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Fig. 1. (color online) Schematic diagram showing the

cycle based on the magnetocaloric effect with and

without a magnetic field applied to a magnetic sys-

tem: The isothermal process (a) to (b) or (c) to (d),

which leads to a change in entropy; and the adiabatic

process (b) to (c) or (d) to (a), which yields the vari-

ation in temperature.
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Fig. 2. The S-T diagram illustrating the existence
of the magnetocaloric effect [7]. The solid lines repre-
sent the total entropy in two different magnetic fields:
Ho = 0 and Hy > 0. The dotted line shows the com-
bined lattice and electronic (non-magnetic) entropy,
and dashed lines show the magnetic entropy in the
two fields.
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#1030 K UUTFHRIX [ — Ll ¥ 1 [16-28)
Table 1. The magnetocaloric materials at 7' < 30 K [16-28]

i SNt AR TR LI AR
Tc/K AH/T —ASy/J kg LKL AT,q/K

ErsAlC 5.5 7.5 14.1*

ErsAlIC 5.5 7.53 12.7
ErNiAl 6 5 21.6

ErNig 6 7.5 8.10*

ErsAlCop 5 6.5 7.53 10.4
ErAgGa 7 7.5 6.50%

ErsAlCo 25 7 7.53 9.6
ErsAlCop 1 8 7.53 8
ErAgGa 8.5 7.53 6.4
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DyNig 20 5 21.4 8.8
ErGa 30 21.3
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Hop.1Erg.9Ni 11 5 34.0 8.9
Ho12Co7 30 5 19.2 4.6
Eri2Cor 13.5 5 18.3
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Fig. 3. Temperature dependences magnetic entropy

change of ErCog compound [39].
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Fig. 4. (color online) The magnetic entropy change for a field change from 0 to 5 T for the RCoz, RAlz, Gds(Si1—»Ges)4,
Mn(As1—4Sbs), MnFe(P1_,As;) and La(Fe13_z Siz) families plus a number of individual compounds with first-order (FOMT)

and second-order magnetic transitions (SOMT) versus the Curie temperature (621,
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Fig. 5. (color online) The magnetic entropy change curves
of RGa (R = Gd, Tb, Dy, Ho, Er, Tm) compounds under
a field change of (a) 0-2 T and (b) 0-5 T.
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¥ [67,77—-87,99—-127]

Table 2. The magnetic transition temperatures and magnetocaloric effect parameters of ternary intermetallic
compounds (R-T-Si, R-T-Al, R-Co-B) and quaternary intermetallic compounds (R-Ni-B-C) (67,77-87,99—-127]

