
MAGNETOCALORIC MATERIALS AND DEVICES

A BRIEF REVIEW OF THE PAST AND THE PRESENT AND A

PEEK INTO THE FUTURE

Vitalij K. Pecharsky

Ames Laboratory and Department of Materials Science and 
Engineering, Iowa State University 
Ames, Iowa  50011-2416, U.S.A.
Electronic mail: vitkp@ameslab.gov



Acknowledgements (People)

◼ Karl A. Gschneidner, Jr.

◼ Yaroslav Mudryk, Arjun Pathak, Julie Slaughter, Lucas 

Griffith, Agata Czernuszewicz

◼ Numerous postdocs & graduate students

◼ Collaborators all over the world

2



Acknowledgements (Funding)

◼ U.S. Department of Energy, Division of Materials Science and 

Engineering of the Office of Basic Energy Science

◼ U.S. Department of Energy, Advanced Manufacturing Office 

and Building Technologies Office of the Office of Energy 

Efficiency and Renewable Energy

◼ All funding under contract No DE-AC02-07CH11358 with 

Iowa State University

3



Outline

◼ The magnetocaloric effect – what is it?

◼ First applications of the magnetocaloric effect and why is it 

important?

◼ Giant magnetocaloric effect and where we are today?

◼ What does the future hold?
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The magnetocaloric effect: Discovery

P. Weiss, A. Piccard. Le phénomène magnétocalorique. J. Phys. Theor. Appl. 7, 103 (1917)

For the nickel studied, this [Curie] point is at

629.6º absolute. At 634.9º we found, by varying the field

from zero to the values in the first column, and conversely

from these values to zero:

@ 627.2 K
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The magnetocaloric effect. Why is there a T?

B1 = 0

S1, T1

B2 >> 0.1 T

S2 = S1, T2 > T1

Tad = T2 – T1

◼ Magnetic moments are aligned by the 
action of magnetic field

◼ The magnetic component of the entropy 
changes by SM

◼ Adiabatic conditions
❑ S = const.

❑ B=0: S1 = SL + SE + SM

❑ B>0: S2 = (SM –SM) + (SL + SE +SM)
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S and T are related, but...

◼ Adiabatic conditions
❑ S = const.

❑ B=0: S1 = SL + SE + SM

❑ B>0: S2 = (SM –SM) + (SL + SE +SM)

◼ But

❑ 𝑆𝐿 =
1

3
𝛽𝑇3

❑ 𝑆𝐸 = 𝛾𝑇

❑ 𝑆𝑀
𝑀𝑎𝑥 = 𝑅𝑙𝑛(2𝐽 + 1)

Low T High T

C. Kittel, Intro to Solid State Physics, Wiley (1971)
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How does this work?

Magnetic material

near its TC

A gas or a volatile

liquid (vapor

compression, VC)
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Calorics in general

◼ Reversible T and S as a result of F

◼ Field, F

❑ Magnetic – magnetocaloric effect

❑ Stress – elastocaloric effect

❑ Electric – electrocaloric effect

◼ Applications of magnetocaloric effect are most mature
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First application of the magnetocaloric effect

Phys. Rev., 43 768 (1933)
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Adiabatic demagnetization today

“…[W.F. Giauque’s] magnetic cooling method deserves special mention.  This method has made it 

possible to reach temperatures nearer to absolute zero than was possible by any earlier 

technique.”

Arne Tiselius, 1949 Nobel committee presentation

Janis

Many others… GGG is a typical coolant

4T magnet; Low T of 50 mK

No-load hold time: 2 days

Regeneration: a few hours
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Magnetocaloric effect near room temperature

Y. Mudryk, V.K. Pecharsky, Materials for solid state cooling, in: Rare Earth Chemistry, De Gruyter (Berlin), 2020
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First application near room temperature
◼ 1976 Gerald Brown (NASA)

❑ Temperature span of 47oC using Gd plates to regenerate a column of a water-alcohol mixture; 7 T, 

cycle time – several min; ~50 cycles to get there.  Later reached 80oC span, but never published.

G.V. Brown, Magnetic heat pumping near room temperature, J. Appl. Phys. 47, 3673 (1976)
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Why magnetocaloric effect is important?

◼ Cooling today: nearly exclusively VC; 1/3 of 4,000,000,000,000,000 

(4QWh) of the electricity generated in the U.S. (2016 data)

◼ Magnetocaloric heat pumping/refrigeration

❑ Efficiency

◼ Magnetocaloric effects can be generated with 99+% efficiency

◼ Magnetocaloric cooling can be 1/4 to 1/3 more efficient than VC

◼ U.S.: 300 TWh ($30B, assuming $0.1/kWh) saved annually

❑ Safety and environment

◼ No CFC’s, HFC’s, NH3, flammable(s)

◼ Solid refrigerant

◼ Benign (water-based) heat exchange fluid, low pressure 
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Past 23 years…

http://www.astronautics.com/premiere-of-cutting-edge-

cooling-appliance-at-ces-2015/

February, 1997                                                             January, 2015
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Giant magnetocaloric effect

Phys. Rev. Lett. 78, 4494 (1997)
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Nature of the giant magnetocaloric effect
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Why aren’t we there yet?

◼ S reported for hundreds if not thousands of materials

❑ A few “new and promising” materials are reported every week

◼ Only three, far from ideal, materials families have been 

proved “practical” and are (?) available

❑ “Gd-based (Gd, Gd1-xRx),” “La-Fe-Si (1:13),” “Mn-Fe-P-Si (Fe2P)”

◼ Majority of “new and promising” materials are shelved

❑ No proven methodology to predict performance – caloric “zT“?

❑ Scale-up (from grams to kilograms) for testing is cost-prohibitive
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Rapid testing and validations of materials is key! 

◼ CaloriSMART (Small-scale 

Modular Advanced Research 

Test-station) for rapid evaluation 

of small quantities of caloric 

materials

◼ Evaluate new caloric materials 

under a wide range of operating 

conditions quickly and cost-

effectively

Controlled 

environment 

temperature

Magnetocaloric

module

Custom 

syringe 

pump

L.G. Griffith et al, CaloriSMART: Small-scale test-stand for rapid evaluation of active magnetic

regenerator performance, Energy Conversion and Management 199, 111948 (2019). 19



CaloriSMART

Control

◼ Regenerator volume 2-7 cm3, typical 5 cm3

◼ Demonstrated frequency up to 4 Hz

◼ Max field of 1.45 T or 1.13 T

◼ Hot-side exhaust temperature 0 to 80 °C

◼ Applied cooling load up to 20 W

Operation

◼ Fast, automatic measurements (0.1 to 2.3 h)

◼ Couple hours for setup
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The future

◼ Innovations in energy efficient materials and 

systems can and must be accelerated

◼ Close the gap between discovery, synthesis, and 

characterization of materials and their 

performance as critical system components
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Thank you very much for your 

attention!
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