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In order to reduce the worsen effects of strong antiferromagnetic coupling between Er and Fe, Co, Ni elements on
the magnetocaloric effect of Er based amorphous alloys, an ErysCussAl;o metallic glass composite is fabricated
and its magnetocaloric effect is studied. The alloy exhibits large magnetic entropy change (14.6 Jkg 'K~ ') and
high refrigerant capacity (330 Jkg~') under a magnetic field of 5 T, which is a promising candidate for a

magnetic refrigerant in helium liquefaction temperature range. It is intriguing that the entropy change nor-
malized to the rare earth elements for this ErssCuysAl;o alloy is much higher than other Er-based metallic
glasses, which is attributed to the weaker antiferromagnetic interactions between Er and Cu. These results are
helpful for designing advanced rare earth-based magnetocaloric materials.

1. Introduction

Magnetic refrigeration is a promising solid refrigeration technology,
with the outstanding advantages of environmental protection, high ef-
ficiency and small volume compared with conventional gas refrigera-
tion [1, 2]. The magnetocaloric effect (MCE) is the principle of mag-
netic refrigeration. The magnetic entropy decrease when a magnetic
field is applied to refrigerant because the magnetic moments of re-
frigerant align along the magnetic field. The decrease of magnetic en-
tropy caused the lattice entropy increase in the adiabatic condition,
which increases the temperature. When the magnetic field is removed,
the upon process is reversed, and the temperature decrease [2]. One of
the key points for magnetic refrigeration is the development of mag-
netic refrigeration materials with excellent magnetocaloric properties,
e. g. large magnetic entropy change (ASy), wide working temperature
range and large refrigerant capacity (RC).

In the past decades, lots of materials with giant magnetocaloric ef-
fect have been discovered, such as Gds(Si»Ge,) [3], MnAs; _,Sby [4],
La-Fe-Si [5] and Ni-Mn-Sn [6]. And a series of materials with different
magnetic transition temperatures (Tya,) from liquid helium tempera-
ture to room temperature have been exploited. Recently, the MCEs of
metallic glasses (MG) have been widely investigated [7-15], due to
their attractive properties, such as wide magnetic transition tempera-
ture, large RC, outstanding mechanical properties and excellent corro-
sion resistance, compared with crystalline material, which makes me-
tallic glasses hold special application potentials as magnetocaloric
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materials. Especially, the rare earth (RE) based metallic glasses pos-
sessing large magnetic moments and affluent magnetic structure and
thus larger ASy and RC, have gained great attentions [12-15]. How-
ever, it is noteworthy that most of the RE-based MGs contain Fe, Co, Ni
elements, which have strong antiferromagnetic interactions with RE
atoms [16-18] and suppress the MCE of RE-based materials. Therefore,
reducing the antiferromagnetic interactions is probably an effective
method to improve the MCE of RE-based MGs.

It is noticed that the Cu atom has much weaker antiferromagnetic
interactions with RE atoms that of Fe, Co, Ni [19]. Further evidence
shows the MCE of ErCuAl [20] is larger than that of ErNiAl [21] or
ErFeAl [22]. Therefore, in this work, an ErCu-based, without Fe, Co, Ni
elements, amorphous/nanocrystalline composite was prepared. The
magnetocaloric effects of the metallic glass composite (MGC) were in-
vestigated. Results show the MCEs of ErCu-based MGC are improved,
compared with Er-MGs containing Fe, Co, Ni elements.