Matorials Toa /K —ASMm/J kg™ LK! ATnq/K RC/Jkg™! RCP
2T 5T 2T 5T 5T 5T
GdFeSi 130 6.0 11.3 — — 373 —
TbFeSi 110 9.8 17.5 4.1 8.2 311 —
DyFeSi 70 9.2 17.4 3.4 7.1 308 —
HoFeSi 29 7.1 16.2 — — 309 —
ErFeSi 22 14.2 23.1 2.9 5.7 365 —
ErCoSi 5.5 18.7 25.0 — — 372 —
DyNiSi 8.8 12.1 22.9 — — 434 —
HoNiSi 3.8 17.5 26.0 4.5 8.5 471 —
ErNiSi 3.2 8.8 19.0 2.5 — 309 —
GdCuSi 14 2.6 9.2 — — 194 —
TbCuSi 11 2.7 10.0 — — 246 —
DyCuSi 10 10.5 24.0 — — 381 —
HoCuSi 7 16.7 33.1 — — 385 —
ErCusSi 7 14.5 23.1 — — 4712 —
ErCraSiz 1.9 24.1 29.7 8.4 17.4 — 388
GdCr2Sis 4.5 3.1 14.1 — — — 212
TmMnsSia 5.5 15.3 22.7 5.0 10.1 — 250
ErMn;Sia 6.5 20.0 25.2 5.4 12.9 — 365
GdFeAl 265 1.8 3.7 — — 420 —
DyFeAl 129 3.1 6.4 — — 457 —
HoFeAl 80 3.4 7.5 — — 435 —
ErFeAl 55 2.4 6.1 — — 240 —
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£2 (8)
Table 2. (continued)
Matorials Ta /K —ASy /T kg LKL AT,q/K RC/J kg™t RCP
2T 5T 2T 5T 5T 5T
GdCoAl 100 4.9 10.4 — — 590 —
TbCoAl 70 5.3 10.5 — — 407 —
DyCoAl 37 9.2 16.3 — — 487 —
HoCoAl 10 12.5 21.5 — — 454 —
TmCoAl 7.5 10.2 18.2 — — 211 —
GdNiAl 68 5.4 10.9 — 4.1 534 —
HoNiAl 14 12.3 23.6 4 8.7 421 —
ErNiAl 6 — 21.6 — 6.3 230 —
TmNiAl 4 5.5 12.7 — — 109 —
GdCuAl 81 5.2 10.1 — — 460 —
ThCuAl 52 6.2 14.4 — — 401b —
DyCuAl 28 10.9 20.4 3.6 7.7 423 —
HoCuAl 11.2 17.5 30.6 — — 486 —
ErCuAl 7 14.7 22.9 — — 321 —
TmCuAl 2.8 17.2 24.3 4.6°  9.4° 372 —
HTM-GdPdAl 49 5.3 6.2 — — 362 —
HTM-TbPdAI 43 5.8 11.4 — — 350 —
HTM-DyPdAl 22 7.8 14.7 — — 304 —
LTM-HoPdAl 10 2.6 13.7 — — 174P —
HTM-HoPdAl 12 12.8 20.6 — — 386 —
LTM-ErPdAl 10 2.0 11.6 — — 139° —
HTM-ErPdAl 5 12.0 24.3 — — 299 —
ErAgAl 14 4.2 10.5 — — — 261
TmAgAl 3.3 7.1 12.4 — — — 214
HoAgAl 18 3.8 10.3 — — — 344
TmZnAl 51 4.8 9.1 — — — 318
GdCo2Bs 25 9.3 17.1 — — — 462
ThbCo2Bs2 15 1.5 6.2 — — — 292
DyCozBg 10 5.4 12.1 — — — 282
HoCo2B2 10 6.8 12.2 — — — 271
GdCo3Bs 54 5.0 9.4 2.8 5.2 — 357
TbCozBa 28 4.9 8.7 4.0 7.3 — 295
DyCoszBg 22 7.4 12.6 64 11.6 — 397
GdNiBC 15 9.3 19.8 4.2 9.9 — 474
ErNiBC 5 17.1 24.8 5.3 8.6 — 312
Dyo.9Tmg.1 NigB2C 9.2 — 14.7 — — — 248
HoNigB,C 5 — 19.2 — 11 — 283
Dyo.3Hop.7NigB2C 6 — 18.7 — — — 264
Dy0A5H00A5N12B2C 8 - 18.5 — - — 275
Dyo.7Hog.3NigBoC 8.5 — 20.2 — — — 243
DyNiBoC 10.5 — 17.1 — 9.7 — 290
DyNij 9Cog.1B2C 8.4 — 16.3 — — — 309
DyNij 9Cog.2B2C 8 — 10.2 — — — 168
DyNij 9Crg.1B2C 9.2 — 16.1 — — — 272
DyNij 9Crg.2B2C 8.8 — 13.7 — — — 219
ErNizB,C 6.1 — 9.8 — 4.6 — 155
ErNij gFep.1B2C 5.6 — 9.6 — — — 106
ErNij gFep.2B2C 5.2 — 8.0 — — — 71

TE: Forh RCHRHIA 877, HITAIEAE i 2 - 1 55 T L B i) X BRI AR AR 7 10 43 2; RC P ORARXSHIVE BE T, TS AE ih
LRIV B 5 20 08 B BB A SR T4 2 o, AH LB AW AL 0—4 T KR4S, b, AR RC B M SCHRk b B A A2 il 28
fEEABH] ¢, MR AT BERIE AR ATwa = —ASM(T, H) x T/Cp(T, Ho) 582, 2 Cp(T, Ho) A%
Bk
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Fig. 8. (a) Temperature dependence of theoretical calculations on entropy for Gd in the absence of field
and (b) in field AH = 7 T. For (a) and (b): 1, St; 2, S.; 3, Sm; 4, Sg. (¢) Experimental (curve 1) and
theoretical (curve 2) values of magnetocaloric effect in Gd with AH =7 T. (d) Temperature dependence of
magnetic entropy change of ASy; in Gd on fields: AH =6 T (curves 1 and 2); 1 T (3, 4 and 5); 0.5 T (6 and

