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Outline

§ Magnetic refrigeration: old history - new motivations

§ Physical principles

§ Frustrated magnets

§ Yb3Ga5O12 – a new refrigerant material

§ A few other examples



History

§ Cooling to mK temperatures by adiabatic demagnetization of paramagnets 
P. Debye (1926), W. Giauque (1927) 

§ First practical demonstration of ADR:  Giauque and MacDougall (1933) 

§ ADR was principal subK refrigeration technique till 1960s

§ Refrigeration technique for the upcoming Quantum Technology Revolution? 

Tf = 0.53/0.34/0.25K  from  Ti = 3.4/2.0/1.5K 
with ∆B = 0.8T using 61g of Gd2(SO4)3·8H2O



§ Ideal paramagnet: noninteracting dipoles with internal entropy

§ Magnetic field aligns dipoles reducing their entropy

§ Adiabatic variations of temperature

Low-temperature magnetic cooling

S0 = kBN ln(2J + 1)
<latexit sha1_base64="Fe36EfXSi9JFh9XdNyXzefd31R0=">AAACBHicbVDLSsNAFJ3UV42vqMtuBhuhIpSkLnQjlLoRF1LRPqANYTKdtEMnkzAzEUrowo2/4saFIm79CHf+jdPHQqsHLhzOuZd77wkSRqVynC8jt7S8srqWXzc3Nre2d6zdvaaMU4FJA8csFu0AScIoJw1FFSPtRBAUBYy0guHFxG/dEyFpzO/UKCFehPqchhQjpSXfKti2ees78BwO/Rq8hl3GS5WrY/fItG3fKjplZwr4l7hzUgRz1H3rs9uLcRoRrjBDUnZcJ1FehoSimJGx2U0lSRAeoj7paMpRRKSXTZ8Yw0Ot9GAYC11cwan6cyJDkZSjKNCdEVIDuehNxP+8TqrCMy+jPEkV4Xi2KEwZVDGcJAJ7VBCs2EgThAXVt0I8QAJhpXMzdQju4st/SbNSdk/Kzk2lWK3N48iDAjgAJeCCU1AFl6AOGgCDB/AEXsCr8Wg8G2/G+6w1Z8xn9sEvGB/fzbSTtQ==</latexit>

Tf = Ti
Bf

Bi
<latexit sha1_base64="eOHIKYk2DR46as/Ag1lGFy6/JY8=">AAACCnicbVC7TsMwFHXKq4RXgJHF0CAxoCopAyxIVVkYi9SX1ESR4zqtVceJbAepijqz8CssDCDEyhew8Te4bQYoHOleHZ1zr+x7wpRRqRznyyitrK6tb5Q3za3tnd09a/+gI5NMYNLGCUtEL0SSMMpJW1HFSC8VBMUhI91wfDPzu/dESJrwlpqkxI/RkNOIYqS0FFjHtm22gghew1ZAvXPoRQLhvBFEU93o1LTtwKo4VWcO+Je4BamAAs3A+vQGCc5iwhVmSMq+66TKz5FQFDMyNb1MkhThMRqSvqYcxUT6+fyUKTzVygBGidDFFZyrPzdyFEs5iUM9GSM1ksveTPzP62cquvJzytNMEY4XD0UZgyqBs1zggAqCFZtogrCg+q8Qj5AOQ+n0TB2Cu3zyX9KpVd2LqnNXq9QbRRxlcAROwBlwwSWog1vQBG2AwQN4Ai/g1Xg0no03430xWjKKnUPwC8bHN/uAl+w=</latexit>

Ø look for materials with largest J

<latexit sha1_base64="XK9YgmgaKHacyOwlGBb/tK+afpE="></latexit>

Ĥ = �gµBH · J ) S(H,T ) = f(H/T )

Ø lowest temperature is reached as <latexit sha1_base64="IkPcXtIYs02eculcpiZ2RpqA5js=">AAACAHicbVC7TsMwFHV4lvAKMDCwWDRITFVSVcBYwcJYJPqQ2ihyXKe16tiR7YCqqAu/wsIAQqx8Bht/g9tmgJYjXenonHt17z1RyqjSnvdtrayurW9slrbs7Z3dvX3n4LClRCYxaWLBhOxESBFGOWlqqhnppJKgJGKkHY1upn77gUhFBb/X45QECRpwGlOMtJFC59h17eswhj1JB0ONpBSP0LNdN3TKXsWbAS4TvyBlUKAROl+9vsBZQrjGDCnV9b1UBzmSmmJGJnYvUyRFeIQGpGsoRwlRQT57YALPjNKHsZCmuIYz9fdEjhKlxklkOhOkh2rRm4r/ed1Mx1dBTnmaacLxfFGcMagFnKYB+1QSrNnYEIQlNbdCPEQSYW0ys00I/uLLy6RVrfgXldpdtVyvFXGUwAk4BefAB5egDm5BAzQBBhPwDF7Bm/VkvVjv1se8dcUqZo7AH1ifP1qZlEo=</latexit>

