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ABSTRACT
Achieving a giant magnetocaloric effect (MCE) with negligible hysteresis and excellent strength–plasticity balance poses a
significant challenge due to inherently conflicting trade-offs. Here, we develop a high-entropy nanostructured glass-hydride
(HENGH) featuring a percolating nano-hydride network in a glass phase, which achieves an unprecedented combination of giant
MCE, near-zero hysteresis, and exceptional mechanical properties. HENGH exhibits a maximum magnetic entropy change of
11.3 J kg−1 K−1 for a field change of 2 T, 200% higher than the hydrogen-free counterpart. Simultaneously, it achieves a yield
strength of 2.2 GPawith over 50% plastic strain, beating the strength–plasticity trade-off. It’s revealed that the nanostructured glass-
hydride network with competing magnetic orders shifts transitions from 3D Ising to tricritical mean-field behavior, combining
giant MCE from first-order transition with minimal hysteresis from second-order one. Moreover, unlike conventional hydrogen
embrittlement, hydrogenation here enables a brittle-to-ductile transition via collaborative deformation of nanostructured hydride
and glass phases. Specifically, nano-hydride deformation triggers nucleation of the shear transformation zone in the glass phase,
while their interaction with shear bands induces their multiplication and hydride’s rotation or division. The HENGH system, an
emerging subclass of high-entropy materials, achieves an exceptional MCE–strength–plasticity synergy, providing a new platform
for multifunctional material design.

X

1 Introduction

Magnetocaloricmaterials underpin an emerging, energy-efficient
solid-state cooling technology whose applications range from
cryocoolers for quantum computing and space exploration to
next-generation household refrigeration [1–3]. The enabling
phenomenon, the magnetocaloric effect (MCE), arises from
the reversible magnetic entropy change during field-driven
alignment or randomization of magnetic moments, with the
magnitude governed by the magnetic transition nature (first- or
second-order) [4]. Over the past two decades, the quest to max-
© 2026 Wiley-VCH GmbH
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imize MCE has focused on the (Mn,Fe)2(P,X) systems (X = As,
Ge, Si), Gd5(Si2Ge2) compound, La(Fe,Si)13-based alloys, Ni-Mn-
Heusler alloys (X = Ga, In, Sn, Sb), and Mn-M-X compounds

(M = Co, Ni; X = Si, Ge) with first-order magnetic transition
(FOMT) [5–8]. The abrupt magnetostructural transition in these
FOMT materials enables a giant MCE under relatively low
magnetic fields (≤2 T), which is crucial for efficient magnetic
cooling. However, practical magnetic refrigeration applications
demand a balanced set of properties, going beyond a giant MCE
alone. These balanced properties include minimal thermal and
magnetic hysteresis for energy efficiency, and high strength and
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plasticity to withstand the stresses induced by field variations and
phase transitions, as well as to enable processability for device
integration [9]. However, a significant challenge arises because
FOMT magnetocaloric materials, despite their giant MCE, often
suffer from severe hysteresis and brittleness due to lattice
instabilities. This leads to energy dissipation, microcracks, and
mechanical failure, thereby failing to meet the balanced property
requirements for practical magnetic refrigeration applications.

In contrast, second-order magnetic transition (SOMT) MCE
materials (such as some rare earth alloys, molecular-based
solids, and rare earth oxides, among others) offer a different
set of characteristics [10, 11]. Elemental gadolinium (Gd), a
prototypical SOMT example, offers the advantages of negligible
hysteresis and relative ease of processing. However, its SOMT
nature results in only a moderate maximum magnetic entropy
change (−ΔSMax

M
) at low magnetic fields. More critically for

long-term device reliability, the inherently low yield strength
of Gd poses a significant mechanical challenge [7]. Rare-earth
oxides, exemplified by the benchmark Gd3Ga5O12 (GGG) and
Gd3(Ga1-xFex)5O12 (GGIG), andmolecular-based solids, including
coordination polymers andmetal-organic frameworks, both serve
as promising magnetic refrigerants for low-temperature (2–20 K)
applications due to their giantMCE [10–12]. However, due to their
rigid covalent or ionic frameworks, both material families suffer
from mechanical brittleness. Amorphous alloys (AMAs) are
promising refrigerants due to their enhanced refrigeration capac-
ity, high strength, and improved magnetic softness. However,
their application is constrained by a low-to-moderate −ΔSMax

