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Glass-forming ability, thermal stability and magnetocaloric properties of Gd;s5C025Al55Y25 and
Gdzs5Co25Al55Y15RE 9 (RE = Dy, Ho, and Er) high entropy metallic glasses are evaluated. With the sub-
stitution of Y by adjacent heavy rare earth elements, i.e., Dy, Ho, or Er, the critical dimension (D), the
width of the supercooled liquid region, magnetic entropy changes (]4Sy|) and refrigeration capacity (RC)
increase obviously. However, the magnetic transition temperature (T¢c) almost keeps constant around

40 K, which may be attributed to the exchange interaction between Y and transition metal or other rare
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temperature range.

earth elements. Among resulting Gd,5Co25Al25Y15RE 19 metallic glasses, the peak values of |4Sy| and RC
can be improved from 6.76 to 7.35 Jkg~ 'K~ 'and 424 to 488 Jkg! when substituting Dy by Ho. This makes
Gdys5Coz5Al55Y15Ho19 as an attractive candidate for magnetic refrigerants in hydrogen liquefaction

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The magnetocaloric effect (MCE) is intrinsic to magnetic mate-
rials, which is detected as the heating or the cooling of magnetic
materials under a varying magnetic field. For the past decades,
magnetic refrigerants with high MCE induced tremendous atten-
tion due to their potential industrial applications [1—3]. Compared
with the conventional gas compression refrigeration, magnetic
refrigeration has advantages of high energy efficiency and envi-
ronmental friendliness. Incipiently, people usually focus on the
familiar crystalline materials such as paramagnetic salt pills used in
commissioning space cryogenic vacuum systems and Gd-Si-Ge al-
loys with giant magnetocaloric effects [4,5]. However, their range of
magnetic transition temperature characterized by 6Trwuwm iS very
narrow generally, which leads to a poor refrigeration capacity (RC)
[5,6]. Thus, intensive efforts have been carried out for searching
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magnetic refrigerants with large magnetic entropy change (|4Sy|)
and 6Tpwym of various temperature ranges [7—9].

Studies have proved that Gd-Co-Al amorphous materials have a
relatively large | 4Sy| and a board 6Trwhy in changing the magnetic
field due to their special constituents together with disordered
structure [10,11]. However, these alloys show a low glassy forming
ability (GFA) and thermal stability, which severely restrain their
potential applications [12—14]. According to previous reports, the
addition of the Yttrium element would enhance GFA [15—17]. On
the other hand, the mixture of multiple constitute elements can
enlarge the configurational entropy [18] of high entropy (HE) alloy
systems, which effectively enhances the thermal stability and me-
chanical strength [19—21]. Therefore, the HE bulk metallic glasses
(MGs) based on Gd-Co-Al-Y alloy systems with equiatomic
composition and a large configurational entropy may be desirable
for the magnetic refrigeration.

Considering the previous studies on the magnetic and magne-
tocaloric properties of Gdgs.2xRExFespAl15, HozgErz0C0o20Al20REq,
and ErpgDy20C020Al20RE9 HE MGs, it can be summarized that the
heavy REs in these materials may play the key role in the process of
increasing |4Sy| due to their complex electronic structure [19—22].
Nevertheless, the variation of | 4Sy,| caused by adjacent heavy REs is
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not consistent in different compositions. For example, the
maximum values of |4Sy| in Gd-Co-Al-RE systems increase with
the substitution of Dy by Er, while the Gd-Fe-Al-Dy alloy system
exhibits a larger |4Sy| than- that of the same basic composition
with Er addition [22—24]. Up to now, few works have investigated
the influence of adjacent heavy REs on the magnetocaloric prop-
erties for Gd-Co-Al-Y HE bulk MGs, only some studies based on
thermal stability and mechanical property, although the addition of
RE is meaningful to enhance RC through tuning composition [21].

In this work, the Gd;5Co35Al5Y25 and GdysCoy5Al55Y15REq g
(RE = Dy, Ho, and Er) HE MGs were designed and prepared by using
the copper mold casting method. The influence on GFA, thermal
stability, and magnetocaloric properties based on the species of
adjacent heavy REs (i.e., Dy, Ho, and Er) and their interplay was
systematically investigated. This paper might shed new light on
designing HE amorphous magnetic refrigeration materials with
excellent properties and understanding their underneath
mechanisms.

