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Developing novel magnetocaloric materials is of great significance for the applications of magnetic refrig-
eration. In this study, we designed a heterogeneous rare-earth-based high-entropy alloy (HEA) compris-
ing amorphous matrix, local crystal-like cluster and nanocrystalline dihydride with average size of 7.5 nm
through isothermal hydrogenation. This heterogeneous structure can significantly tune the magnetocaloric
effect of alloy. After hydrogenation, the predominant exchange interaction transforms from ferromagnetic
to antiferromagnetic with the disappearance of spin-glass-like behavior, and a complete second-order
magnetic transition is obtained. Compared with the GdyoTb;gDy;5C0,0Al4 high-entropy metallic glass
with a small number of nanocrystals, the maximum magnetic entropy change of the hydrogen-containing
HEA is increased from 8.8 to 13.6 ] kg~! K~! under applied magnetic field change of 5 T accompany-
ing unobvious hysteresis and decreased magnetic transition temperature from 59 to 8 K, which is more
promising as magnetic refrigerant at cryogenic temperature. This work provides a novel concept of de-
signing heterogeneous structure in terms of special cluster and preferential nanocrystalline to modulate

Keywords:

High-entropy metallic glass
Hydrogenation
Heterogeneous structure
Magnetocaloric effect

the properties of metallic glasses.
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1. Introduction

Magnetic refrigeration based on magnetocaloric effect (MCE)
is regarded as the most promising alternative for conventional
gas compression refrigeration because of its high energy-efficiency
and environmental friendliness [1,2]. In the last decades, magne-
tocaloric materials have been widely explored, mainly involving
crystalline and amorphous materials. For the crystalline materials,
giant MCE with large magnetic entropy change (ASy) are often ob-
tained including GdSiGe [3], LaFeSi [4,5], MnFePAs [6], and NiMn-
based alloys [7,8], etc. Nevertheless, despite the advantages, sev-
eral drawbacks due to the first-order nature of magnetic transi-
tion, such as the concentrated working temperature interval and
undesirable hysteresis, hamper the available cooling capacity of
these alloys [9]. Different from the crystalline materials, owning
to the topological and chemical disorder, amorphous alloys gen-
erally show second-order magnetic transition, exhibiting broad-
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ened magnetic transition temperature range with negligible ther-
mal and magnetic hysteresis, but moderate ASy [10]. Recently,
high-entropy metallic glasses (HE-MGs) with the advantages of
both high-entropy alloy (HEA) and MGs have attracted much atten-
tions [11-16]. Many rare-earth (RE)-based HE-MGs possess obvious
MCE such as GdonbzoDYzoAlzoMzo (M = Fe, Co and Nl) []7] and
ErpgDy20C050Al0RE,g (RE = Gd, Tb and Tm) [18], providing a new
route to design magnetocaloric materials. However, the ASy; of RE-
based HE-MGs are not large enough. Further increasing the ASy; is
of importance for their applications.

