293 K), we have prepared an additional sample with 

compositionn MnuFeo.9Po.47Aso.53- Figure 6.4 displays the temperature dependence 

off  the magnetization of Mn1.1Feo.9Po.47Aso.53, measured in fields of 5, 4, 3, 2, and 1 

TT with increasing temperature from 250 K to 350 K and, after this, decreasing the 

temperaturee to 250 K. The Curie temperature increases almost linearly with 

increasingg field at a rate of 4.2 K/T. This rate is much larger than for 

http://Mn1.1Feo.9Po.47Aso.53
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MB"(T) ) 

Figuree 6.5: Magnetic isotherms of Mn1.1Feo.9P0.47Aso.53 in the vicinity of 

thee Curie temperature. 

MnFePo.45Aso.555 (3.3 K/T), and almost same as for Gd5Sii.7Ge2.3 (4.4 K/T). The 

extrapolatedd zero-field Curie temperature is about 286 K. The Curie temperature 

hass been determined as the temperature corresponding to the minimum point of the 

firstt derivative of the M(T) curve. 

Figuree 6.5 shows the magnetic isotherms of Mn1.1Feo.9Po.47Aso.53, measured 

withh increasing field and subsequent decreasing field with steps of 50 mT. The 

resultss show that, at temperatures above Tc, a first-order transition from the PM 

statee to the FM state can be induced by application of a magnetic field. The critical 

fieldfield needed to induce the transition increases with increasing temperature, whereas 

thee field hysteresis decreases with increasing temperature. The transition is much 

smootherr than the one observed in MnFePo.45Aso.55. There is no remanence when 

thee field decreases to zero, indicating that the transition can be reproduced upon 

cyclingg through zero field. 

http://Mn1.1Feo.9P0.47Aso.53
http://MnFePo.45Aso.55
http://Mn1.1Feo.9Po.47Aso.53
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6.3.22 Magnetocaloric properties 

Thee isothermal ASmof the samples has been derived from the magnetic isotherms 

byy using Eq. (3.3). As a representative example, Fig. 6.6 shows the magnetic 

isothermss of MnuFeo.A.sAso.s in the vicinity of the Curie temperature (Tc = 282 

K).. The magnetic isotherms display three different types of behavior: below 282 

K,, they are FM, above 298 K, they are paramagnetic (PM), and between these two 

temperatures,, there exists a field-induced magnetic phase transition from the PM 

statee to the FM state. The critical field of the phase transition increases with 

temperaturee at a rate about 0.23 T/K. From the magnetic isotherms of each of the 

samples,, we have derived the isothermal magnetic-entropy changes in the samples. 

Too avoid unnecessary errors, all magnetization measurements have been 

performedd in the same manner with an increasing temperature step of 4 K and 

120 0 

100 0 

80 0 

35 5 
«gg 60 
< < 
§§ 40 

20 0 

0 0 

l^ i . iFe 0 .9P0 .5As 0 .5 5 
2700 K 

00-- o^o -- ,.-0" _o-o -- ..o-o o oo o 

/ / 

o o 
..o-''  » 

:&;£:!;$!! ;:S 310 K 

_ll I u 
4 4 

Mo"(T) ) 

Figuree 6.6: Magnetic isotherms of MnuFe0.9Po.5As0.5, measured with 

increasingg field and increasing temperature between 270 and 310 K with 

temperaturee steps of 4 K. 
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Figuree 6.7: Isothermal magnetic-entropy change in Mn2-xFexPo.5Aso.5 

compoundss as a function of temperature for field changes from 0 to 1 and 0 

to2T. . 

increasingg field steps of 0.1 T up to 1 T and steps of 0.2 T betweenn 1 and 5 T. The 

resultss are shown in Fig. 6.7. The maximum magnetic-entropy changes are 

observedd in the compound Mn1.1Fe0.9Po.5As0.5, being about 17 and 25 J/kgK for 

fieldfield changes from 0 to 1 and 2 T, respectively. The Fe-richer samples with x = 1.1 

andd x = 1.2 exhibit an increase of Tc and a simultaneous reduction of the 

magneticc -entropy change. Moreover, the peak of the magnetic -entropy change 

becomess much broader than for other compositions. For the other compositions, 

bothh the Tc and the magnetic-entropy change decrease with increasing Mn 

contents. . 