7). Theoretical curves 1, 5 and 7 are calculated data. Curves 2, 3, 6 and 4 are obtained from experimental

data on magnetization and magnetocaloric effect, respectively [140],
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Fig. 12. The magnetocaloric effect for magnetic field

change of 0-5 T for selected monoclinic GdsSizGea-

type alloys in the Gds(SizGe1—z)a system
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Fig. 13. (color online) Temperature dependence of the
magnetic entropy change for (a) GdsSii.3Gez.7 and
(b) ThsSiaGe2 and the effect of different milling times,
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Table 3. Entropy change for a field change from 0 to
5 T in the GdsSizGeq_g alloys [154],

AL J kg K1

oy JEBIEE /K (0—5T)
GdsGey 38 26
Gd5Sip.33Ges .67 75 60
Gd5SiGes 150 68
Gd5Siy.72Gez 28 247 39
Gd5SizGeg 276 18.4*
Gd5Siz.06Ge1.94 291 9.8
GdsSiz.2Geg.g 324 10.0
GdsSiy 335 9.1
Gd 293 9
* PAb IR S R R 36.4.
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Fig. 14. Entropy changes against the reduced magne-
tization for the GdsSizGes—_4 family. Measured en-

tropy changes are represented by symbols, while the

theoretical results by a solid curve [198],
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Fig. 15. Thermomagnetization curves of LaFej3_4Siz

(1.2 € = £ 2.4) compounds under a magnetic field of
1 T [160]
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Fig. 17. Temperature dependence magnetic entropy
change for a 0 to 5 T magnetic field change of
LaFe13—3Siz (1.2 < z < 1.8) compounds, The in-
set shows magnetic entropy change as a function of

concentration of silicon [160].
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Fig. 19. (a) Thermomagnetic M-T curves measured during heating and cooling for Lag.¢Pro.4Fe11.5511.5 under a
magnetic field of 0.05 T and (b) the heating M-T curves for LaFe;1.5Si1.5 (z = 0) and Lag.7Ro.3Fe11.55i1.5 (R = Ce,

Pr and Nd) compounds under a magnetic field of 0.01 T; (c) Curie temperature T¢ as a function of R concentration

and (d) T¢ as a function of unit-cell volume for Laj_;RzFe11.5Si1.5 compounds with R = Ce, Pr and Nd [174],
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Fig. 22. (a) The temperature dependence of magnetization for LaFe;1.6Si1.4Cz (x = 0, 0.2, 0.4, 0.6)
compounds and (b) the comparision of magnetic entropy change under a field change of 0-5 T between
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Fig. 23. (color online) (a) The isothermal magnetization curves and (b) magnetic hysteresis loss of bulk and

different sizes of Lag.7Ceg.3Fe11.6Si1.4Co.2 compounds 1821,

217502-18


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 21 (2016) 217502

H 1, [R5 GRS R 15 LR BF. 754, Hu
2 1182] 0 Liu 25 187) 4050 J5 408 7 0L FE /N2
La-Fe-Si G, I\ b8 & B RE B9/, BT
LT BRI 2 T B i PR R FR /s DA A ok
2 AR T A8 A R S, A g S an ] 23 B
7K. Lyubina % 'S81 R BRI A £ FLIE I #UE LaFeSi
FE i AT BEAT 22 4G P06 F T AN RS, I HL G R
/N, FAERNLEE R 22 2R I 5] N AEAE i SR AL L )
N 3153 SRR

Br 7R 5 W 2 A, TR D7 IR RE AR X
La(Fe,Siy_ )13 & G F AR 820, Fu-

(a)

H=03T
—e— 0GPa
—o— 0.27 GPa

) —v— 0.50 GPa
0.6

Magnetization(up/Fe

—o— 0.77 GPa

—0— 1.00 GPa

100 150
T/K

200 250

Magnetization(pp/Fe)

jita 25 167 S B FR A7 018 I BLIRLRE R R, X —
MR IE I 5 G R AR I, i BLRE 25 e 7 5
TN % Rk B G U, 150 BH R T A A A — 2%
AHAZ 1 Jog 38 o, HAE A AR i B 24 B, Fujita
2 I9] ik — 2B 50 R L, 5T La(Feg s0Sio.11)13
G, Mk B 1.3 GPa B A 5 Bk RE M 58 47
g, XYL s 7 R REAE — YO P R Y BLIR FE )
A5 4k, Maiios 25 [1901 ' 3 La-Fe-Co-Si b & W 1E &
JI9R ) T R RGN, 45 R B7RTE 1 kbar
K1 17846, La-Fe-Co-Si #4 ) i 4 #4042 15y 18
1.5 K, ARG RUNE 25 Fros.