2. Experimental

Ingots with nominal compositions of Gdys5C035Al25Y25 and
Gdy5C025Al5Y15RE 9 (RE = Dy, Ho, and Er) were first prepared by
arc melting pure elements (above 99.9 wt. %) in a Ti-gettered argon
atmosphere. Every ingot was remelted five times to ensure the
homogeneity of composition in the sample. Glassy ribbons with an
approximate width of 2 mm and thickness of 30 um were prepared
by a single roller melt spinning method. The as-cast rods with di-
ameters of 1 mm were fabricated by the Cu mold suction casting
method under the same argon atmosphere. The amorphous
structure of melt-spun ribbons and the as-cast rods were ascer-
tained by X-ray diffraction (XRD) with a Cu K, radiation
(20 = 15—80°). Thermal analysis was carried out by a differential
scanning calorimeter (DSC) with a heating rate of 20 K/min by using
the glassy ribbons and the MG rods with a diameter of about 1 mm.
Field cooling magnetization (Mgc) of the ribbons was measured
with an applied magnetic field of 200 Oe by a superconducting
quantum interference device (SQUID) magnetometer (MPMS,
Quantum Design) in the temperature range between 5 and 300 K.
The isothermal magnetization (M-H) traces were measured with a
varying magnetic field increasing from 0 to 50,000 Oe at diverse
temperatures ranging from 10 to 130 K.

Gd,;Co,5Al,Y sHo\, ®=Im
Gd,;Co,5Al,YsEr)y @=1m

Gd,;Co,5Al,:Y Dy, P=1m

Gd,;Co,5Al,sY,sHo,, Ribbon
A ARt bl
Gd,;Co,5Al,5YsEr;, Ribbon

’nWMWWW#W

Intensity (a.u.)

Gd,;Co,5Al,5Y 5Dy, , Ribbon

BRI

20 30 40 50 60 70
20 (deg.)

Fig. 1. XRD patterns of the Gd,5C0,5Al55Y55 and Gdys5Co,5Al5Y15RE 9 (RE = Dy, Ho,
and Er) melt-spun ribbons and as-cast rods of 1 mm.
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3. Results and discussion

Fig. 1 shows the XRD patterns of Gdy5Co25Al5Y25 and
Gdy5C025Al55Y15RE g (RE = Dy, Ho, and Er) melt-spun ribbons and
as-cast rods with diameters of 1 mm. The typical broad humps
without a sharp crystalline peak can be observed, which illustrates
the fully glassy structure of these alloys. As seen in Fig. 1, the critical
diameters of quinary Gd»sC0,5Al55Y15RE 19 (RE = Dy, Ho, and Er) are
about 1 mm, while the composition of quaternary Gd;5Co25Al5Y25
can only be made into a glassy ribbon with the thickness of around
30 pm. In comparison with the Gd,5Co25Al35Y25 ribbon containing
four elements in the equimolar ration, the Gdys5Co35Al25Y15RE o
(RE = Dy, Ho, and Er) MGs have a better performance on the GFA.
This may be attributed to the large discrepancy of atomic size be-
tween the HREs and other elements. i.e., Co, Al, and Y, where the
negative heat of mixing enthalpy (4H,,;,) among these alloys sys-
tems is similar which are shown in Fig. 2 [25].