Thee magnetic isotherms of MnuFeo.9Po.47Asb.53 were measured in the vicinity 

off  the ordering temperature with the magnetic field increasing from 0 to 3 T. The 

resultt is shown in Fig. 6.8. The isothermal magnetic-entropy change of 

http://MnuFeo.9Po.47Asb.53
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Figuree 6.8: Magnetic isotherms of MnuFeo.9Po.47Aso.53, measured with 

increasingg field in the temperature range from 272 to 312 K with 

temperaturee steps of 4 K and field steps of 0.1 T. 
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Figuree 6.9: Temperature dependence of the isothermal magnetic-entropy 

changee in MnuFeo.9Po.47Aso.53 for field changes from 0 to 1, 0 to 2, and 0 to 

3T. . 
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Mn1.1Feo.9Po.47Aso.533 was derived from the magnetization data by using Eq. (3.3). In 

thiss case, we used temperature steps of 4 K and field steps of 0.1 T. 

Thee magnetic-entropy changes of Mn, 1Feo.9Po.47Aso.53 resulting from field 

changess from 0 to 1, 0 to 2, and 0 to 3 T are shown in Fig. 6.9. The maximum 

valuess of the magnetic-entropy changes for field changes of 1, 2, and 3 T are found 

too be about 12, 21, and 23 J/kgK, respectively. The corresponding values for 

STSTFWHMFWHM are 5, 6, and 9 K, respectively. The refrigerant capacity, in the temperature 

rangee from 291 to 297 K for a field change of 2 T, is about 94 J/kg. It should be 

mentioned,, however, that the refrigerant capacity, which is essentially the integral 

underr the curves in Fig. 6.9, is not much altered. For magnetic -refrigeration cycles 

inn low magnetic fields, it may be of importance to absorb a large amount of heat 

overr a narrow temperature interval. 
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Figuree 6.10: Adiabatic temperature change ATad of Mn1.1Feo.9Po.47Aso.53 as 

aa function of temperature, determined by direct measurement for a field 

changee from 0 to 1.45 T. This measurement was performed by Tishin's 

groupp at Moscow State University. 
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Thee isothermal magnetic-entropy change is a fundamental parameter but not the 

onlyy one for a magnetic refrigerant. The adiabatic temperature change appears to 

bee more important for cooling applications. In order to assess the suitability of the 

suggestedd compounds, we have collaborated with Tishin's group at Moscow State 

Universityy and have performed direct measurements of the adiabatic temperature 

changee of Mnj.1Feo.9Po.47Aso.53. Figure 6.10 shows the results for a field change 

fromm 0 to 1.45 T. The largest achieved value of ATad due to this field change is 4.2 

K. . 
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Figuree 6.11: Adiabatic temperature change ATad of Mnî Feo.gPo^Aso.ss in 

thee vicinity of Tc as a function of applied magnetic field obtained by means 

off  direct measurements. This measurement was performed by Tishin's 

groupp at Moscow State University. 

Figuree 6.11 shows the field dependence of ATad of Mn,., Feo.9Po.47Aso.53 at 

fourr different temperatures in the transition region. As we see, the MCE increases 

withh increasing field, and is not saturated up to the maximal applied field of 1.45 T. 

Thiss means that the values of the adiabatic temperature change will further increase 

withh increasing magnetic field. Around 292 K, the adiabatic temperature change 

http://Mnj.1Feo.9Po.47Aso.53
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reachesreaches 3 K for a field change from 0 to 1 T. This is larger than the value of 2.07 

K/TT for Gd and the same as the value of 3 K/T reported for Gd5StGe2 [16]. 

