Chinese Physical Society

%fg%"—*&Acta Physica Sinica

Institute of Physics, CAS

4 G Ni y AL Coy 2 AU SRR RE

Bk EAH BHE T AR AT &AM

Preparation and magnetocaloric properties of Gd,sNiz(Al, ;Co,, amorphous alloy

Peng Jia-Xin  Tang Ben-Zhen  Chen Qi-Xin  Li Dong-Mei  Guo Xiao-Long  Xia Lei

5] Fi{5 &, Citation: Acta Physica Sinica, 71, 026102 (2022) DOI: 10.7498/aps.70.20211530
TEZL T View online: https://doi.org/10.7498/aps.70.20211530
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

R BRI A

Articles you may be interested in

Eug oMy TiO4(M=Ca,Sr.Ba,La,Ce Sm)H) 1 I A0
Magnetic and magnetocaloric effects of Euo.gMo.lTiO3 (M=Ca, Sr, Ba, La, Ce, Sm) compounds

WIBEAEAR. 2018, 67(24): 247502 https://doi.org/10.7498/aps.67.20181750

— R A RS B R MN0.6F 0.4NiSi0.5Ge0.5 FINi50Mn34 Co2Sn 14 14 G H% 0 5 1 37 i 48 P A e

Yu Peng

Linear dependence of magnetocaloric effect on magnetic field in Mn0.6Fe0.4NiSi0.5Ge0.5 and Ni50Mn34Co2Sn14 with first—order

magnetostructural transformation

YrE2E 4. 2018, 67(20): 207501  https://doi.org/10.7498/aps.67.20180927

RV BPRHLaFe, | Siy A4 AT SRS S R R 57

High—throughput computation on relationship between composition and magnetic phase transition temperature of LaFe | sSi; s—based

magnetic refrigeration materials

YrH2E4R. 2021, 70(20): 207501  hitps://doi.org/10.7498/aps.70.20211085

6] B )51 H,B,C X LaFe 1 1.5A11. 5405 Wi P RGN A 5 i)

Influences of interstitial atoms H, B and C on magnetic properties and magnetocaloric effect in LaFel1.5A11.5 compound

YIFE2AdR. 2018, 67(7): 077501 https://doi.org/10.7498/aps.67.20172250

BEERAT i A A A REAR AL I AT o B S AT 7 ok
Research progress of critical behaviors and magnetocaloric effects of perovskite manganites

WIFRE4. 2021, 70(15): 157501  https://doi.org/10.7498/aps.70.20210097

SR LD Niy Gt P BRI A A LB LB A 5

Mechanism and quantitative study of specific heat change during glass transition of amorphous polystyrene and Pd 4 Ni, \Cu;,P,

PIFIEH. 2020, 69(12): 126401  hitps://doi.org/10.7498/aps.69.20200331



) 32 Z 3R Acta Phys. Sin. Vol. 71, No. 2 (2022) 026102

JEMAS GdyNizAl;Coy B ERIH F SHAERE
EAAD) EHED FAED NALD

1) (FEPIWER A YIS 7 TR B, LR R R R A i s, K 401331)
2) (MERAEEHITSE, Bl 200072)

RED KM

(2021 4E 8 19 HYZ; 2021 4£ 9 A 14 HUEMEHH)

B B G RE 2 1R A B AR B 0 S . AR SR 4% 1 T — AR S S P I Gdy5NiggAl;Coyg
BaFAN, REMIR TIZA & NREAMERE. Co MTIASGIN T & 4 AR A HEE M, 37K T 298 WOH X 58
£ . GdysNiggAl5Cor IE M A 4 45 1Y R HLTELEE A SOREAE 4 3120 80 K A 7.21up, 7€ 10 K IR E T AR fb
SRIEINE) 173 Am2kg L, FF S M 0.8 kKA-m L, BA LS A RBEYERE. 16 5 T MIAMMEL T, GdysNigAl;Coyg
A S S A 4 B TE I A8 WA AR A e 1 0 B ik 10.2 T kg VK FI 918 Jkg L. % A4 EA MR B S REAR
ARNEAE T LR B Ve A R Y R P S B D, HL Gd BT A R T 50%, AR, RX A 4R —Fh A

P 1 V2 A R

X EREAE, WG, AL, Bk
PACS: 61.43.Dq, 64.70.pe, 75.50.Kj, 81.05.Kf

1 g

REYR 5 PREE I A S T ) 2[RI Hk AR, o RE
IMREORH Az 2] T At s B O, TR
WEASLN (magnetocaloric effect, MCE) B9 il 1%
(magnetic refrigeration, MR) 4% R & —Fp IR 5% &
s O, BA R R AT AHR T BT
1) IR EA 28R RS, MR B
R ARREFE RIS N SR AL 5. MR
BRALGHNIR AN 7 B KL B IR S
IR 0 Ao X P i X MR 5 R B9 58 — B2 E A
ANEIIIF G 0, -4, MCE J2 ®%: A4 HE 28 #0551
T Fh A 0 AR AT 5 | RS A IR AR A RN L) SR
PEAPE) N BT BT 38 A R S HCR AL —
MARHRE IR RE, RI#EAAE (magnetic entropy
change, —AS,,) FAH X ] ¥ 5

il

(relative cooling

DOI: 10.7498/aps.70.20211530

power, RCP).

