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Overview

1. Context

2. Maxwell Relations
How can thermodynamics help us?

3. Measurement Techniques
How can you measure the magnetocaloric effect? 

4. Materials
What benchmark values might we be comparing to?

5. Universal Curves
What can universality tell us about a material system?

6. Material Engineering
Beyond entropy change, what material properties should we be looking to improve?

7. Future Outlook

2 of 41  



Rising Temperatures

[1] International Energy Agency, The Future of Cooling, (2018), 
http://www.iea.org/reports/the-future-of-cooling
[2] A. Kitanovski, Adv. Energy Materials 10 1903741 (2020)

Air conditioning and refrigeration accounts for 20% of electricity used in buildings today[1]

Refrigerants account for 7.8% total greenhouse gas emission

[2]
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Closed 
cycle 

cryostats

Want to know more?: See ESM 2021, Oliver Gutfleisch
Magneto (and multi-)caloric materials for efficient refrigeration

http://www.iea.org/reports/the-future-of-cooling


“Photograph of technology demonstration of a 

Continuous Adiabatic Demagnetization 

Refrigerator developed at NASA’s Goddard 

Space Flight Center.”   

[Figure taken from 

http://ixo.gsfc.nasa.gov/technology/xms.html ]

1. Context
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Magnetic Cooling

Anders Smith – Who discovered the magnetocaloric effect?, Eur. Phys. J. H 38 507-517 (2013)

http://ixo.gsfc.nasa.gov/technology/xms.html


Magnetic Cooling
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Refrigerant capacity ~ ΔS.ΔTad



Research Aims
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Magnetometry
Calorimetry

2011 – Camfridge prototype attained Tspan ~ 35K with 
La(Fe,Si,Co)13 plates.

H2

H1

 ΔS , ΔTad

 Hc, ΔH
 Cost
Manufacturability
 Tunability

V.K. Pecharsky et. al., Phys Rev. B 64 144406 (2001)
K.A. Gschneidner et al,  Rep. Prog. Phys. 68, 1479-1539 (2005)
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Maxwell Relations

𝑑𝐺 = −𝑆𝑑𝑇 −𝑀𝑑𝐻 + 𝑉𝑑𝑃
T,S

H,MP,V

Magneto-

striction
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Equation of state:
𝐻

𝑀
= 𝐴 + 𝐵𝑀2 + 𝐶𝑀4

2. Maxwell Relations
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Maxwell Relations

2. Maxwell Relations
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Magnetometry: Potential problems

3. Measurement Techniques
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MnFeP0.8Ge0.2

Same sample measured 2 different ways. 
Why so different?

L. Caron et al., J. Magn. And Magn. Mater. 321, 3559-3566 (2009)

Magnetometry - See ESM 2024, Stuart Cavill.
Magnetic measurement instruments and techniques



Magnetometry: Field History

3. Measurement Techniques
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L. Caron et al., J. Magn. And Magn. Mater. 321, 3559-3566 (2009)



Magnetometry

Constructing isofield M(T) from isothermal 
M(H) data requires consideration of field 

history where there is thermal/field 
hysteresis.
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3. Measurement Techniques

L. Caron et al., J. Magn. And Magn. Mater. 321, 3559-3566 (2009)



Magnetometry: Round Robin

K. Morrison et al., Int. J. Refrig. 35, 1528 (2012)

3. Measurement Techniques
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Calorimetry: Potential Problems

Phase diagram: Effect of temperature/pressure
Thermal history: “Isothermal” measurements
Timescales: Driving frequency

Thermal conductivity
Equipment limitations

Data analysis: Limitations of model used

Measurement protocol
Data Analysis

timescales
Thermal history

Phase diagram

3. Measurement Techniques
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Differential Scanning Calorimetry (DSC)

𝐶𝑝 =
𝑃

ሶ𝑇𝑚

Heating rate

mass

Power supplied to sample 
(to keep it at same temperature as reference)

Heat 
capacity

Heat flow measured.
Temperature scanned.