Inn order to compare the magnetocaloric properties of the present compounds 

withh those of other systems, we present relevant data for these materials in Table 

6.2.. It can be seen that the largest magnetic-entropy change is observed in MnAs, 

whichh is about 30 J/kgK for a field change from 0 to 2 T. But the corresponding 

ATATadad is only 4.7 K. The largest MCE, as high as about 13 K for a field change of 2 

T,, has been reported for the FeRh system. This is almost three times larger than 

Tablee 6.2: Magnetic-ordering temperature Tc, isothermal magnetic-entropy 
changee -ASmt and adiabatic temperature change &Tadof MnFe(P,As)-

basedd compounds, compared with other materials. 

Material l 

MnFePj.xAsx x 
xx = 0.35 

0.45 5 
0.50 0 
0.55 5 

Mn2-xFexPo.5As0.5 5 
xx = 0.90 

0.80 0 
0.70 0 

MnuFeo.9Po.47Aso.53 3 

Gd d 
Fe49Rh5| | 
Fe49Rh5i i 
MnAs s 
GdsSizGez z 
Gd5Si1.97Ge2.03 3 

La(Fe0.9Sio.i)i3 3 
La(Feo.88Sio.i2)i3Ho.5 5 
La(Fe0.89Sio.n)i3H,.3 3 

7cc (K) 

213 3 
240 0 
282 2 

300(1) ) 

282 2 
236 6 
205 5 
290 0 

294 4 
316 6 
313 3 
318 8 
278 8 
262 2 
188 8 
233 3 
291 1 

-ASm(J/kgK) ) 
0-22 T 

13 3 
20 0 

16.5 5 
15(1) ) 

25.5 5 
16.1 1 
10.8 8 
21 1 

5 5 
22 2 
12 2 
31 1 
14 4 
--

25 5 
20 0 
24 4 

A L ( K ) ) 

3.99 (0-1.45T)* 

4.22 (0-1.45T)* 

5.77 (0-2 T) 
12.99 (0-2 T) 
8.44 (0-2 T) 
4.77 (0-2 T) 
7.33 (0-2 T) 
2-33 (0-1.4 T)* 
44 (0-1.4 T)* 
66 (0-2 T) 
6.99 (0-2 T) 

Ref. . 

present t 
work k 

present t 
work k 

present t 
work k 
[17] ] 
[18] ] 
[19] ] 
[20] ] 
[3] ] 
[21] ] 
[22] ] 
[5] ] 
[5] ] 
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thatt of Gd metal in the vicinity of the magnetic phase transition. Some direct 

measurementss (denoted by * in Table 6.2) performed at Moscow State University 

showw that the MnFe(P,As) -based compounds have larger a MCE than Gd metal in 

thee same temperature range. 

Ass has been pointed out in Ref. 23, the adiabatic temperature change mainly 

dependss on the change of the magnetic -ordering temperature upon application of a 

magneticc field. We have observed dTJdB of 3.3 K/T for hexagonal MnFePi_xAsx 

andd 4.2 K/T for Mn1.1Feo.9Po.47Aso.53. 

AA first-order transition is always associated with thermal or field 

hysteresis.. In the hysteresis region, the magnetic state of the material is 

uncertain,, depending on the history. Hysteresis will result in a reduced 

efficiencyy of the refrigeration cycle, which will be especially important if 

onee works in low magnetic fields. For the samples with equal amounts of Fe 

M" ,, <
F e „ „ p

n „ A s n i : , 
1.11 0.9 0.47 0.53 

2800 28 5 29 0 29 5 30 0 30 5 3 

7(K ) ) 

Figuree 6.12: Temperature dependence of the magnetization of 

MnLiFeo.9Po.47Aso.53,, measured in a field of 1 T with increasing and, after 

this,, decreasing temperature. 
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andd Mn, the thermal hysteresis is between 3 and 4 K, and the field hysteresis 

aboutt 0.5 T. In Fig. 6.12, we show the temperature dependence of the 

magnetizationn of a Mn1.1Feo.9Po.47Aso.53 sample, measured in a constant 

magneticc field of 1 T with increasing and, after this, decreasing temperature. 