M

value (3-6 J kg−1 K−1 for a field change of 2 T for typical Gd-based
AMAs) and brittleness from localized shear deformation [13, 14].
The introduction of high entropy to AMAs only modulates the
magnetic transition temperature and thermal stability in some
cases, but fails to address the intrinsic limitations in −ΔSMax

M
and

brittleness [15, 16]. Besides, a recent hydrogenatedGd-basedAMA
(with isolated, homogeneously distributed nanohydrides in the
amorphous matrix) showed giant MCE for a field change of 5 T
and enhanced mechanical properties, but its −ΔSMax

M
dropped to

6.1 J kg−1 K−1 for a field change of 2 T, and the underlying multi-
scale mechanisms for the performance enhancement are poorly
understood [17]. Thus, a material platform that simultaneously
achieves low-field-actuated giant MCE, negligible hysteresis, and
excellent strength-plasticity synergy to withstand cyclicmagneto-
mechanical loads remains an urgent and critical challenge in
solid-state refrigeration.

Herein, we report a novel high-entropy nanostructured glass-
hydride (HENGH) material characterized by a percolating
nanohydride network within a glassy matrix, synthesized via
controlled hydrogenation of a high-entropy metallic glass
(Gd0.2Dy0.2Er0.2Co0.2Al0.2)99.5Si0.5 with excellent glass-forming
ability [18, 19]. The interplay between the unique percolated net-
work of nanohydrides woven throughout the glassy matrix and
the high-entropy effect enables a breakthrough in overcoming the
inherent magnetocaloric-mechanical trade-off of conventional
FOMT and SOMT MCE materials. The developed HENGH
shows a maximal magnetic entropy change of 11.3 J kg−1 K−1

for a low field change of 2 T (200% above the hydrogen-free
glass and the largest value yet reported for any glass-based
refrigerant) and simultaneously delivers 2.2 GPa yield strength
with over 50% plastic strain. Novel mechanisms underlying
2 of 11
these remarkable magnetic and mechanical properties have been
revealed. These results resolve the persistent MCE–strength–
plasticity trilemma and demonstrate that high-entropy design
combined with hydride-glass network engineering can transcend
conventional property trade-offs, opening pathways to previously
inaccessible multifunctional material regimes.

2 Results

2.1 Structural Characterization

The as-prepared high-entropy amorphous alloy (HEAMA) pow-
ders show good sphericity (Figure S2a), amorphous structure
(Figure S2b,c), and homogeneous distribution of Gd, Dy, Er,
Co, Al, and Si elements (Figure S3). After hydrogenation, the
XRD pattern shows a shifted amorphous halo without any
detectable crystalline peaks, indicating expanded atomic spac-
ing. Correspondingly, DSC analysis (Figure S1d) reveals distinct
endothermic and exothermic events after hydrogenation. The
HEAMA alloy exhibits a distinct glass-transition event at Tg =
608K and a subsequent crystallization event atTx = 635 K [19, 20].
In contrast, theHENGH sample shows a broad endothermic peak
(615–675 K) due to hydride decomposition, which obscures the
glass transition. Note that the crystallization onset temperature of
HENGH is elevated to 670K inHENGH, due to the compositional
change of the amorphous matrix induced by hydrogenation.

The high-resolution transmission electron microscopy
(HRTEM) image (Figure 1a) reveals 3–6 nm nanocrystalline
clusters embedded in the amorphous matrix of HENGH.
Correspondingly, the selected area electron diffraction (SAED)
pattern shows diffuse halos and sharp rings indexed to rare
earth hydrides (REH2) nanocrystals. Furthermore, aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) clearly reveals an
interconnected hydride network within the amorphous matrix
(Figure 1b,c). This nanoscale dual-phase structure is further
corroborated by the distinctly broad and bimodal modulus
distribution in HENGH (Figure S4), which reflects the enhanced
mechanical heterogeneity induced by hydrogenation. As
shown in Figure 1b, many relatively bright irregular stripes,
approximately 3–6 nm in size, form a labyrinth-like network,
serving as the backbone structure, and the dark glassy domains
disperse randomly around the backbone network. The labyrinth-
like domain structures exhibit topological parallels to the Turing
pattern (which is ubiquitous in biological morphogenesis,
chemical oscillators, and nanocatalysts) [21, 22]. The disorder-
mediated Turing-like network in HEAMA arises from its
exceptional glass-forming ability and high thermal stability (Tg
= 608 K), which preserves the amorphous matrix during the
selective formation of rare earth hydrides at 528 K. The stark
contrast in hydrogen affinity between the hydride-forming
rare earth constituents (Gd, Dy, Er) and the hydrogen-
inert components (Al, Co, Si) gives rise to a pronounced
reaction-diffusion dynamic. This dynamic, combined with
pronounced lattice distortion and sluggish atomic diffusion due
to high-entropy effects [23], stabilizes the Turing-like structure.