2.4
(b)
2.0 | T
1.6 «=0.88
H=03T

1.2 —e— 0 GPa

—o— 0.27 GPa
0.8 —v— 0.50 GPa

—o0— 0.77 GPa
0.4 - —o— 1.00 GPa

()] 1 1

0 50 100 250

T/K

B 24 AREEAEMF La(FesSit—z) 13 WAMIARIL  (a) z = 0.86; (b) z = 0.88[167]

Fig. 24. Temperature dependence of the magnetization measured in applied hydrostatic pressures for (a)

0.86 and (b) z = 0.88 [167],
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Fig. 25. (color online) Barocaloric effects in LaFe11.33C00.47S5i1.2: (a) Isothermal entropy change as a function of

temperature associated with the isothermal application of selected hydrostatic pressures. Black line corresponds
to 0 kbar; green, 0.8 kbar; magenta, 1 kbar; cyan, 1.2 kbar; blue, 1.4 kbar; orange, 1.7 kbar and olive, 2.1 kbar;

(b) adiabatic temperature change on fast release of hydrostatic pressure. Diamonds correspond to 1 kbar and circles

to 2 kbar (lines are guides to the eye) [190],
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Fig. 26. The temperature dependence of magnetic en-
tropy change of LaFej; 7—,Co,Al; 3 compounds un-
der a field change of 05 T [199]
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Fig. 27. (color online) Temperature dependence of the
magnetic entropy change of LaFe11.5Al1.5Cy (y = 0.1,
0.2, 0.4 and 0.5) compounds compared to that of Gd
for magnetic field changes of 0-2 T and 0-5 T, respec-

tively [200],
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Fig. 28. (color online) Temperature dependence of the magnetic entropy change under magnetic field changes of
0-2 T and 0-5 T for (a) LaFei1 5Al1 sHy (¢ = 0.12, 0.6, 1.3) and (b) LaFe11 5Al; 5Co.2H, (z = 0, 0.5, 1.0) [207.210],

#* 4 #4r NaZnis 4514 LaFeSi/Al LG Gd 1 )8 BLIREE R LA
Table 4. Magnetic entropy change and Curie temperature of some LaFeSi based compounds with NaZnjs-

type structure and Gd.

EREAE —AS\ /T kg™ K™!

a4 JEHIRE To/K SCik
02T 05T
LaFe11.4Si1.6 209 14.3 19.3 [49]
LaFe10.08Co0.225i1.8 242 6.3 11.5 (49]
LaFey1.12Co0.71Aly 17 279 4.6 9.1 [49]
La(Feg.98C00.02)11.7Al1 3 198 5.9 10.6 (49]
LaFe11.2C00.75i1.1 274 20.3 [53]
LaFe11.55i1.5H1.3 288 8.4 17.0 [55]
La(Fei—;Mng)11.7Si1.3Hy, z = 0.01 336 16.0 23.4 (179]
La(Fey—Mnyg)11.7Si1.3Hy, = = 0.02 312 13.0 17.7 (179]
La(Fe1—»Mny)11.7Si1.3Hy, = 0.03 287 11.0 15.9 (179]
La(Fe1_Cox)11.9Si1.1, © = 0.04 243 16.4 23.0 (161]
La(Fe;_,Cox)11.0Si1.1, © = 0.06 274 12.2 19.7 (161]
La(Fe;_5Cox)11.9Si1.1, = 0.08 301 8.7 15.6 (161]
Lag.5Pro.sFe11.5Si1.5Co.3 211 25.2 27.6 (208]
Lag.7Ndo.3Fe10.7Co0.85i1.5 280 7.9 15.0 (178]
Lag.5Pro.5Fe10.7Co0.8Si1.5 272 8.1 14.6 (171]
Gd 293 5.0 9.7 (171]
Lag.5Pro.5Fe10.5Co1.0Si1.5 295 6.0 11.7 (209]
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Fig. 29. (color online) Magnetic entropy change of
MnFePg.45As0.55, Gd and GdsSizGeg [41.