Hydrogen can penetrate easily into some metals and is often
used to improve the magnetic properties of crystalline materials
[19,20], for instance, hydrogenation treatment is effective to tune
the MCE of La(Fe,Si);3-type compounds [21-23]. The interstitial hy-
drogen expands the lattice and modifies the Fermi level, increasing
Curie temperature, while retaining the first-order phase transition
intrinsic to the parent intermetallic, and therefore, preserving the
large MCE [24]. For example, the peak value of adiabatic temper-
ature change under the maximum applied field of 5 T increases
from 8.6 to 12.6 K in the La(FeqggSip12)13H15 alloy, and the peak
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value of magnetic entropy change (—ASK/Ieak) of La(FegoSip1)13H11
alloy at 5 T is larger than 30 J kg='K-! [22]. The REs can also ab-
sorb hydrogen readily and form solid solutions, dihydride S-phase
and/or trihydride y-phase, which not only directly influence the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction responsible for
the magnetism, but also leads to modifications of the crystal-field
symmetry [19]. Therefore, hydrogenation plays a significant role in
modulating the MCE of REs [25]. Beside, based on a modified hy-
drogenation disproportionation desorption recombination process,
anisotropic nano-composite NdFeB/«-Fe magnet powders with en-
hanced maximum energy product are synthesized [26]. This means
hydrogenation is supposed to decrease the magnetic hysteresis that
is an important parameter for MCE. However, minor investigation
involved the effects of hydrogenation on MCE of RE-based HE-
MGs have been reported. Molecular dynamics simulations indi-
cate that hydrogenation can promote the formation of hydrogen-
containing clusters, overcoming the strength-toughness trade-off of
ZrCu-based MGs [27]. In a DyCoAl MG, hydrogenation is found to
improve the ASy because of the expansion of average interatomic
distance [28], whereas ASy decrease slightly after hydrogenation
in a GdCoAl MG [29]. Therefore, whether hydrogenation can en-
hance the ASy of pure MG is uncertain. Due to the sluggish dif-
fusion effect of HEAs, HE-MGs in the same alloy system usually
exhibit higher stability against crystallization upon heating [11],
which guarantees the controllable crystallization during long-term
annealing. Inspired by these, we performed isothermal hydrogena-
tion to enhance the heterogeneity of RE-based HE-MGs and obtain
uniformly distributed-nanocrystals with appropriate size with the
expectation of increasing ASy, which has not been investigated
systematically.

In this work, a Gd,(Tb1gDy5C050Al4 high-entropy bulk metal-
lic glass (BMG) with good glass-forming ability and typical MCE
was designed, and heterogeneous structures composed of amor-
phous matrix, local-favored clusters and nanocrystalline dihydrides
were obtained through isothermal hydrogenation below the glass
transition temperature (Tg) of HE-BMG. This hydrogen-induced
heterogeneous HEA showed distinctive magnetocaloric property
and magnetic transition compared with the hydrogen-free alloy.

2. Experimental methods

Master alloy of Gd,gTbqgDy5C020Alp4 was prepared by arc-
melting a mixture of pure Gd, Tb, Dy, Co and Al in a titanium-
gettered argon atmosphere. The purities of Gd, Tb and Dy elements
are better than 99.9 wt.% and those of Co and Al elements are bet-
ter than 99.99 wt.%. The BMG samples with diameter of 2 mm
were fabricated by copper mold casting, then mechanical ball-
milling was used to prepare amorphous powders with particle size
less than 200 meshes. The T of prepared amorphous powders was
identified as 606 K using differential scanning calorimetry (DSC,
Netzsch DSC 404 F3) at the heating rate of 20 K/min. The isother-
mal hydrogenation experiment was performed on a Sieverts-type
apparatus (Advanced Materials Corporation, No. 0360Q).

Temperature and field dependences of the DC magnetization
were measured using a SQUID magnetometer (MPMS, Quantum
Design). The field cooling (FC) magnetization was measured on
the heating course after initial cooling from room temperature to
2 K, with an applied magnetic field of 0.01 T. The zero-field cool-
ing (ZFC) magnetization was measured on the heating course un-
der the same magnetic field after initial cooling the sample from
room temperature to 2 K with zero field. Isothermal magnetiza-
tion curves were measured with a varying magnetic field increas-
ing from 0 to 5 T at different temperatures ranging from 10 to
120 K. AC susceptibility was measured at frequencies ranging from
13 to 9673 Hz with amplitude of 5 Oe using a physical properties
measurement system (PPMS 6000, Quantum Design).
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The structures of powders were examined by X-ray diffraction
(XRD, Rigaku SmartLab 9 K) using Cu-Ko radiation. The morphol-
ogy and size distribution were characterized by scanning elec-
tron microscopy (SEM, FEI Sirion 200). Furthermore, the structural
features at nanoscale were investigated by spherical aberration-
corrected transmission electron microscopy (TEM, Titan 80-300).
Focused ion beam (FIB, FEI Scios) was used to prepare the TEM
samples. The thickness of the detected regions for the two HRTEM
foils was estimated to be 19 & 1 nm by electron energy loss spec-
troscopy. The nanoindentation tests were conducted using a Nan-
oTest Vantage (Micro Materials Ltd) with a standard Berkovich di-
amond indenter in load control mode. Starting with a linear ramp
up to the maximum load of 10 mN within 10 s, the loading course
was continued by holding the maximum load for 10 s, and finally
by unloading to zero.

