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Table 1. Thermodynamic parameters of entropized GdyCo,; intermetallic compounds.

e JE TR 2 IRE KA Hygix /(kJ-mol ) ey
B Ar /% L T s T A/ R
GdyCoyy — — — -8.29 0

Gdy(Coy ey jo)17 0.79 — ~1.00 -5.13 0.69
Gdy(Coy j3Fe; ;3Niy /3)17 0.99 — -1.33 -7.85 1.10
Gdy(Coy yFey uNij Mny )7 1.81 — ~4.00 -8.38 1.39
(Gdy/2Thy 5),Coy7 0.55 0 — -8.48 0.69
(Gdy/3Tby/3Dy1/3)2Co17 0.69 0 — -8.54 1.10
(Gd,;4Tby 4Dy, /4Hoy 14),Co17 0.83 0 — -8.48 1.39
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Fig. 1. The XRD patterns of the entropized Gd,Coy; inter-
metallic compounds: (a) GdyCoyz; (b) Gdy(CoyjoFey o)i7;
(c) Gdz(col/sFel/;;Nil/z;)n; (d) Gd2(001/4Fe1/,1Ni1/,11VIn1/,1)17;
(e) (Gdl/sz1/2)20017; () (Gdl/:sTbl/:;DYu;;)zCOl?; (8) (Gdl/q
Tbl/«1DY1/4H01/4)20017-
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Table 2. Lattice parameter, merit factors M and smith factor F of entropized Gd,Coy; intermetallic compounds.

Hedh a/A c/A V/A3 M(20) F(20)
GdyCoy; 8.378(0) 12.206(6) 742.0(0) 28 27
Gdy(Coy oFe; )17 8.458(0) 12.409(6) 768.8(2) 17 14
Gdy(Coy 5Fe; ;3Niy j3)17 8.444(4) 12.254(1) 756.6(7) 23 23
Gdy(Coy4Fe; uNiy 1, Mny )17 8.507(0) 8. 267(8) 518.1(7) 49 39
(Gd,/2Tby j5)2Coy7 8.332(3) 8.133(1) 489.0(1) 46 52
(Gdy 3Ty 3Dy /3)2Co17 8.363(1) 12.203(0) 739.1(5) 28 28
(Gd, ;4Tby /4Dy, /4Hoy /4)2Co17 8.333(6) 8.125(6) 488.7(1) 44 45
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Fig. 2. Refined XRD pattern of typical samples: (a) Gdy(Coy/sFe; sNijj3)17; (b) Gda(CoyjyFey 4NiysMny 4)17.
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Fig. 3. SEM image and EDS pattern of typical samples: (a) Gdy(Coy3Fe;/3Niy 3)17; (b) Gdo(CoygFey uNiy g Mny jy)i7.
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Table 3.  Element compositions of typical samples.
- Gdy(CoyjsFey j3Niy j3) 17 Gdy(Coyy4Fey )4Niy Mny /)17
BRI/ % JEFES/ % B AT/ % JEFHE G/ %
Gd 24.5 10.6 26.0 11.3
Co 26.1 30.3 18.9 21.9
Fe 24.0 29.4 16.9 20.7
Ni 25.4 29.6 20.1 23.4
Mn — — 18.1 22.7
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Table 4.  Refined crystallographic data of samples with rhombohedral structure.
Fdh GdyCoyy Gd2(001/2F51/2)17 Gd?(col/SFel/SNil/S)U (Gdl/STbl/3DYI/3)QCOI7
=3 [H]FE R3m R3m R3m R3m
a/A 8.375(2) 8.454(5) 8.444(7) 8.358(0)
c/A 12.200(4) 12.413(7) 12.254(3) 12.185(7)
V/A3 741.131(2) 768.436(1) 756.817(0) 737.200(9)
i3 s VA Gd Gd Gd Gd, Tb, Dy
6¢ (0, 0, 2) (z=0.34369) (z=0.34188) (z=0.33731) (z=0.34197)
di R /% 100 100 100 #33.33
At Co Co, Fe Fe, Co, Ni Co
6¢ (0, 0, 2) (z=0.09431) (z=0.08016) (z=0.08100) (z=0.09567)
di R /% 100 #50 #33.33 100
9d (1/2,0,1/2) — — — —
di R /% 100 #50 #33.33 100
18f (z, 0, 0) (z = 0.28942) (z = 0.30352) (z = 0.30607) (z = 0.29175)
di R /% 100 #50 #33.33 100
miey  CIgm Gpmmm o goowes e-owm
HhiE /% 100 £50 £33.33 100
R,/% 5.144 8.110 8.830 5.605
Rywp/% 6.865 10.611 12.690 7.057
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Table 5.  Refined crystallographic data of samples with hexagonal structure.
K Gdz(001/V1F‘31/4N11/«1Mn1/4)17 (G(11/2Tb1/2)20017 (Gd1/.f1Tb1/«1DY1/4H01/4)20017
Z3 )i P63/mmc P63/mmc P63/mmc
a/A 8.501(6) 8.329(5) 8.332(9)
c/A 8.265(3) 8.130(4) 8.124(4)
V/A3 517.357(3) 488.512(1) 488.561(0)
i V2 Gd Gd, Tb Gd, Tb, Dy, Ho
2b (0, 0, 1/4) — — —
Hi i /% 100 #50 #25
2d (1/3, 2/3, 3/4) — — —
Hi i /% 100 #50 #25
EAEL Fe, Co, Ni, Mn Co Co
4f (1/3,2/3, 2) (z=0.14285) (z=0.12127) (z=0.13757)
B /% %25 100 100
6g (1/2,0,0) — — —
B /% %25 100 100
12 (z, y, 1/4) (z = 0.32333; y = -0.02248) (z = 0.33032; y = 0.96090) (z = 0.32409; y = 0.96806)
HAR /% %25 100 100
12k (z, 2z, 2) (z =0.16182; z = —0.11890) (z = 0.16585; z = 0.98326) (z = 0.16655; z = 0.98716)
HAR /% %25 100 100
R,/% 7.006 8.07 9.07
Rywp/% 8.942 10.50 11.80