Thee observed thermal hysteresis is less than 2 K and, as we see in Fig. 6.5, the field 

hysteresiss is only about 0.2 T. This reduction of the thermal hysteresis makes it 

feasiblee to employ refrigeration cycles even in fields below 2 T. The lower the 

field,field, however, the more stages of magnetocaloric cycles one may have to employ 

too achieve the desired temperature change. 

Thee possibility to reduce the thermal hysteresis of the first-order phase 

transitionn is the most important result of this study. The driving force for the first-

orderr character of the magnetic transition is clearly a magnetoelastic interaction 

betweenn the Mn- and Fe-containing planes in the hexagonal MnFe(P,As) 

compounds.. In contrast to compounds like Gd5Si2Ge2, MnAs or FeRh, which also 

showw a first-order magnetoelastic transition, the transition in MnFe(P,As) is not 

associatedd with a change in crystal symmetry but merely with a change in c/a ratio. 

Thiss difference forms the basis of the rather low hysteresis observed. If the crystal 

symmetryy is altered in the magnetic phase transition, the magnetic state is locked 

in,, resulting in the generally observed large hysteresis. In the case of a change in 

c/aa ratio, only the exchange interaction between the sublattices varies. Addition of 

Mnn on the Fe sublattice may introduce some competing interactions. On 

approachingg the critical distance between the sublattices, already small thermal 

fluctuationsfluctuations lead to a release of the locking. This idea is also corroborated by the 

factt that substitution of 10 % of the Fe by Mn, which does not alter the lattice 

parameterr c and thus the distance between the sublattices, does not affect Tc. 

http://Mn1.1Feo.9Po.47Aso.53
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6.3.33 Electrical resistivity 

Figuree 6.13 shows the temperature dependence of the electrical resistivity of 

Mn1.1Feo.9Po.47Aso.533 measured in zero field with decreasing temperature in the 

temperaturee interval from 5 to 310 K. With decreasing temperature, an anomaly 

occurss in the electrical resistivity around 290 K. This temperature corresponds to 

thee magnetic phase transition. Above this temperature, the electrical resistance of 

thee sample decreases rapidly in a narrow temperature range and then becomes less 

temperaturee dependent. A similar behavior of the electrical resistivity has been 

reportedd for the isostructural compound MnRhP [24]. At 300 K, the electrical 

resistivityy of Mn1.1Feo.9Po.47Aso.53 is about 1800 pDcm. This value is between the 

resistivity,, which is about 400 |iQcm, of Fe2P [25,26] and the resistivity, which is 

aboutt 3000 pQcm of Mn2P [27] at room temperature, and also of the same order as 

thatt of Gd5Si2Ge2, which is about 1100-2800 uQcm [28]. 
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Figuree 6.13: Temperature dependence of the electrical resistivity of 

Mn1.1Feo.9Po.47Aso.53,, measured with decreasing temperature in zero field. 
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Thee magnetic-field dependence of the isothermal electrical resistance of 

Mn1.1Feo.9Po.47Aso.53,, measured at four different temperatures, is shown in Fig. 6.14. 

Att 275 K, which is in the FM region, the electrical resistance of the sample 

decreasess with increasing magnetic field, indicating that the magnetic contribution 

too the resistance is suppressed by the applied field. At temperatures of 295, 303, 

andd 310 K, which are in the PM region, we observe a field-induced phase transition 

0.052,, , 

B(T) ) 

Figuree 6.14: Field dependence of the isothermal resistance of 

Mni.iFeo.9Po.5Aso.5,, measured with increasing and, after this, decreasing 

field. field. 

withh a field hysteresis of less than 0.3 T in the electrical-resistance curves. The 

resistancee has a step of about 8 % at the transition. These features also indicate that 

thee transition is of first order. The critical field increases with a rate of about 0.22 

T/KK for increasing temperature. 

http://Mn1.1Feo.9Po.47Aso.53
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6.44 Conclusions 

Variationn of the Mn/Fe ratio has the following effects on the magnetic and the 

magnetocaloricc properties of the hexagonal Mn2.xFexP05As0.5 compounds: 

1.. The magnetic moment increases by 2 % and 5 % when going from 

MnFeP0.5Aso.55 to Mni.jFeo.gPo.sAsb.s and Mn^Feo.sPo.sAso.s, respectively. 