3. Results and discussion
3.1. Isothermal hydrogenation

The GdyoTbigDy 3C050Al54 alloy possesses good glass-forming
ability and can be easily prepared into BMG sample with the di-
ameter of 3 mm, which guarantees the subsequent ball-milling
treatment. Fig. 1(a) shows the SEM image of Gd,(TbgDy15C050Aly4
powders with an average diameter of 41 + 1.6 um prepared
by mechanical ball-milling. The subsequent hydrogenation, mag-
netic measurements, TEM observation and nanoindentation test
were all performed using theses powders. Isothermal hydro-
genation was performed at the temperature of 538 K far be-
low Tg. Before isothermal hydrogenation, the hydrogen pressure
was set as 5 MPa. After annealing for 1.5 x 10° s, the hy-
drogen content was calculated to be 1.2 wt% by the appa-
ratus according to the decrease of pressure. Thus, the chem-
ical formula of the hydrogen-containing sample can be writ-
ten as (Gdg,Tbg18Dy018C002Alg24)43Hs7. For comparison, the
Gd,oTbgDy15Co90Al4 powders were also annealed at 538 K
for 1.5 x 10° s with the hydrogen pressure of 0 MPa. Corre-
sponding XRD patterns of the GdyqTb1gDy15C050Aly4 (GATbDyCoAl)
and (GdO,ZTbO.]8Dy0,18C00.2A10,24)43H57 (GdTbDyCOAlH) powders are
shown in Fig. 1(b). Several inconspicuous crystalline peaks are de-
tected for the GATbDyCoAl powders, implying that a small number
of nanocrystals including Al;Dy, TbAl3, Al,Gds and CoGds precipi-
tate in the amorphous matrix after long-term annealing treatment
below T. It is found that some REH, phases precipitate and the
crystalline peaks become more distinct after hydrogenation. Beside,
the major amorphous hump shifts to lower angle, which is consis-
tent with the previous reports [28,30] and indicates the expansion
of average interatomic distance.

3.2. Magnetocaloric property

It can be expected that the structural changes induced by hy-
drogen will alter the magnetocaloric properties of the studied HE-
MGs. To evaluate the magnetocaloric property, isothermal magneti-
zation curves (M-H) were measured as shown in Fig. 2(a) and (b).
With the increase of field, both samples magnetize to saturation
gradually showing ferromagnetic feature. Beside, a clear magnetic
transition from magnetic order to magnetic disorder with increas-
ing temperature can be seen. Subsequently, ASy was calculated
using Eq. (1) based on the M-H curves [31].

azw)
— | dH
<8T H

where Hpax is the maximum applied magnetic field. Fig. 3(a) and
(b) exhibits the temperature dependent ASy; under a series of ap-
plied fields. It can be seen that -ASpMeak for the GATbDyCoAl sam-

Hmax

ASw(T,H) = g (1)
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Fig. 1. (a) SEM image of the Gd,(TbigDy13C020Al4 amorphous powders. (b) XRD patterns of the GdTbDyCoAl and GdTbDyCoAIH powders.
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Fig. 2. Isothermal magnetization curves for the (a) GdTbDyCoAl and (b) GdTbDyCoAIH powders.
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Fig. 3. Temperature dependence of ASy under the maximum applied field from 0.5 to 5 T for the (a) GdTbDyCoAl and (b) GATbDyCoAIH powders.