The obvious endothermic reaction of Gdys5Co35Al55Y25 and
Gdy5C025Al25Y15RE 9 (RE = Dy, Ho, and Er) MGs due to the glass
transition and the sharp exothermic peak related to crystallization
are shown in Fig. 3, which further confirms the formation of the
glassy structure for both Gdy5C035Al25Y25 ribbon and Gd;s5Co,5A-
155Y15RE1g bulk MGs with a diameter of around 1 mm. The values of
glass transition temperature (Tg), first crystallization temperature
(Tx) and the supercooled liquid region (A\Tx = Tx-Tg) obtained from
the DSC curves are listed in Table 1. Both T and Ty associated with
thermal stability for supercooled liquids shift toward higher tem-
peratures with the substitution of Y by the sequence of Er, Ho, and
Dy elements. Just like the p-d hybrid bonding [26—28] found in a
metalloid-transition-metal system, here, the 4f shell of RE element
may interact with the d shell of transition metal to form f-d hy-
bridization [29,30]. This hybridization phenomenon results in the
localization of electrons and thereby a more stable state of system
[26,29—31]. The reduction of the thermal stability may be attrib-
uted to the orbital hybridization process, which depends on the
distinctive electron number of REs in the 4f shell (10, 11, and 12 for
Dy, Ho, and Er, respectively). In reported quinary HopgErag.
COzoAlzoREzo (RE = Gd, Dy, and Tm) []9], ErzoDyZoCOZOAlzoREzo
(RE = Gd, Tb, and Tm) [20], and quaternary Gds5C025Al55REz5
(RE = Tb, Dy, and Ho) [12] HE MGs, it is found that both T, and Ty
increase in terms of the sequence of the adjacent heavy RE ele-
ments. It seems that more electrons in the 4f shell contribute to f-
d hybridization between transition metal element Co and heavy RE
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Fig. 2. The enthalpy of mixing (4H,;) and atomic size of the constituent elements in
Gd35C055Al55Y25 and Gd,s5Co25Al55Y15RE g (RE = Dy, Ho, and Er) HE MGs.
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Fig. 3. DSC traces of the Gdy5C0,5Al55Y25 and Gd5C025Al25Y15RE 9 (RE = Dy, Ho, and
Er) melt-spun ribbons and as-cast rods of 1 mm.

elements. However, in our studied Gd;sCoy5Al5Y15RE;9 HE MG
systems, T, almost keeps constant of 626—628 K and Ty is reduced
when substituting Y by the sequence of Dy, Ho, and Er according to
their electron number in 4f orbital. These anomalies might be
attributed to the strong interaction between Y and transition metal
and/or other REs, where Y is a RE element with two 5s electrons and
one 4d electron. We also find that the supercooled liquid region
(ATx = Tx-Ty) of Gdps5C025Al25Y25 is around 36 K, which is quite
narrow as compared with other Gd;5Co25A155RE 5 (RE = Tb, Dy, and
Ho) [12], seen in Table 1. It suggests that d-d direct exchange
interaction [27,32] between Co and Y might lead to an unstable
state of the Gd;5C025Al55Y25 supercooled liquid. However, with the
substitution of Y by Dy, Ho, or Er, AATx become slightly wider with
the relatively higher Ty than that of quaternary Gd,5Co35Al25Y2s.
This result shows that the addition of the fifth component actually
improves the GFA not only relying on the atomic bonding but also
influenced by the high stability of supercooling liquids due to four
core effects proposed in HE alloys [18,21]. It indicates that the four
core effects, i.e. high-entropy effect, sluggish diffusion effect,
lattice-distortion effect, and cocktail effect, caused by the multi-
component with different atom size and chemical interaction, play
a dominant role in determining the formation of HE bulk MGs as
well.

Fig. 4 shows the magnetization temperature curves of M-T cool
down to 5 K after heating up under the applied field of 200 Oe for
Gd5C025A155Y25.xREx (X = 0, 10; RE = Dy, Ho, and Er). The
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Fig. 4. Temperature dependence of FC magnetization under a magnetic field of 200 Oe
for Gd5C025Al25Y25 and GdpsCo25Al05Y15RE 9 (RE = Dy, Ho, and Er) MGs. The inset
shows the curves of dM/dT versus temperature.

magnetization as a function of temperature decreases gradually,
demonstrating an obvious magnetic transition from ferromagne-
tism to paramagnetism caused by the disorder of magnetic
moment. Additionally, the values of magnetic transition tempera-
ture (Tc) defined by the minimum in the temperature dependence
of dM/dT are 39, 44, 41, and 43 K for Gd;5C025Al5Y25.xREx (X = O,
10; RE = Dy, Ho, and Er) shown in the inset of Fig. 4, respectively.
These values and their change as a function of composition are
smaller than that of Gdys5Co,5A125REz5 (RE = Tb, Dy, and Ho) [12]
listed in Table 1. As suggested in the work of other HE MG systems,
e.g. Gd25C025A125RE25 (RE = Tb, Dy, and HO) []2], HoyoErpo.
C020A120RE20 (RE = Gd, Dy, and Tm) [19], and El‘zoDyz()COzoAlzoREzo
(RE = Gd, Tb, and Tm) [20], T¢ consists well with the trend of de
Gennes factor (G) under the frame of Rudermann-Kittel-Kasuya-
Yosida (RKKY) indirect interaction theory [12,19,20,33]. Here, G
can be expressed as [34]:

G=JU+1)g-1) (1)

where ]| is the total orbital quantum number and g the gyromag-
netic ratio. g can be expressed as g = 1 + [J(J+1)+S(5+1)-L(L+1)]/
2J(J+1), where S is the spin quantum number and L the orbital
angular momentum quantum number. Whereas for the
Gd5C025Al25Y15RE 10 (RE = Dy, Ho, and Er) systems studied here,
with decreasing G (the theoretically predicted values of G are 7.08,
4.5, and 2.55 for Dy, Ho, and Er, respectively), Tc nearly lies in a

The glass transition temperature (Tg), crystallization temperature (Tx), supercooled liquid region (ATx = Tx-Ty), Curie temperature (Tc), maximum magnetic entropy change
(Asﬁ/'f), full width at half maximum magnetic entropy change (6Trwhwm), refrigeration capacity (RC), n and N are exponents in the equations ofIAS,’f,',‘I o H"and RC « HNundera
magnetic field of 5 T of Gd;5C0,5Al55Y25 and Gdzs5C025Al5Y15RE g (RE = Dy, Ho, and Er) glassy alloys.

Composition Ty (K) Tx (K) ATy (K) |AS”M"| (kg 'K 0Trwnm (K) RC (Jkg™") Tc (K) n N Ref.
Gdy5C025Al5Y25 626 662 36 6.02 68.67 413 39 0.79 1.01 This work
Gd5C025Al25Y15Dy10 628 666 38 6.76 62.75 424 44 0.86 1.16 This work
Gdz5C025Al25Y15H010 626 665 39 7.35 66.32 488 41 0.84 1.13 This work
Gdy5C025Al55Y15Er 0 628 664 36 6.96 68.49 477 43 0.82 1.03 This work
Gd - - - 9.8 - - 293 - - [6]
GdsSiaGe; - - - 18.6 16.45 306 276 - - [1]
Gdss5C00Alos 562.5 629 66.5 9 88.9 800 112 - - [8]
Gdy5C0,5Al55Tbys 612 659 47 8.88 65 577 73 0.75 - [12]
Gd35C025Al25Dya2s 627 669 42 8.72 65 567 60 0.74 - [12]
Gd5C025Al25H0,5 633 675 42 9.78 64 626 50 0.77 - [12]
Gds5C05Al0 - - - 9.1 87.8 799 113 0.81 - [40]
Dys0Gd;Co23Al00 - - - 9.77 29.7 290 26 0.86 - [41]
Ho,0Er20C020Al50Gdo0 612 652 40 11.2 56 627 37 0.85 1.12 [19]
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small temperature region around 40 K. This might be influenced by
the addition of Y in Gdys5C025Al55Y25.xREx systems. As seen in
Table 1 that T¢ of Gdzs5C025Al25Y25 is only 39 K, which is almost a
half of 73 K that reported for Gd;5Co,5Al55Thys in the studies of
Gd35Co35A155RE5 (RE = Tb, Dy, and Ho) HE MGs [12]. It indicates
that Tc is more affected by Y due to the less RKKY effects in
Gdy5C025Al55Y25 for the lack of 4f shells in Y.

Fig. 5 taking Gd,5Co35Al25Y15H010 as an example shows a set of
isothermal magnetization curves at different temperatures. The
temperature steps of 5 K were chosen in the vicinity of the Tc, and
step of 10 K for the region far away from T¢. The scanning speed is
low enough to ensure isothermal state of alloys which is easily
influenced by the demagnetization factor. The magnetization in-
tensity increases sharply and reaches saturation rapidly below the
Tc, while it becomes a straight line gradually above the T¢, showing
an obvious magnetic transition from the ferromagnetic to para-
magnetic behavior. Fig. 6 shows the diagram of Gdy5Coys5A-
l>5Y15Ho19 between 10 and 130 K, and the temperature of 10, 50,
and 90 K is elected, respectively. The transition with a negative
slope is considered as a first-order magnetic transition; otherwise,
the positive slope stands for a second-order magnetic phase tran-
sition. Obviously, Gd,5Co,5Al5Y15H0109 exhibits a typical second-
order magnetic transition. From the above curves, it is clear that a
large MCE characterized by RC can be observed near T¢c when the
magnetization varies sharply in a constant field.