Thee maximum magnetic moment found in Mni jFeo.gPo.sAsas is about 4.2 

u.B/fu.. . 

2.. The Curie temperature, which is also the working point of a magnetic 

refrigerant,, increases from 203 K to 330 K in the composition range 0.7 < 

xx < 1.2. 

3.. The magnetic-entropy change is maximal in the compound 

MnuFeo.9Po.47Aso.53.. The maximum values are 21 and 23 J/kgK for field 

changess of 0 to 1 and 0 to 2 T, respectively. A direct measurement of the 

MCEE shows that the adiabatic temperature change is 4.2 K for a field 

increasee from 0 to 1.45 T, and as high as 3 K for a field increase from 0 to 

11 T around 292 K. 

4.. The thermal hysteresis is smaller than 2 K and the field hysteresis is about 

0.33 T in the Mn2.xFexP0 5AS0.5 system, both values being smaller than those 

observedd in the MnFePi.xAsx system. 

5.. The electrical resistivity of the compounds is about 1800 u£2cm around 

roomm temperature. The steplike change and the field hysteresis in the 

electricall  resistance of the compound MnnFeo.9Po.47Aso.53 also confirm that 

thee transition is of first order. 

Summarising,Summarising, we have observed an enhanced MCE and a reduced thermal 

hysteresiss in the compounds with 10 % excess of Mn: Mn1.1Feo.9Po.47Aso.53 and 

Mni.iFeo.9Po.5Aso.5.. These excellent features emphasize the large potential of the 

presentt compounds for room-temperature magnetic -refrigeration applications. 

http://MnuFeo.9Po.47Aso.53
http://MnnFeo.9Po.47Aso.53
http://Mn1.1Feo.9Po.47Aso.53
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Summary y 
Thiss thesis presents a study of the magnetocaloric effect (MCE) and related 

physicall  properties of several intermetallic compounds: GdRu2Ge2, GdsGe^Si,?, 

andd MnFe(P,As). Of particularly interest is the discovery of a very large MCE in 

MnFe(P,As)) compounds around room temperature and low fields that can be 

generatedd by permanent magnets. This is a promising step in the direction of 

refrigerationn technology by means of the magnetocaloric effect. 

Afterr a brief overview on the conventional refrigeration techniques, the 

significancee of developing magnetic refrigeration and the motivation for this study 

aree pointed out in Chapter 1. The adiabatic temperature change and the isothermal 

magnetic-entropyy change are the two characteristic parameters for evaluating the 

magnetocaloricc properties of a magnetic material. The theoretical aspects of the 

MCEE and of magnetic phase transition are presented in Chapter 2. Since a large 

MCEE may be expected in the vicinity of a magnetic phase transition, our study is 

focusedd on the MCE associated with such transitions, in particular first-order phase 

transitions s 

Forr the determination of the MCE, we have used both magnetic and 

specific-heatt measurements, that are described in Chapter 3. Additionally, we also 

presentt direct measurements, which were performed by Tishin's group at Moscow 

Statee University, of the MCE in some of the MnFe(P,As) compounds. A reliable 

characterizationn technique for the MCE and a better understanding of the MCE and 

relatedd physical properties of the newly found compounds Gd5(Ge,Si)4 are, 

therefore,, crucial in fundamental as well as technological investigations for new 

magneticc refrigerants. Therefore, in Chapter 4, the characterization techniques and 

methodss to determine the MCE were tested by studying the MCE in GdRu2Ge2. 
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Thee results of this study show that the isothermal magnetic- entropy change 

derivedd from magnetization measurements is in good agreement with the values 

obtainedd by means of specific-heat measurements in magnetic field, thus 

confirmingg that it is reliable to investigate the MCE in new materials by means of 

simplee magnetization measurements. In Chapter 4, we also present the results of a 

studyy of the MCE and of related physical properties of a single crystal of 

Gd5Ge23Sii.7.. This compound exhibits a large magnetic-entropy change, at least 

threee times larger than that of Gd, in the vicinity of its first-order simultaneous 

structurall  and magnetic phase transition. 

