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HISTORICAL FACTS
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MAGNETOCALORIC QUANTITIES
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How to measure”?



EXPERIMENTAL TECHNIQUES

Adiabatic temperature change (AT,,)

Direct measurements: Thermopar

Indirect measurements: Specific heat

Indirect measurements: Specific heat and magnetization

Isothermal entropy change (AS;,,)

Indirect measurements: Specific heat

Indirect measurements: magnetization




EQUIPMENTS

Calorimeter: AS,., and AT,

Calorimeter and VSM/Squid: AS. . and AT,

Squid/VSM : AS. _



How to calculate?



Entropy

AS iso

MAGNETOCALORIC EFFECT

Temperature

Temperature

AS;, (I, AB,P) = S(I, Bo, P) — S(T, By, P)

AT,q(T.AB,P)=T, — T}

S(TJ BQaP) — S(Tﬂ Blap)

ATad

Temperature



THERMODYNAMICS OF THE MCE (AS
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THERMODYNAMICS OF THE MCE (AT )
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THERMODYNAMICS: MAXWELL RELATION

MCE QUANTITIES
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THERMODYNAMICS OF THE MCE

MAGNETIZATION CURVE
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MAGNETIC REFRIGERATOR



ACADEMIC PROTOTYPE
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ACADEMIC PROTOTYPE
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BAROCALORIC EFFECT



Isobaric expansion

Adiabatic expansion
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CONVENTIONAL REFRIGERATOR

Drawback: Harmful fluids




MAGNETIC BAROCALORIC EFFECT



MAGNETIC BAROCALORIC EFFECT
Pressure

- 222
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Entropy

Pressure Pressure
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MAGNETIC BAROCALORIC EFFECT

BAROCALORIC QUANTITIES

ASY (T, B,AP) = S(T,B,P,) — S(T,B, P,)

150

AT (T, B,AP) =T) — 1>

S(T:BaPQ) :S(TaBuPI)

Entropy

Temperature



THERMODYNAMICS OF THE BCE (ASR

ISO
ENTROPY CHANGE
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THERMODYNAMICS OF THE BCE (AT>Y

ENTROPY CHANGE
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ANISOTROPIC MAGNETOCALORIC
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ANISOTROPIC MCE
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ANISOTROPIC MCE

I1SO a

Niktin et al, Phys. Rev. Lett. 105 (2010)137205

von Ranke et al, J. Appl. Phys. 104 (2008)093906



Entropy

ANISOTROPIC MAGNETOCALORIC EFFECT

ATad

Temperature

Temperature
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THERMODYNAMICS OF THE AMCE (AS" )
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THERMODYNAMICS OF THE AMCE (AT2Y

ENTROPY CHANGE
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MAGNETIC MATERIALS




MAGNETIC MATERIALS

1 Periodic Table of the Elements H;

W hydrogen ¥ poor metals
alkali metals B nonmetals
B alkali earth metals B noble gases ‘ ~
" -:‘ » | | | m

B transition metals M rare earth metals

A. M. Tishin and Y. Spickin, The magnetocaloric effect and its application.

Gschneidner et al, Rep. Prog. Phys 68(2005)1479.




THEORY AND CALCULATIONS

GENERAL INTRODUCTION

THERMODYNAMIC VIEW

SYSTEMS OF LOCALIZED MAGNETIC MOMENTS

APROXIMATIONS

CALORIC QUANTITIES



MAGNETISM
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<

_ Rare earth metals and alloys

~ 3d electrons - Energy band

<

_ Transition metals and alloys



ATOMIC MAGNETISM

Transition metals

/ - \
/ \\\ \ \\
/ y \ , $
! ! ’-*\ \\ \ / .~ RN \
I/ / / \ \ Vs | , \ \
y ! ,I \ \ \ I I ‘ 1 1S
! I
| |\ ' ‘ peodo Vo S9
1 \ 24f 1 ! \ < . ,
7
\\ S e ’// /I N
N ST==- %
N //
S -

NGc2
[Xe]4f15d16s> Ar|3d"6s
[Kr]4d"6s?

[Xe]4f145d"6s?




RARE EARTH METALS
AND THEIR ALLOYS




RARE EARTH METALS
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CANONICAL ENSEMBLE
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GRAN-CANONICAL ENSEMBLE




RARE EARTH METALS AND
ALLOYS



MICROSCOPIC DESCRIPTION




HAMILTONIAN

_ , i
q

Non magnetic electrons (spd)

d

Magnetic electrons (4f)

Hi{ag_ Z‘]@J(T)']:‘E_ZQMBB"]_’;
1,7 7

H = Hir + HP + HE

mag




MAGNETIC HAMILTONIAN




MEAN FIELD THEORY

Hamiltonian

'—ZQMBE'J:

Mean field
Molecular field

Hondug :—jozi:j@' {Z< 3>} ~Y gupB-J;