The |4Sy| and the full width of half maximum of magnetic en-
tropy change (6Tpwnm) are two pivotal parameters to evaluate the
RC according to Gschneidner method [35], which can be expressed
as:

RC= ‘ASﬁﬂ x 0TrwHM (2)

In the isothermal process of magnetization, the |4Sy| can be
given by integrating the Maxwell relation over the magnetic field
[36]:

Hinax

ASy(T, H) = ASy(T, H) — Sy (T, 0) — J (%)dH 3)

0

Where Hpax and Hyp represent the maximum and minimum of the
applied magnetic field. Maximal value of 5 T was used in our work.
Combined with equations (2) and (3), the RC could be calculated
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Fig. 5. The isothermal magnetization curves for the as-cast Gd,5C0,5Al25Y15sHo19 HE
MG measured at the temperatures between 10 and 130 K. Temperature intervals of 5 K
for 50—90 K and 10 K for 10—50 K and 90—130 K, respectively.
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Fig. 6. Arrott plots for the as-cast Gd,sCo,5Al5Y15sHo0 HE MG measured at the
temperatures between 10 and 130 K.

quantitatively to evaluate the magnetocaloric properties of HE MGs
in the work.

Fig. 7 shows the temperature dependence of |4Sy| of the
Gdy5C025Al5Y25.xREx (X = 0, 10; RE = Dy, Ho, and Er) HE MGs under
the applied magnetic field of 5 T. It is noteworthy that the peak

values of [4Sy]| (|4SE]) are 6.76, 7.35, and 6.96 Jkg "K' respec-
tively for the MGs with RE = Dy, Ho, and Er, showing their excellent
MCE. Meanwhile, the effect of substitution of the Y element on
magnetocaloric properties has been shown in Fig. 8. Combined
with |4Sy|-T curves, we find that the values of 6Tpwywm are 63, 66,
and 68 K under an applied magnetic field of 5 T for Dy, Ho, and Er
substituted HE MGs. Additionally, the RC values for these HE MGs
are 424, 488, and 477 ] kg~ 'K~! with RE = Dy, Ho, and Er, respec-
tively, which are much larger than that of quaternary
Gdys5Coy5Al5Y2s5. It is noted that Gdy5Coa5Al05Y15H019 HE bulk MG
has the largest IASf\’/ll‘l and RC among these three alloys. While the
0Trpwum of Gdz5C025Al05Y15Er g alloy is the widest. It agrees well
with the observation in quaternary Gd;s5Co,5AIl55RE5 (RE = Tb, Dy,
and Ho) HE MGs, where the composition with RE = Ho exhibits the
largest |AS§/’,‘| and RC among these three alloys [12]. Cocktail effects
in the HE MGs result in a strong chemical effect on the properties
[18]. In addition to the contribution from the entropy of mixing

*— GdysCoysAL5Y 55
GdysCo,5AL5Y | sRE
—— RE=Dy
—— RE=Ho
—+— RE=FEr

AS,| ( Jkg'K)
S = N W B~ O N

0 20 40 60 80 100 120 140 160
Temperature (K)

Fig. 7. The magnetic entropy change (|4Sy/|) as a function of temperature under 5 T for
Gd35C025Al55Y25 and Gd,s5Co25Al55Y15RE g (RE = Dy, Ho, and Er) HE MGs.
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Fig. 8. Magnetic field dependence of (a) peak values of magnetic entropy changes
(|A5ﬁ‘|), and (b) RC as a function of the applied magnetic field for Gd;5C025Al25Y25 and
Gdy5C0,5Al5Y15RE o (RE = Dy, Ho, and Er) MGs. The solid lines are fitting curves of
|AS,F\’/;< | « H" and RC « HN with standard errors, respectively.

atomic configuration (4Sconfig), the main effect of RKKY interaction
between the magnetic elements might be reduced due to the in-

fluence of multicomponent in HE alloy systems. The |ASPM"| and RC
are more dependent on the theoretical magnetic entropy (Sm)
associated with the magnetic ordering process. The theoretical
molar magnetic entropy can be given by the equation [37]:

Sw=RIn(2J+1) (4)

It is found that the value of Sy for Ho (Sm = 23.6 Jmol~' K~ 1) is
slightly larger than that of Dy (Sy = 23.0 J mol~! K !) and Er
(Sm = 23.0 ] mol~! K1), which well explains the fact that the
Gd35Co,5Al55Y15H010 has the largest |ASPM"| and RC but not contains
the largest electron numbers in 4f shells that contributes to the
relatively strong RKKY indirect interaction.

