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1. Context

Air conditioning and refrigeration accounts for 20% of electricity used in buildings today!!!
Refrigerants account for 7.8% total greenhouse gas emission

Closed
cycle
cryostats

(2]

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

1. Context

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

1. Context
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Fig. 1 - The number of research papers published annually
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1. Context
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2. Maxwell Relations

dG = —SdT — MdH + VdP -
TS

N - I8

Magneto-
striction

Equation of state:

(6M> <6V> H A BMZ 4 CMA
— ) == —=A+ —-
opP H,T 0 T,P M




2. Maxwell Relations

AS =Hf(a'v'(r’”)) dH
Max oT !




3. Measurement Techniques

Magnetometry - See ESM 2024, Stuart Cauvill.

Same sampl e measured 2 different ways Magnetic measurement instruments and techniques
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3. Measurement Techniques
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Fig. 1. Temperature dependence of the magnetization of MnFePg3Gey > measured Fig. 2. Magnetic phase diagram of the compound MnFePysGeg as derived from
in constant fields of 1,2, 3, 4 and 5 T with temperature increasing and decreasing in isofield magnetization measurements shown in Fig. 1 B (other symbols derived

a step of 2K, the arrows indicate the warming and cooling processes.

from M(B) see Figs. 3(a) and 4(a)).




3. Measurement Techniques

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

T(C)
-10 0 10 20 30
a 125 1 Il Il Il Il
e
i OOUQODOO - |
10 o direct M(T)
—~ ] ' . 02T
o 75
5 N 05T
E 1  M(T) from M(H)
= 50 0.2T
= )
05T
25 T
16T
0 —
T T T T
b 12 - indirect M(T) B
T4 0167
10 .
— -4 direct M(T)
X 8- 0-0.38T 7
2 0-0.8T . ]
=) 6
o 0-1.2T
< 44 0-1.6T
2
D —t
260 270 280 290 300 310

T(K)

Fig. 4 — Entropy change determined from magnetisation
measurements (colour online). (a) M(T) curves measured
directly (VAC) and extracted from M(H) curves (IC/IFW). (b)
The entropy change AS calculated from the M(T) curves
shown in (a).




3. Measurement Techniques

Phase diagram: Effect of temperature/pressure
Thermal history: “Isothermal” measurements
Timescales: Driving frequency
Thermal conductivity
Equipment limitations
Data analysis: Limitations of model used

@se diagram

@mal his@)
Qata Analysj

Measurement protocol




3. Measurement Techniques

Heat flow measured.
Temperature scanned.

Peltier ——>

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

\AP
Heat — Cp='_

capacity T'm

Mmass

Heating rate



3. Measurement Techniques

e.g. Quantum Design PPMS with
heat capacity option




3. Measurement Techniques
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Sharp changes in heat capacity, or latent heat can result in poor measurement



3. Measurement Techniques

Examplell]
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3. Measurement Techniques
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Fig. 4 — Entropy change determined from magnetisation
measurements (colour online). (a) M(T) curves measured
directly (VAC) and extracted from M(H) curves (IC/IFW). (b)
The entropy change AS calculated from the M(T) curves

shown in (a).

a 2000
~ 1600
_z
2
2 1200
o
800
400
b 2000 —— —

Fig. 5 — Heat capacity data for the MCP1011 sample (colour
online). (a) INRIM data taken in various fixed external
fields, and (b) heat capacity in zero field: a comparison of
heat capacity measured in three laboratory environments
using different methods.

Want to know more?: See ESM 2019, Vittorio Basso.