2. Experimental

The ingots with nominal composition of Er,sCussAl;o (at%) were
prepared by arc melting pure Er, Cu and Al in a Ti-gettered argon at-
mosphere. Then the ingots were remelted and injected onto a rapidly
spinning copper roller to get the Er,sCuysAl;o metallic glass composite
ribbons, the linear velocity of the roller surface is 40 m/s, and the
thickness of the ribbons is about 25 um. The microstructures of the
samples were verified by X-ray diffraction (XRD) using a BRUKER D8
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Fig. 1. (a) XRD pattern and (b) DSC trace of the as-spun ErysCuysAl;o metallic

glass composite ribbons.The illustration is a magnification of the endothermic
peak.
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ADVANCE diffractometer with Cu Ka radiation, high-resolution trans-
mission electron microscope (HR-TEM), selected area electron diffrac-
tion (SAED) and energy dispersive spectroscopy (EDS) using
ThemoFisher Talos F200x. Thermal analysis was acquired in a
NETZSCH DSC-404-C differential scanning calorimeter (DSC). The
temperature and field dependence of the magnetization was measured
using a SQUID magnetometer (MPMS, Quantum Design), the magnetic
measurement accuracy of the SQUID magnetometer is 1 x 10~ emu,
which is very precision in the magnetic measurement.

3. Results and discussion

Fig. 1 shows the XRD pattern (Fig. 1a) and DSC traces (Fig. 1b) of
the as-cast ErysCuysAl;o MGC ribbon. The XRD pattern in Fig. 1(a)
exhibits appreciable crystalline peaks superimposing in the broad dif-
fraction peaks, which indicates the alloy contains both amorphous
phase and crystalline phases. But the feeble crystalline peaks can not be
identified through XRD pattern, so further confirmation by transmission
electron microscope will be provided later. The amorphous phase is
further confirmed by DSC as shown in Fig. 1(b). In the process of
heating up, the glass transition result in an endothermic reaction and
the crystallization result in the exothermic peaks, the red part of curve
in the illustration is the endothermic peak. The glass transition tem-
perature (Ty), first crystallization temperature (Ty) and supercooled li-
quid region (ATy=Ty-Ty) at the heating rate of 20 K/min are 596 K,
614 K and 18 K, respectively. The small ATy indicates a limited glass
forming ability of this alloy, which may be why this alloy can not form
complete an amorphous structure.

The HR-TEM, SAED and EDS mapping were used to further char-
acterize the microstructures of the MGC, as shown in Fig. 2. The HR-
TEM image is a light field image, the random atoms constitute the
amorphous phase and thenanocrystalline phases uniformly distributed
in amorphous matrix. According to the interplanar spacing of the lattice
fringe and the SAED image, the nanocrystalline can be grouped into two
categories, ErCuAl and Al,Cug. The EDS mapping images show that the
Al element distribute uniformly, but the Er and Cu element exhibit
heterogeneous distributions in nanoscale. These results confirm the
microstructure of the alloy is the nanocrystalline ErCuAl and Al4Cug
phases distributed in amorphous matrix.

Fig. 3(a) shows the temperature dependence of the magnetization
(M-T) for the ErysCuysAl;o MGC. The zero field cooling (ZFC) curve was
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Fig. 2. The HR-TEM image of ErssCuysAl;, ribbon. The inset is the SAED. The HAADF and the EDS mapping images are shown on the right.
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Fig. 3. (a) Temperature dependence of the zero field cooling (ZFC) and field cooling (FC) magnetization under a magnetic field of 200 Oe for the ErysCussAlio
metallic glass composite. The inset presents the dM/dT versus temperature curves. (b) Isothermal magnetization curves, (c) Arrott plots, and (d) Magnetic entropy
changes as a function of temperature under fields of 1 T, 2T, 3T, 4 T and 5 T for the Ery5CussAl; o metallic glass composite measured at temperatures between 2 K and
50 K. Temperature intervals of 2 K and 5 K were selected for the regions 2~20 K and 20~50 K, respectively, the error bars resluting from the MPMS instrument error.

measured after cooling from 300 to 2 K under zero field, and the field
cooling (FC) curve was measured after cooling from 300 to 2 K under
200 Oe. The magnetization of the sample was measured in an applied
field of 200 Oe from 2 K to 50 K. The ZFC curve and FC curve split off
below about 4 K, the FC stays the platform while the ZFC drops sharply
with the temperature decreasing, which is the characteristics of spin
glass like behavior [23]. The magnetic transition temperatures (Ta,) of
the MGC calculated from the differentiation of FC curve is 6.6 K, as is
marked by arrows in the insert of Fig. 3(a). It is notable there is only
one magnetic transition temperature, which is possibly because the
magnetic moments of the two nanocrystalline phases are completely
compled with the amorphous matrix.