According to the previous experimental results and theoretical
analysis, the magnetocaloric properties of second-order magnetic
transition materials show a distinct dependency of the applied
magnetic field in the vicinity of Tc [38]. The relationship between

the magnetic field and |AS§\’/’,‘|, as well as RC, can be expressed as

power-law based on a mean-field theory picture [39]: |AS§,,"| o« H"
and RC « HM, where n and N are exponents influenced by critical
exponents of alloy systems, respectively. These exponents can be
evaluated through the fitting curves data in Fig. 8 (a) and 8 (b). In
general, n = 1 at the temperature below the T¢c; n = 2 in the
paramagnetic range of temperature results from the Curie-Weiss
law for soft magnetic MGs materials [39]. However, in this work,
for the quaternary Gd;5Coy5Al5Y25 HE MG: n = 0.77 + 0.01, and
N = 1.01 + 0.01; for the quinary Gdjs5Co25Al25Y15RE1 9 HE MGs,
RE = Dy: n = 0.86 + 0.02, and N = 116 + 0.01; RE = Ho:
n=0.84 +0.02,and N = 1.13 + 0.02; RE = Er: n = 0.82 + 0.01, and

N = 1.03 + 0.02. The exponent n of the quaternary Gd,5C025Al25Y25
HE MG is similar to the values of other reported quaternary
Gd35C025Al55RE5 (RE = Tb, Dy, and Ho) (n~0.75, 0.75, and 0.77) HE
MGs [12], indicating that the composition with Y element addition
exhibits a similar magnetic field dependence as other systems.
Compared with the above quaternary alloy systems, the exponents
n of quinary Gd,5C025Al5Y15RE 9 (RE = Dy, Ho, and Er) HE MGs are
slightly larger, which are more close to the Gd-based (n~0.81) and
Dy-based (n~0.86) MGs [40,41]. Moreover, all exponents n of our
studied systems deviate from the predicted value (n ~ 2/3) based on
mean-field theory [42] which may be attributed to the neglected
fluctuations and heterogeneities of microstructures for MGs [41].
The core effects shown by HE alloys like high entropy and cocktail
effects [18,21] may promote such structural fluctuations and het-
erogeneities, which effectively improves magnetocaloric properties
of quinary Gd;5C0,5Al5Y15RE g alloy systems. It is also noticed that
the Gd,5C035Al25Y15Dy 10 have the largest exponents n and N, which

leads to the rapid increase of |AS’A’,’,‘| and RC with the variation of the
applied magnetic field. As a result, this alloy will exhibit excellent
property as refrigerants under a changing magnetic field.

In this work, the high thermal stability and the improved
magnetocaloric property can be achieved by the heavy REs
(RE = Dy, Ho, and Er) substitution in Gd5C025Al>5Y15RE1o. Based on
DSC results, the wider supercooled liquid region accompanied by
the complex crystallization behaviors of quinary Gdy5Coys5A-
125Y15RE10 (RE = Dy, Ho, and Er) bulk MGs has been observed.
Comparing with the quaternary Gd;5Coz5Alx5Y25 ribbon sample,
the main endothermic peaks split into two peaks for-
Gdy5Co25Al55Y15RE o rods with diameters of 1 mm as shown in
Fig. 3, indicating better thermal stability of Gdy5C025Al55Y15REq g
bulk MGs. It might be due to the formation of complex chemical
short- or medium-range-ordering configurations in RE-added
systems [43,44]. On the other hand, the large atomic size of RE
elements makes the long-range atomic rearrangement become
more difficult. Besides, the larger degree of configurational disor-
ders induced by high-entropy effects further hinders atomic
diffusion [18,21], which also leads to the high thermal stability of
quinary Gdys5Co,5Al55Y15RE g in the supercooled liquid region. The
improvement of GFA and thermal stability upon RE element addi-
tion has been reported in other MGs as well, such as Fe—Nb—B
[43,44]. It is found that only 5 at. % Ho addition in FeggHo5NbgB23
causes the increase of supercooled liquid region from 48 to 90 K as
well as the competitive crystallization behaviors demonstrated by
multiple endothermic peaks in DSC curves [43]. The appearance of
abnormal endothermic peaks in the supercooled liquid region due
to the structural rearrangement of the metastable configuration
with a strong chemical short- or medium-range order induced by
RE element is suggested to be closely related to the super-high
thermal stability of Fe—Nb—B-RE MG systems [43,44]. However,
such abnormal endothermic peaks have not been observed in our
studied Gd;5Co25Al25Y15RE g systems, which is consistent with the
relatively narrow ATy of Gd5C025Al25Y15RE g (~40 K) as compared
to that of FeggHosNbgB23 bulk MGs (~90 K).

