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EryoHoo0Dy20CusgNipg high-entropy metallic glass exhibited excellent magnetic refrigeration material with a wide
temperature range and high refrigeration capacity (RC) was reported. ErogHop0Dy20CuygNipg high-entropy metallic glass
was observed with typical spin glass behavior around 15.5 K. In addition, we find that the magnetic entropy change (—ASyp)
originates from the sample undergoing a ferromagnetic (FM) to paramagnetic (PM) transition around 20 K. Under a field
change from O T to 7 T, the value of maximum magnetic entropy change (—ASy*) reaches 12.5 J/kg-K, and the corre-
sponding value of RC reaches 487.7 J/kg in the temperature range from 6 K to 60 K. The large RC and wide temperature
range make the ErpgHoy9Dy,0CuyoNiyg high-entropy metallic glass be a promising material for application in magnetic

refrigerators.

Keywords: magnetic materials, magnetocaloric effect, high-entropy metallic glass, magnetic refrigeration,

large refrigeration capacity
PACS: 75.30.Sg, 75.47.Np

1. Introduction

Nowadays, the energy conservation, emission reduc-
tion, and environmental protection have become develop-
ment themes on a global scale.!'=! The magnetocaloric effect
(MCE) demonstrated by magnetic materials was considered
as a promising alternative to conventional gas compression
refrigeration for energy efficient refrigeration technology.[6-8]
The MCE of magnetic refrigeration materials significantly de-
termines the feasibility of this technology application. La(Fe,
Si)j3-based compounds are considered as promising mag-
netic refrigeration materials for room temperature refrigera-
tion and have received extensive attention and research, while
there are still relatively fewer magnetic refrigeration candi-
dates for the liquid hydrogen temperature region.”~'!! The
Ericsson cycle is considered to be the optimal thermody-
namic cycle for hydrogen liquefaction, which consists of two
isothermal processes and two isomagnetic processes. There-
fore, the development of magnetic refrigeration materials with
table-like magnetic entropy changes for hydrogen liquefaction
is essential.!'?! In addition, cryogenic magnetic refrigeration
technology is also increasingly receiving attention to potential
applications in applications such as space science and hydro-
gen liquefaction. Hydrogen has been considered as one of the
desirable clean energy sources because of its advantages such
as high energy density and pollution free.['3] Therefore, it is
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imperative to develop magnetic refrigerants with remarkable
performance around liquid hydrogen temperature (20 K).

In order to obtain magnetic refrigerants with wide tem-
perature and high RC, researchers have made considerable at-
tempts and efforts. Mo et al. found giant MCE in the polycrys-
talline compound TmGa because of two successive magnetic
transitions.!'*! Feng et al. reported amorphous/nanocrystalline
composite fibers prepared by melt extraction method with a gi-
ant RC of 958 J/kg and a wide temperature range from 70 K to
270 K.['5) Furthermore, there is also searching for innovative
approaches to design magnetic refrigeration materials with ex-
cellent MCE performance. High entropy (HE) alloys have re-
ceived more attention in scientific research and engineering
fields because of the properties of regulation, high corrosion
resistance, high abrasive resistance, and high strength.[!6-1°]
Meanwhile, metallic glasses (MGs) also demonstrates out-
standing performance compared with crystalline materials,
such as controllable Curie temperature, higher resistivity and
broad —ASy peak, which benefit the practical application in
magnetic refrigeration systems.[?9-?1 The design of magnetic
refrigeration materials with the advantages of HE MGs is grad-
ually increasing as a topic of research. In addition, based on
the De Gennes coefficient it is shown that the magnetic transi-
tion temperature decreases gradually as the RE atom increases
from Gd-Tm. 23 Therefore, HE MGs with various rare earth
elements are expected to achieve desirable magnetic refriger-
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ants with larger half-peak widths and high RCs compared to
polycrystalline compounds. It has been demonstrated that rib-
bon magnetic refrigeration masses are more suitable for mag-
netic refrigeration systems than spherical shapes.!”*! A series
of HE MGs with wide temperature range and high RC have
been reported, such as ErygDy»20Coz0AlxgRE>y (RE = Gd, Dy,
and Tm) H020Er20C020A120RE20 (RE = Gd, Dy, and Tm),
GdygHo9TmyoCuyoNisg. [25-27]

In this work, EronOQODyz()CUQ()NiQ() HE MG was synthe-
sized and the glass formation ability (GFA), magnetic, MCE
were discussed. The Er,gHoz0Dy29Cuz0Niyg HE MG exhibits
large RC in the temperature range from 6 K to 60 K. Our result
shows that ErygHop9Dy20CugNizg HE MG is an ideal refrig-
erant for magnetic refrigerators.