VE ARG TV B B SCEEIR T, REHIS T
PR ERTOE TV REMTIR 5RO, HIIRE
I HA A R AR RE B B RE MM R L Sy
LSRRI R B A AN Rl R R A2 AL L
H R /H\qu LA Gd5(Si$Gel—z)4[9]a LaFellASil.G[m]v
MnFeP 4sAsg 551 il MnAs, ,Sb,12 R FEEA
—GREAR AR R B b RLE 2 R L K
Wi AZ (. (peak value of the —AS,, —ASﬁfak) 7|
S W) RE G S 2 1 96 (full width at half maxi-
mum of the —AS,,, ATpwn), I1ZXELLEE G A4
iy SR RN 23 PRANZ AR TV ROCR, (T
AR TE 0 IR LV N AR M2 T, AR 4
WA FFIE AR S B 4 (metallic glass, MG) 7]
DATERS T8 1 T AR X SE B 4%, LIRS R E 1Y
RCP i, ITTFRAN T — ASE (R i e g5 1919,
AN, KEBTCTF MR FE5IR T TR RS &mEE

*ER A RPIASS (S 52071043) FIEE IR B Z A AR E ST H (kS KIZD-K201900501) 5% B iR,

t BIE1EE. E-mail: pengyu@cqnu.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

026102-1


http://doi.org/10.7498/aps.70.20211530
mailto:pengyu@cqnu.edu.cn
mailto:pengyu@cqnu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B £ R Acta Phys. Sin. Vol. 71, No. 2 (2022)

026102

PIPERE: JLT AR ARG | = B | R A
TP | R4 IR B R A K 58 Y g2k, X st
FEE(ERS MG VE ARG T EA B RAG A 1618,

i 1 Gd JCE W 4f 2o T T2k s, B
BHRKMBLSHEAE, HIt Gd LM A 4w FH
A MCE, H—ASK™ | R (Curie tem-
perature, T,) JHVEE K, 656 A T30 B w A% 4l
BAEIR DO T4k, Gd 3R A S T sE 2 5
T ZREE, & Gd F AT GdyyNigAlyy KR EAT
P HIREIRIERE, 76 5 T AMNIMIEA T 38 K MY
—ASK* IR 11.06 J-kg LK 120 GdgyAlys(NiCo) s
ESASTE 5 T AN T I —ASK™ Fl RCP {i
43 6.31 J-kg LK 1 1890 J-kg 1 12Y; GdgsNisy ,Co,
(z=2,5, 10, 12) RIAEFRSAHHY — ASK™7E 125
137 K IR N A#] 9.74 J kg MK !, H RCP &
1E 5 T AMIkEY Falik 818.8 J-kg 122); GdsyCoygNiy
il Gd0CoysNis AEFBACHE IR L) — ASE™ /351
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BT, ANFIFH RSN . L, AR SCFE Gd-
Ni-Al = oA W Eal I, it Co mERM Gd
BT T PUIE GdysNiggAlsCoy B4s, REEHIAIGE T
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FLA XA A RO S R V2 BB
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FEFJERIPY (10—160 K) ML T 5 T AMmiEis ™ 5y
M-H Hh4k.
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— A LRI RE R B DSC ZenT LIRS,
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JRFFdE 10% 1 Co TG 2 1 40 Bt b B AR T
GdysNigoAly; JEFREA T, 1 Ty, 5 GdssNigpAlys
A4 Y GdysNiggAlsCoyg A48 AT, M 44 K
BT 80 K, Ak Ah AL H I g 2= e M W
. Co JRTEH Gd KT Ja, Bt 74} Gd-
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Fig. 1. XRD pattern of the Gdy;NizpAl;5Coy, alloy ribbon,
the inset shows DSC trance of the alloy ribbon.
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0 kJ-mol * F1-19 kJ-mol !, BI5] A Co TLEGE 4
ARSI, I S BT Fa S L5 1 R 24 Fa
1@%%} 25,26]

# 1 GdyNigAly; Al GdysNiggAl;Coyg JEFH SR

HOEAPAE 54
Table 1. Thermodynamics parameters of the Gds;
NigpAlj5 and GdysNisgAl 5Co; amorphous ribbons.