Bf ! 0



Paramagnetic materials

§ Improving efficiency, entropy capacitance
§ Increased density/magnetic moments lead to stronger interactions and, 

hence, to entropy removal due magnetic ordering

Ø Not always - Frustrated magnets

P. Wikus et al. Cryogenics (2014)  



Magnetic insulators with local 
moments (spins)

Magnetic Frustration

Ĥ =
X

hiji

JijSi · Sj � gµBH ·

X

i

Si

<latexit sha1_base64="R3na9j30P24tIJmCvTH3ps4foeo="></latexit>

o direct exchange  Jij < 0; spins 
tend to align parallel ↑↑ :

ferromagnetism

o superexchange Jij > 0; spins 
tend to align antiparallel ↑↓ :

antiferromagnetism

Néel order on square lattice : 
all bonds are satisfied

Geometrical frustration on 
triangular lattice



Geometrically Frustrated Lattices

kagomé pyrochlore

hyperkagomé (garnet) fcc-kagomé

IrMn3Gd3Ga5O12

Gd2Ti2O7

ZnCr2O4

ZnCu3(OH)6Cl2



§ finite entropy in zero field: degeneracy between classical g.s. 

Ø infinite #  of colorings

BkNS 1264.0/0 »

§ finite entropy at the saturation field:   flat magnon bands

(kagome)          1110.0/0 BkNS »

(pyro)          1329.0/0 BkNS »

Tsunetsugu & MZ, (2005,3007) 

gµBHsat = 6JS (8JS)  

Ø entropy persists up to the 

saturation field Hsat ~ zJS

Magnetic frustration: Degeneracy



Magnetic frustration

Competing Interactions
and/or

Frustrated Geometry

Large number of 
degenerate low-energy 

states

Persistent fluctuations 

o Exotic phases

o Exotic excitations
o Macroscopic entropy

(tunable by applied field)



Exotic states in frustrated magnets

Ø Quanum spin liquids (RVB, Kitaev…)

Ø Fractional magnetization plateaus Ø Quanum spin nematic

Ø Spin ice with  emergent monopoles



Delayed magnetic ordering and inherent

degeneracy make frustrated magnets promising

refrigerant materials

Frustrated magnets for ADR



MCE in frustrated magnets: theory

o Classical frustrated models

o spin-1/2 kagome AF

o spin-1/2, one-dimensional models
MZ (2003) A. Honecker, MZ (2004) 

A. Honecker (2006) 



MCE in frustrated magnets: theory

o Classical frustrated models

Ø is maximal towards the saturation field

Ø Near Hsat entropy is accumulated in quasi-flat magnon bands

Ø Below Hsat further cooling may be precluded by residual interactions, 
quantum effects etc.

o spin-1/2, one-dimensional models
MZ (2003) A. Honecker, MZ (2004) 

<latexit sha1_base64="sqDjRA4AabD+OPT8dRX+eokbj+4=">AAACAHicbVDLSsNAFJ3UV42vqAsXbgYbwVVJiqjLgi5cVugLmhAmk0k7dDIJMxOhhG78FTcuFHHrZ7jzb5y2WWjrgQuHc+7l3nvCjFGpHOfbqKytb2xuVbfNnd29/QPr8Kgr01xg0sEpS0U/RJIwyklHUcVIPxMEJSEjvXB8O/N7j0RImvK2mmTET9CQ05hipLQUWCe2bXp3hCkE20HhiQSiaGradmDVnLozB1wlbklqoEQrsL68KMV5QrjCDEk5cJ1M+QUSimJGpqaXS5IhPEZDMtCUo4RIv5g/MIXnWolgnApdXMG5+nuiQImUkyTUnQlSI7nszcT/vEGu4hu/oDzLFeF4sSjOGVQpnKUBIyoIVmyiCcKC6lshHiGBsNKZmToEd/nlVdJt1N2r+uVDo9ZslHFUwSk4AxfABdegCe5BC3QABlPwDF7Bm/FkvBjvxseitWKUM8fgD4zPH3mtlF0=</latexit>

�Tad
<latexit sha1_base64="VAtmCPayNSoMe8LeS+iBHk83rF8=">AAACAHicbVDLSsNAFJ34rPEVdeHCzWAjuCpJEXUjFNwUVxXtA9oQJtNJO3QmCTMToYZs/BU3LhRx62e482+ctllo64ELh3Pu5d57goRRqRzn21haXlldWy9tmJtb2zu71t5+S8apwKSJYxaLToAkYTQiTUUVI51EEMQDRtrB6Hritx+IkDSO7tU4IR5Hg4iGFCOlJd86tG2z7mc9waFEKodX8PHmzrRt3yo7FWcKuEjcgpRBgYZvffX6MU45iRRmSMqu6yTKy5BQFDOSm71UkgThERqQrqYR4kR62fSBHJ5opQ/DWOiKFJyqvycyxKUc80B3cqSGct6biP953VSFl15GoyRVJMKzRWHKoIrhJA3Yp4JgxcaaICyovhXiIRIIK52ZqUNw519eJK1qxT2vnN1Wy7VqEUcJHIFjcApccAFqoA4aoAkwyMEzeAVvxpPxYrwbH7PWJaOYOQB/YHz+AO9AlAI=</latexit>