Isotropic system

Hi{ag = _ZQNBBQH - Ji Bl =B+ Jo {J7)
: 9hp




MEAN FIELD THEORY

Equation of motion

Hoag [0} = E[0) Pty = = 2 oun B - J;
~gug BT {J7 [0)= E ) (77 |¢) = m |¢)
B, = —gupB“m J<m<J getf = gy S0




ENERGY LEVELS

ff
B, = _guBBeffm BT #£0
4 Energy
Bl — By Jo (J*) ,’, I
Jgup 1
—J<m<J Bl =0 /




Partition function

m=J

Zp (T, B, P)= Y " e Fbm

mag

m=—J

Magnetic free energy

m=J

FY (T,B,P) = —kgTln

mag

Magnetization
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> [0E. /0B
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MAGNETIZATION
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FREE ENERGY AND MAGNETIC ENTROPY

Magnetic free energy

m=J

S e

m=—.J

Magnetic entropy Silg(T. B, P) = —
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mag
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ALTERNATIVE CALCULATION



PARTITION FUNCTION AND FREE ENERGY

Partition function

= — eff
Em - — B m
Zy (1B .P)y= )" ek 9B

mag
m==J Geometric series
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m=—J
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Magnetic free energy

Af o sinh [J—I—%]y
Fmag(T:BuP) — kBTlIl{ sl [%}




MAGNETIZATION

Magnetic free energy

inh [J + 1
A (T,B,P)—kBTln{Sm | 2]9}

mag sinh [E}

2
Magnetization

M(I.B.P) = — laF#“];g(T’B’P) M(T, B, P) = gusB;(y)
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MAGNETIC ENTROPY

Magnetic free energy
inh [J + 1 off
F35,(1.B.P) = —kpTin { S T2]0 y = 98B
! sinh [%} knT
Magnetic entropy
OF (T, B, P)
anfag(T7B7P):_ nag
or B,P

sinh (J + %) Y
sinh (%)

mag

S (T, B,P)= N,,® {m

9 (0 2)s] - (2]

Saturation value

S (T,B,P)|r—sc = N,y RIn (2J + 1)

mag



MAGNETIC ENTROPY CURVES

20

Magnetic entropy (J/ ion.K)

0 100 200 300 400 500
Temperature (K )

S (T,B,P)|p—os = NppyRIn (2J 4 1)

mag



CRYSTAL LATTICE
HAMILTONIAN



LATTICE HAMILTONIAN

Lattice Hamiltonian

N. A. de Oliveira and P. J. von Ranke, Phys. Rep. 489 (2010) 89.



LATTICE : CANONICAL ENSEMBLE

Partition function

Bosons

Z1a(T, B, P) = H
q

(1—e thq

Lattice free energy

Fiot(T, B, P) =3NakgT Y In(1— e 7"a)

q




LATTICE ENTROPY

Lattice free energy

Fiot(T.B. P) =3NskpT » In (1 — e ")

q

Density of phonons
Fiat(T, B, P) =RT [ In (1 —e=7") p?"(w)dw

Lattice entropy

Sta (T, B, P) = — [

OF (1, B, P)
OT .
1 fiw

Siat(T, B, P) = Nk [— /ln (1- e_ﬁﬁw) PP (w)dw + waT | @ = 1)Pph(w)dw

N. A. de Oliveira and P. J. von Ranke, Phys. Rep. 489 (2010) 89.



LATTICE ENTROPY (Debye approximation)

1 hiw
—Bhw h h
S;at(T, B, P) = N;R [— /111 (1 —e G ) pp (w)dw + m (eﬁﬁw — 1)pp (W)dWI
Debye approximation
A
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N. A. de Oliveira and P. J. von Ranke, Phys. Rep. 489 (2010) 89.



LATTICE ENTROPY
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NON MAGNETIC
CONDUCTION ELECTRONS



Hamiltonian Gran-canonical ensemble




FREE ENERGY

Free energy
FPUT, B, P) = In{l+ spd _
e St [ (=)
Density of phonons
Fr R =Y [ (e -8 — ) o () o
A

® ¥



ELECTRONIC ENTROPY

Free energy

FEPUT, B, P) —é}eTZ/ In {1+ exp [~ (eo — )]} £ () de

Electronic entropy St = -

S:fd(T,B P) = eﬂ?{Z/ln{l—l—exp (= — )]} piP? (<)

RPN T, B, P
aT

B

Y [ s )de}

Sommerfeld approximation

SUT) =~T =L




Entropy

I
I
1

Tl

Temperature

AS;,, (I, AB,P) = S(I, By, P)

AT,y (T,AB,P) =T, - T}

S(Ta BZaP)

:S(TaBlaP)