2. Experiments

The elements Er, Ho, Dy, Cu, and Ni with a purity of
99.9 wt% were arc-smelted in an argon atmosphere. In or-
der to reduce the sample loss, oxidation and ensure unifor-
mity during the smelting process, Ti was used as an oxygen
getter, and the melting was repeated four times with the low-
est possible current. The ingots are then prepared into amor-
phous ribbons with thicknesses of 30 pum—40 pwm and widths
of 2 mm-3 mm after heating the ingots with an induction coil
(surface velocity of 30 m/s) in a high-purity argon atmosphere.
Bruker DSA A25 x-ray powder diffractometer (XRD, Cu Ko
radiation, 40 kV, 40 mA, A = 1.5418 A) was used to measure
the structure of the amorphous ribbons. The HE MGs rib-
bons were used for the thermal analysis process and measured
by differential scanning calorimeter (DSC) with a heating rate
of 10 K/min. The magnetic data were measured on a quan-
tum design physical property measurement system (PPMS-9)
equipped with a superconducting quantum interference device
(SQUID) and a vibrating sample magnetometer (VSM).

3. Results and discussion

The XRD pattern of the ErpgHoz9Dy20CuyoNiyg HE MG
at room temperature was shown in Fig. 1(a). It is not dif-
ficult to find a typical broad diffraction peaks and no ob-
vious sharp crystalline peak. This indicates the formation
of a completely glassy structure. In common with previ-
ously reported MGs materials, an endothermic reaction peak
around the glass transition temperature can be observed on the
DSC curve in Fig. 1(b).[?*) The temperatures of T, (glassy
transition temperature), 7y (first crystallization), 7, (melting
point), and 7; (liquidus temperature) marked with black ar-
rows are 397 K, 513 K, 994 K, and 1040 K respectively for
Er0Ho29Dy29CuyoNiyg HE MG. Consequently, the values of
undercooled liquid region AT, = (T, — 7)) and the reduced
glass transition temperature Ty, = (7,/7j) indicators used to

evaluate the performance of glass formation are 116 K and
0.38, respectively. A supercooled liquid region of up to 116 K
and a lower Ti, are obtained due to the mixing of multiple ele-
ments and the large atomic radius difference between Cu and
Ni elements with rare earth elements, which indicates the high
thermal stability of the MG with respect to crystallisation.
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Fig. 1. (a) The XRD patterns of ErygHopoDy20CuyoNiyg HE MG at

roomtemperature. (b) The DSC curves were measured at a rate of 10 K/min.

The zero-field cooling (ZFC) and field cooling (FC)
modes of ErygHoygDy20CuygNizg HE MG under a magnetic
field (H) of 0.01 T were shown in Fig. 2. It is not difficult
to find that there exists an obvious spin freeze transition pro-
cess with a sharp peak in the ZFC curve and a large bifur-
cation between the ZFC and FC curves, which is typical of
spin glass (SG) behavior.!?®! The magnetic transition temper-
ature was determined from the inflection point in the dM/dT
curve as shown in the illustration in Fig. 2. The inflection
point at 15.5 K was the spin freezing temperatures (7f) associ-
ated with a metastable state of spin glass to the ferromagnetic
(FM) state, and with increasing temperature, another abrupt
change at 20 K corresponded to a magnetic transition from
FM to paramagnetic (PM) state.
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Fig. 2. The temperature dependence of the magnetic susceptibility of
ZFC and FC at 0.01 T, the inset is a schematic diagram of the dM/d-T
curve.

