
Schlüsseltechnologien / Key Technologies
Band / Volume 240
ISBN 978-3-95806-557-4

Schlüsseltechnologien / Key Technologies
Band / Volume 240
ISBN 978-3-95806-557-4

Structure and Dynamics of Magnetocaloric Materials
Nour Abdalmajeed Maraytta

240

Sc
hl

üs
se

lte
ch

no
lo

gi
en

  
Ke

y 
Te

ch
no

lo
gi

es
St

ru
ct

ur
e 

an
d 

D
yn

am
ic

s 
of

 M
ag

ne
to

ca
lo

ric
 M

at
er

ia
ls

N
ou

r A
bd

al
m

aj
ee

d 
M

ar
ay

tt
a



Forschungszentrum Jülich GmbH
Jülich Centre for Neutron Science (JCNS)
Quantenmaterialien und kollektive Phänomene (JCNS-2/PGI-4)

Structure and Dynamics of Magnetocaloric 
Materials

Nour Abdalmajeed Maraytta

Schriften des Forschungszentrums Jülich
Reihe Schlüsseltechnologien / Key Technologies Band / Volume 240

ISSN 1866-1807  ISBN 978-3-95806-557-4



Contents

1 Introduction 1

1.1 The magnetocaloric effect (MCE) . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Background: Introduction and history . . . . . . . . . . . . . 1

1.1.2 Thermodynamics of Magnetocaloric Materials . . . . . . . . . 2

1.1.3 Measurement of the magnetocaloric effect . . . . . . . . . . . 4

1.1.4 Refrigeration capacity . . . . . . . . . . . . . . . . . . . . . . 5

1.1.5 Magnetic refrigeration cycle . . . . . . . . . . . . . . . . . . . 5

1.1.6 Magnetocaloric Materials . . . . . . . . . . . . . . . . . . . . . 5

1.2 The Mn5−xFexSi3 series and Mn5Ge3 compound . . . . . . . . . . . . 7

2 Theoretical Background 13

2.1 Basics of Magnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1.1 Exchange interaction . . . . . . . . . . . . . . . . . . . . . . . 13

2.1.2 Magnetic Order . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1.3 The Weiss model of a ferromagnet . . . . . . . . . . . . . . . . 14

2.1.4 Anisotropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.5 Arrott plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2 Specific heat capacity . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3 Basics of diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.4 Crystal structure determination . . . . . . . . . . . . . . . . . . . . . 21

2.4.1 Structure factor of X-ray scattering . . . . . . . . . . . . . . . 21

2.4.2 Atomic form factor . . . . . . . . . . . . . . . . . . . . . . . . 21

2.4.3 Structure factor of nuclear scattering . . . . . . . . . . . . . . 22

2.4.4 Neutron scattering lengths . . . . . . . . . . . . . . . . . . . . 22

2.4.5 Debye-Waller factor and atomic displacement parameters . . . 23

2.4.6 Magnetic form factor . . . . . . . . . . . . . . . . . . . . . . . 24

2.4.7 Structure refinement . . . . . . . . . . . . . . . . . . . . . . . 25

2.5 Magnetic structure determination . . . . . . . . . . . . . . . . . . . . 30

3 Experimental setup and techniques 37

3.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.1.1 Synthesis of the polycrystalline samples: cold crucible . . . . . 37

3.1.2 Single crystal growth: Czochralski method . . . . . . . . . . . 39

3.2 Scattering Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.1 Laue X-ray diffractometer . . . . . . . . . . . . . . . . . . . . 40

3.2.2 X-ray powder diffraction: The Huber G670 powder diffrac-
tometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

vi



Contents

3.2.3 Non-polarized single crystal neutron diffraction: Polarized hot
neutron diffractometer (POLI) . . . . . . . . . . . . . . . . . . 42

3.3 Magnetization Measurements . . . . . . . . . . . . . . . . . . . . . . 45
3.3.1 Isothermal magnetization in DC filed . . . . . . . . . . . . . . 45
3.3.2 Adiabatic magnetization in pulsed magnetic fields . . . . . . . 47

3.4 Heat capacity: PPMS Dynacool . . . . . . . . . . . . . . . . . . . . . 49
3.5 Direct Measurements of the MCE in a Pulsed Magnetic Field . . . . . 50

3.5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.5.2 Experimental setup and procedure . . . . . . . . . . . . . . . 52

4 Direct measurements of the magneto-caloric effect of MnFe4Si3 in
pulsed magnetic fields 57
4.1 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5 Anisotropy of the Magnetocaloric effect: Example of Mn5Ge3 69
5.1 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6 Magnetic Structure of the AF1′ Phase of Mn5Si3 83
6.1 Heat capacity measurements . . . . . . . . . . . . . . . . . . . . . . . 83
6.2 Refinement of the nuclear structure at 50 K and 5 T . . . . . . . . . 83
6.3 Refinement of the magnetic structure at 50 K and 5 T . . . . . . . . 88
6.4 Nuclear and magnetic structure of Mn5Si3 at 50 K and 5 T . . . . . . 97