ple increases gradually and moves to higher temperature with the
applied field increasing from 0.5 to 5 T. However, for the GdTb-
DyCoAIH sample, the peak temperature does not change with the
variation of ap}()lied field and locates at 8 K. In particular, the
value of —AS"Mea at the maximum magnetic field of 5 T increases
from 8.8 to 13.6 ] kg=1K-! after absorbing hydrogen, which is
larger than the values of most reported HE-MGs and comparable
to those of the crystalline magnetocaloric materials exhibiting sim-
ilar magnetic transition temperature (e.g. the -ASE,[eak at 5 T for the
TmyPdMg, HoNiAl, and Ho,ZnMnOg compounds are 14.9, 14.0 and
13.2 ] kg~ 1K1, respectively) [32-34].

The field dependence of ASy; follows a power law of ASy o H"
with an exponent (n) depending on field and temperature [35].
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Fig. 4(a) and (b) shows the calculation of n for the GdTbDyCoAl
and GdTbDyCoAIH samples, respectively. It is seen that the field
dependent ASy at low temperatures cannot be described by the
power law for the GdTbDyCoAl sample as shown in Fig. 4(a), im-
plying strong random magnetic anisotropy (RMA). The variations
of n are plotted in Fig. 4(c), and the temperature axis is rescaled
by subtracting magnetic transition temperature (Ty;). According to
mean field theory, the n value has a minimum of 2/3 at Ty [35].
However, the minimum n values are 0.89 and 1.02 for GdTbDyCoAl
and GdTbDyCoAlH, respectively, larger than the predicated value.
The value of n is sensitive to atomic/magnetic structure and de-
tails of transition process [30]. In the GdTbDyCoAl sample, large
RMA is introduced by Tb and Dy elements, and Gd element pos-
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sesses strong exchange interaction. The competition between RMA
and exchange interactions leads to a complex magnetic structure
[36]. Beside, a few nanocrystals precipitate after annealing. The
combined effects of these two aspects result in the large n value
of GdTbDyCoAl sample. With the absorption of hydrogen, multiple
magnetic phases including amorphous matrix and a large num-
ber of nanocrystalline dihydrides contribute to a larger n value,
which means an easier enhancement of ASy; by increasing applied
field. Therefore, hydrogenation can not only increase the value of
—ASPMeak but also raise the sensitivity of ASy; to field. It is notewor-
thy that there seems to be a “paradox” that hydrogenation results
in obvious decrease of magnetization as shown in Fig. 2 and large
increase of ASy; in Fig. 3. This can be elucidated from the defini-
tion of ASy, Eq. (1). At a given field change, ASy depends on the
change rate of magnetization with increasing temperature. That is
to say the value of ASy, is not only decided by the number of mag-
netic moment but also the moving speed of magnetic moment. If
a great number of magnetic moments rotate rapidly near Ty, the
sample will possess large ASy. As can be seen from Fig. 3, the
temperature span of magnetic transition decreases obviously after
hydrogenation, i.e., the motion of magnetic moment during mag-
netic transition becomes faster, leading to a larger ASy. This can
also be proved by the larger value of n for the hydrogen-containing
sample as shown in Fig. 4(c).

