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We need reliable values for the
magnetocaloric parameters

o How reliable and how useful are the reported values
for AT, AS;, RC

o How valid are for hysteretic transitions
o Results from Cg(T) : Good, but depends on the T range
o Direct measurements
o Results obtained from M(B), M(T)
o Considerations in hysteretic compounds:
Mixed phase, irreversibility
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{ Magnetocaloric parameters }

Effect of a magnetic field change on T and S
« Adiabatic temperature change, AT,
e Isothermal entropy change, AS;

Entropy, S

_I_'

ce=0 Temperature, T CB
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Determination of ATgand AS;

Calorimetric methods

> Specific heat

@
rC(T). 2
S(T)s =|. T
-liC Temperature, T T:C
AT|=T(S)g, —T(S)g ’

AS = S(T)g —S(T)s, =j0T C(T)BZT_C(T)Bl dT
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Adiabatic installation

v — :
4.2K-30K » Heat capacity:
v Magnetic Fieldupto9 T > Heat pulse method.
» Continuous cooling and
Adiabatic -

: \ heating thermograms.
shield APt : :
Cernox™, | ermometer > Transition enthalpy.

thermometers QI N » Direct measurement of the
Sample """ Thermocouple
holder . Derh MCE parameters.

» Adiabatic field cycles.
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Experimental techniques for 4S; and AT

. Heat pulse: Quasiestatic heat, C(T)g = Q/(T,~T),)

—o— OT Mn, 15F€ 85Pg.75G€g 25 |
30F o— 1T

Adiabatic calorimetry
FieldsB=1,2,3,4,5T

. 20 } First-order transition
=, Ferro == Para
O
10}
0 S 1 N 1 N 1
0 100 200 300

T (K)
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> Thermograms

« Map the heat capacity of sharp transitions
 Cooling and heating thermograms: Thermal hysteresis

330 Experimental method

oT =T T

—— Heating thermogram

—— Cooling thermogram

sample — ' adiabatic shield

aQ _dQdT _. dT
§ dt dT dt ° dt
310 [
(?j—?:aé'l' +o[(T+T) =T

300 [

e :{C :(05+0'T3)5T}
0 10000 2tO(()SO)O 30000 4000 B — dT / d t

Tocado et al, J. Therm. Anal. Calorim. 84, 213 (2006)
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Mn, 1gF€4 g:P0.75G€ 25
40— i8O8

' pt'JIse'/cc')oI '
—o— --- 0T

© 0l

IR
..°-... R V -
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305 310 315 320 325 330
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INSTITUTO DE CIENCIA
DE MATERIALES DE ARAGOMN

DDMC 2011 R. Burriel, October 24 - 25, 2011 - Delft, The Netherlands PR 2



S(T), =[(C/TNT

10,4} heat cool
S o6f—
N -
|
0 N, 18F€0.82P0.75G€0 25
8,8F -
29 300 310 320 330
T (K)

340

DDMC 2011
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[Problems from specific heat determinations of S

28

4120 =]
16— 4r] 1.8
E‘ x ‘ E
2 E a0 o
we o
0 ag
] DU . JML‘_“_,,.”_..--.,_'J;- g AU '“II,.,ﬂlx.l_.-n-r
v} HI] , . | P
¢ " - - “ = o e " nl:' =0 10 128 200 a1} 200 -E-L'I':?Ij
Tomgarature (K (a) Ta e (K) (b}
Pecharsky and Gschneidner, J. Appl. Phys. 86, 565 (1999)
e Good at low T « Low precision at high T
Precision of AS; and S are similar Error in AS ;> 20 times the error in S;
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ErAl, 4 aSy(T)gy from C(T),, Bg.d.6
0 [ —— a[ASp(Tigy] from C(T},,. Ega.T
s} & ABy(Tigr from M{T H) Eq.2.3b
sl alv3peiTigy] from M(T H), Eg.2.4b |
£ 1
g o}
3
q .|
i *
1 L
3 .h”i?ﬁ,q
T ey
't "”"*_Eil
t' i

DDMC 2011

Temparatiura (K)

i k i i
L ) a0 L h] &4 4% b 0 i

:u:-' A ASp(Thgy from C(T),, Eq.38 ' ,."~
| al a8l Tigy] from C(T),, Eq.3.7
. @ ASpy(Thgr Prom MT.H), Eq.2.30 III."E_ %

4 8al Ther] from M(T H), E ,:,4?-‘
af H{]Eﬂ M(T H), Eq 4’? ‘?:.5 h

a.b " :
2 0 26l

Temparature [K)