2004 4, Gama %5 P11 318 7 MnAs tL & W 1E
JE 5T WA T @ik 267 J/ (kg K), #EESE
31, 2006 4, fRATIEHRIE T /£ MnAs b &) i@
/b & Fe & X Mn 765 5~ 1 7] R B H P8 A 3L
Bz 22010 2 0 = 0.003 I, AL AP0 = iR ORI AR 5
ik ~330 J/(kg-K). 1EE NN AR AR 1) A2 4k 257
K 230 J/ (kg K) FIEAE, BARIL G152 A& AR
AR HORIR R B SE, HI R G EPESR T A
TIRIMREE. 2007 4F, Liu 25 P21 45 Xk F — g A AR
FRGUAE JE B FE PR a0 5 ol A A A AR SR A, 1K
FER] H Maxwell 5 2 115 1 05 AR 5008 B S Aw K.
B30 o, ARHE 22 e 07 45 90 &, e g iR B AN (L
T = (T1+To)/2) MHEZEBERT, 5T, WETF
{140 T S5 A i 2 B LR i) T R AR 43 T 45 31, B v

HIBHRC A (20 + Xy). B2, t1 T Ui iAok
AT P AHIEAE RS (BRBEAH S5 AR ), REALRZE —
AN B B A 5 P2 5 YR B PR b R BRI 2 T
W BE R 2 A MEAL TR, 2R SRR 1E LR BOF AR S
PECAAR, T35 SRR AR LA 7 26 T REAL IR 58 — i
B, BARSEERT B 20y o BB DRk, X T AR
SAFR DX FLAE 22 S0 3 6 0 200 & v il AR Sl
AR HUME, LGRS AR il 2 B 2 2R R e i B

MnAs # BRI A th 4453 2] 721k, [, %1
(LS GBURIh g Sl DPIRE VA R T P wb
P ARIEAF X AR5 A2 TH ST VA AT T IRUE AT 8.
B LA TE R T AT T — FAH AR R PIARIEAE
DR AZ T SR B IA AL,

10

M /arb. units

H/arb. units

B30 A MrIRREAL, 2% HH B R A8 o B R 2 1 (221
Fig. 30. Schematic diagram showing the calculation
of entropy change when stepwise magnetic behaviors

occurl221],

5.4.2 Mn & Heusler &4 8% 2 34 5

Ni-Mn-Ga & & EFRIBEPTEZ -5
PR A4 31 B IR AR 1) 25 M AR A, B AR 3 T &5 A T
b T RS, AR RAT RSB AN, W AH AR R
A I A B 25 R AR AR T B R R A R AR, 2000
4, Hu 25 PUIRIE T Nig; sMngs 7 Gags g & 4 I
RN, RIE 0—0.9 T #i3n 840 T A8 vl A 2|
~4.1 J/(kg'K), & 31 fros. Ja K, Xf Heusler &
G (GRS T T T 2 fhdioE (22222,

WE 9% KB, 7E 2 & NigMng 75 Cug.25Ga 2221 £l
B f Niss 4Mnog 0 Gagg 6 P2 i, BT R 4D
IR A A WG AS, 0—5 T HLZH AL T & 7L
FH A Tk FEE B A 1 45 U B 95 A2 T A 64 T/ (ke K)
(Tc = 308 K) 1 86 J/(kg'K) (Tc = 313 K). X

217502-22


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 21 (2016) 217502

AR, AR IRACAZ & 4 0 T B AR 0
15 LA, Rid37) vT 3K B ) TR - B8 IR AR A8 I
NI NRE VA  G LNI: OR . %5 T IR U F
NisoMnszSnys &4 P FE0—5 T HimAR1L T I
R AEE] ~ 18 T/ (kg K) (Tc = 307 K), H
TAR IR ISR B 530 K, 1X— &5 JURE % Y Heusler
&4 R R 78 B IR % R A 222223 4 1] 32 B,
W9 B WHF 5T T Ni-Mn-In-Co & 4 I REA A 5
WAL, FF HL R I 25 1 A 738 5K 1 #8280 L 1Y) BT ik
B K 225] Manosa 25 2261 2010 4381 # 2A E
TP, B IRIE T Ni-Mn-In 14 5 (1 & #4034
N ZEREW, 2.6 kbar JE /1AL T KR AR (E 2
24.4 J/(kg-K) (BI33). BfiJ5, Lus 227 43 718
(001) B[] ] Ni-Mn-In-Co 244k 22 5 (1) 38 AR
FE R IT, 1 kbar B 77 /E H N, d8 i B 820 &
# IR T2, 138 T RN 3.5 K I4a#ii Az,
Milldn-Solsona %5 P28 3 i %28 & FL A&+ 5

