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ABSTRACT

High-entropy alloys (HEAs) have become a topic of high research interest due to the excellent mechanical properties that can be found in
this new type of materials. However, their functional properties are usually modest when compared to conventional materials. The discovery
of high-entropy alloys with an optimal combination of mechanical and functional properties would be a leap forward in the reliability of
devices that use them as functional elements. This Research Update focuses on magnetocaloric HEAs, showing that a directed search strategy
allows us to improve their performance in a significant way, closing the pre-existing gap between magnetocaloric HEAs and high-performance
magnetocaloric materials. Further challenges that remain in this line of research are highlighted.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). hitps://doi.org/10.1063/5.0058388

. INTRODUCTION

Metallurgy is circa five millennia old, and for the vast major-
ity of its past, it has mainly focused on designing new alloys by
adding minor amounts of elements to one or two main constituents.
Over time, the possibilities of finding new element combinations
that cause a significant enhancement of the materials’ properties
are getting exhausted, which motivates the search for radically
new approaches for alloy development. This change of philosophy
arrived with the concept of high-entropy alloys (HEAs), which uti-
lize multiple principal elements (five or more) in relatively high con-
centrations to form materials with a high entropy of mixing (ASix).
HEAs encompass a vast compositional space, which provides a large
window of promising opportunities for discovery of new alloys
with valuable properties. In general, there are two widely accepted
ways of defining HEAs based on the configurational entropy and
composition requirements.'

A. Entropy-based definition

HEAs are defined as alloys with five or more principal elements,
exhibiting ASmix > 1.5R regardless of being single or multiphase at
room temperature, in which ASi, is calculated as

ASmix = _szi In x;, (1)

where R is the gas constant and x; is the mole fraction of the ith
element. It is worth noting that the entropy of mixing is usually sim-
plified to exclusively consider the configurational entropy since this
term dominates over the other contributions to the total entropy
of mixing, which are vibrational, magnetic dipole, and electronic
randomness. Figure 1 shows the various classifications of materials
based on their configurational entropy values and number of prin-
cipal elements, where the community preferentially considered that
ASpix of 1.5R is large enough to be used as the boundary between
HEAs and medium-entropy alloys.

B. Composition-based definition

An alternate definition, based on the concentration of the
different elements, can be summarized as

nmujor > 5, 5at. % <¢ < 35 at. %,

Hminor 2 0, Cj < 5at. %,

where #mgjor and fminor represent the number of major and minor
elements, respectively. Minor elements here refer to elemental addi-
tives that are usually added to HEA systems for further tuning
desired properties. ¢; and ¢; are the atomic percentage of ith major
and jth minor elements, respectively.
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FIG. 1. Influence of the number of elements on AS;, for equiatomic alloy systems.

In addition to the vast HEA compositional space of oppor-
tunities, HEAs have been highly regarded as a game-changer for
designing new advanced materials as they have been found demon-
strating remarkable mechanical properties, phase stability, wear and
corrosion resistance, etc., when compared to conventional alloys.h2
Motivated by these advantages, the HEA research topic gains much
attention and popularity, evolving to more than 5000 papers since
its first publication in 2004 (based on Scopus search using “high-
entropy *” in the article title). The fast extension of HEA research
advances the evolution of two HEA generations from first gener-
ation equiatomic single-phase HEAs to a more recent emphasis
on a second generation, with multiple or complex phases and/or
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non-equiatomic compositions, both covering a broad range of
composition. The radar chart in Fig. 2 shows the number of pub-
lications on the various research focus of HEAs, where it is evi-
dent that most studies focus on structural (black labels) rather than
functional properties (color labels). The scarcity of reports on func-
tional HEAs is, therefore, a potential research direction. From the
functional point of view, Fig. 2 evidences that the largest number
of publications on functional HEAs focus on their magnetic prop-
erties, being justified by the fact that HEA compositions typically
contain ferromagnetic elements, such as Fe, Co, and Ni, further
alloyed with Al, Cr, and Ti for optimization of their mechanical
behavior.”* Next in the order of popular functional HEA stud-
ies is the magnetocaloric effect (MCE), which corresponds to the
isothermal entropy change and/or adiabatic temperature change of
a magnetic material induced by an applied varying magnetic field.
This effect is the basis of the energy-efficient and environmen-
tal friendly magnetic refrigeration.” As HEAs exhibit great poten-
tial for optimal mechanical properties, they can rectify the limited
mechanical integrity of most high-performance conventional mag-
netocaloric materials during cycling,” making HEAs a new class of
magnetocaloric materials. However, the goal of achieving an opti-
mal combination of mechanical and magnetocaloric properties met
severe limitations, as reported MCE values of HEAs were mod-
est and very far from being competitive when compared to high-
performance conventional magnetocaloric materials, especially for
rare-earth (RE) free HEAs. Only recently, HEAs undergoing
magneto-structural transformations were reported,”” which consti-
tutes a significant leap for the achievement of high-performance
MCE-HEAs.