The left two images in Figure 1d are the zoomed-in views
of regions I and II in Figure 1c, and the right two are the
Advanced Functional Materials, 2026
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FIGURE 1 Structure and thermal characterizations of HENGH. (a) HRTEM image and SAED pattern (the inset) of HENGH. Part of the
nanocrystals is highlighted with yellow circles. (b and c) HAADF-STEM images. (d) Enlarged view of regions I and II in (c) and the corresponding
IFT images. (e) EELS curves of the regions in Figure S5 (local ordering structure). (f) 3D-APTmappings of Gd, Dy, Er, Co, Al, Si, and H elements. (g and
h) NND analysis of Gd and Si elements.
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corresponding inverse Fourier transform (IFT) images, respec-
tively. The d-spacings in regions I and II are 0.307 nm and
0.299 nm, respectively, corresponding to the (111) crystal plane
of GdH2 and DyH2 (ErH2). The IFT images reveal significant
lattice distortion, which arises from the combined effects of
atomic size mismatch due to high-entropy and local strain fields
induced by hydrogen interstitials [23, 24]. Electron energy loss
spectroscopy (EELS) was further used to characterize the struc-
turally ordered regions (Figure S5). The hydrogen K-edge EELS
spectrum exhibits a characteristic peak at 16.6 eV (Figure 1e), con-
firming the formation of rare-earth hydride [25]. Additionally, the
distinct distributions of elements are elucidated by atom probe
tomography (APT) andnearest-neighbor distance (NND) analysis
(Figure 1f–h and Figure S6). The Si-Si NND distribution shows a
pronounced leftward shift with a peak at ∼0.65 nm, revealing the
formation of Si-rich nanodomains. This chemical heterogeneity
originates from the strongly negative enthalpy of mixing between
Si and the rare-earth (Gd, Dy, Er) constituents (Figure S7) [26],
which thermodynamically drives Si to preferentially segregate
towards RE-rich regions. These chemical fluctuations may seed
embryonic crystal-like order and raise the crystallization onset
temperature. In contrast, the NND distributions for Al, Gd,
Dy, and Er all align with the binomial reference, indicating
Advanced Functional Materials, 2026

e

a statistically random distribution, contributing to the overall
stability of the remaining glassy phase.

2.2 Magnetocaloric Properties and Critical
Behavior Analysis

Figure 2a presents FC and ZFCmagnetization curves forHEAMA
and HENGH. HEAMA bifurcates near 32 K, arising from inter-
play between the magnetic exchange interaction and strong
random magnetic anisotropy (RMA) imposed by the rare-earth
(RE) elements Dy and Er [27, 28]. In contrast, the discrepancy
between the ZFC and FC curves of HENGH at a lower transition
temperature (∼5 K) is mainly ascribed to the formation of
antiferromagnetic (AFM) hydrides. The significant decrease in
the magnetic transition temperature upon hydrogenation can be
attributed to the formation of GdH2, DyH2, and ErH2 nanocrys-
tals. The magnetic transition temperatures we determined for
single-phase hydrides ErH2 (4 K), GdH2 (4 K), and DyH2 (18 K)
(Figure S8) are consistent with those observed in HENGH. Fur-
ther, Curie-Weiss analysis yields (inset of Figure 2a) paramagnetic
Curie temperatures of θP = 12 K and −21 K for HEAMA and
HENGH, respectively, evidencing a switch from predominant
3 of 11
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FIGURE 2 Magnetic transition and magnetocaloric effect of HEAMA and HENGH. (a) ZFC and FC curves of the HEAMA and HENGH powders.
The inset shows the Curie-Weiss fitting of the magnetization (M)-temperature curves. The inverse susceptibility χ−1(T) curve is linear and conforms to
the Curie-Weiss law χ−1(T) = H/M = (T-θp)/C. (b) Temperature dependence of AC magnetic susceptibility (real part, χ’) varying from 13 to 1667 Hz for
the HENGH. The inset shows the HEAMA. (c) Temperature dependence of magnetic entropy change (ΔSM) for a field change of 2 T. The inset shows a
comparison of maximum magnetic entropy change (−ΔSMax