4 | NisisMng 7Gags
7
< ogt
Lo
&
’ﬁ.
S 2
S
"
7

1 -

0 -

1 1 1 1 1
184 188 192 196 200

T/K
31 Nis1.5Mnao 7Gags.g A 4 905 32 Bl i FE F0) 22
.51
Fig. 31. Temperature dependence of entropy change
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Fig. 32. (color online) Temperature dependence of en-
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Fig. 33. (color online) Barocaloric effects of Ni-Mn-
In as a function of temperature, associated with the
isothermal application of selected hydrostatic pres-

sures (from p = 0.2 kbar up to the indicated
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Fig. 34. Isothermal entropy change of Mn3GaN com-

pound associated with the isothermal application of

selected values of hydrostatic pressure [236]
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Fig. 35. Magnetic entropy change of Mng.93Crg.o7-
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hydrostatic pressures 253,

e ilt, Zhao % POSVRF 58 T B A I 7 1 5] A\ %6F
MnCoGe & & 4 A B 7 K Ve 57 (0 &2 . {8
3%—A4% PR SE M R 2 45 [ 40Ky AR i, 78 58 [
I B 5l NFR AR N ), DU g A 2R R T
B JR I B8, AT R 56 1 45 4 A5 A A AR TR X
BRI TR X AR Ak UK. B, R4S
MnCog.9gCrg.02Ge & 4 7£ 210 K (122—332 K) 1Y
TAFR X NP5 5 K R 508 —51.5 ppm, FFREZH
Sy BV AR, S5 AN 36 B, e RLT AR
BABRIERZIK R BRI AMER, M SISk
FE B B R b 8 EL B RS KA B, X — 451
RAIRSEA R SRR TR s ). BT A K
Sz 06 45 1 Wa 25 P57 72 7 MnCoGeg g9Ing o1
PR #A R, T8I R R AT S E . AR
JE 77254 R RGN & DSC(Z # #1) & K
PPMS (MR RS0 el & o4y, 5 7 A
T 3 45 F A2 1) MnCoGeg g9Ing o1 £ i 19 B 4
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RUNL, T3] 3 kbar K /7B AE 5 7E 299 K FHL H
HERIMAEAS = (52.0 £ 5.6) J/(kg-K) Al
B AT,q = 18.5 K (W 37 fiior). AT F]H
Clasius-Clapeyron 77 f& 4l & i 3 kbar J& 77 7] EL 5]
AN AS = (56.6 £ 2.8) J/(kg-K), X MR 5
VA B AR AR AR HLEIE. [FIR, SR A B R
80T £ AR 7 (1) B B o s R A 3R O o e S R
WAk, HEBNENARRT N 9.4 K, RELHGE
7 P T e R R A A AN AT TR e ) A ) R,
IX G H 75 43 1 AIF 92 Mn-Co-Ge-In & 4 B A E K
R AR ZA R AR R 2 R AR Y LT B A
(RGN A A R, A SR AR T [ 25 174
b NG IEC E)VASER

1.5 + v
(a) a=-51.5x10"6/K
. AT=210 K
\S 1.0 7w a=—119x10-%/K B
3 AT=55k | Mno.grlnge3CoGe
~
j 0.5 1 MnCoyg.9sCrg.02Ge
%
0 x il
T= —66.6X 10 0/K mpm=
AT=172 K i
1.5 1+ . — . .
a=—-71.2x10"6/K
o (b) AT— 145 K
8 1.0 a=—-94.Tx IO*G/KI 1
~
=~
~
3
0.5 +MnCOGeg,gg ‘.'.
—@—MnCoGeg.g9Ing o3 W
0 1'":-,'_——.—%";“'
100 200 300 400
T/K

36 (MFIEML) (a) Mng.g7Ing.03 CoGe, MnCog.98Cro.02Ge
F1 (b) MnCoGeg.g9, MnCoGeg.99Ing.o1 74 I FA K B I
R AE AL, 1250)

Fig. 36. (color online) Temperature dependence of lin-
ear thermal expansions AL/L (the reference temper-
ature is 390 K) for bonded samples with composi-
tions (a) Mng.g97Ing.03CoGe, MnCog.98Cro.02Ge, and (b)
MnCoGeg.99, MnCoGeg.99Ing.01 [256],