Another important index for the application of magnetocaloric
materials is magnetic hysteresis. As shown in Fig. 5(a), the hystere-
sis loops at 5 K for the two samples were measured. Both the co-
ercivity and saturation magnetization decrease obviously after hy-
drogenation, leading to a much smaller magnetic hysteresis. Subse-
quently, the magnetizing and demagnetizing M-H curves at several
temperatures were measured as shown in Fig. 5(b) and (c) for the
two samples. At low temperatures (5 and 15 K), the magnetizing
and demagnetizing curves cannot overlap and there is significant
hysteresis for the GATbDyCoAl sample. The hysteretic loss was de-
termined by calculating the area inside each M-H loop as summa-
rized in Fig. 5(d). As the temperature increases to Ty, hysteretic
loss reduces sharply to near zero because of the repaid decrease
in RMA [37]. Although the variation of hysteresis for the GdTb-
DyCoAIH sample is analogous to this as displayed in the inset of
Fig. 5(d), the value of hysteretic loss is much smaller than that of
the GdTbDyCoAl sample at relatively low temperature, and the two
M-H curves nearly superpose together with little hysteresis at all
temperatures. Therefore, both the studied two HEAs possess negli-
gible hysteresis during magnetic transition near Ty;, which is more
suitable for using as magnetic refrigerant [2], and hydrogenation
can reduce hysteretic loss at cryogenic temperature. Generally, hys-
teresis and ASy; correlate with magnetic transition. Thus, the mag-
netic transition is altered by hydrogenation.

3.3. Magnetic transition

To identify the nature of magnetic order for the studied HEAs,
M-H data were further analyzed by transferring to Arrott plots
as shown in Fig. 6(a) and (b). For the GdTbDyCoAl sample,
curves show negative slope at low temperatures and low applied
fields, consisting with the intersection of magnetization curves in
Fig. 2(a), whereas only positive slope occurs for the GATbDyCoAIH
sample. This means that a complete second-order magnetic transi-
tion is obtained after hydrogenation [38]. It has been demonstrated
that the ASy curves for magnetocaloric materials with second-
order transition can collapse into a universal curve [39]. Fig. 6(c)
and (d) displays the universal curves of the GdTbDyCoAl and GdTb-
DyCoAIH samples, respectively. The temperature axis is rescaled
using a single parameter formula as follow:

O=T-T)/(T:—Tp) (2)
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Fig. 5. (a) Magnetic hysteresis loops from -5 to 5 T at the temperature of 5 K for the two samples. Isothermal magnetizing and demagnetizing M-H curves at several

temperatures below Ty for the (b) GdTbDyCoAl and (c) GdTbDyCoAIH samples. (d) Temperature dependence of hysteretic loss.
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where T, is the peak temperature of ASy curves and T; is the

reference temperature with ASy(T;) = O.SAS,‘\’/fak. It can be seen
that the normalization curves under different applied fields over-
lap well near the peak temperature (-1 < 6 < 1) for both samples,
confirming a second order transition occurred in Ty;. For the GdTb-
DyCoAl sample, the universal curves cannot overlap and large neg-
ative values of ASy, /AS"Meak appear attributed to the strong RMA at
low temperatures and fields. Different from this, no negative val-
ues can be seen for the GATbDyCoAIH sample, and the mismatch
of universal curves results from the multiple magnetic phases [40],
i.e., the dihydrides induced by hydrogen.

The temperature dependence of magnetization (M-T) curves
were used to further investigate magnetic transition as shown in
Fig. 7. It is seen that with the decrease of temperature the GdTbDy-
CoAl sample firstly undergoes paramagnetic to ferromagnetic tran-
sition at the temperature of 59 K due to the magnetic ordering.
Then it enters a spin-glass (SG)-like state below 51 K showing a
divergence between FC and ZFC curves. This causes the presence
of temperature-dependent coercivity and is interpreted as the ran-
dom freezing of the magnetic moments along local anisotropy axes
due to spin orbit coupling. Owing to the coexistence of multi-
principle RE elements including Gd, Tb and Dy, the competition
between RMA and exchange interaction results in the frustration
of SG transition, i.e., a gradual transition below the freezing tem-
perature [36]. Compared with the hydrogen-free sample, the mag-
netization and magnetic ordering transition temperature (Ty;) de-
crease dramatically after hydrogenation. As shown in the insert
of Fig. 7, the value of Ty is determined by the differential of FC
magnetization curve, decreasing from 59 to 8 K after hydrogena-
tion, identical to the value obtained from ASy curves. According
to the anionic model [41], electrons can transfer from the conduc-
tion band to the hydrogen 1 s shell upon hydrogenation, resulting
in a reduction of the electrons available to mediate the RKKY in-
direct interaction, and thus Ty, decreases obviously. Furthermore,
the divergence between FC and ZFC curves for the GATbDyCoAIH
sample is inconspicuous, indicating a different magnetic transition
at low temperature. The Curie-Weiss fits (shown in the inset) of
M-T data demonstrate that the paramagnetic Curie temperature
changes from positive (48 K) for the GdTbDyCoAl sample to nega-
tive (-9 K) for the GdTbDyCoAIH sample. This means that the pre-
dominant exchange interaction transforms from ferromagnetic to
antiferromagnetic after hydrogenation, hence the ZFC curve shows
a cup near 7 K. Owing to the remnant of ferromagnetic phases in-
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Fig. 8. The real part of susceptibility (x’) at frequency ranging from 13 to 9673 Hz
for the (a) GATbDyCoAl and (b) GdTbDyCoAIH samples. (c) The maximum relaxation
time (Tmax) versus the peak temperature of susceptibility (T¢) for the samples.