While there have been many recently published review papers
on HEAs, their discussions mainly centered on their mechanical
properties, phase formation, and microstructure, highlighting the
scarcity of functional reports. Very few of these publications are
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FIG. 2. The number of HEA publications
and their different focus (mechanical
properties, microstructure, etc.) pre-
sented in a radar chart in log scale.
Bibliographic  Scopus search was
restricted to article titles containing
‘high-entropy *” plus the above-
presented labels (dated up to May
2021). Reports related to functional
properties are with colored labels.
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dedicated to reviewing the state-of-the-art functional HEAs except
for one on the mechanical and magnetic properties of HEAs® and
another on the progress of HEAs for catalytic applications.’ A recent
book chapter reporting the MCE of HEAs has been published, which
is fully dedicated on transition metal HEAs (TM-HEAs), explain-
ing how the role of distributed exchange interactions influences
the smeared magnetic behavior and thus MCE.!” Despite the lim-
ited literature, the discovery of HEAs with an optimal combination
of mechanical and functional properties will pave the path toward
enhanced service life of the devices that use them, also facilitating a
more circular economy.

This current Review focuses on the state-of-the-art of magne-
tocaloric HEAs, highlighting the motivation of their development
and putting their performance in the context of conventional high-
performance magnetocaloric materials. We will emphasize that an
intentional, property-targeted alloy design approach is necessary for
an efficient search in the vast HEA compositional space. In addi-
tion, we provide a supplementary material containing the different
figures of merit used for MCE performance evaluation and their
HEA empirical parameters of the reported magnetocaloric HEAs.
They are classified under several tables according to RE-containing
[quinary (Table TS1) and non-quinary (Table TS2)] and RE-free
magnetocaloric HEAs [quinary (Table TS3) and non-quinary (Table
TS4)].

J

Asimthermal(Tpeak - 5) + Asisothermal(Tpeak) + Asisothermal(Tpeak + 5)

scitation.org/journal/apm

Il. SOME FUNDAMENTALS ON MAGNETOCALORIC
PROPERTIES

MCE describes the reversible temperature change in a magnetic
material when subjected to the adiabatic application of a varying
magnetic field. As it involves manipulating the degrees of freedom of
the magnetic sub-system with the magnetic field and their coupling
to the degrees of freedom associated with the structure/lattice, MCE
is considered as an intrinsic phenomenon in magnetic materials. It
is very common to find works determining MCE indirectly from
the isothermal magnetic change that is derived from the Maxwell
relation

H final
Asisothermul = MO/ (aM/aT)dH, (2)
initial

where M, H, T, and o refer to magnetization, magnetic field,
temperature, and permeability of vacuum, respectively. Other fig-
ures of merit used for comparison among magnetocaloric materials,
including HEAs, include refrigerant capacity (RC), relative cool-
ing power (RCP), and temperature averaged entropy change (TEC).
In this Research Update, we select RCP, TEC, and peak values of

peak .
ASisothermal (AS: yp.,.ma) fOT the performance comparison of magne-

tocaloric HEAs. They are calculated using the following equations:

RCP = AS™™*

isothermal(sFWHM’ (3)

, 4)

1 T+5 ’ ’
TEC(10) = 75 max(/r_s ASio(T')dT ) ~

where Srwrm corresponds to the full width at half maximum of the
peak. TEC(10) refers to the maximum average of the AS;shermar OVer
a 10 K temperature span, which can be approximated as indicated in
Eq. (4) in the case that the data for the whole curve are not available,
where Tpeqr is the temperature corresponding to ASfS itherml. It has
been reported that this simplification is in good agreement with cal-
culated values."! For further details related to the thermodynamics
of MCE, it is recommended to refer to the comprehensive reviews
and books on magnetocalorics.”!”