Wee have found that MnFe(P,As) compounds are very promising novel 

magneticc coolants with a large MCE in the room-temperature region. In Chapter 5, 

wee present a study of the MCE and related physical properties, such as 

magnetizationn and electrical resistivity, of the hexagonal MnFe,.xAsx compounds. 

Thesee materials that contain elements that easily evaporate, such as P and As, have 

beenn prepared by ball milling and subsequent solid-state reaction. The hexagonal 

MnFePi_xAsxx compounds exhibit a MCE that is as large as the one found in 

Gd5(Ge,Si)4.. This MCE is also associated with a first-order magnetic phase 

transitionn from the low-temperature ferromagnetic (FM) phase to the high-

temperaturee paramagnetic (PM) phase. An applied magnetic field induces a 

transitionn from PM state to FM state. The first-order phase transition in the 

MnFe(P,As)) compounds studied is adequately described by the Bean-Rodbell 

model,, indicating the magnetoelastic effect plays an important role in the phase 

transition.. Besides their large MCE, two additional features make the MnFe(P,As) 

compoundss promising candidate materials for magnetic refrigerants in room-

temperaturee applications. The first one is the fact that their Curie temperature can 

bee tuned between 168 K and 332 K by varying the P/As ratio between 1.5 and 0.5, 

whichh allows one to tune the maximum MCE in this temperature range without 

losingg the large MCE. The second important feature is that, unlike for instance in 

FeRh,, the large MCE in the MnFe(P,As) compounds is reversible, and that the 
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thermall  hysteresis observed in the compounds is smaller than that observed in 

Gd5(Ge,Si)44 system. It is also commercially attractive that the price of the 

MnFe(P,As)) is much cheaper than Gd. 

Inn Chapter 6, we present further studies on the magnetocaloric properties of 

thee MnFe(P,As)-based compounds in which the Mn/Fe ratio is varied. The 

experimentall  results show that a small addition of Mn enhances the MCE and 

reducess the thermal hysteresis. The best magnetocaloric properties are achieved for 

Mn1.1Feo.9Po.47Aso.53,, which exhibits a maximum adiabatic temperature change of 3 

KK for a field change from 0 to 1 T at 292 K. The thermal hysteresis is less than 2 K. 

http://Mn1.1Feo.9Po.47Aso.53
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Samenvatting g 
Magnetischh koelen is een mogelijk alternatief voor het welbekende gascompressie -

enn verdampingsproces. Een warmtepomp is namelijk ook te realiseren met een 

magnetischee vaste stof die een groot magnetocalorisch effect vertoont. In de 

koelcycluss van zo'n pomp warmt de magnetische stof op als een magneetveld 

wordtt aangelegd en koelt af als het veld wordt uitgeschakeld. Doordat zulke 

pompenn zeer compact kunnen worden gebouwd, zijn ze ideaal voor allerlei huis-, 

tuin-- en keukentoepassingen, zoals de koelkast, een aircosysteem, de koeling van 

eenn computer of ook een warmtepomp voor verwarming, waarvoor nu nog de 

gascompressorr de meest gebruikte vorm is. Andere voordelen van magnetisch 

koelenn zijn: zuiniger, geen gebruik van broeikasgassen en geluidsarm. Een 

magnetischee koeler is echter vrij duur, omdat het materiaal dat thans als actief 