cluding some amorphous phase and hydrogen-free nanocrystals, FC
curve still increases gradually below Ty, leading to the divergence
between ZFC and FC curves for the GdTbDyCoAIH sample.

To characterize the critical dynamics of the magnetic transition,
AC susceptibilities at different frequencies were measured as dis-
played in Fig. 8(a) and (b). For the GdTbDyCoAl sample, the real
part of susceptibility (x’) exhibits a peak at the temperature lower
than Ty, and the value of the peak (T¢) shifts to higher temperature
with increasing frequency. The relative shift in freezing tempera-
ture (8Tf) per decade of frequency is often used to compare differ-
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Fig. 9. HRTEM images and corresponding FFT patterns for (a)-(e) GdTbDyCoAl and (f)-(1) GdTbDyCoAIH samples, respectively.

ent SG systems. This parameter of GdTbDyCoAl was calculated by

the following relation [42]:
AT

A (logro) ®)

where ATy = (Tp)y, — (Tpv, and A(logiov) = logiou; —logieu,. In

this study, v; = 33 Hz, v, = 9673 Hz and T; = (Ty),, were em-

ployed. The value of §T; is 0.0079, which is in the same order

5T =
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of magnitude with the values reported for canonical SG systems
[42]. Different from this, the peak of GdTbDyCoAlH becomes much
broader, and T; does not show obvious change at various fre-
quencies. For a critical slowing down of dynamics, the correlation
length diverges at the transition temperature and the relaxation
time (Tmax = 1/w) obeys the power law as follow [43]:

Tmax = To X (Tf/ng - 1)721}

(4)
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Fig. 10. FFT patterns of the selected areas (C and D) in Fig. 9(a) and (g) for the (a) GdTbDyCoAl and (b) GdTbDyCoAIH samples. (c) and (d) showing the corresponding
segmentation of the HRTEM image for auto-correlation analysis. The dimension of each cell is 1.98 x 1.98 nm?.

where Tsg and zv are the ideal freezing temperature and a criti-
cal exponent, respectively, and t is related to the relaxation time
of individual atomic magnetic moment. For the typical SG sys-
tem, 7o and zv are in the range of 10-1°-10-13 and 4-13, re-
spectively [44]. As shown in Fig. 8(c), Tmax of the GdTbDyCoAl
sample decreases sharply at the initial stage and then tends to
zero gradually with the increase of T; from 55.50 to 56.66 K,
and Eq. (4) is used to fit the plots. Ty and zv are 1.9 x 10713
and 5.2, respectively, which are in the characteristic range of
canonical SG. However, for the GdTbDyCoAIH sample, Tmax de-
creases at a constant T ~7.49 K, indicating that the hydrogen-
doped sample is not a SG system, which is consistent with the
antiferromagnetism identified by M-T curve and further verified
that the divergence between ZFC and FC curves for GdTbDy-
CoAlH sample results from the coexistence of antiferromagnetic
and ferromagnetic phases at cryogenic temperature. The distinc-
tive MCE and magnetic transition after hydrogenation are supposed
to originate obvious changes of microstructure, which can be re-
flected preliminarily by XRD. In the following section, systematic
characterizations of structures at nanoscale and microscale were
performed.
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3.4. Heterogeneous structure induced by hydrogenation