From the point of view of applications, the working temper-
ature of the device should be in the proximity of the temperature
of the phase transition that causes a relevant change in magnetiza-
tion. Therefore, we can separate room-temperature applications, for
which transition metal based materials are preferred, and cryogenic
applications, for which rare-earths play a leading role. While there
has been significant effort on room-temperature applications in the
recent past, the expansion in the use of liquefied gas, such as hydro-
gen, and the energy efficiency of MCE-based gas liquefaction have
expanded the interest of low-temperature magnetocaloric materials.

I1l. TRADITIONAL APPROACH
IN MAGNETOCALORIC HEA

Magnetocaloric HEA compositions follow the same evolution
from first to second HEA generation. They started from equiatomic

3

compositions,'”"'° until some recent works’ report on composi-
tions related to the second generation of HEAs.”!11%17 Most of
the published results mainly focus on the tunability of the transi-
tion temperature, including the exploitation of distributed exchange
considering the d-orbital overlap, rather than the magnitude of the
magnetocaloric response, which remains considerably lower than
that of conventional materials.'*'%!

A. Bulk amorphous HEA

Magnetocaloric HEAs began with high-entropy bulk metal-
lic glass (HE-BMG), motivated by the strong chemical and topo-
logical disorder in HE-BMGs.!” The community believes that
such alloys may exhibit unique mechanical and physical proper-
ties that typical BMG or HEAs do not possess. As an example,
Srzocaonbzo(Lio‘ssMg0_45)2()Zn20 HE-BMG showed an exceptional
homogeneous plastic deformation at room temperature in the
absence of shear bands, which is not typical for conventional
BMGs** (for additional examples of the unique properties of HE-
BMGs, the reader is referred to Ref. 22). Hence, the first magne-
tocaloric HE-BMG series was Gd0Tb29Dy20ALyM»o (M = Co, Ni,
or Fe).'” These alloys showed much larger 6 Trwrm values compared

to many RE-based BMGs, while their ASermar peak values were
just comparable: |ASZ:£MWZ =5.96,7.25,and 9.43 ] kg_1 K! (for a
field of 5 T) with Curie temperatures (T¢) of 58, 45, and 112 K for M

= Co, Ni, Fe, respectively. The authors then designed alloys based on
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conventional RE-based BMG compositions: Rz0Ho0Er20Co20Alz
(where R = Gd, Dy, or Tm).”* They found that the alloys were fully
amorphous and showed |AS;sotermal| = 11.2, 12.6,and 15.0 Jkg ™' K™*
(for 5 T) with T¢c = 37, 18, and 9 K for R = Gd, Dy, and Tm,
respectively. These magnetocaloric properties were larger than their
previous findings, though at a lower temperature range. For both
works, the authors reported that the HE-BMGs underwent a second-
order thermomagnetic phase transition (SOPT) based on the results

from magnetic field dependence for ‘AS? cak
sothermal

More magnetocaloric investigations on bulk amorphous HEAs fol-
lowed, which are briefly summarized in Fig. 3 as a flowchart to
illustrate an overview of their interconnections. They are first cat-
egorized by equiatomic (EA) vs non-equiatomic compositions and
the number of principal elements exhibited (quinary, quaternary, or
denary), followed by the compositions that evolved from the earlier
reports.

Instead of substituting rare-earths, Sheng et al stud-
ied the alteration of the transition metal (TM) element in
GdonOzoEl’zoMzoAlzo (where M = CO, Ni, or Fe) and further pro-
cessed them into amorphous microwires (diameter of ~60 ym)."”
The authors reported T¢ = 39, 25, and 55 K for M = Co, Ni, and
Fe, respectively, whereby the broadest thermomagnetic curves were
observed for the latter. Their maximum |ASmermal values found
were 10.2, 9.5, and 5.1 ] kg™! K™! (5 T) for M = Co, Ni, and Fe,
respectively. Their SOPT character was supported by the positive
slopes of their Arrott plots and their power law dependence of the
Sgeak

isothermal

and Arrott plots.

magnetic field dependence of ‘A and RCP values, following

the criteria presented in Ref. 24.