GEC T,/K T/K AT /K T,/K T/K v
GdssNigAlL; 576 620 44 911 962 0.40
GdysNiggAlisCoyy 525 605 80 930 1231 0.35

K 2(a) A Gd5NizAl ;Coyo IEFHEATE 0.03 T
SMNINEES T M-T 2, DR BE Sy 10—
120 K, 4@ (dM/dT)-T #hk. M-T #ikhagfk
588 B 5 b i Ay T B A X I 4 Y R IR E T,
B (dM/AT)-T il 4 9 Fe AR A, Fi LG A5 B0 5t 1Y
T, {54 80 K. Gd5NisgAl ;Coy, ESHERAFN H/M-T
M ani&l 2(b) s, A4 s BT (Curie-Weiss)
FE AT BIRE i A R (effective magnetic

180
160 [&
140 +
120 +
100 +
80
60
40 +
20 F

M/(Amikg )

H/M/(Oe-mol-emu-1)

Bl 2 (a) GdgNigAlsCoy JEfH A 47 0.03 TAMNMEES T
By M-T i, /R (dM/AT)-T th4k; (b) GdysNigyAlsCoyg
i G ARG B /RE AL TR Y TR AR (H/ M- T) it

Fig. 2. (a) The M-T curve of GdyNizAl;5Co, amorphous
ribbon under a field of 0.03 T, the inset shows (dM/dT)-T
curve; (b) the H/M-T curve for the Gd,;NizAl;Coyg

amorphous ribbon.

moment, uu) 2K 7.21up, Fii 1ICE Gd 1 4f i
T 54 JE TR Co ¥ 3d HLF Z A ERCR 1)
TEAR AR, DI AR 3R A o R 127,

1E 5 T AN T, GdysNiggAljsCoy AR MG
TE 10 F1 160 K IREE T BREH IZaniE 3 i, 1E
10 K B}, GdysNigoAl5Coy EARE 2 B R AT
g rERe, WAmE R, HBW ) (coercivity, He)
E /N, 298 0.8 kA-m !, /MW Ho R G4
oy THEACFLR#E, WTTERE A 1E T BA BN
fG i A5 FE (hysteresis loss) , [RIIS &4 0 M 15 %)
173 A-m2kg ' SR K 160 K I, BE 012 ) %
A RGP AR IE . T FLRLEE AR GdysNigpAl5Coyg
B A R P ARG e L B3 e i R RN G Ak i B 3R
Wz G & BA B RE AR AR,

200
150 - r
100
b 50f
=
E OF 160K 1/10’/
< o
< 50t g oo
= T oo
—100 - <t<70.5-
= 1.0 L
—150 10 K T2 0 2
— H/(10-3 T)
_200 1 1 1 1 1
—4 —2 0 2 4
H/T

K3 GdysNigAl;Coy AEMEEAES T SMIRES F 10 fl160 K
R IR 2k, 4R N 10 KRR T RV IR 46 4 0 4

Fig. 3. The hysteresis loops of Gd,sNizAl;5Co,q amorphous
alloy at 10 and 160 K under a field of 5 T, the inset shows
the enlarged part of magnetic hysteresis loop at 10 K.

GdysNiggAly5Coy AEMAFHTE 5 T AN T
P M-H RN 4(a) Fias, 5 I6 RE YL Rl
10—160 K. &l 4(a) TATLIE t, 547 T. LT
AP IR 3 T P LA 3 R TG AL, R Ak B Rl A
W7 ) 18 R IMTRGHL I IO IR BRI, R A o 2R B0
R E W BRRE T AR T, BRI, RS i A3 2
W/, BT R IRE AR IR BRI E] T, Uk
B, R 4 58 AR G, fEAkaR S5 4 m
Wi 2 1B R I AL 1 56 R . 4T GdysNig
Al5Coyg AERREA TERE S T R A I REARAS SR, W]
BE— i Arrott (H/M-M2) fi£E EA753E.
& 4(b) FizR, GdysNiggAlsCoyo ARSI Arrott
AR R IE(E, 4% Banerjee #E] 28, 1§56 81%
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BRI TR AR S X — AR R A