_S(TyBlyp)
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ANISOTROPY



HAMILTONIAN

Total
H = Hiat —I—HSPd Hf,{ag

_ , i

(U]
Non magnetic electrons

Magnetic electrons
Hly = ZJ@; )J; - —ZguBB Ji — ZD




MEAN FIELD APPROXIMATION

Hamiltonian

Hoiduy == Tij(r)Ji- J; =Y gupB-J; =Y _ DJ2
i.7j i i

Mean field approximation
Hfrlﬁfa,g — —jozj; ’ <j> _ ZQMBE J_; T ZDJ’LZZ
Magnetic electrons

Hily ==Y gupBi ! Jiw + gup B iy + gup B T,

B¢/T = Bcos0, + Jo {Jz)
guB
J
B;ff = B cosl, + Jo {Jy)
qupB
jO <Jz> + DJz

BT = Beosf. +

gHUB



ENERGY LEVELS

B¢/ = Bcosf, + Jo {Ja)
JiB
J
B = Beos, + Jo (Jy)
‘ JgHiB
Biff _ Beos. & Jo (J=)+ DJ.
giB

D#0

1 LEVEL

2 LEVELS

2 LEVELS

2 LEVELS

2 LEVELS




MATRIX HAMILTONIAN

Voo == gupB Jiw + gup B Ty + gup B 5

Mean field approximation

[ Hi Hio o Higrsn
Hoy Hoao o Hoy 4
Hf}r{ag — . . . . 2 H?’J — <¢@‘ HW{@Q |w3>
| Hes+y Hes+2 - Hes+oes+1) |

Energy eigenvalues and eigenvectors

B [Vm)



MAGNETIZATION

Magnetization

M(T, B, P) = iM,(T, B, P) + jM,(T, B, P) + kM.(T, B, P)

Magnetization components Average values

> (Wl T [10,)
M, (T, B, P) = gug (J.) R T
> Wl Iy 1)
My(T, B, P) = gpg (Jy) () = mZe—ﬁEm
M.(T,B,P) = gug (J.) " D (Ol S )
J) ==




PARTITION FUNCTION AND FREE ENERGY

Partition function

Magnetic free energy

Fily=—kpTln) e 75

mag

Magnetic entropy S (T B, P) = — [aFmg g B, P)]

m=.J 1
m=J 1 ol
SmeQ(Tj B, P) — Nmé)? ln Z 6_’6Em' _I_ k T m___J
B m=
m= Z e_ﬁE'pn
L m——J |




ANISOTROPIC SYSTEM (B=B,)
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ANISOTROPIC SYSTEM (B=B,)
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COMPARISON: AS.

ISO
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1,2

ANISOTROPIC MCE B, — B,
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FIRST ORDER MAGNETIC
PHASE TRANSITION



MAGNETOELASTIC COUPLING

C. Kittel, Phys. Rev. 120 (1960) 335.



MEAN FIELD THEORY

Hily == Jodidj=> (J; ;)% — > gupBJi
] i,J @

Hitg == D |0 (1) + T + gupB| -

1

Holuo = =015 Yy B,

Jo (1) + T (J)°
JiB

B = B+




LATTICE ENTROPY (REVISITED)

Debye approximation

623 N 4 L3 ~ 670 Ny e . 1AV
wD:[ V ] L= Vo + AV WDZWD[—§70]
Renormalized lattice entropy
_ 3 &p /T -
_ép T @
Siat(T,B,P) = N; | —3R1n (1 —e T ) + 12R (~—) / dx
Op et — 1

N. A. de Oliveira and P. J. von Ranke, Phys. Rep. 489 (2010) 89



T.B.P)=N,R |1 —BEm
S(T, B, P) R nZe i

1

S(T,B,P) = §*., (T, B, P) +Siat(T, B, P) +5:"(T, B, P)

ZEme —BEmT
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Entropy
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Temperature

AS;eo (I, AB, P) = S(I', Bo, P) — S(T', By, P)
AT,q(T.AB,P) =T, — T}

S(Ta BZaP) — S(TaBlaP)



SYSTEMATIC STUDY (J=1/2)
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R. P. Santana et al J. Alloys and Comp. 509(2011)6346



SYSTEMATIC STUDY (J=1/2)
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APPLICATION: Gd.Si,Ge,

20
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V. K. Pecharsky, K. A. Gschneidner Jr, Phys. Rev. Let. 78 (1997) 4494



PRESSURE EFFECTS: Gd.Si,Ge,

AB=2T
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N. A. de Oliveira, Journ. Appl. Phys. 113 (2013) 033910
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PRESSURE EFFECTS: Th.Si,Ge,
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Systematic analysis: Scenario 1
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Systematic analysis: Scenario 2
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Systematic analysis: Scenario 3
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APPLICATION: Gd.Si,Ge,
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Systematic analysis: Scenario 4
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PROSPECTS (Experimental)
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ALTERNATIVE CALCULATION
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ALTERNATIVE CALCULATION
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FIRST ORDER TRANSITION
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