Li et al. reported another magnetocaloric
GdaoHo20Er0Co20Cuz HEA? whose composition somehow
resembles the formerly discussed work of Ref. 19 wherein M = Co
shows the largest MCE value among GdyHo0Er0MagAlyg
HEA series. Hence, we have connected these works in Fig. 3
although not explicitly indicated in the report. Amorphous
GdoHo20Er0Coz0Cuz was melt-spun into 25-35 pm thick
ribbons, which displayed itself undergoing a broad ferromagnetic

GdoThyoDY20M;0Al,
M = Co, Ni or Fe (ref.15)

RygH0,0Er;0C050Al2

GdyoHO,Er0My0Aly
R=Gd, Dy or Tm (ref.23) ™M

= Co, Nior Fe (ref- 19)

Ry0DY0Er50C050Al0
R =Gd, Tb or Tm (ref: 27)

Gy TM,oEr;6C050Aly0
(ref28)

Fey5C0,5NizsMOsP 1B 1o
EA Gd1oTh1gDy16H010Er10Y10C010Ni10Al10Ag10

GdyoThygEr gFe;5Alys
EA Gd,gHo,,Tm,oCu,,Al g

Magnetocaloric HE-BMG

Non-EA

Equiatomic
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to paramagnetic (FM-PM) phase transition at T¢ ~ 49 K. This led
to a broad |AS;shermai| behavior (maximum value = 11.1 J kg™ K™
for 5 T), described by the authors as a table-like MCE (i.e., constant
|ASisothermall Over a broad temperature span near Tc). Table-like
MCE was also reported for equiatomic GdaoHo20Tm2oNizCuszg
amorphous ribbons,” which fulfill the HEA definition, with
maximum |ASoermall = 10.6 J kg™ K™ (5 T) and T¢ = 32 K. The
authors reported that it undergoes a SOPT and investigated the
temperature averaged entropy change over a temperature span of
10 K [TEC(10)] and reported values of 10.52 ] kg_1 K! (for 5T).
Equiatomic Erz0Ho20Tm2oCuz0Co2 amorphous ribbons reported
by Dong et al.’® also fulfill the HEA definition. They exhibited
| ﬁiz:emul value of 15.73 ] kg_1 K™! (5 T) with T¢ of ~13.5 K. The
SOPT nature of this alloy was demonstrated by the collapse of the
different |AS;stnermar(T)| curves onto a single universal curve.

An extended investigation, also motivated by the RE-
BMG compositions, reported magnetocaloric RyDy20Er20Co20Alz
(where R = Gd, Tb, or Tm) HE-BMGs.”” The maximum |AS;sosmermall
values found are 9.1, 8.6, and 11.9 | kgf1 K™! (for 5 T) with
Tc = 43, 29, and 13 K for R = Gd, Tb, and Tm, respectively.
They were also found to undergo SOPT and had broad §Trwum,
which then led to large RCP values similar to other magne-
tocaloric RE-HEAs. A recent publication on amorphous ribbons
of GdyoTmyoEryCozAlyg HEA reports a power law correlation
between MCE and magnetoresistance.”® The authors also attributed
their observed difference between the MCE values obtained for per-
pendicular and parallel fields to the role of magnetic anisotropy

associated with that of atomic packing. The largest |AS‘?S I; hermal

value

reported in the work (5 T) is 9.7 J kg™' K™', which is comparable
to that of the GdzoDy20Er20Co20Alg HEA? despite at a lower T¢
(32.1 vs 43 K fOl“ GdonmzoEI“zoCOzoAlzo and GdzoDyZoErz()COzoAlzo,
respectively).

Aside from the above-mentioned quinary equiatomic HE-
BMGs, there were also works on quaternary equiatomic magne-
tocaloric HE-BMGs. Xue et al. investigated the effect of different

Gd,oH0,,TM,NiyoCu,q
melt-spun-ribbons (ref. 25)

£ ErygHo,TmyCoy0Cuy
| melt-spun-ribbons (ref: 26)

FIG. 3. A flowchart depicting the rel-
evance to the works reported on bulk
amorphous HEAs for magnetocaloric
investigations as an overview. The ele-
mental sequence is rearranged from
the literature to help the readers cor-
relate the different works. EA refers to
equiatomic compositions.