Indirect techniques: calorimetry, dilatometry, transport




4. Materials

ADVANCED
> MATERIALS

Temparature

1a - Gds(Si,Geq_,)4: An Extremum Material**

By Vitalij K. Pecharsky* and

e Karl A. Gschneidner Jr.
=1t

a £ a a The large shear displacementis of atomic layers in Gds(Si.Ge; ) ; materials, coupled
e o ™ e __‘_ with the change of crystallographic symmetry and magnetic order, characterizes
these transformations as magnetic—martensitic, which are extremely rare. The start
— o Ak and the end of the magnetic-martensitic transitions depends strongly on the direc-
tion of change (i.e., increasing or decreasing) of either or both the temp re and magnetic field. These profound
Hmmm {C} Ferrom agnet {.l] Pa‘amagnat I:B:I bonding, structural, electronic, and magnetic changes which occur in the Gds(5i.Ge;_.) s system, bring about some
extreme changes of the materials’ behavior resulting in a rich variety of unusually powerful magneto-responsive

1 Magnetic field Magnetic fisld l properties, such as the giant magnetocaloric effect, colossal magnetostriction, and giant magnetoresistance.

/////,N Paramagnetic - Monoclinic Adv. Maer. 2001, 13, No. 9, May 3

i d,(54,0s,) Ferromagnetic - Orthorhombic
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Fig 3. Correlation between the magnetic responses of the Gdy(Si,Gey_.)y materials and their crystal
structures for 0 =xr=0.5. At low temperatures the compounds are ferromagnetic (A ) with all slabs (light
hlue) connected via the SifGe)-5i{Ge) covalent bonds Depending an the composition, the materials
become paramagnetic with cither one-half (B) or none (C) of the slabs connected above the Curie tem-
peratures as shown by long horizontal arrows at the top of the figure. The transitions from state A to B
or A to C are coupled with shear movement of the slabs by 08 (A = B)or -1.1 A (A = C)as indi-
cated by red horizontal arrows. When a magnetic field & applied above Curie tempemture, the reverse
magnetic—martensitic tramsitions ocour (B — A or © — A, as shown by long horizontal amows in the
middle) reanlting in the giant magnetocaloric effect, giant magnetorezigtance, and colosal magneto-
striction. These are shown at the bottom of the figure for the Gd 4 Si,Ge, ) com pesition (ie., for x=05).
The unit eells of the three crystallographic modifications existing in the Gd;(5i,Gey )4 system are high-
lighted inyellow.




4. Materials
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4. Materials

a axis b axis C axis




4. Materials

e Platelets of Gd.(Ge,Si, ),
e Criss-cross pattern in [010] b-face

e Stripe patternin [100] a- and [001]
c-face

How does presence of
platelets affect AFM-
FM transition?



4. Materials

b) : — Gd,S1Ga,
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Presence of PM platelets seed the phase transition.



4. Materials

Microcalorimetry: AS, ,=1/2 AS,
(Bulk methods estimate AS, as somewhere between 40 and 60% of AS,, [2].[3])



4. Materials

Aim:
Maximise AS
whilst limiting AH

Coupling to a structural
phase transition
significantly enhances
the entropy change,
but at what cost?




4. Materials

FOPT with tricritical point:
e x=1.2asafunctionof T, B

SOPT:
e x=1.6asafunctionofT

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




4. Materials

This type of behavior, where three
critical lines come together at a point, is rather
exceptional in nature (we shall mention some
other examples below) and we therefore propose
a special name: tricritical point,

T4
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o
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FIG. 1. Phase diagram (schematic) for He'-He! K
mixtures near the critical mixing point. The two- FIG. 2. Phase diagram (schematic) for He’-He!
mixtures in TAy space. Note that only the Ta plane

fluid ecoexistence curve is labeled O and the dashed
curve is the llna of lnmkliﬂ transitions. ﬂth 1]-:“ i\ murimntﬂw mmsﬂlh]ﬂ_



5. Universal Curves

H;

oM (T, H)
ASpax = f T dH
H

0

( T-T. .
T, —-T, ~ €

h = ASyqx/ASHE 6=\ 77 °

— Max/ Max T_Tc

—° T>T,

LTrz_Tc

TC
Trl Tr2




5. Universal Curves

Second Order /




5. Universal Curves

Landau Free Energy Expansion Banerjee Criterion:
B <O
(Landau only)