Fig. 9(a) shows the high-resolution (HR) TEM image and the se-
lected area electron diffraction (SAED) pattern of the GATbDyCoAl
sample. Two local crystalline regions with a size of ~10 nm can
be seen, whereas most of the regions show amorphous structure
with random atomic arrangement. This is confirmed by the SAED
pattern exhibiting halo-like feature with several bright spots. The
magnifications of regions A and B and corresponding fast Fourier
transformed (FFT) patterns are exhibited in Fig. 9(b)-(e), respec-
tively. The detected two crystalline phases are identified as TbAls
and Al;Dy, consisting with the XRD analyses. Different from the
hydrogen-free sample, considerable crystalline particles with aver-
age size of 7.5 + 0.23 nm distribute uniformly in the amorphous
matrix after hydrogenation as shown in Fig. 9(f). The HRTEM image
of the GdTbDyCoAIH sample is displayed in Fig. 9(g). Numerous
nanocrystals with different orientations can be clearly observed.
It is noteworthy that four apparent crystalline peaks correspond-
ing to REH, phases exist in the XRD patterns of the GATbDyCoAIH
powders as shown in Fig. 1(b), which is confirmed by SAED anal-
yses. As shown in Fig. 9(h), several diffraction rings corresponding
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Fig. 11. Indentation load versus indentation depth of the 5 x 5 array for the (a) GATbDyCoAl and (b) GdTbDyCoAIH powders, respectively. (c) and (d) Variations of the
hardness (H,) and reduced modulus (E;) obtained from the nanoindentation tests for the GdTbDyCoAl and GdTbDyCoAIH samples.

to GdH, phases with different orientations can be seen. Two rep-
resentative HRTEM images of GdH, phases with clear lattice fringe
and the related FFT patterns are presented in Fig. 9(i)-(1), respec-
tively.

It was reported that microalloying elements that possess large
negative enthalpy of mixing with principal components can in-
crease the number of local crystal-like cluster [45-47]. Hydrogen
has large negative enthalpy of mixing with Gd, Tb and Dy ele-
ments (-61 kJ/mol), hence it is supposed to promote the forma-
tion of local orders. Fig. 10(a) and (b) shows the diffraction pat-
terns of the regions C and D in Fig. 9(a) and (g), and the typi-
cal halo-like patterns identify their overall amorphous structure.
To study the effect of hydrogen on the amorphous matrix, auto-
correlation analyses of regions C and D were carried out and the
corresponding mappings are exhibited in Fig. 10(c) and (d). The de-
tails of auto-correlation analysis were described in Ref. [47]. The
total fraction of the crystal-like cluster is 14.1% in the hydrogen-
free sample. By comparison, the areal fraction increases to 29.7%
in the hydrogen-containing sample. Therefore, the introduction of
hydrogen results in a more heterogeneous microstructure compris-
ing amorphous matrix, local crystal-like clusters and considerable
nanocrystalline phases. This heterogeneous structure is supposed
to have some significant influences on microscale heterogeneity of
HEA.