Gd35Y25C05Al55
Gd;5Y15R10C055A5
R =Dy, Ho, Er (ref 30)
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RE elements in GdsRy5Co25Als HEAs (R = Tb, Dy, or Ho) and
reported that these amorphous ribbons showed |AS‘,7 cak = 8.88,

isothermal
8.72, and 9.78 J kg™ K™! (for 5 T) at T¢ = 73, 60, and 50 K for
R = Tb, Dy, and Ho, respectively.”” Their magnetic field depen-

dence of ‘ASP cak

isothermal

values follows a power law expression, which

indicated that these alloys underwent a SOPT. Pang et al. reported
the MCE of Gd25Y25C025A125 and Gd25Y15R10C025A125 (R = DY,
Ho, or Er) high-entropy metallic glasses (HE-MGs)’’ and found

that the latter exhibited ’ASP cak =6.02] kg K (5T)at Tc

isothermal
= 39 K. For R = Dy, Ho, and Er of the alloy series, [AS"*
isothermal

= 6.76, 7.35, and 6.96 ] kg™ K™! (5 T) at Tc = 44, 41, and 43 K,
respectively. These four HEAs were also found exhibiting amor-
phous structure and undergoing a SOPT. As the substitution of Y by
adjacent heavy RE elements in GdysY15R190Co25Al5 showed MCE
SIi,sZat]h(ermal
largest among others), Pang et al. followed up on another system-
atic study on the influence of Y on the magnetocaloric properties
of amorphous GdsHoz5YxCoz5Al5 (x = 1, 5, 10, and 15) for fur-

ther optimization.’! The ribbons displayed ‘AS‘; i“t];ermal =8.63, 8.79,
7.61, and 7.35 ] kg™' K™' (5 T) at Tc = 51, 49, 47, and 41 K for

x =1, 5, 10, and 15, respectively. Among the series, it is observed that
’ peak

was the

improvement (especially for R = Ho, whose ‘A

i decreases for x = 10 and 15, which the authors attribute
isothermal

to the reduction in magnetic interactions between RE elements due
to the negligible Y moment. For x = 1 and 5, the latter exhibits a

larger ‘Asli:eoat;ermal
spatial inhomogeneity of Y-containing metallic glasses correspond-
ing to the increase in ASyix. The SOPT character of these HE-MGs
was supported by the Arrott plot analysis as well as the power-law
relationship for the magnetic field dependence of magnetocaloric
parameters.

There is also a related work investigating magnetocaloric RE-
free HE-BMG: Fey5Co025NizsMosP1oBio* (labeled with green font

color in Fig. 3). It exhibited a wide 6 Trwum with |AS‘L.7 cak =0.8

isothermal
(1.5T) and 1.88 kg_1 K! (57T) at Tc = 560 K, where the authors
indicated that these values are not better than their selected list of
typical Fe-based magnetocaloric alloys,”*~*” Fe-based BMGs,***’ as
well as the RE-containing HE-BMGs, except for Co-based metallic
glasses.”>*! The peak |ASiomermall values showed a linear correla-
tion with saturation magnetization, in agreement with the behavior
found for several selected transition metal (TM)-based BMGs. The
authors further reported that the high-entropy effect does not con-
tribute to the magnitude of |AS;somermal| but widened the 8Trwrm,
making the RCP values similar to the reports of RE-containing
HE-BMGs."”

value, which the authors attribute to the complex

Extension of the  equiatomic  quinary  magne-
tocaloric HE-BMGs was reported for equiatomic denary
GdloTbloDyloHO]oErloYloNiwCO]oAgloAllo HE—MG ribbons.“

Their Tc is 24 K with a peak |AS;germar| value of 10.64 ] kg™ K™*
(5 T). The magnetic field dependence of |AS‘D cak and RCP

isothermal
follow a power law expression, indicating the SOPT nature of the
alloy. When compared to other magnetocaloric RE-HEAs and
conventional RE-based BMGs, the authors reported that the mag-
netocaloric properties of the denary HE-MG were not unexpected,

scitation.org/journal/apm

indicating no distinct cocktail effect (one of the phenomena leading
to unexpected properties of HEAs).