Isothermal M-H curves with increasing filed at diverse temperatures
(T;) are shown in Fig. 3(b). To get the precise value of MCE, the tem-
perature interval is set to be 2 K from 2 K to 20 K, and 5 K from 20 K to
50 K. The order of magnetic phase transition can be determined by the
slope of Arrott plot [24], which is a plot of M? against H/M at fix
temperatures, where M? is the square of the magnetization and the H/M
is the ratio of the applied magnetic field to magnetization. The negative
slope indicates the first order phase transition and the positive slope
indicates the second order phase transition. The Arrott plot for the
ErysCuysAl o MGC sample in Fig. 3(c) shows positive slopes, indicating
a second order magnetic transition.

The magnetic entropy change (ASy;) is an important parameter to
characterize the MCE of magnetocaloric materials. In an isothermal
process of magnetization, the change of applied magnetic field (H) leads
to the magnetic entropy change (ASy;). The ASy can be derived from
Maxwell relation by integrating over the magnetic field [15]:

Hmax (M
ASu(T, H) = ‘/I’{ . (E)HdH

@

where Hy,;, and H,,, are the initial and final values of the applied field,
and the Hy,;, =0 and H,,,,, =5 T in this work. To derive the temperature

dependence of ASy;, the numerical approximation of the integral for
Eq. (1) is applied:

H H
S M(T, H)AH = [ M (T, H)dH

ASy(T, H) =
M T — Ty @

Fig. 3(d) shows the ASy; as the function of the temperature under
various magnetic fields for ErysCussAl;p MGC. The peak value of
magnetic entropy changes IASE¥| under applied fields of 1-5 T are 4.2
Jkg~'K™, 8.0 Jkg 'K ™%, 10.9 Jkg 'K, 13.0 Jkg 'K~ !, and 14.6
Jkg ™K™', respectively. Table 1 lists the magnetocaloric parameters of
the ErysCuysAl;p MGC and some other reported Er-based MGs
[12,13,15,25-32]. It is obvious the IASISIkI of the ErysCuysAl;g MGC is
comparable to that of the other Er-based MGs. It is worthy noting that
the rare earth element content is less than the other Er-based MGs.
Therefore, the magnetic entropy change normalized by the rare earth

elements 2 S M i for ErysCuysAl; o MGC is much higher than the other Er-
based MGs contalnlng Fe, Co or Ni atoms. This is attributed to the
antiferromagnetic interactions in ErCu-based MGC are much weaker
than that of the other Er-based MGs containing Fe, Co or Ni atoms.

Another important parameter to characterize the MCE of the MGC is
the refrigerant capacity (RC), which can be measured by several kinds
of methods. In this work, the RC was calculated by the product of the
peak entropy change and the full width at half-maximum of the peak
(8Tewum) [331, RC=IAS£[kI X 8Trwum. The RC values of MGC are cal-
culated to be 35 Jkg ~*, 115 Jkg ~ 1,180 Jkg " !, 250 Jkg " !, 330 Jkg~ ! at
1-5 T applied fields respectively.

Fig. 4.