Subsequently, the nanoindentation test was conducted to inves-
tigate the difference of microscale heterogeneity caused by hydro-
gen. The load-displacement (P-h) curves of GATbDyCoAl and GdTb-
DyCoAIH powders collecting from 25 different points (5 x 5 array)
are exhibited in Fig. 11(a) and (b), respectively, where P is load-
ing force and h is the instantaneous indenter displacement. It is
seen that curves coincide well with each other for the GdTbDyCoAl
sample, while those for the GATbDyCoAIH sample are discrete. The
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variations in hardness (Hy) and reduced elastic modulus (E;) ob-
tained from the nanoindentation tests are shown in Fig. 11(c) and
(d), respectively. Different from the GdTbDyCoAl sample where the
H, varying between 4.51 and 4.85 GPa with an average value of
446 + 0.09 GPa, the fluctuation value of H, for the GdTbDy-
CoAIH sample is 1.43 GPa with a slightly larger average hardness
of 4.60 + 0.36 GPa. The average E; of the GdTbDyCoAl sample is
68.15 &+ 1.16 GPa and the change is 4.88 GPa, whereas the corre-
sponding values for the GdATbDyCoAlH sample are 51.25 + 4.74 GPa
and 18.90 GPa. Accordingly, the distributions of Hy and E; fluctuate
more significantly after hydrogenation, which means the hetero-
geneity at microscale is also enhanced in the GdTbDyCoAIH sam-
ple.

The above results indicate that heterogeneous RE-based HEA
is obtained by isothermal hydrogenation, and the heterogeneous
structure has significant effects on the magnetocaloric properties
and magnetic transition of HEA, i.e., increasing ASy and trans-
forming the magnetic transition from ferromagnetic-paramagnetic
to antiferromagnetic-paramagnetic. This can be elucidated from
a combination of the flowing aspects. Firstly, hydrogenation in-
duces the expansion of average interatomic distance and promotes
the formation of locally favored clusters in the amorphous matrix
[30,48], in this study, which are identified as crystal-like clusters.
The increasement of local clusters can enhance the ASy to a cer-
tain extent [49]. Secondly, the magnetic transition temperatures of
the dihydride B-REH, phases are 21, 17 and 3.5 K for Gd, Tb and
Dy [25], respectively, which are lower than that of GdTbDyCoAl
HE-MG (59 K), resulting in the dramatic decrease of Ty;. Thirdly,
the precipitation of nanocrystals can tune the Fermi surface and
the crystal-field symmetry [19], leading to a change of the ex-
change interactions between magnetic moments. In this study, hy-
drogen suppresses indirect RKKY exchange interaction and reduces
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the RMA at cryogenic temperature. Therefore, the motion of mag-
netic moment is easier with increasing temperature and applied
field, leading to the transformation from ferromagnetic to antifer-
romagnetic as well as larger ASy; and n.

4. Conclusion

In summary, we designed a quinary GdygTbigDy13C050
Al,, HE-BMG and obtained a heterogeneous (Gdg,Tbgig
Dy18C002Alp24)43Hs; HEA through isothermal hydrogenation.
Hydrogen promotes the formation of local crystal-like cluster,
leading to the enhancement of heterogeneity of amorphous ma-
trix. Beside, more nanocrystalline phases including dihydride and
hydrogen-free nanocrystals precipitate in the hydrogen-containing
sample. Thus, a more heterogeneous structure at nanoscale is
induced by hydrogenation, which contributes to the microscale
heterogeneity manifesting as more fluctuant distributions of hard-
ness and modulus. Due to the synergistic effects of heterogeneous
structures, the cryogenic magnetism is tuned from ferromagnet
to antiferromagnet with Ty, decreasing from 59 of 8 K, and the
GdTbDyCoAIH HEA shows good MCE with larger —ASK;"I‘ of 13.6 ]
kg~1K-! under the maximum applied field of 5 T and unobvious
hysteresis at the whole temperature span. This new heterogeneous
HEA, with the exceptional properties promising for magnetic
refrigeration, provides a paradigm to design the next-generation
magnetocaloric materials with large magnetic entropy change,
low hysteresis, and appropriate magnetic transition temperature.
Moreover, this concept of designing heterogeneous structure
from the perspective of characteristic cluster and preferential
nanocrystalline can be applied to tune other functional properties
of MGs.
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