M
) (ΔH = 2 T) for the GdNiCuAl, GdCoNiAl, GdNiAl, GdCoAl, and GdDyErCoAlSi) AMAs

before and after hydrogenation. (d) Summary of maximum magnetic entropy change (−ΔSMax
M

) (magnetic field change ΔH = 2 T) vs. the magnetic
transition temperature (TM) for the typical amorphous alloys, as well as the value of HENGH.
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ferromagnetic to antiferromagnetic order. The hydrogenation
fundamentally alters the exchange interaction between RE atoms
through lattice expansion and transfers charge from RE to
hydrogen. This lattice expansion increases RE-RE distanceswhile
the charge transfer drastically reduces itinerant electron density.
The severe loss of conduction electrons weakens the original
ferromagnetic Ruderman–Kittel–Kasuya–Yosida interaction and
allows an antiferromagnetic coupling between RE atoms to
emerge. Besides, hydrogenation depletes RE content in the
remaining amorphous matrix, leaving a CoAl-rich amorphous
matrix that exhibits weak ferromagnetism or paramagnetism.
Consequently, the low temperature behavior is dominated by
the antiferromagnetic contribution from the RE hydride phases.
Figure 2b shows a frequency-independent magnetic-ordering
temperature TM∼5 K for HENGH, consistent with typical antifer-
romagnetic order, whereas HEAMA (inset of Figure 2b) exhibits
a frequency-dependent TM reminiscent of spin-glass-like freezing
[29]. Figures S9 and S10 show the isothermal M–H curves and
Arrott plots, respectively. The features in the M–H and Arrott
plots of HENMA are typical for rare-earth-based AMAs with
strong RMA [30]. In contrast, the smooth, non-metamagnetic
shape of theM–H curve for HENGH indicates a distinct magnetic
state. This is because the formation of dispersed nano-hydride
clusters (∼3–6 nm) confines AFM correlations within these
isolated regions, thereby suppressing long-range AFM order
4 of 11
and preventing a collective metamagnetic transition. Subsequent
critical scaling analysis reveals fundamentally distinct critical
behaviors between HEAMA and HENGH, as evidenced by their
respective critical exponents. HEAMA (having critical exponents
β = 0.379, γ = 1.239, and δ = 3.72) follows the 3D Ising model [31],
while HENGH (having critical exponents β = 0.223, γ = 0.879,
and δ = 4.9) follows the tricritical mean-field model (Figures S11,
S12, and Table S1) [32]. In HEAMA, the 3D Ising criticality stems
from RMA-controlled spin dynamics, where the strong RMA
induced by Dy/Er atoms dominates over the Ruderman-Kittel-
Kasuya-Yosida interactions. In contrast, the nanostructured glass-
hydride architecture of HENGHestablishes amagnetic landscape
characterized by competing antiferromagnetic order and weak
ferromagnetic interactions, driving the system toward a critical
regime that approaches amean-field tricritical point. This unique
critical regime is responsible for the simultaneous achievement
of a large magnetic entropy change (characteristic of first-order-
like behavior) and minimal hysteresis (inherent to second-order
transitions). The observation of well-defined tricritical exponents
in this complex system demonstrates how quenched disorder and
frustrated interactions can conspire to stabilize a novel criticality,
thereby reshaping the magnetocaloric response [33].

Figure 2c shows the magnetic entropy change derived from M-H
curves. Hydrogenation boosts −ΔSMax from 3.8 to 11.3 J kg−1 K−1
M
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(accompanied by a significant decrease of TM) for a field change
of 2 T (the MCE performances for a field change of 5 T are shown
in Figure S13). This gain far exceeds that in hydrogenated Gd-
based AMAs (inset of Figure 2c), hydrogenated Gd55Co17.5Al27.5,
for instance, rises only from 4.7 to 6.1 J kg−1 K−1 for a field
change of 2 T. A direct comparison of the −ΔSMax