Peltier

3. Measurement Techniques

14 of 41  



Relaxation Calorimetry

e.g. Quantum Design PPMS with 
heat capacity option

3. Measurement Techniques
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One relaxation curve gives you:

1. 1 data point averaged over Trise

2. Kw

3. Kg

Sharp changes in heat capacity, or latent heat can result in poor measurement

2-τ method

sample

platform

bath

[1] – Hwang et al. Rev. Sci. Instrum. 68, 94 (1997) 

3. Measurement Techniques

The PPMS heat capacity option:
Curve fitting method[1]
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[1]J.C. Lashley et al., Cryogenics 43 369-378 (2003)
H. Suzuki et al., Cryogenics 50 693–699 (2010)

Evaluate same relaxation curve at every 
point using Kw ,Kg and following equations:

Example[1]

3. Measurement Techniques

The PPMS heat capacity option:
Curve fitting method[1]
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2-τ method

sample

platform

bath



Measurement techniques: round robin study

3. Measurement Techniques

18 of 41  K. Morrison et al., Int. J. Refrig. 35, 1528 (2012)

Want to know more?: See ESM 2019, Vittorio Basso.
Indirect techniques: calorimetry, dilatometry, transport



Giant Magnetocaloric Effect in Gd5(GexSi1-x)4

Courtesy of K.A. Gschneidner  

Paramagnetic - Monoclinic

Ferromagnetic - Orthorhombic

4. Materials
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Magneto-structural Coupling

Gd5Ge4

>20 K AFM-FM 

<20K Magnetic glass

TN~130 K

Gd5Si2Ge2

TC ~275 K:

FM-PM + 

orthorhombic-monoclinic

A.O. Pecharsky et al. J. Alloys. Comp. 338, 126-135 (2002)

4. Materials
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a axis b axis c axis

4. Materials
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Gd5Ge2Si2 Single Crystal



Gd5Ge2Si2 Single crystal 

How does presence of 
platelets affect AFM-

FM transition?

O. Ugurlu, et al., Acta Mater. 53, 3525-3533 (2005)

• Platelets of Gd5(GexSi1-x)3

• Criss-cross pattern in [010] b-face

• Stripe pattern in [100] a- and [001] 
c-face

4. Materials
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Gd5Ge2Si2 Single Crystal

Presence of PM platelets seed the phase transition.

J.D. Moore et al., Adv. Mater. 21 1-4 (2009)

4. Materials
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Gd5Ge2Si2 Microcalorimetry

[1] K. Morrison et al., MRS Conference proceedings, 1310 47-53 (2011).

[2] G.J. Liu et al., Appl. Phys. Lett. 88, 212505 (2006).

[3] V.K. Pecharsky et al., J. Magn. And Magn. Mater. 321, 3541-3547 (2009).

Microcalorimetry: ΔSLH=1/2 ΔStotal

(Bulk methods estimate ΔSstr as somewhere between 40 and 60% of ΔStotal [2],[3])

4. Materials
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Approaching the Critical Point

Aim: 

Maximise ΔS 

whilst limiting ΔH 

Coupling to a structural 

phase transition 

significantly enhances 

the entropy change, 

but at what cost?

4. Materials

25 of 41  K. Morrison & L.F. Cohen, Metallurgical and Materials Transactions E 1 153-159 (2014)



LaFe13-xSix

FOPT with tricritical point:
• x = 1.2 as a function of T, B

SOPT:
• x = 1.6 as a function of T

K. Morrison et al., Adv. Physics Research 3 2400008 (2024)

4. Materials
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Want to know more on materials?
See ESM 2013, Karl Sandeman.
Magneto-caloric materials



The tri-critical point

[1] R B Griffiths, Phys. Rev. Lett., 24, 715 (1970).

η, Δ = μ3-μ4

4. Materials
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Universal Scaling

5. Universal Curves
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C. Bonilla et al, PRB 81, 224424 (2010)
V. Franco et al, J. Phys. Condens. Matter 20, 285207 (2008)
V. Franco et al., Int. J. Refrig. 33, 465-473 (2010)

Δ𝑆𝑀𝑎𝑥 = න

0

𝐻2
𝜕𝑀(𝑇,𝐻)

𝜕𝑇
𝐻

𝑑𝐻

Tr1 Tr2

Tc

ℎ = ∆𝑆𝑀𝑎𝑥/∆𝑆𝑀𝑎𝑥
𝑃𝑒𝑎𝑘 𝜃 =

−
𝑇 − 𝑇𝑐
𝑇𝑟1 − 𝑇𝑐

𝑇 ≤ 𝑇𝑐

𝑇 − 𝑇𝑐
𝑇𝑟2 − 𝑇𝑐

𝑇 > 𝑇𝑐

H.E. Stanley, Rev. Mod. Phys. 71, S358 (1999)