For further understanding of the relationship of MCE and magnetic
field, the magnetic field dependences of IASEF| and RC for MGC are
shown in Fig. 5. The universal relations have been deduced to be
IASEX |cH™ and RCxH™ [34,35]. nand N are the critical exponents of the
metallic glass composite in this paper, which can be obtained from the
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Table 1
pk
Magnetic transition temperature T,q,, the peak value of magnetic entropy change IAS{¥|, the IASE¥ | normalized by the rare earth elements Rléif‘["o:n , refrigerant capacity
RC under a maximum applied field of 5 T of the ErssCuysAl;o metallic glass composite and some other Er-based metallic glasses.
NO. Composition Tyran (K) IASpMk\ (Jkg—lK— 1) \Asll\’,[k\ RC (Jkg—l) Ref.
RE atoms
1 Er4sCuysAlo 6.6 14.6 0.324 330 This work
2 ErgsCoso 12.5 5.97 0.091 - [25]
3 ErseAly4Coa0 9 16.06 0.286 546 [26]
4 ErgoAl;5Coss 12 17.6 0.293 546 [271
5 ErgoNisoCo1o 11.5 12.1 0.201 - [28]
6 Er50Co20Al24Ys 8 15.91 0.284 423 [13]
7 ErgAl;6Co2oNig 11 16.5 0.275 326 [29]
8 Ers,Gd33Alo5Co00 52 9.47 0.172 574 [12]
9 ErysTmgCo24Al50 11 16 0.285 - [30]
10 Er3;Tmy4Coo4Al50 7.5 17 0.303 - [30]
11 Er4GdgAly5C000Zr3 84 9.41 0.180 647 [31]
12 (Erg.7Hog.2Dy0.1)55NiasAlog 5 14.02 0.254 277 [15]
13 Er 2Gdg 2Hog 2C00 2Cug 2 49 11.1 0.185 649 [32]
S This work 4. Conclusions
* @ ErgsCoy[32]
Coy [33 . .
03 - ; v v E:::::::czz [[3 j] The ErysCuysAly, metallic glass composite has been developed,
2 > @ ErgoNisCoyp [35] which shows outstanding magnetocaloric effect . Its IASE |, Tyran and RC
b~ - < O ErggConAlyYg [13] is 14.6 Jkg 'K, 6.6 K and 336 Jkg ~* respectively. Most importantly,
T P ErgoAl Co,oNij [36] & 8 P Y P Y
w o E:‘"‘ oy :Iz" c: 12 the ASEF normalized to RE atoms of the ErCu-based MGC is much larger
220033A1250039 .. .
x - * [0 Er,sTmgCo,,Aly [37] than that of other Er-based MGs containing Fe, Co or Ni elements, at-
N 48TMgC024Alz [37] g
z ° o A @ Ery;Tmy,CozAly [37) tributed to the antiferromagnetic coupling interactions are inhibited.
G c 38 .
“{,)E | : :EE': ‘:;‘g”ﬁy"’;zr,ji[ A]I 15] These results are meaningful to decrease the dosage of rare earth ele-
0.777%0.2%Y0.1/55™'25" 20 . .
< A Ery ,Gdg Hog ,Cog ,Cu 5 [39] ments, and improve the magnetocaloric property of rare earth based
0.1 metallic glasses.
S °
! ! A ; Credit author statement
) ) L ) L
40 50 60 70 80 20 All authors listed have made a significant contribution to the re-
RE at% search reported and have read and approved the submitted manuscript,

Fig. 4. The magnetic entropy normallized by the rare earth atoms versus the
concentration of RE elements for different RE-based magnetocaloric materials.
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Fig. 5. Magnetic field dependence of the maximum magnetic entropy change
(IASISIkD, and refrigerant capacity (RC) for the ErysCussAl;o metallic glass
composite. The solid curves are fitting results of IASE*| « aH" and RCxAHY,
respectively.

fitting results of the experimental data in Fig. 5. For the MGC alloy,
n = 0.7, and N = 1.19, both are close to other metallic glasses [36,37].
The theoretical value of n is ~2/3 at the transition temperature on the
basis of the mean field model [38]. Nevertheless, the exponents n of
MGC is larger than 2/3, which is probably due to the failure of the mean
field picture in the critical region [39].
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