3 Ho 3., Dy Sl A A 42 9 — ASH™ i 52-571 4

A G FE A B LA B/ N R R i 5 PR A FE i
5 5 9 00 725 D 8D 752 2 LAY T 55 A 1) .
—AS,,, DI F= A AR B il v 29, o
200 N
ol @ X
80r 10 K !
160 F —o— 30 K 20
s 50 K =
£ 100 >80 K )
- 85K
S e 100K
= 60 120 K
40 —%— 140 K
20 —— 160 K
0 ,
0 1 2 3 4 5 6 7 2.5
H/T (b)
7 /°
35 * s
(b) T 20}k e
30 10 K ¥ o /0
& > //Q. ///
‘io 25 ;\\ P 2.0F
<+ g . 1.8F
g 20 S 15¢ // Lok
= < 7 = 1af
2 15 < e 1.0F
= E o X T A
>~ 10 ~ 1ok 06=230""80 120 160
= ' \ \ \ /K,
5 160 K 0 0.5 1.0 1.5
0 InH/T
0 0.05 0.10 0.15 0.20 0.25 0.30
H/M/(Tkg-A~"m™?) 5  (a) GdysNiggAl 5Coyo IE i 257 6 A [F G T 1 5 72
(IR ARG 25 (D) In(—ASK™) 5 InH )56 R A, #i &
K4 (a) GdgNigAl5Co0 3F & 554 75 A 7] i 2 T 19 24 S48 B n BEIR AR AL n-T fh&k

#M-HZE; (b) &4 Arrott fhZk

Fig. 4. (a) The adiabatic M-H curves of the Gd,;NizAl;5Coyg
amorphous ribbon at different temperatures; (b) arrott
curves of the amorphous ribbon.

BT — Ry ny 4 RAE R AL 4, B
~AS,, (E R )22 v T O RS
ASn(T,H) = S (T, H) — Su(T,0)

(e

A 3] GdysNigAl 5Co, dE Ak & 7E 1—5 T 4b
WG - AS,, B AR (~AS,-T) fiZe. in
Kl 5(a) B, FEA RY-AS,- T i P AR LAY
A, I SRR A A R 1 TE R AR
WEREAE. FE[F—AMIN#ES T, BRI AS,, R
TR T B IS e K m el N AR (s, IFTE T, Y
IEIABIERKAE. 765 T M T, GdysNiggAl 5Coy
Ik S S I —ASRY A E T 10.2 J kg LKL, ML
i t B GdBY 5 GdyyNiggAly; JF & 25 A 4 21,
I8 B — LA AR GdsSi,Ge8U 1Y 55%, 5 Er

Fig. 5. (a) Temperature dependence of magnetic entropy
changes (~AS,,) of the GdsNiz Al;;Coyy amorphous ribbon
under different magnetic field; (b) the In( —Asﬁf“k) S.
InH plot of the amorphous ribbon, the inset shows the
n-T curve of the amorphous ribbon.

M-AS,- T PR T LIE H, 7EFR—RE T,
GdysNigoAlsCoyg JE A 4 -AS,, (B 1373
IR AR K. ARYE-AS,, RGO R —ASy,
B0 A ] In(—ASK™)-InH e R, 7 LR
A ARG AR AT R HEAT HE— 2B B 5T . anIEl 5(D)
I E R, H8 8L n TR AR (n-T) BhZEFR I,
TEART T, RBRREIRBEYERIN, n (B8R T 1; G
WREETLE, n TV, 78 T, BHT n (5290 0.73; 4if
FERF T, LA ERIRE X, n ~ 2. Gd5NigAly;
Coyo BRI n- T 2R IR MR A BRGNP E &
&M MCE 1724, T, kR n E# KT 7133
WA P{E 2/3, X —45 55 HALKEBS> Fe 3
M Gd AR RSS2 5P Ber 2
TE SRS PR REARY A . RS
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G R 2 T RRRA TR R, IE XL
LA AETE, WE AR A A SRR R B E A
HIREPERLAS, IS EE T, BT R n (EME K TE
Gt 3 e B A 2L,

RCP {ERVEALRETEAT B MR PERER) 55—
PR, BLEE IR T RS K INANREE X ], 2
MR G IV RE T — D OCHEPR. HR4E Gsch-
neidner 777k B7 JLF — ASPER g 8 Trwin HIEUE,
RCP 1 IR N

RCP = —ASP™ x §Trwim- (2)

A (2) RIFHEASH] T GdysNiggAlsCoy I ST
) RCP {H. % 2 5 T GdysNiggAl5Coyg JE AR 5%
W5 EARE RS Gd ZEAESAHHERE S &M T,
5 T SMINBES F i —ASE™ % RCP {H.

