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Each EV needs ~2 kg of permanent magnets
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What magnets will drive future EVs?



Magnets need high magnetization
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Magnets need high magnetization, coercivity

Rom, Smaha, O’Donnell, Dugu, Bauers, MRS Bulletin, 2024, doi: 10.1557/s43577-024-00743-4

M (sample magnetization) 

H
(applied field)Hardness

Hc

Ms

MrStrength



Magnets need high magnetization, coercivity

Rom, Smaha, O’Donnell, Dugu, Bauers, MRS Bulletin, 2024, doi: 10.1557/s43577-024-00743-4

M (sample magnetization) 

H
(applied field)Hardness

Hc

Ms

MrStrength

B = μ0(M+H)



Magnets need high magnetization, coercivity

Rom, Smaha, O’Donnell, Dugu, Bauers, MRS Bulletin, 2024, doi: 10.1557/s43577-024-00743-4

M (sample magnetization) 

H
(applied field)Hardness

Hc

Ms

MrStrength

B (magnetic flux density) 

H
(applied field)Hardness Hc,B

Br = Mr B = μ0(M+H)



Magnets need high magnetization, coercivity, magnetic energy density |BH|max
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Nd2Fe14B is the leading magnet for EVs
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Adapted from: Cui, Kramer, Zhou, Liu, Gabay, Hadjipanayis, 
Balasubramanian, Sellmyer, Acta Mater. 158, 118 (2018)
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Nd2Fe14B is the leading magnet for EVs
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Nd2Fe14B is the leading magnet for EVs, Sm-Co are pricier alternatives

Dy, Tb
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Established PM materials rely on critical materials
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Emerging PM materials rely on non-critical materials
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Emerging PM materials rely on non-critical elements
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Sm2Fe17N3 relies on non-critical Sm and Fe
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Sm2Fe17N3 relies on non-critical Sm and Fe

Upper limit (BM)max = ¼ μ0Ms
2
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Sm2Fe17N3 relies on non-critical Sm and Fe

Upper limit (BM)max = ¼ μ0Ms
2

N expands lattice, strengthens magnet
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Fe16N2 has unusually high Ms
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Fe16N2 has unusually high Ms

N changes charge distribution, strengthens magnet
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L10 FeNi has high Hc if ordered
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What is holding back these materials?

Sm2Fe17N3  Tdecomp. ~ 600 °C

Fe16N2   Tdecomp. ~ 200 °C

L10 FeNi  Tdisorder ~ 320 °C (thermodynamic)
530 °C (kinetic)      
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Needed: Low temperature processing methods

Christodoulou, Takeshita, J. Alloys Compd. 198(1–2), 1 (1993).

Liu, G. Guo, X. Zhang, F. Zhang, B. Ma, J.-P. Wang, Acta Mater. 184, 143 (2020)

Lewis, Mubarok, Poirier, Bordeaux, Manchanda, Kashyap, Skomski, Goldstein, 
Pinkerton, Mishra, Kubic Jr., Barmak, J. Phys. Condens. Matter 26, 064213 (2014). 



What magnets will drive future EVs?

Rom, Smaha, O’Donnell, Dugu, Bauers, MRS Bulletin, 2024, doi: 10.1557/s43577-024-00743-4



What magnets will drive future EVs?

Nd2Fe14B
Nd

Fe

B

Rom, Smaha, O’Donnell, Dugu, Bauers, MRS Bulletin, 2024, doi: 10.1557/s43577-024-00743-4



What magnets will drive future EVs?

Nd2Fe14B
Nd

Fe

B

L10 FeNi

Fe16N2

Sm2Fe17N3 

Rom, Smaha, O’Donnell, Dugu, Bauers, MRS Bulletin, 2024, doi: 10.1557/s43577-024-00743-4



www.nrel.gov

Thank you!

This work was authored at the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, 
LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. Funding was provided by 
the Department of Energy, Office of Science (SC), Basic Energy Sciences (BES), Materials Sciences and 
Engineering Division, Early Career Award. The views expressed in the article do not necessarily represent the views 
of the DOE or the U.S. Government. The U.S. Government retains and the publisher, by accepting the article for 
publication, acknowledges that the U.S. Government retains a nonexclusive, paid-up, irrevocable, worldwide license 
to publish or reproduce the published form of this work, or allow others to do so, for U.S. Government purposes.

Funding: 

FOA Number DE-FOA-0002676: 
Chemical and Materials Sciences to Advance Clean-Energy 
Technologies and Transform Manufacturing

Rom, Smaha, O’Donnell, Dugu, Bauers, MRS Bulletin, 2024, 
doi: 10.1557/s43577-024-00743-4

NREL/PR-5K00-90612



Backup slides



Design principles

c) Linear coordination environments

a) 0D motifs

b) Combining 3d and 4d/5d metals 
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