Shimizu Criterion: 3 AC 9
< <

H
o= A+ BM?+ CM*+ DM® + -

(Landau+spin fluctuations) 16  B? 20




5. Universal Curves
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6. Material Engineering

» Cost

Engineering problem unique to each system
» Manufacturability

» Tunability Tailor T, ! to optimise the working
performance

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



6. Material Engineering
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6. Material Engineering

Optimise K E 251
Improve cycling stability

Virgin LCMO (77 %

N ‘ 1 T ' 1 © T " 1T © 1
e 1Y p ' 50 100 150 200 250 300 350
s PR yEEe R T (K)

120 140 160 180 200
t(s)
J. Lyubina et al., Adv. En. Mater., 2, 1323-1327 (2012)
J.A. Turcaud et al., Scripta Mater., 68, 510-513 (2013)

G. Porcari et al., Rev Sci Instrum. 84, 073907 (2013) 34 of 41



http://www.ncbi.nlm.nih.gov/pubmed/23902084

6. Material Engineering

TCCbuilder:

an open-source tool for the analysis of
1{dedbuilder thermal control elements and thermal control circuits

LIBRARY OF MATERIALS AND Online workshop
THERMAL CONTROL ELEMENTS

on TCCbuilder usage
Temperature- and field-dependent
properties

p (T, field), c, (T, field), k (T, field) Thursday, September 5t 2024
2pm CEST

GRAPHICAL USER INTERFACE

(Registration is required, but free of

TH. CAPACITOR (MCM) | charge)

e — Registration by 15t September

| % LAHDE

F UNIVERSITY OF LJUBLJANA -8

I f Mechanical i i H
Faculty of Mechanical Engineering a I IS LABORATORY FOR REFRIGERATION
3 Tesearth and Innaeatan dgency AND DISTRICT ENERGY
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7. Future Outlook

- Rotor with four-pole permanent magnet assembly

Electric motor
MCM bed mounted on a easy-to-access rig

Main hydraulic distribution

Heat transfer liquid tank G —_J e ; ' CHEX placed inside an
= insulation box

\

~ Hydaulic pump hd 1 5 kW

Control and measurement
electric cabinets

* 0 Ccold temperature
e Efficiency 60% Carnot COP
* Gd-—Gd-Er segments to tailor T,

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

=)
| HHEX
|

q=0 : q
CHEX | Solid regencrator

: 1 Solid-fluid interface ¢ luid channel !
q=0 q=u =0

q=0

-



https://ubiblue.com/en/wasted-heat-conversion/

7. Future Outlook

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

Polaris: 80 L beverage cooler

Double door: 1000L capacity
commercial refrigerators




7. Future Outlook

o
-
P
o

Thermomagnetic material (La—Fe-Co-Si) LOW grade heat
Optimum frequency 1 Hz
Efficiency 1.7x102 % of Neyrnot

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

Magnetization M (Am® kg™')

HH=01T v
220'2‘:.0'260'25'30'36;;'350'3;0 A.Waskeetal.,
Temperature T (
Nature Energy 4, 68-74 (2019)

Genus=2 Genus=3

Cold =

thermomagnetic

material

Yoke HEAT4ENERGY

Induction coil EU project

Permmanent magnet I aunc h Ed | n
2024

Hot

thermomagnetic

material




7. Future Outlook

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

(A) Natural position: spring Lee, APL 91, 093508 (2007)

is unstretched and MCM is
in contact with heat sink

Heat sink

e« 1.85-3.61 mW/cm? for AT=50K.

* Predicted as high as 36.1
mW/cm? if thermal contacts
improved

(B) Permanent magnet
pulls MCM causing
compression in springs

(D) Spring restores natural
position and MCM cools
down below Curie

R. A. Kishore and S. Priya,
Sustainable Energy and Fuels, 1,
1899 (2017)

temperature

(C) MCM heats up above
Curie temperature and
loses its magnetization




8. Summary

Need to find the

right material... A — I8
Magneto-
striction



Any Questions?
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