koelmediumm wordt gebruikt (gadolinium) relatief zeldzaam is en op den duur 

oplostt in het water dat als warmtemedium wordt gebruikt 

Onderzoekk naar geavanceerde magnetische materialen die een groot 

koeleffectt in lage magneetvelden vertonen is daarom van groot belang. Dit 

iss het onderwerp van het in dit proefschrift beschreven onderzoek. Uit 

theoretischee overwegingen, die in hoofdstuk 2 zijn uiteengezet, volgt dat 

eenn groot magnetocalorisch effect verwacht kan worden bij een scherpe 

magnetischee faseovergang. Daarom is vooral onderzoek gedaan aan 

materialenn die een bijzondere magnetische faseovergang vertonen. Om het 

magnetocalorischh effect te bepalen, zijn magnetische en calorische metingen 

verricht.. Aan enkele preparaten is in samenwerking met de groep van 

Professorr Tishin van de Staatsuniversiteit van Moskou de 
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temperatuurveranderingg gemeten tengevolge van een verandering van het 

aangelegdee magnetisch veld. 

Omdatt er in de literatuur discussie is ontstaan of magnetische metingen altijd 

eenn goede beschrijving van het magnetocalorisch effect leveren, is in hoofdstuk 4 

eenn nauwkeurige vergelijking gemaakt tussen de resultaten van calorische 

metingenn en van magnetische metingen. Deze metingen leveren binnen de 

foutmargess eenzelfde magnetocalorisch effect voor GdRu2Ge2 een materiaal dat 

eenn zeer scherpe veldgeïnduceerde overgang vertoont. Hiermee is aangetoond dat 

voorr de bepaling van het magnetocalorisch effect van een materiaal volstaan kan 

wordenn met de veel eenvoudigere magnetisatiemetingen. Metingen aan een 

éénkristall  van Gd5Ge23Sii  7 tonen een magnetocalorisch effect dat drie keer groter 

iss dan in zuiver Gd. 

Eenn eerste grote doorbraak in magnetische koeling is de ontwikkeling van 

eenn nieuw materiaal namelijk een legering van mangaan, ijzer, fosfor en arseen 

MnFe(P,As),, beschreven in hoofdstuk 5. Na het bepalen van allerlei eigenschappen 

vann deze legering konden wij vaststellen dat er sprake is van een geschikt 

materiaal.. Wij hebben aangetoond, dat het mogelijk is met dit materiaal te koelen 

mett lage magneetvelden gegenereerd m.b.v. permanente magneten. Door het 

gebruikk van het magneetveld van permanente magneten kan een warmtepomp zeer 

energie-efficiëntt gemaakt worden omdat alleen voor het warmtetransport arbeid 

moett worden verricht. Een bijzonder interessante eigenschap van de nieuwe 

legering,, naast de veel lagere materiaalkosten, is dat de temperatuur waarbij deze 

legeringg het beste koelt, het zogeheten werkpunt, kan worden ingesteld door een 

kleinee verandering van de samenstelling. Hiermee kan het werkpunt tussen -80 en 

+70°CC worden gevarieerd. Een warmtepomp die over dit temperatuurinterval gaat 

koelenn zal zijn gebaseerd op een soort cascade die in meerdere stappen werkt. 

Belangrijkk voor de levensduur van een magnetocalorische koeler is ook het feit dat 

ditt materiaal niet oplost in water. Zelfs in zoutzuur lost het niet op, daarom ook is 

arseenn in deze legering volkomen ongevaarlijk. 
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Verderee verbetering van het magnetocalorisch effect in MnFe(P,As) is 

gevondenn bij verhoging van het aandeel van Mn in deze legering. Dit is beschreven 

inn hoofdstuk 6. De grootste adiabatische temperatuurverandering wordt gevonden 

voorr een legering waarin 10 % van het ijzer is vervangen door mangaan. 

Tenn slotte, de techniek van magnetisch koelen is bijzonder geschikt voor 

kleinschaligee systemen. Voor een gewone koelkast is niet meer dan 0.1 liter (een 

kopjee koffie) magnetisch materiaal nodig. Met magnetisch koelen kan de industrie 

niett alleen koelsystemen ontwikkelen voor koelkasten, maar ook voor airco's en 

voorr computers. Ook voor de levensmiddelenindustrie kan het interessant zijn 

koelwagenss van deze koeltechniek te voorzien. Het spaart immers ruimte in 

vergelijkingg met de huidige koelsystemen. Grote installaties als koelhuizen of 

kunstijsbanenn zullen hoogstwaarschijnlijk voortborduren op de geijkte 

koelmethoden,, omdat daar ruimtebesparing en geluidsoverlast veel minder 

belangrijkk zijn. 