M
(2 T) between

the HENGH alloy and representative Gd-, Tb-, Ho-, Er-, and
Tm-based AMAs is presented in Figure 2d, alongside a con-
figurational entropy-dependent analysis in Figure S14 [34–55].
Our study focuses on overcoming the brittleness and limited
MCE of amorphous refrigerants, therefore the comparison is
confined to amorphous and amorphous‑nanocrystalline systems,
excluding crystalline giant‑MCE compounds. The giant MCE
of HENGH at low magnetic fields enables the development of
compact magnetic refrigeration devices that operate with perma-
nent magnets instead of bulky superconducting coils. Another
crucial criterion for assessing MCE of magnetocaloric materials
is the adiabatic temperature change (ΔTad). Figure S15a shows
the temperature dependence of the specific heat capacity (Cp)
of HENGH. A sharp inflection can be observed in the zero-
field specific heat capacity curve, indicating a phase transition at
3.8 K. Figure S15b presents the temperature dependence of ΔTad of
the HENGH under a field change of 2 T. The peak value of ΔTad
for the HENGH is calculated as 5.2 K for a field change of 2 T.
Moreover, HENGH shows negligible coercivity against HEAMA’s
pronounced hysteresis (Figure S16), which is a prerequisite for
efficient magnetic cooling. Besides, both HEAMA and HENGH
obey the scaling law (Figure S17), revealing an intrinsic scale
invariance that is insensitive to their differing critical exponents
and symmetries.

2.3 Mechanical Properties

Remarkably, micropillar compression tests reveal an excellent
synergy between strength and plasticity induced by hydrogen
(Figure 3a), as further evidenced by its in-situ deformation behav-
ior (Video S1). The yield strength determined from Figure 3a
increases from 1.2 GPa in HEAMA to 2.2 GPa in HENGH. Con-
currently, the plastic strain improves from approximately 10% to
over 50%without fracture. Besides, HENGH exhibits pronounced
work hardening (inset of Figure 3a) that persists to a plastic
strain of approximately 21%, driven primarily by the interaction
of shear bands (SBs) with nanoscale hydrides. Beyond ∼21%
strain, strain softening stems from the accelerated free-volume
accumulation within the SBs. A comparison of the strength-
ductility performance between HENGH and representative mag-
netocaloric material systems, including LaFe11.5Si1.5, Gd3Ga5O12
(GGG), Gd5Si2Ge2, GdCo2 micropillars, and bulkGdSiGe, LaFeSi,
NiMnCo, MnFeP, and rare-earth AMA families, is shown in
Figure 3b [5, 6, 56–71]. As the figure indicates, all the typical giant-
MCE materials exhibit low strength or poor plasticity (Figures
S18–S20 and Videos S2–S4). It is particularly noteworthy that the
hydrogen-induced synergy between strength and ductility stands
in contrast to the hydrogen embrittlement phenomenon com-
monly observed in high-strength alloys, including high-strength
steels, titaniumalloys, aluminumalloys, and Zr-basedAMAs [72–
74]. Further insight into the deformation mechanisms can be
obtained by examining the shear banding behavior, as directly
observed in SEM images (Figure 3c–f). In the brittle HEAMA,
parallel primary SBs oriented at ∼45◦ with significant cracking
Advanced Functional Materials, 2026
produce large, distinct serrations, each marking a major unstable
slip event that leads to embrittlement. In contrast, the ductile
HENGH exhibits multiple primary SBs accompanied by a high
density of secondary SBs, which effectively distribute the plastic
strain. The operation of these numerous, smaller bands results in
frequent but minor load drops, thereby suppressing the runaway
instability associated with a single dominant SB and significantly
enhancing ductility. In addition, the in-situ tension test (Figure
S21 and Video S5) of HENGH demonstrates ∼10% tensile strain,
underscoring the hydrogen-engineered ductility. This tensile
deformability, rarely achieved in brittle giant-MCE compounds,
corroborates micropillar data and establishes HENGH as a rare
example of amagnetocaloric material combining giantMCEwith
damage-tolerant mechanical performance.