5.4.5 Fe-Rh, Fe-Pd 8z, 524 & #
O 1229

Fe-Rh & 4 [ #4350 e - 1 Nikitin 1 An-
naorazov & 2o5=2001 353 fin#hid #2 H FeRh &4
2 7] AFM-FM — i A8 7%, #1722 H1 J5 fREF CsCl 2
ST, BRI R AV )V ~ 1% [261262])
PR A 210.3% g A 2601 7R 0—1.9 T REm A8k
N RH W AR A 11.8 T/ (kg K), FeRh & 4 &
(1) 4 B 8t 355 2% 3% W L AT A D A A1) U X )

AR 299,

Fe-Pd & 4, H1T Jahn-Teller 8B, 5 KA
HHAR o o HL RRAH £ I AR Ak, T B
BOCRZUKHE TR, KT Fe-Pd & 47 ] RELE 58
TELIX B KON . 2013 4E, Xiao 2 2031 Fi H
IS F7 - AR I B DA R 8 A A R BRI =1 3 T
Fegs s Rdz1.o(F & T 5 FOARAH A2 5 B 9 230 K) 1
PRGE L, A5 RE W], 240 K 1 kbar JE N /17810
N, WA RN 4.2 T/ (kg K), HHGRAE ML 2 K.

T/K

0 100 200 300 400
T -

T v T

240 27.0 3;)0 330
T/K

K37 (MFIRE) MnCoGeo.o9Ing o1 L& HIHI LR
R (a) NEEIFMET, REERMBERERZL, BEN
FEHFE (1 atm = 1.01325 x 10° Pa), 4.4 3 kbar
FAE T BIHHE; (b) 7E 0—3 kbar JE & T R4
RiAZ 2k, Ty ATy J2 I A0 il 2k 2 0 58 1 o, N B
0—3 kbar F£ /72840 T 4 A il 2 [257)

Fig. 3T7.
MnCoGeog.99Ing.01: (a) Temperature dependence of

(color online) Barocaloric effects of

the total entropy, S(T, P), under different pressures,
the entropy measured under ambient and 3 kbar pres-
sure were plotted in black and red, respectively. In-
set shows the details of total entropy; (b) tempera-
ture dependence of entropy in a pressure change of
0-3 kbar, where the T3 and T» represent the temper-
ature at which the entropy change is half of the peak.
The inset shows the adiabatic temperature change as

a function of temperature under 3 kbar [257],

1992 4F, Nikitin 2 204 ¥ Y 4R 18 T FeqoRhsy
B G 1 SR IR N, Atk AT 38 I B I B A B AR
W17 75, 3 24 [E R 1R I 4a #0828 it i op b
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KN SIBE, H IR AR AT ~ 5.2 K. 2014 4F
PLJE, Stern-Tanulats 25 [261:2621 3558 T FegoRhs [
ISR VG R v AN 1 D W E IR = o o S i
b AN TR RS [R) 3 R B AR R 2R, 15 3
FH LR s 0 S G R B, an B 38 Fr s, K& )
1.1 kbar i}, Fe-Rh £ 4= 1E 5 s #4808 (1 485 28 {8 A
12.5 J/(kg-K). T2 kbar I (1) 48 #4548 /=% 10 K.

- (a)

o[ ©

Temperature/K

300 310 320 330 340

0—2 T Wk37ia B N RERS B 2978 12.0 T/ (kg K), 4
PARASAEL P JLIRAE IR G 9 4—6 K. ARATT[E &k
BUZA R R AR 25 2 Wit SR 5h, BMEZE 1 T 19
KW T, BEREAZHET R, Fe-Rh KA
JS7 b g AR RGN B R 3 (B 7 R I TN, XA Re S
Fe-Rh &4 AFM /FM AHAZ i 18 AR FR AR A LE B2 A
AL TR B E K

r (b)

AS/JK-lkg1

240 260 280 300 320
Temperature/K

K38 (MTIRM) X T FesoRhsy &4, (a), (c) 2 HIAREEM TR B 5 115 S RIHAE (EHRA), NERH
MR R A p = 0.3, 0.6, 1.1, 1.6, 1.9, 2.0, 2.4 F12.5 kbar; (b), (d) 7> B AR EM TR FEFRI% 7 S 184
(HEGKERT), MEEBAEIKIRA H = 0.5, 1, 2, 3, 4, 5 fil 6 T [261]

Fig. 38. (color online) The pressure-induced entropy change curves for temperature (a) decreasing and (c)
increasing. The pressure is 0.3, 0.6, 1.1, 1.6, 1.9, 2.0, 2.4 and 2.5 kbar for the curves from left to right,
respectively. The field-induced entropy change curves for temperature (b) decreasing and (d) increasing.
The field is 0.5, 1, 2, 3, 4, 5 and 6 T for the curves from left to right, respectively [2611,