113 3 

Publications s 
Publicationss related to the work presented in this thesis 

11 O. Tegus, E. Brück, K.H.J. Buschow and F.R. de Boer, Transition-metal-

basedd magnetic refrigerants for room-temperature applications, Nature 415 

(2002)) 150-152. 

22 O.Tegus, E. Brück, Dagula, L. Zhang, K.HJ. Buschow and F.R. de Boer, 

Magneticc phase transitions and magnetocaloric effects, Physica B 319 (2002) 

174-192. . 

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

F.R.. de Boer, Magnetocaloric effects in GdGe2Ru2, J. Appl. Phys. 91(2002) 

8528-8530. . 

44 O. Tegus, E. Brück, Dagula, K.H.J. Buschow and F.R. de Boer, 

Magnetoresistancee of MnFePo.55Aso.45, IEEE Trans. Magn. 38 (2002) 2753-

2754. . 

55 O. Tegus, W. Dagula, L. Zhang, E. Brück, K.H.J. Buschow and F.R. de Boer, 

Magneticc and magneto-caloric properties of Tb5Ge2S ,̂ J. Appl. Phys. 91 

(2002)) 8534-8536. 

66 E. Brück, O. Tegus, X.W. Li, F.R. de Boer and K.H.J. Buschow, Magnetic 

refrigerationn - towards room-temperature applications, Physica B 327 (2003) 

431-437. . 

77 O. Tegus, L. Zhang, W. Dagula, E. Brück, K.HJ. Buschow and F.R. de Boer, 

Onn the first-order magnetic phase transition in MnFePosAso^Sio.i, J. Appl. 

Phys.. 93 (2003) 7655-7657. 

http://MnFePo.55Aso.45


114 4 Publications s 

88 M. Nazih, A. de Visser, L. Zhang, O. Tegus and E. Briick, Thermal expansion 

off  the magnetorefhgerant Gds(Si,Ge)4, Solid State Commun. 126 (2003) 255-

259. . 

99 X.W. Li, O. Tegus, L. Zhang, W. Dagula, E. Briick, K.H.J. Buschow and F.R. 

dee Boer, Magnetic properties of MnFeP05Aso.5-xGex, submitted to IEEE 

Trans.. Magn. 

100 O. Tegus, E. Briick, X.W. Li, L. Zhang, W. Dagula, F.R. de Boer and K.H.J. 

Buschow,, Tuning of the magneto-caloric effects in MnFe(P,As) by elements 

substitution,, submitted to J. Magn. Magn. Mater. 

Otherr  publications 

11 S.J. Hu, X.Z. Wei, O. Tegus, D.C. Zeng, E. Briick, J.C.P. Klaasse, F.R. de 

Boerr and K.H.J. Buschow, Magnetic properties of Ho2Coi7.xSix compounds, J. 

Alloyss Compds. 284 (1999) 60-64. 

22 L. Zhang, O. Tegus, Z.Y. Liu, J.C.P. Klaasse, E. Briick, F.R. de Boer and 

K.H.J.. Buschow, Magnetic anisotropy evolution of (Ce,Y)2Coi7 compounds, 

J.. Alloys Compds. 307 (2000) 51-55. 

33 O. Tegus, E. Briick, A.A. Menovsky, F.R. de Boer and K.H.J. Buschow, 

Spin-reorientationn and anisotropy of the magnetization in single crystalline 

Ho2CoI5Si2,, J. Alloys Compds. 302 (2000) 21-25. 

44 T. Taniguchi, Y. Tabata, Y. Miyak, O. Tegus, A.A. Menovsky and J.A. 

Mydosh,, Non-linear susceptibilities of Ce(Rui.xRhx)2Ŝ  and CeCus^Auo.i, 
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