The temperature dependence of the inverse magnetic sus-
ceptibility 1/x (T) of ZFC was shown in Fig. 3(a). It is obvi-
ous that the inverse molar susceptibility is linear and fit to the
Curie-Weiss law 1/x = (T — 6,). The PM Curie temperature
6, of 11.42 K indicates FM state for ErpoHo29Dy20Cuz0Nizg
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HE MG. The experimental value of the effective magnetic mo-
ment obtained from the Curie—Weiss fitting is 9.5 g, which
is close to the theoretical magnetic moments of Er** (9.5 ug),
Ho’* (10.6 ug), Dy** (10.60 ug) free ion. The magnetiza-
tion versus temperature dependence under different magnetic
fields was illustrated in Fig. 3(b). The non-zero orbital angu-
lar momentum in the rare-earth ions Er, Ho, Dy results in large
random magnetic anisotropy, which breaks the long-range fer-
romagnetic order. In the low-temperature region the spin is
strongly oriented along the anisotropy axis, leading to the for-
mation of SG states with random magnetic moment orientation
and magnetic irreversibility. It was obviously shown that the
orientation along the anisotropic axis gradually converges with
increasing magnetic field (0.4 T) in Fig. 3(b). This typical spin
glass behavior is also observed in ErygDy20Co29Al0Gdyg HE
MG.
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Fig. 3. (a) ZFC inverse molar susceptibility 1/ fitted to the Curie—
Weiss law for ErygHo9Dy20CuzoNiyg HE MG. (b) Temperature de-
pendence of magnetization for Er,gHopoDy20Cuz0Nizg HE MG under
various magnetic fields.

The isothermal magnetization (M-H)
Er0Ho,9Dy29CuyoNizg HE MG at magnetic fields up to 7 T
are shown in Figs. 4(a) and 4(b). The magnetization of the
studied glass alloy increases dramatically at temperatures be-
low T;, which was clearly characteristic of the ferromagnetic

curves of

state. The magnetization curve gradually flattens out as the
temperature rises near T¢, indicating that the magnetic struc-
ture changes from FM to PM. The magnetization isotherms
below 7; under low magnetic field were shown in Fig. 4(b).
The intersection of the magnetization curves below 18 K was
attributed to the magnetic behavior of the spin glasses, and a

similar phenomenon was observed in ErygDy29Co20Aly0Gdag
HE MG and GdNiAl alloys.?+%°]
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Fig. 4. (a) Isothermal magnetization curve of ErpgHoz9Dy20CuzoNizg
HE MG. (b) Isotherms magnetization curve of ErpoHoz9Dy20CuzgNizg
HE MG at 6 K-18 K (AT =2 K), respectively.
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Fig. 5. (a) The Arrott plots for the ErpgHoz9Dy20CuzoNiyg HE MG.
(b) The illustrations show the enlarged diagrams of Arrott at 6 K, 8 K,
10K, 12 K, and 14 K, respectively.

057502-3



Chin. Phys. B 33, 057502 (2024)

To better comprehend the magnetic performance of
EryoHoy9Dy29CuyoNizg HE MG, the Arrott curves (M 2 versus
H/M) were measured at different temperatures and the cor-
responding results are shown in Fig. 5(a). According to the
Banerjee criterion the magnetic phase transition is of the sec-
ond order type for all slopes of the Arrott diagram to be pos-
itive, and when the slope is negative, it corresponds to the
first order type of magnetic phase transition.3% It is remark-
able that the S-shaped curve exists at temperatures below Tt
(< 15.5 K) with a significant negative slope, and the inflection
point corresponding to H /M gradually decreases with increas-
ing temperature, the corresponding result was demonstrated in
Fig. 5(b), which was attributable to the spin-glass behavior. In
addition, positive slopes are observed at temperatures above
Tt, indicating the presence of a second order magnetic transi-
tion in the El‘onOzoDyzoCuzoNigo HE MG.

The value of —ASy is an important indicator of the per-
formance of the magnetocaloric effect. Define —ASy by inte-
grating the Maxwell’s relation for the magnetic field:

AS(T,H) = S\ (T,H) — Sy (T,0)

Hmax &M
= Ju, <8H>dH’ (1)

where Hyy.x and Hy indicates the maximum and minimum val-
ues of the magnetic fields. The —ASy was calculated from the
isothermal magnetization measurement results versus temper-
ature at various magnetic fields as shown in Fig. 6.