Pecharsky, Gschneidner, J. Appl. Phys. 86, 565 (1999)

- Improvement combining C; with direct measurements
* Avoids the need of C; at low temperatures
 \Without increased error at high T

idd MDD 30

Gd

]
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> Direct measurements

Adiabatic shield \

I\ \
Adiabatic system \ T
\ Ptthermometer

™ §
Control of T, Q and B thCernox : T
in the sample and in STMOMEIETS =
the surrounding shield Y=

/ — Thermocouple
Sample holder | |
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AST = QIT =[S4(B,) - S+(B,)]

15F

\\\\\\\\\\\\\\\\\\“‘w

0p]
>'; a2 7 /////I/};;,.
3 0.0 - ' . '
c 8
L ol
S(Mg £ of
tz A
| “r
: +
C Temperature, T c 200 400 P T 800

Other methods: Peltier cell
Basso et al, Rev. Sci. Instrum. 79, 63907 (2008)
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M, 15F€y 6,Po 7:GEg 5 Solution to S calculation

10,5 ———————————————— from C(T)
——B=0
—B=5T Combined Cy(T)
« 98 and direct AS;
=~
| — Entropy curves from
n ir
= 91} o OITECLAS, - Cg, unknown S,

102

- Direct AS;, common S,

10.1 L L L
330 332 334 336 338

1 R 1 R LY R
310 320 330 340
T (K) Measured

84l
290 300

S(T)s =5(Tp)s "‘_“Tz C(.-I.r)B dT S(To)s = 5(Tp)s
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Mn, ,6F€4.74P0.75G€0 25

A . 8 : 1T
0 -

~ 0 )
' —~ -

> < 4 °
x N
3 5

” N
Q

- 2

AAL
1 N 1 L= O 1 1 n
260 280 300 320 260 280 300 320
T (K) T (K)

Full symbols: Results from direct measurements
Continuous lines: From C,
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Magnetocaloric parameters from magnetic measurements

Gibbs free energy
G=U-TS-BM
dG =-SdT - MdB

Maxwell relation

() — (@),
AS. —f (6M (T, B)jB

(oM (T,B) 1
AS.|= dB =

— [, M (T,) - M (T,)] dB
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Problem with derived “spikes” from Maxwell relation

gso{ Y
1= 27 ® Mnas ax=00l0 @XTME
E o, B MrFeAs 5\
SDD—E
|5 - = 0.0125 \ \
S 8- l '
250 {2 T re—0 £ = 00060
S-104 I_ -l-— — | '
iz 3
— 2= Il E
= 2004 LB 2 |
=4 - 08 10 12 14 16 1.8 zqi} I |
=
= 150 - Pressure (10° Pa)
=]
100 - x=0.0175 ?‘=”-”152: _
'T’_ -
4 Il‘\.\T ',H-R"-
50 i |V
f ! 4
= 1 '
M ¥ % _,,#’
D_ Lo 1'-.:1' "‘.'a

2560 260 270 280 200 200 310 320
Temperature (K)

The colossal effect for Mn,_,Fe,As
Nature Materials 5, 804 (2006)
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60

Mn,_ Fe As (x=0.01)

40 |-

c /R

() TS 0T Heat pulse
— 17| Heating thermograms
Cooling thermograms

G.F. Wang et al.
Magneto-Science 2011,
Shanghai

DDMC 2011
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Mn,_Fe As (x=0.01)

40 : :

30 -

T

20

-4S._ (JIkgK)

10

0 " (7]
260 270 280 290 300 310 320
T(K)

260 280 300 320
T(K)

Symbols: from direct measurements. G.F. Wang et al.
Dotted and solid lines: from heat capacity METRISEEHEE AUl ShEMgE

on cooling and heating
Giant MCE but not colossal
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Hysteretic compounds

9
% - :
g % Mixed phase:
! M = X-Mp + (1-X)-M
6
5 :
EI_E . \\ Calculation from M(B)-
3 RARE AS; = AS + AS,,
2
1 B,
. . amre I AS,, = | (MF—MP)(a—Xj dB
220 230 240 > 250 260 270 280 > oT Jg
T (K)
T
Tocado et al, J. Appl. Phys. 105, 093918 (2009) j (M. -M,;)-2 ( Can )) B0 dB
B=0
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Results for A4S, from M(T)g, M(B),, and M(B), with cycling in T

(same scale)

Same results for A4S, from:

» Field dependent magnetization M(B)-
with complete phase conversion
» Temperature dependent magnetization

M(T)g

* And also from C_ ;(T) and direct values

30 |

-4S_(JIkg.K)