Universal Scaling
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5. Universal Curves

H. Oestereicher and F.T. Parker, J. Appl. Phys. 55 4334 (1984)

V. Franco et al., Appl. Phys. Lett. 89, 222512 (2006)

Second Order / 



The Banerjee Criterion

Landau Free Energy Expansion Banerjee Criterion:
(Landau only)

𝐻

𝑀
= 𝐴 + 𝐵𝑀2+ 𝐶𝑀4+ 𝐷𝑀6+⋯

3

16
<
𝐴𝐶

𝐵2
<

9

20

𝐵 < 0

Shimizu Criterion:
(Landau+spin fluctuations)

K. Morrison, et al., Phys. Rev. B, 87, 134421 (2013)

5. Universal Curves
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Universal Scaling

5. Universal Curves

K. Morrison, et al., Phys. Rev. B, 87, 134421 (2013) 31 of 41  



Thermal Engineering: Next Challenge?

Several potential material systems
e.g. La(Fe,Si)13 MnFe(P,Si)

Engineering problem unique to each system

Tailor Tc, 
1 to optimise the working 

performance

 ΔS , ΔTad

 Hc, ΔH

 Cost

Manufacturability

 Tunability

J. Lyubina et al., Adv. En. Mater., 2, 1323-1327 (2012)

J.A. Turcaud et al., Scripta Mater., 68, 510-513 (2013)

6. Material Engineering
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Want to know more?: See ESM 2021, Oliver Gutfleisch
Magneto (and multi-)caloric materials for efficient refrigeration



Nielsen & Engelbrecht, Journal of Physics D: Applied Physics, 45, 145001 (2012)

6. Material Engineering

Thermal Engineering
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G. Porcari et al., Rev Sci Instrum. 84, 073907 (2013)

J. Lyubina et al., Adv. En. Mater., 2, 1323-1327 (2012)

J.A. Turcaud et al., Scripta Mater., 68, 510-513 (2013)

Thermal Engineering
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6. Material Engineering
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http://www.ncbi.nlm.nih.gov/pubmed/23902084


Registration by 1st September
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6. Material Engineering



Applications – Ubiblue (now Magnoric)

• 15kW
• 0 C cold temperature 
• Efficiency 60% Carnot COP
• Gd – Gd-Er segments to tailor Tc

Int. J. Refrig. 122, 256-265 (2021)

7. Future Outlook
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https://ubiblue.com/en/wasted-heat-conversion/


Applications - MagnoTherm

Manual (handcrank) fridge

Polaris: 80 L beverage cooler

Double door: 1000L capacity 
commercial refrigerators

37 of 41  

7. Future Outlook

ESM 2021, Oliver Gutfleisch
Magneto (and multi-)caloric materials for efficient refrigeration



Applications: Energy Harvesting

Low grade heat
Optimum frequency 1 Hz
Efficiency 1.7x10-3 % of ηCarnot

A. Kitanovski, Advanced Energy 
Materials 10, 1903741 (2020)

A. Waske et al., 
Nature Energy 4, 68-74 (2019)

7. Future Outlook

HEAT4ENERGY 

EU project 

launched in 

2024
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Applications: Energy Harvesting

7. Future Outlook

M. Ujihara, G.P. Carman, and D.G. 

Lee, APL 91, 093508 (2007)

• 1.85-3.61 mW/cm2 for ΔT=50K.

• Predicted as high as 36.1 

mW/cm2 if thermal contacts 

improved

R. A. Kishore and S. Priya, 

Sustainable Energy and Fuels, 1, 

1899 (2017)
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Magnetocaloric Effect

(Magnetic Refrigeration / Energy Harvesting)

Need to find the 
right material…

8. Summary

T,S

H,MP,V

Magneto-

striction
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Thankyou for your attention

Imperial College

A. Berenov, J. Turcaud, 

M. Bratko, K.G. Sandeman, 

Z. Gercsi, J. Lyubina, 

E. Lovell, D.A. Caplin, 

L.F. Cohen

Ames Laboratory

V.K. Pecharsky, 

K.A. Gschneidner, 

Y. Mudryk

Vacuumschmelze

A. Barcza

IFW Dresden

J.D. Moore

TU Darmstadt

O. Gutfleisch, K. P. Skokov

University of Parma

G. Porcari

Loughborough University

J. Betuoras, A. Caruana
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Any Questions?