We also find that when substituting Y by adjacent heavy RE
elements, both magnetic entropy changes (|4Sy|) and refrigeration
capacity (RC) increase obviously, in virtue of the large theoretical
molar magnetic entropy Sy, the strong RKKY indirect interaction,
and the pronounced structural fluctuations/ heterogeneities in RE
added systems. However, the magnetic transition temperature, Tc,
almost keeps a constant of about 40 K. It has been proposed that
regardless of the contribution of the crystalline electric field, there
are three main factors that may influence the magnetocaloric
property of MGs near the T¢ [37], i.e., the theoretical magnetic
entropy Sy, the G, and the RKKY interaction. Due to little direct
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overlap of 4f electron wave functions between the lanthanide
metals, the magnetic coupling occurs from the polarization of the 4f
electrons on adjacent lanthanide atoms via the conductive 6s
electrons. Therefore, the T¢ is mainly associated with the indirect
interaction between the atoms, where the G based on RKKY theory
plays a key role [12,20,33]. It can be shown in Fig. 9(a) that the Tc
indeed accords well with the G with the variation of heavy RE el-
ements in previously studied HE MGs, such as Gd;5C025Al55REz5
[12], El‘zoDYzoCOzoAlzoREzo [19], and HOzoEl'z()COzoAlzoREzo [20].
However, the T¢ of Gd,5C025Al25Y15RE 9 (RE = Dy, Ho, and Er) MGs
doesn’t change as a function of composition, keeping a value of
about 40 K similar to that of Gdy5Co25Al35Y25, which seems quite
different from the expectation of previous works. One possible
reason for the abnormal trend of Tc is attributed to the weakened f-f
exchange interaction owing to the lack of heavy RE elements in Y
added systems. It is reported that the RE and RE (R-R) exchange
interaction induced by 4f electrons dominates the value of T¢ in RE-
based alloy systems. Normally, the substitution of RE with lower G
can result in a decrease in T¢ [12,20,45]. For example, in RFe3
intermetallic compounds, due to the fact that the G value of Y
element is zero, the T¢ of YFes is lowest among all REFes [45]. Thus,
in our studied MG systems, with the addition of 25 at.% Y, Tc of
Gdy5C025Al5Y25 HE MG (39 K) is reduced about 34 K as compared
with Gdy5C05Al25Tbys HE MG (73 K). Generally, the magnetic
transition from the ferromagnetism to paramagnetism is as a result
of the competition between the magnetic coupling and thermal
effect dominated by temperature. When we substitute Y by 10 at.%
heavy RE, the remaining 15 at.% Y strongly weakens the magnetic
exchange interaction between RE and RE, where the thermal effect
is more dominant during the magnetic ordering transition. There-
fore, although G of Dy, Ho, and Er are quite different from each other
as shown in Fig. 9 (a), in our studied Gdy5C035Al25Y15RE g (RE = Dy,
Ho, and Er) MG systems, the value of T¢ still keeps a constant close
to that of Gd;5C025Al25Y25 MG.