It needs to be emphasized that —AS}** was observed near
T, which was attributable to the transition from FM to PM,
while the —ASy anomaly near 7y was associated with the
spin glass to the FM state. It implies that the —ASy orig-
inates mainly from the second-order magnetic phase transi-
tion from ferromagnetic to paramagnetic, while the spin-glass
behavior at low temperatures contributes only a small part of
—ASwM. The value of —ASy™ were 4.4 J/kg-K, 9.8 J/kg-K, and
12.5 J/kg-K around T; under varying magnetic fields of 0-2 T,
0-5 T, and 0-7 T, respectively. It is remarkable that the peak
of the —ASy™ gradually shifted to higher temperatures with
increasing magnetic field reflecting the typically characteristic

features of FM, which is consistent with the results obtained
above. The RC is the volume of heat that a magnetic refrig-
eration material is able to transfer from the cold sink to the
exothermic sink of the refrigerant in a refrigeration cycle, and
is another important parameter to measure the magnetocaloric
effect. The RC values of the ErpgHoy9Dy29CuygNiyg HE MG
were evaluated based on the relations proposed by Gschneid-

ner et al.31]

)
RC = |ASMm|dT, 2
T

where 77 and 75 in the relation are the corresponding temper-

atures on each side of half of —ASy*, respectively.
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Fig. 6. The magnetic entropy change —ASy of the ErpgHoz9Dy29CuzoNing
HE MG as a function of temperature under applied magnetic fields of 0 T=7 T.

The values of RC for ErpgHo0Dy20CuyoNipg HE MG
are 106 J/kg, 330.5 J/kg, and 487.7 J/kg under varying mag-
netic fields of 0-2 T, 0-5 T, and 0-7 T, respectively. The
MCE of some recently reported magnetic refrigeration com-
pounds with magnetic phase transition temperatures compara-
ble to ErpygHos0Dy20Cuy9Niyg HE MG was shown in Table 1.
The EryoHo20Dy20Cuz0Niyg HE MG has a wide temperature
range and high RC, which is beneficial to the practical applica-
tion of the magnetic refrigeration systems. Consequently, our
work provides an attractive refrigerant for magnetic refrigera-
tors with wide application potential in the field of the hydrogen
liquefaction.

Table 1. Comparative magnetocaloric properties of ErygHo20Dy20Cuz0Nizg HE MG and other magnetic refrigeration materials in the region

of similar magnetic phase transitions.

Compounds Tm (K) —ASu" Uke K RCUke D References
02T 0-5T 0-5T

ErygHo20Dy0CuzoNizyg MGs 20 4.4 9.8 330.7 this work
Dys50Gd7Alx3Cor0 MGs 26 4.33 9.77 290 [32]
ErZn/ErZn; composite 9/20 8.1 19.5 365 [33]
Hoy0Er0Coz0AlxgTmyg MGs 9 - 15 375 [26]
Er()_sz()_zHO()_2CUO_2C00_2 MGs 13.5 - 15.7 448.1 [34]
Dy36H020C020A124 MGs 18 - 12.6 468 [34]
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4. Conclusions

In conclusion, ErygHo0Dy20CuroNiyg HE MG was suc-
cessfully synthesized and GFA, magnetic properties, MCE
were researched. The —ASy originates from the second-order
phase transition from FM to PM around 20 K. Below T, a no-
ticeable spin-glass behavior was observed. The —ASy** and
RC are 12.5 J/kg-K and 487.7 J/kg under varying the mag-
netic field from 0-7 T, respectively. The outstanding MCE
properties make ErygHoo0Dy20CuyoNipg HE MG a promising
candidate refrigerant in the hydrogen liquefaction temperature
range. Meanwhile, the method of designing HE MG mag-
netic refrigeration material by doping with various rare earth
elements provides a useful method to obtain refrigeration ma-
terials with large temperature range. More importantly, the re-
search on ErygHoygDy20CuygNizyg HE MG has provided addi-
tional ideas for understanding the magnetic behaviors of MG.
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