®6 WA GdyCoyr RINEEMABURTHAZ Ry

Table 6.  Effective radius ratio R, of entropized
Gd,Co,; intermetallic compounds.
R mREER ABUR TR,

GdyCoyz Evi) 1.4262
Gdz(COL/2F01/2)17 Xyl 1.4330
Gdy(CoyygFer 3Niy )17 Ey:) 1.4334
Gdy(CoyyyFey )y NijyMny )17 7STF 1.3996
(Gdy/2Thy 5)5Coy7 NIT 1.4166
(Gdy/3Thy /3Dy 3)2Co17 e 1.4105
(Gd1/4Tb1/4DY1/4H01/4)20017 Vavii 1.4056
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RTOWERE GdyCoyp RIVURIE LI A5 24

Table 7. Results of fitted magnetization parameters of field aligned entropized GdyCoy;.

HURE WA RE Ny /(emu-gt) Nu/ug
Gdy(Coy joFey )17 0.99887 109.563954-0.02882 25.30
Gdy(Coy 3Fe 3N 13)17 0.99630 74.2308440.03279 17.19
Gdy(CoyyyFey yNiyyMny )17 0.99644 68.97675-0.02946 15.87
(Gdy/9TDy/5)5Co17 0.99985 104.73245+0.01038 24.71
(Gdy/3Tby/3Dy1/3)2Cor7 0.99844 71.7131440.01977 16.96
(Gd, 4T, 4Dy, /4Hoy 4)2Co17 0.99837 83.60305+0.02565 19.81
#8 R, Ty; &EEMLE IR GRS

Table 8. Magnetic properties of R,7}; at room temperature.

TR, Ty s TRRITRERE N/ s R T, /K Rl ) S
Gd,yCoy; 07 13.5—14.4 12091240 F
GdyFe;; INIT 21—21.5 460485 HET
Gd,Ni; av;i 8.8-9.36 187205 —
ThyCoyq E-vi) 8.4—-10.7 11801195 FL
Dy,Coy; Yav;:l 7—8.3 11521188 HLT
Ho,Coy; NIT 5.8—7.7 1173—1183 HET