Microstructure investigation of the compressed HEAMA and
HENGH samples (Figure S22 and Figure 4a–c) was further
carried out to elucidate the deformation mechanisms. It can be
seen from the HRTEM image that a single primary SB along
the direction of the largest shear stress (oriented ∼45◦ to the
loading axis) is observed in HEAMA (Figure S22), whereas two
parallel primary SBs (widths∼15 nm and 45 nm) accompanied by
secondary SBs (Figure 4a) are observed in HENGH. Besides, it is
observed that nanocrystals inside the SBs are marginally larger
than those outside (Figure 4b). And some hydride nanocrystals
within the shear zone are divided by the shear stress (Figure 4c)
and subsequently rotated by 28◦ or 58◦. This nanoscale frag-
mentation and reorientation of hydrides dissipate substantial
strain energy and create local stress fields that effectively impede
SBs’ propagation and promote stable and distributed plastic
flows. In addition, a dark-contrast region is observed at the SB
intersection (Figure 4d). Energy-dispersive profiling (Figure 4e;
S23) further shows that this contrast arises from pronounced Er
enrichment concomitant with Co and Al depletion, consistent
with elemental re-distribution previously reported in AMAs [75].
Autocorrelation-function (ACF) analysis of the HRTEM image
was further carried out to quantify the areal fraction of crystal-
like-order (CRL) regions. From the resulting maps, two distinct
local structures can be identified. The first yields amaze-like ACF
pattern accompanied by a halo FFT, signifying a fully disordered
local structure (upper panels in Figure 4f). The second displays
well-defined fringes with diffraction spots in the FFT, evidencing
crystalline-like symmetry (lower panels in Figure 4f). The CLO
area fraction in the compressedHENGH is determined to be∼35%
within SBs (Figure 4h) and∼11% outside (Figure 4g), but remains
below the pre-deformation value of ∼53% (Figure S24). Stress
concentrations at hydride-glass interfaces promote nanocrystal
amorphization via lattice distortion and bond breaking, lowering
overall crystallinity. The locally elevated CLO content within the
SBs is attributed to transient temperature rises and intense shear
strains that promote nucleation of nanocrystals [76].

3 Discussion

To elucidate the underlying mechanisms, we demonstrate how
the glass-hydride dual-phase nanostructure in HENGH simul-
taneously achieves a giant magnetocaloric effect and an excep-
tional synergy of strength and plasticity. Firstly, the formation
of a percolating rare earth hydride network alters the mag-
netic transition from paramagnetic-to-RMA to paramagnetic-
5 of 11
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FIGURE 3 Mechanical properties of the HEAMA and HENGHmicropillars. (a) Stress-strain of the pillars with a diameter of 2 µm. The black and
red curves show the ex-situ stress-strain of the HEAMA andHENGHmicropillars, respectively, and the green curve shows the in-situ stress-strain of the
HENGH micropillar. The inset shows the true stress-strain curves of the pillars. (b) Summary of strain vs. yield strength for the typical magnetocaloric
materials alloys, as well as the value of HENGH. (c–f) Morphology images before and after compression of HEAMA and HENGH micropillars with a
diameter of 2 µm.
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to-antiferromagnetic. Unlike HEAMA, in which the broad dis-
tribution of exchange interaction and RMA exists due to the
amorphous structure, nanocrystalline hydrides exhibit antifer-
romagnetic interactions with a narrow distribution of exchange
constants leads to a sharp, cooperativemagnetic transition,which
is essential for a large magnetic entropy change [77]. And we
find that hydrogenation does not alter the effective magnetic
moment, indicating its negligible contribution to the observed
MCE enhancement. Moreover, interfacial effects between the
nanoclusters and the glassy matrix may contribute to magnetic
frustration and broaden the temperature range of the magne-
tocaloric effect. And the antiferromagnetic nanohydride network,
synergizing with high-entropy-driven complex magnetic interac-
tions, induces a crossover from 3D Ising to tricritical mean-field
behavior inmagnetic transitions [78]. The unique tricritical point,
6 of 11
occupying the boundary between first- and second-order transi-
tions, suppresses spin fluctuations via competing orders, thereby
enabling a steep yet hysteresis-free magnetization response near
the critical point. Consequently, this criticality merges the giant
magnetic entropy change of a first-order-like transition with
the reversibility of a second-order one, explaining the unprece-
dented magnetocaloric enhancement (giant MCE with negligible
hysteresis) in HENGH [33].