6.4.1 Nuclear structure of M5Si3 at 50 K and 5 T . . . . . . . . . . 97
6.4.2 Magnetic models for Mn5Si3 at 50 K and 5 T . . . . . . . . . 99

6.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

7 Summary and Outlook 111

Bibliography 114

A Appendix 125
A.1 Data processing of the macroscopic measurements . . . . . . . . . . . 125
A.2 H/M vs. M2 curve of Mn5Ge3 at 180 K . . . . . . . . . . . . . . . . . 128
A.3 XRD patterns of MnFe4Si3 powder . . . . . . . . . . . . . . . . . . . 128
A.4 MnFe4Si3 magnetization measurements . . . . . . . . . . . . . . . . . 129
A.5 Inverse magnetic molar susceptibility of Mn5Ge3 . . . . . . . . . . . . 130
A.6 Magnetometry results of Mn5Ge3 . . . . . . . . . . . . . . . . . . . . 131
A.7 Direct measurements of ∆Tad of Mn5Ge3 in pulsed magnetic field . . 132
A.8 Processing of non-polarized single-crystal neutron diffraction data . . 133
A.9 Observed Fobs versus calculated Fcalc structure factors . . . . . . . . . 135

List of figures 137

List of tables 142

Acknowledgments 144

vii



Schlüsseltechnologien / Key Technologies
Band / Volume 240
ISBN 978-3-95806-557-4

Schlüsseltechnologien / Key Technologies
Band / Volume 240
ISBN 978-3-95806-557-4

Structure and Dynamics of Magnetocaloric Materials
Nour Abdalmajeed Maraytta

240

Sc
hl

üs
se

lte
ch

no
lo

gi
en

  
Ke

y 
Te

ch
no

lo
gi

es
St

ru
ct

ur
e 

an
d 

D
yn

am
ic

s 
of

 M
ag

ne
to

ca
lo

ric
 M

at
er

ia
ls

N
ou

r A
bd

al
m

aj
ee

d 
M

ar
ay

tt
a


	Introduction
	The magnetocaloric effect (MCE)
	Background: Introduction and history
	Thermodynamics of Magnetocaloric Materials
	Measurement of the magnetocaloric effect
	Refrigeration capacity
	Magnetic refrigeration cycle 
	Magnetocaloric Materials

	The Mn5-xFexSi3 series and Mn5Ge3 compound

	Theoretical Background 
	Basics of Magnetism
	Exchange interaction
	Magnetic Order
	The Weiss model of a ferromagnet
	Anisotropy 
	Arrott plots

	Specific heat capacity 
	Basics of diffraction
	Crystal structure determination
	Structure factor of X-ray scattering
	Atomic form factor
	Structure factor of nuclear scattering
	Neutron scattering lengths
	Debye-Waller factor and atomic displacement parameters
	Magnetic form factor
	Structure refinement

	Magnetic structure determination

	Experimental setup and techniques 
	Sample preparation
	Synthesis of the polycrystalline samples: cold crucible
	Single crystal growth: Czochralski method

	Scattering Techniques 
	Laue X-ray diffractometer
	X-ray powder diffraction: The Huber G670 powder diffractometer
	Non-polarized single crystal neutron diffraction: Polarized hot neutron diffractometer (POLI)

	Magnetization Measurements 
	Isothermal magnetization in DC filed
	Adiabatic magnetization in pulsed magnetic fields

	Heat capacity: PPMS Dynacool
	Direct Measurements of the MCE in a Pulsed Magnetic Field
	Introduction 
	Experimental setup and procedure


	Direct measurements of the magneto-caloric effect of MnFe4Si3 in pulsed magnetic fields
	Results and discussion 
	Conclusions

	Anisotropy of the Magnetocaloric effect: Example of Mn5Ge3
	Results and discussion 
	Conclusions

	Magnetic Structure of the AF1 Phase of Mn5Si3
	Heat capacity measurements
	Refinement of the nuclear structure at 50 K and 5 T
	Refinement of the magnetic structure at 50 K and 5 T
	Nuclear and magnetic structure of Mn5Si3 at 50 K and 5 T
	Nuclear structure of M5Si3 at 50 K and 5 T
	Magnetic models for Mn5Si3 at 50 K and 5 T

	Discussion
	Conclusion

	Summary and Outlook
	Bibliography
	Appendix
	Data processing of the macroscopic measurements
	H/M vs. M2 curve of Mn5Ge3 at 180 K
	XRD patterns of MnFe4Si3 powder
	MnFe4Si3 magnetization measurements
	Inverse magnetic molar susceptibility of Mn5Ge3
	Magnetometry results of Mn5Ge3
	Direct measurements of Tad of Mn5Ge3 in pulsed magnetic field
	Processing of non-polarized single-crystal neutron diffraction data
	Observed Fobs versus calculated Fcalc structure factors

	List of figures
	List of tables
	Acknowledgments
	Leere Seite
	Leere Seite