W35 GdyCoy SR MR RE Nyt s BB Nu/uy Tl I e
Gdy(Coy pFey p)17 Evi 25.30 17.2517.95 VL
Gdy(CoyjsFey j3Niy j3)17 EH 17.19 14.43—15.09 Syt
Gdy(CoyqFe j4Niy sMny )17 avil 15.87 — Sk
(Gdy/2Tby5)Coy7 avil 24.71 10.95—12.55 BT
(Gdy /3Ty /3Dy 3)2Co17 E-vi) 16.96 9.63—12.87 FEm
(Gdy4Tby /4Dy /4Hoy 14)9Co17 NH 19.81 8.68—10.28 B 87|

£9  WHIHE GdyCoyy BRI MBS T B4,

Table 9.  Calculated moments of entropized Gd,Coy;

intermetallic.
B S g 1
T g B Juy Nop
GdyCoy; 13.5—14.4 14.40  0.30
Gdy(CoypoFey n)ir 25.30 26.70  0.40
Gdy(Coy jsFey j3Niy j3)17 17.19 1820  0.40
Gdy(CoyyyFey uNig g Mny )17 15.87 13.95  0.40
4B ®

ARSI LS s R Mol A T TR Y G,
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S IR ol Wik a g N ke e a Y A D)
R AR 25 LIRS AT A SR R 0 5 B IR A
i, I Z R ocR AT R a5 bz A BEHL I
W, R R RS AT & SRR R R A B B IR
e, R YAEHE . XRD YMHEE S
SHT . SEM-EDS 3Hr il Rietveld A% 1645 FIF 52 B

AR ) 4R Ak & AT A U, B
AH, FH-EAZL T RS T R SRS R, 23 [R5
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Abstract

The entropy-modulated material has been a hot topic due to its unique design concept and excellent
properties. However, previous studies of entropy-modulated materials mainly focused on the alloys with simple
face-centered cubic, or body-centered cubic, or hexagonal close-packed structures. In this work, the design
concept of entropy-modulation is introduced into Gdy,Co;; based intermetallic compound, and the effect of high
configuration entropy on the structural stabilization and room-temperature magnetic properties of Gd,Co;;
based intermetallic compound are studied systematically.

The samples are prepared by vacuum Arc melting technology in an ultrahigh-purity Ar atmosphere and
followed by annealing at 1000 °C for 8 days and finally by quenching in cool water. The fine powders are
prepared by grinding the ingots in an agate mortar. The powder XRD and SEM-EDS are used to check the
crystal structures and chemical compositions. To study the magnetic properties, the column-like samples are
prepared by mixing the fine powder and epoxy with a weight ratio of 1:1, and then aligned under an applied
field of 1 T at room temperature.

The high configuration entropy is found to play an important role in the structural stabilization and
magnetic properties of Gd,Co;; based medium- and high-entropy intermetallic compounds. The XRD patterns
and Rietveld structural refinement results confirm that all the samples are single-phase. The structure depends
on the effective atomic radius Ry, the structure of entropized Gd,Co;; based intermetallics can be stabilized
into rhombohedral ThyZn,,-type with R, > 1.416 or hexagonal ThyNi;,-type with Ry < 1.4105. According to
thermodynamic calculations of entropized Gd,Co;; intermeatllics, the atomic radius difference Ar ranges from
0.55% to 1.81%, and the mixing enthalpy AHu is corresponding to 0 for the rare earth site, -4 to —1 kJ/mol
for the transition metal site, and —8.54 to —5.13 kJ/mol between rare earth and transition metal sites. It is
suggested that all the thermodynamic parameters meet the criteria for the formation of single-phase medium-
and high-entropy intermetallic compounds. The configuration entropy changes from 0.69R to 1.39R. The room
temperature magnetic properties are significantly improved by the modulation of entropized design at rare earth
and transition metal sublattices. The entropization enhances the saturation moments of all samples, which can
be explained with a modified magnetic valence model. The value of NJ, (the number of the electrons in the
unpolarized sp conduction bands) increases from 0.3 to 0.4 after entropization, the indirect interaction between
rare earth and transition metal sublattice is increased, the spin moment of s conducting electron as a medium of
two sublattices is enhanced, and the magnetic moment is increased. The entropization also induces magnetic
anisotropy to transform from basal plane to easy axis for the entropized design at transition metal sublattice

and the coercivity of rare earth to increase.

Keywords: Gd,Co,7, high entropy intermetallic compound, Rietveld refinement, magnetic valence model
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