# 2 GdysNigAlsCoyo PR Gd BEAERA (A).
S (C) B4 T..5 T f Pt — ASRE  MIRCP {H
Table 2. T, fAS&eak , and RCP under 5 T applied
field of the GdysNiz)Al;;Coyq amorphous alloy and

some other Gd-based amorphous and crystalline al-

loys.
_ASPk, RCP/ &%
GE2 sty To/K (JkAgSlmKl/) (J-kg {) ik
GdyNigAlsCo,g A 80 10.2 918 AN
GdgsNigs A 122 6.9 524 [38]
GdgsNigy A 124 8 583 [38]
Gdy71Nigg A 122 9 724 [38]
GdgNig;Co; A 135 10.42 860  [17]
GdyNiggAlss A4 38 11.06 —  [20]
GdyNipAlyy A 70 6.12 606 [24]
GdgsNigAlyy; A 71 7.98 782 [24]
GdgNigsAlyy A 75 8.49 806 [24]
GdgsNigAl;; A 83 9.25 851  [24]
GdyNipCopjAlyy A 54 9.91 — 39
Gdz5Al0CoNi; A 105 9.8 615  [40]
GdgoAly;(NiCo)ys 4 91 6.31 890 [21]
ad c 293 9.7 556 [30]
CdsSiyGe, c 276 18.6 305 [31]

AT = I8 GdysNiggAlys AE A 557, GdysNig,
AlysCopg B4 i —ASK™ E 25 T 27 10.3%, RCP
R T2 7.9%, Hik, Co JEEBIIMARL Zb
BT A S REPWERE. GdsNigAl sCoyg IF FHAHT
7E5 T SNIRES T — ASK™ {Hi5%] 10.2 J-kg LK 1,
KFEMIE KR LH Cd HAEF A4, GdysNiy,

Aly;Coyo AEMEAH ) RCP (HAE 5 T MG F ik
] 918 J-kg !, &M L HLE GAPY Y4y 1.65 £, A
BE4E GdsSiyGe P 2y 3 /%, JLF2& Gd 33k M
B e . Wang % PO GBI oE 25 SRR W, 78
Gd-TM —Jt A4+, 5 Gd-Gd il TM-TM [&] 1
ZHAEHA L, GA-TM [H] /) 58 BAE XA 40
T, B2 ] ZEEATE 78 Gd-Co —ui &, Gd-
Co —TtHEM T, FEHHERE Co-Co IR FIH Y
ZHAE P E B i7E Gd-Ni e84, Gd It
FA Ni JCE XA 4 Wk BE AR iV F AR 24 049, A
GdsCos AL, (z =0, 5) =JAEMEE4H, Al
JRFA B A AE S — A AR, B Co JEF 3d
BT s, p BT, WD H 3d P22 B Y 38
114, MR Co-Co BB HAEH, fifS & &4
) T, A8/ N ZEA STl A8 1) Gdg5Nigg Al sCoyg
ERESEET, B Co i EH# Gd i+ n5| A
HR Y Co-Co JRFIH IS HAEH, A Al TTRINAFE
FEHIES T M HAEH, M3 E SRR T, Wi
/N Belo % 12 5T 45 54 W, REPERT R —ASH™
5 TR IE L X F, Bl —ASK™ oc 723, JiF L)
GdysNigyAl 5Coy IR S TEHL T, (EME R/
F [ H: — ASRE™ 3 .

4 % i

25 LR, AR S I R N e LA 1k A o
TPUIE Gdy5NigoAly;Coy JERS A4 5, i Gd
TR FRAINT 50%, HA B R BHEA, S5
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Abstract

Materials with excellent magnetocaloric properties are a key factor for the application of magnetic
refrigeration technology. In this work, an amorphous ribbon of quaternary GdysNizyAl;5Coqq alloy is designed
and prepared, and the magnetocaloric properties of the alloy are systematically studied. The introduction of Co
can improve the thermal stability of the amorphous structure. The Curie temperature and effective magnetic
moment of GdysNizyAl;5Co;y amorphous ribbon are 80 K and 7.21 pp, respectively. At 10 K temperature, the
saturation magnetization and the coercivity of the alloy reach 173 A-m?kg ! and 0.8 kA-m!, respectively, which
indicates excellent soft magnetic properties. At 5 T magnetic field, the peak value of magnetic entropy change
and relative cooling capacity of Gd,sNisAl;5Co,, amorphous alloy are as high as 10.2 J-kg 1K' and 918 J-kg!
respectively. The amorphous alloy has typical secondary magnetic phase transition characteristics, and the
magnetic refrigeration can be realized in a wide temperature range. The Gd atomic content is less than 50%

with low cost, which means that the alloy is an ideal magnetic refrigeration material.

Keywords: amorphous alloy, magnetocaloric effect, magnetic entropy change, magnetic refrigeration
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