Hsat = zJS



§ Gd2Ti2O7 (J = 7/2), Sosin et al (2005) 

MCE in pyrochlores Gd2Ti2O7 and Er2Ti2O7

Ø Fairly large Tc ~ 1K precludes their use for 
ADR in subK range

§ Er2Ti2O7 (J = 1/2), Wolf et al (2016) 



§ Spin ice material, Ising spins (J = 1/2)

MCE in pyrochlore Dy2Ti2O7

Ø residual entropy
<latexit sha1_base64="VagvF0CkpM1eEL4H34f4Nb1g1YY=">AAACF3icbVC7TsMwFHXKq4RXgZHFokUqS0lKBYyVWBjLow+piSLHdVqrjhPZDqKK8hcs/AoLAwixwsbf4D4GaDnSlY7OuVf33uPHjEplWd9Gbml5ZXUtv25ubG5t7xR291oySgQmTRyxSHR8JAmjnDQVVYx0YkFQ6DPS9oeXY799T4SkEb9To5i4IepzGlCMlJa8QqVUMm+91BEhpJhk0EFxLKIH6AQC4dTO0mp24zBePj2pHpulklcoWhVrArhI7BkpghkaXuHL6UU4CQlXmCEpu7YVKzdFQlHMSGY6iSQxwkPUJ11NOQqJdNPJXxk80koPBpHQxRWcqL8nUhRKOQp93RkiNZDz3lj8z+smKrhwU8rjRBGOp4uChEEVwXFIsEcFwYqNNEFYUH0rxAOkE1E6SlOHYM+/vEha1Yp9VqldV4v12iyOPDgAh6AMbHAO6uAKNEATYPAInsEreDOejBfj3fiYtuaM2cw++APj8wfyfp04</latexit>

Sice ⇡
1

2
R ln(3/2)

figure credit to P. Dalmas

§ Orendac et al PRB, (2007) 

Ø Spin freezing below ~ 0.5K



§ Entropy diagram
Wikus et al, (2014) 

MCE in garnets Gd3Ga5O12 and Dy3Al5O12

§ Phase diagram of GGG,  
Petrenko et al, (2002) 

Ø Spin freezing below ~ 250mK



• Effective spin                  ,   nearly isotropic g-tensor: 3.73, 3.60, 2.85
• favorable ion density n0 = 1.32 ·1022 cm-3 on frustrated hyperkagome lattice
• transition at Tc = 54mK,  unknown magnetic state

Filippi et al (1980) 

Ø ‘ideal paramagnet’ for T = 1−4 K (?)

S = 1/2
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Garnet Yb3Ga5O12



Garnet Yb3Ga5O12



• Dipole contribution

1

�
= �0.087 + 0.893T
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S(S + 1) ⇡ 2.6µB vs. 3µB
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Curie-Weiss temperature in Yb3Ga5O12
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✓dipCW = � 1
3S(S + 1)Dzz(0) ⇡ 101.4mK

Ø quantum S = 1/2 dipolar magnet on 3D kagome lattice 



Magnon dispersion in Yb3Ga5O12

§ Magnetic field  H = 2T

Ø Dirac and Weyl crossing points, topological magnon bands



MCE in Yb3Ga5O12

• Entropy variations



MCE in Yb3Ga5O12

• Entropy variations from M(T,B)
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Ø Superior over standard refrigerant materials for  0.2 < T < 1.8 K                    



Ø low Tm = 250 & 180 mK due to weak
magnetic interactions

Ø good heat conduction due to metallicity

Ytterbium intermetallics



Summary

§ New types of refrigerant materials for low-T ADR: 
collective effects in frustrated and quantum magnets

§ Not only large Jmaterials! 
§ Strongest cooling in a finite field H* (useful for multi-stage 

coolers?)
§ New prominent examples Yb3Ga5O12, Yb-intermetallics, 

GdLiF4, Ba2GdSbO6 ; also interesting from the fundamental 
prospective



E. Lhotel et al

Frustrated garnet Yb3Ga5O12

• Entropy variations from M(T,B)
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• YbGG vs paramagnetic salt FAA  :
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YbGG vs FAA
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• YbGG vs GGG  :

Frustrated garnet  Yb3Ga5O12



Magnetocaloric Effect

Ø Reversible temperature changes induced by applied field

Ø Basic characteristics

• adiabatic temperature drop

• isothermal entropy variation

• Maxwell’s relations
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§ MCE is enhanced near phase transitions 

§ Room temperature refrigeration with suitable FM materials

Magnetocaloric Effect
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Gutfleisch et al (2011)  