Actually, the Y element has a significant impact on T¢ of RE-
based MG, which effectively reduces Tc for lack of 4f-4f in-
teractions. As shown in Fig. 9 (b), compared with Gd-Tb-Dy-Al-M
(M = Fe) [46], the values of Tc for MGs with Y addition such as
Gd25C025A125Y25 and Gd25C025A125Y15RE10 (RE = Dy, Ho, and El') is
relatively smaller. While in Gdz5C025Al5REz5 [12] MGs, with the
substitution of Y by Ho, Dy, and Tb, the T¢ increases gradually. It also
can be seen in Fig. 9 (b) that less Y addition of 5 at.% may respond to
the increase of the T¢ of Gd35C020Al24Y20 MGs (Tc = 53 K) [47] about

14 K as compared with Gd5C025Al25Y25 (Tec = 39 K). These phe-
nomena imply that the indirect exchange interaction between 4f
and 4f electrons plays an important role in determining the T¢ of
RE-based alloys. Besides, the 3d-4f interaction, as well as 3d-3d
interaction, also relates to the T¢ for magnetic ordering transition
[45]. For instance, in Gd-Tb-Dy-Al-M (M = Fe, Co, and Ni) HE MGs
[46], the strong RE and transition metal magnetic interaction of RE
and Fe (3 d®) as compared with that of Co (3 d”) leads to a higher
value of T¢. Therefore, based on the above knowledge, the value of
Tc can be easily tuned to satisfy the application of RE-based HE MGs
as magnetic refrigerants in various temperature ranges, especially
for the hydrogen liquefaction temperature range.

4. Conclusion

Gd,5C025Al55Y25 and Gdas5Co25Al25Y15RE o (RE = Dy, Ho, and Er)
HE MGs were studied in this work, which exhibit the tunable
magnetocaloric properties and the GFA with the substitution of Y
by heavy RE elements Dy, Ho, or Er. The following are the concluded
main results:

(1) The substitution of heavy REs including Dy, Ho, or Er im-
proves the GFA and thermal stability of the quaternary
Gd,5C025Al55Y25 alloy, which is not only relying on the strong
atomic bonding and the large discrepancy of atomic size but
also due to four core effects introduced by multicomponent
in HE MGs.

(2) It is particular noting that the T¢ (44, 41, and 43 K) nearly
keep constant around 40 K with the substitutional sequence
of Dy, Ho, and Er for Gd,5Co25Al25Y15RE19 HE MGs, which is
distinguished with the normal observations in other HE MGs,
where Tc shows a positive relationship with de Gennes factor
(G). This indicates that Tc is more influenced by Y in
Gdy5Coy5Al25Y15RE 19 HE MGs due to the less RKKY effects in
Gdy5C035Al55Y55 for the lack of 4f orbital in Y.

(3) The Gd25C025A125Y15RE10 (RE = Dy, Ho, and Er) HE bulk MGs
present a typical second-order magnetic transition from
ferromagnetism to paramagnetism. Among the three HE
bulk MGs, the composition of Gd;5C025Al5Y15H019 shows
the largest values of | 4Sy| and RC of up to 7.35 Jkg~'K~! and
488 Jkg!, which are larger than those of many crystalline and
amorphous magnetic refrigerants.

Gd,5Co,5ALsRE,s [12]

® Tb ® Tb
100 A by & Tm
¢ Ho HoBry CoyAlyREy [19]
B Gd
80 - Gd,sCoysAlysY RE,, This work A Dy
Q : Dy & Tm
Ho
~ 60t * Er
o
H

EryDy,C0AL RE,, [20]

Gd,5Co,5Al,5Y,5 This work
||
Gd,sCoysALsRE 5 [12]
® Tb
A Dy
€ Ho

39K
B Gd,;Co,5Al,5Y,s This work
@ GdyCoyAl,,Y,, [47]
2 4 6 8 10 12 14 16 20 22 24 26
de Gennes factor, G Y content (at%)

Fig. 9. Curie temperature Tc as a function of (a) de Gennes factor G and (b) Y content for the Gd,5C0,5Al55Y25 and Gd5C025Al55Y15RE 10 (RE = Dy, Ho, and Er) HE MGs in this work

together with other HE MGs.
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(4) The Gdy5Co35Al25Y15Dy10 exhibits the largest exponents n
(0.86) and N (1.16) among four studied HE MG systems,
which leads to the excellent magnetocaloric properties un-
der a changing magnetic field. This may be attributed to the
structural fluctuations heterogeneities introduced by the
high entropy effect in this system.
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