5.4.6 5K A 4R B A 0 B IR S

BER E A A R T L D H BSOS DA R S
H e HLfr HUIE B A S — R A EE
PR — B NMITE SRR R, BT XM ELE
AR F IR R, 5 O 78 A R4 5 B R SR A
A IE AR, NATTRF I A0 & (1 AR RRE A
BEAT T AGTETE. 1996 4E, Zhang 25 S §jiE T
Lag.67Cag.33MnOs 1 Lag 67 Y0.07Cag.33MnOs b &
WD RGN (K1 39), & B Lag.67Cag.33MnO3 7E
0—1 THEA B T AT HZ1.2 T/ (kg K) PIREREAS,
W EE 2 i T Y B AR A A ek 5 T 51 A A R
T A 5 P R RE RS A2 T . 1997 4E, Guo 4 [269,260]
8 7 La;_,Ca,MnO3 (z = 0.20, 0.33, 0.45) ff]

WEIE A, R¥le = 0.20FF M 7E0—1.5 THIH A&
R 230 KIS RS AE 5.5 T/ (kg K) (K 40), %
x = 0.20, 0.33 B, FF 5 RG22 5 R O R 26
ST, Tz = 0.45 FF & 1 BT 2B AT AR 58, (H A
N,

H M R 78 LL S, Lag—,Ca, MnO3 [f)
HEFR ISR 3] T 5 2 IR 9T, Chen %5 P97 258
T Lag.s—xCagoMnO3 H La i 7 % 4k & 4 i #4354
IS B R, R B o OB 3 0.3 I, AH AR M R
M RB G PR — R, E0—1 THHZHT
(B KA Mz = OB 1.3 J/(kg-K) 38 in 5]
z = 0.3 #93.76 J/(kg-K). Chen %5 [268) 3£ 4% i
T (Lag.sNag.2)MnOs_ s 1 #4280 B 5 4 25 A7 (B
) % &, R I 2 A 0 B0 E 0 SA A  095 A2 1K

217502-26


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 21 (2016) 217502

NEZERERBEMEH. X6 = 0.068, f£0—1 THY
AL B FE i (Te = 364 K) 5 K A2
HILF T 3.86 J/(kg'K), X4 AY P 2B m
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Fig. 39. Temperature dependence magnetic entropy

change of Lag.¢7Cag.33MnO3 compound (48],

7
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w
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Fig. 40. Temperature dependence magnetic entropy

change of Lag.sCag.2MnO3 compound and Gd 2661,
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Abstract

Magnetocaloric effect (MCE) is the intrinsic property of a magnetic material near transition temperature and
the magnetic refrigeration based on MCE has been demonstrated as a promising alternative to the conventional gas
compression or expansion refrigeration due to its high energy efficiency and environmental friendliness. The development
of magnetic refrigeration technology depends on the research progress of magnetic refrigerant materials with large MCEs.
Lots of researches of material exploration and material optimization have promoted the progress of magnetic refrigeration
technology in recent decades. In this paper, we introduce the basic theory of MCE and the development of refrigeration
technology, review the research progress of large MCE materials both in low temperature range and in room temperature
range, and specifically focus on the latest progress of some MCE materials. Low temperature MCE materials mainly
include those rare earth based materials with low transition temperatures, such as binary alloys (RGa, RNi, RZn, RSi,
R3Co and R12Cor), ternary alloys (RT'Si, RT'Al, RT>Sis, RCo2B2 and RCo3Bz2), and quaternary alloys (RT>B2C), where
R denotes the rare earth and T represents the transition metal. Those materials mainly possess the second-order phase
transitions and show good thermal hysteresis, magnetic hysteresis, and thermal conductivities. Room temperature MCE
materials are mainly Gd-Si-Ge intermetallic compounds, La-Fe-Si intermetallic compounds, MnAs-based compounds,
Mn-based Heusler alloys, Mn-based antiperovskite compounds, Mn-Co-Ge intermetallic compounds, Fe-Rh compounds,
and perovskite-type oxides. The above materials usually have the first-order phase transitions and most of these materials
possess the large MCEs in room temperature range, therefore they have received much attention home and abroad.
Among those room temperature MCE materials, the La-Fe-Si series is considered to be the most promising magnetic
refrigerant materials universally and our country has independent intellectual property rights of them. The further

development prospects of MCE materials are also discussed at the end of this paper.
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properties
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