3

QY = X RO gNOL
IR == O~y

RO Orig-ONgNOLONS e oR Y e
OB RO R RO C A SRR AR

cooling
—o—from M(B),
—o—from M(T),

Q 0~

-AS (JIkgK)

Increasing Field

~ « ~AB=1T A

- - -AB=2T
AB=3T

~ « - AB=4T |
AB=5T

~ - AB=6T T
AB=7T |

- - AB=8T

DDMC 2011
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Irreversibility: Entropy dS > dQ/T

Entropy curve

. Paramagnetic Heating process:
| Prcs « D —A, Stable phase Ferro-
« A— B, Transition to Para-
8.0
C Cooling process:
% 7.8- « B—C, Stable phase Para-
o« C— D, Transition to Ferro-
i _ A to C, unstable 6S/8T < 0
74 | Phase equilibrium at T,
Ferromagnetic| ! D Teq | GE — GG
300 320
T(K)
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Estimation of the real entropy jump

Heating

Paramagnetic
8.2
A B
e
E

B
61 ~6 = [T = A, I
A 8.0
i C ﬁ

7.8

:HA_TASA_HB+TBSB: F
-AH+T,AS>0<
T,AS = AH + A,ge > AH = [C (T )dT

S/R

7.6+

7.4+

Ferromagnetic D Teq

300 320

AH

A

: : ) 1 1
Estimation of the area A, (as a triangle): Aucs = 2(35 —S )Ty —To) = ZAS (Ta—Te)

2T where the pseudo-entropy AS' = AR

heat TA n TC TA
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Estimation of the real entropy jump

Similarly, on cooling . ) Paramagnetic
Ge —Gp = Ao 8.0+ % %
' C
AH » F
:\AS\J ‘ & 7 "
A
7.6 1
2T, .
‘Ascool‘ = ‘AS cool‘ = e .
TA +TC erromagnetic D Teq
300 320
T(K)

Heating-cooling cycle DABCD
0=§dS =S, —S; +Sc — Sy +S3 =S, +8, - =

prBheat(T)dT _j;‘ chooI(T)dT +AS'
D

heat

D D M C 20 1 1 R. Burriel, October 24 - 25, 2011 — Delft, The Netherlands O '

INSTITUTO DE CIENCIA
DE MATERIALES DE ARAGON



Error in the measurement of the entropy cycle

AS' . AT, ol M e eP 580 e i
/ = — Y '| Pseudo-entropy by integration of C /T ’/
1 p
AS)  (Tew) a-6T "
ad
. AH :
AS'=—
Tcrit 8-
AThys — Theat _Tcool
<Tcrit> — 1/ 2(Theat +Tcoo| ) 200 ' 2é0 ' 24'10 ' ZéO
T(K)

It coincides with the
experimental value: 6%
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Effects of hysteresis and irreversibility

Hysteresis: possible mixed phase

Wrong application of the Maxwell relation in M(B); measurements

Unphysical “colossal” effect AS,,

ASeX:T(MF—M
0

C T
p) p,anom( )B:O dB

(AH )B:O

Irreversibility: Entropy dS > dQ/T

Cycle of pseudo-entropy from

calorimetric measurements

Entropy

A S 'cycle

(AS7)

112

AT e

(Ter )

DDMC 2011

Ferromagnetic

% :}? Paramagnetic

«1G.<Gg

B
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Hysteretic compounds

9 : .
. Reduction of the efficient
T region in practical cycles
7
6 Reduced effective
e par_ar_neters and cooling
m 4 7 o efficiency
3 7 o
2 / //{f:i'/
1 7.
0 A

240 250 260 270 280
T (K)

220 230
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Phase diagram
* Ferro - para = L _
* First order |
* Hysteresls 5.
120 | -
Entropy curves ~ -
at fieldsByand B;, <& 8°[ | — ]
. . 2] - 5 ; ‘ : 1
heating and cooling wl I
0 1 1 1 1
) <11 1 S PR — Tt -
Derived entropy
change AS; 27 )
Q; 10 | .
c 0
Derived temperature .|
change AT,
= 20 |
s
S 10| ; .
DDMC 2011 =% &%
0 20 40 60 80 100

INSTITUTO DE GIENCIA
DE MATERIALES DE AHAGON



Conclusions

> Precise determination of the MCE parameters.

»Measurement and control of: Q, T, and B == AT, and AS;

» Determinations from Cg, good at low T, no precision at high T.
= Solved with Cg around T, plus one direct measurement of AS;.

» Hysteretic compounds. Spike problem from M(B),
» Irreversible entropy. Small correction.

» Hysteresis: reduces the effetive AT, AS; and RC
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