In contrast to single-phase nanocrystals that usually suffer Hall-
Petch breakdown at the finest grain sizes [79], HENGH employs
an interpenetrating dual-phase architecture of glassy domains
and nanoscale hydrides, enabling three synergistic strengthening
mechanisms. Firstly, the hydrides, which possess a higher mod-
ulus than the glassy domains, can bear a larger proportion of the
Advanced Functional Materials, 2026
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FIGURE 4 Structure of the HENGHmicropillars after compression. (a) Dark-field image of the SBs. (b) HRTEM image of one of the shear bands
corresponding to the yellow square of (a). (c) Enlarged view of the marked nanocrystalline regions (I and II) in (b) and the corresponding IFT patterns.
(d) HAADF-STEM image of the SBs. (e) The elemental atomic fraction profiles along the line that crosses the shear band in (d). (f) Autocorrelation
patterns (left two) showing the features of the wholly disordered and crystal-like-order local structures, and their corresponding FFT patterns (right
two). (g and h) 2D autocorrelation maps of HENGH after compression corresponding to the III and IV regions in (d).
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applied load [80]. This delays the onset of plasticity in the glassy
domains, thereby elevating the yield strength of the composite.
Additionally, the nanoscale hydrides act as physical barriers
that hinder the rapid propagation of SBs, thereby enhancing
strain delocalization and requiring a higher applied stress to
cause macroscopic failure. Secondly, because prior studies have
reported that nanoscale metallic glasses approach ideal strength
by suppressing external flaws and internal defects, thereby delay-
ing shear banding [81], the nanoscale glassy domains in HENGH
can likewise attain near-ideal strength, which is conferred on
the entire composite. Moreover, the dense amorphous-hydride
interfaces provide strong pinning sites for shear-transformation-
zone (STZ) activation, increasing the energy barrier for localized
shear events and disrupting the cooperative operation of STZs
[82]. Collectively, these mechanisms push the material beyond
conventional strength limits of rare-earth-based AMAs.

The sameTuring-like architecture simultaneously unlocks excep-
tional ductility. A 35% dispersion of 3–6 nm hydrides creates an
interpenetrating glass/hydride network with high-density inter-
Advanced Functional Materials, 2026
faces, promoting synergistic deformation between the nanos-
tructured glass and hydrides. The hydride spacing (∼3–6 nm)
matches the STZ size of typical Gd-based AMAs (∼6 nm) and
is well below the plastic-zone length [17], seeding multiple
embryonic SBs rather than a single catastrophic SB in the nano-
sized glass phase. Given that the hydrides are harder than the
amorphous matrix, they are unlikely to act as primary sites
for initiating STZs. Instead, nano-hydrides primarily serve as
obstacles that homogenize stress distribution and delay shear
localization. Their nanoscale dispersion creates a dense network
of stress obstacles, which impedes the formation and propa-
gation of primary shear bands. This promotes the activation
of multiple, secondary shear bands throughout the matrix.
And the SB-hydride interactions may fragment and rotate the
hydride nanodomains, simultaneously enhancing plasticity and
strain hardening. In the sub‑10‑nm regime (3–6 nm here),
where dislocation nucleation and motion are inhibited, the
hydrides accommodate strain chiefly through lattice distortion
and interface‑mediated atomic shuffling, analogous to processes
in ultra‑fine‑grained metals [83, 84]. Crucially, the stress field
7 of 11
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generated by such deformation in the hydrides can directly
nucleate STZs in the adjacent glass, while propagating SBs
from the glass conversely drive further shuffling or distortion
in the hydrides. This establishes a dynamic, inter-phase syner-
gistic deformation mediated via the hydride-glass interfaces that
enhances both strength and plasticity. The size and dispersion of
these hydride nanocrystals are critical, as they directly control the
density of such active interfaces and the effectiveness of coordi-
nated shear-strain accommodation. Notably, the nanocrystal size
and dispersion achieved here (tunable via hydrogenation condi-
tions) appear to reside within an optimal window that concur-
rently enables a giant MCE and an exceptional strength‑ductility
combination.

4 Conclusions

In summary, this work demonstrates that a novel high-entropy
glass-hydride architecture can simultaneously achieve a remark-
able combination of a giant MCE, negligible hysteresis, and
excellent strength-plasticity balance, opening new avenues for
advanced material design. This breakthrough originates from
the distinctive Turing-like nanostructure. Specifically, the for-
mation of a percolating nano-hydride network not only trans-
forms the magnetic transition from paramagnetic-to-RMA to
paramagnetic-to-antiferromagnetic with sharp magnetization
changes near TM, but also creates high-density interfaces to
enable collaborative deformation of glass and hydride phases.
The structural and magnetic coordination ultimately yields
an exceptional MCE–strength–plasticity synergy while avoiding
hydrogen embrittlement. Given these multifunctional attributes,
we anticipate that this high-entropy hydride material holds
promise for energy-efficient magnetic refrigeration, such as
cryogenic cooling in quantum computing and space technology,
as well as for broader energy-conversion and storage tech-
nologies. The indispensable next step toward application is
to engineer these powders into structured, porous monoliths
with tailored micro‑architecture. This can be accomplished by
consolidating the hydrogenated powder via techniques such as
spark plasma sintering or hot pressing under carefully optimized
conditions.

5 Experimental Section

5.1 Fabrication of Nanostructured High-Entropy
Metallic Glass-Nanohydride Network

(Gd0.2Dy0.2Er0.2Co0.2Al0.2)99.5Si0.5 master alloy was prepared by
arc-melting in an argon atmosphere using a mixture of pure Gd,
Dy, Er, Co, Al, and Si. The purity of the Gd, Dy, Er elements was
better than 99.9%, and the purity of the Co, Al, and Si elements
was better than 99.99 wt.%. (Gd0.2Dy0.2Er0.2Co0.2Al0.2)99.5Si0.5 mas-
ter alloy with an excellent glass-forming ability can be easily
processed into powder via gas atomization. The as-prepared high-
entropy amorphous alloy (HEAMA) powders were produced by
gas atomization and then sieved to 54–60 µm for hydrogenation.
Hydrogenation was conducted isothermally at 255◦C under a
hydrogen pressure of 5 MPa for 10 h in a Sieverts-type apparatus
(Advanced Materials Corporation, No. 0360Q), yielding powders
with a hydrogen content of 1 wt.% (Figure S1).
8 of 11
5.2 Structural Characterization

The structure of the powders was characterized by Cu-Kα
radiation X-ray diffraction (XRD, Rigaku SmartLab9k). The
High Angle annular dark field was investigated by a spherical
aberration-corrected transmission electronmicroscopy (HAADF-
STEM, Thermo Fisher Spectra 300). Focused ion beam (FIB,
Thermo Fisher Helios 5UX) was used to prepare the TEM sam-
ples. Electron energy loss spectroscopy (EELS) was used to ana-
lyze hydrogen in the sample. The high-resolution transmission
electron microscopy was characterized by transmission electron
microscopy (TEM, Talos F200X). High-angle annular dark field
(HAADF) was recorded using a probe semi-convergence angle of
10.5 mrad and collection semi-angle of 72–200 mrad. Elemental
mappings of the samples were acquired by energy-dispersive
spectroscopy (EDS). A three-dimensional atom probe (3D-APT)
test was carried out to analyze the precipitates using a local
electrode atom probe (CAMECA LEAP 4000X HR). The APT
specimens were analyzed in a voltage-pulsed mode at about
50 K. The pulse repetition rate and laser energy of the specimen
were set to 200 kHz and 60 pj. The 3D reconstructions and
composition analysis were undertaken by the Imago visualization
and analysis software (IVAS 3.6.8). The APT specimens were
prepared by electrolytic polishing at 5–15 V. The morphology of
the powders was characterized by scanning electron microscopy
(SEM, FEI Sirion 200). The glass transition temperature Tg and
crystallization temperature Tx were obtained using differential
scanning calorimetry (DSC, Netzsch DSC404F3) at a heating rate
of 20 K/min.

5.3 Magnetocaloric andMechanical
characterization

The temperature and field dependence of DC magnetization
were measured using a SQUIDmagnetometer (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
cooling (ZFC)magnetizationwasmeasured on the heating course
under the samemagnetic field after cooling the sample from room
temperature to 2 K with zero field. Isothermal magnetization
curves were measured with a varying magnetic field increasing
from 0 to 5 T at different temperatures ranging from 2 to 150 K.
AC susceptibility was measured at frequencies ranging from 13
to 1667 Hz with an amplitude of 5 Oe using a physical properties
measurement system (PPMS 6000, Quantum Design). Specific
heat capacity measurements were performed on a physical prop-
erty measurement system (PPMS, DynaCool, Quantum Design)
with a heat capacity option. The 2D maps of the reduced elastic
modulus (Er) with a spacing of 500 × 500 nm2 on the surface
of the samples were performed by atomic force microscopy
(AFM, Bruker). Micropillars of HEMGH were fabricated with
an FIB. Each micropillar’s aspect ratio (height/diameter) was set
as 2 with a diameter of 2 µm. Ex-Micro-compression and In-
Micro-compression tests were conducted at room temperature
under displacement-control mode and at a strain rate around
2 × 10−3 s−1 (Bruker Ti-950/Bruker PI-89). In situ TEM tensile
experiment was investigated by in situ MEMS-STM-TEM multi-
field measurement system.
Advanced Functional Materials, 2026
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