The second HEA generation with compositions deviating from
equiatomic compositions (labeled with black font color in Fig. 3) can
be found in the recent work of Luo et al., in which high-entropy
Gdy9Tbi9ErisFeigAlys amorphous microwires were developed and
studied for their MCE.'® The alloy showed a maximum |AS;ssermal
of ~5.94 kg™ K™! (5 T) with T¢ = 97 K. Its SOPT-nature was sup-
ported by the positive slopes observed in its Arrott plots, according
to Banerjee’s criterion. Another non-equiatomic bulk amorphous
HEA studied for its MCE was GdigHo2TmaoCuxAlig, recently
reported by Dong et al'” The amorphous ribbons exhibited an

|AS‘?k value of 8.70 J kg_1 K™! (5 T), with a SOPT-nature and

isothermal
Tc of ~ 33.6 K. The authors also reported its universal curve behav-
ior and TEC(10) values (8.55 ] kg_1 K! for 5 T). Very recently,
minor Fe doping to non-equiatomic (GdssTb20Co20Al24)100-xFex
HE-MGs (drawn as a dashed line in Fig. 3) was reported to optimize
MCE up to 108 K.!' The microwires exhibit a dual amorphous-
nanocrystalline microstructure as x increases to 2 and 3, which con-
tributes to the broadening of the 6Trwum and thus the increase in
the RC and RCP values.

B. Crystalline RE-containing HEA

Section IIT A on amorphous magnetocaloric HEAs showed that
most of the work was centered on RE-containing compositions,
probably due to the good intrinsic magnetic properties exhibited
by RE elements. Although RE-containing magnetocaloric HEAs are
mainly amorphous, the crystalline GdyoTbyoDyz0Ho20Er;g HEA*
draws the most attention in the HEA community and it is usually
cited in review papers when promoting HEAs for magnetic refrig-
eration applications. Its empirical parameters for HEA design fall
in the range of a single-phase solid solution. It exhibits refriger-
ant capacity values larger than many other magnetic refrigeration
materijals, within the same temperature range, due to the broad
temperature span arising from its various types of magnetic phase
transitions, antiferromagnetic to ferromagnetic (AFM-FM) followed
by ferromagnetic to paramagnetic (FM-PM) up to 300 K, as con-
firmed by thermomagnetic and differential scanning calorimetry
(DSC) results. The latter shows a broad hump at low temperatures
(<150 K) and another broad A singularity at the Néel temperature
of 186 K, which indicates SOPT. This identification of the order of
the phase transition is in contrast with the Arrott plots of the alloy,
which show negative slopes for T < 185 K, indicating a first-order
thermomagnetic phase transition (FOPT), and positive slopes for
T > 185 K, indicating SOPT. However, no further discussion was
provided in the publication. It has to be noted that for characterizing
FOPT materials, one should utilize the discontinuous measurement
protocol to erase the prior state of the sample so that no spuri-
ous MCE results will appear during analysis (refer to Ref. 44 for
the protocol details). As detailed information on the procedure fol-
lowed for isothermal magnetization measurements was not given,
the apparently conflicting interpretation of the order of the phase
transition cannot be discerned without further measurements and
the use of the quantitative procedure.”” The authors reported the

|AS‘I,)eak and RCP Values Of the GdonbzoDyZoHOZOErzo HEA fOI‘

isothermal

5Tas8.6] kg™ K" and 895 ) kg™'. More details on these values and
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other MCE figures of merit for 2 T are available in the tables in the
supplementary material.

Recently, the GdTbaHo20Er0Y20 HEA, crystallizing in
hexagonal closed packed (HCP) structure, was reported to undergo
AFM-FM at low temperatures (Néel temperature of 163 K)
for low magnetic fields, followed by FM-PM at higher tem-
peratures.® The authors reported that the negative slopes for
T < 163 K in the Arrott plots indicate FOPT. All these obser-
vations are similar to those of the GdTbzoDy20Ho20Er0 HEA*
except for the MCE behavior at fields higher than 2 T, where
two direct MCE peaks are observed, ~0.25 and 1.11 J kg™' K™*
(2 T) at ~125 and ~165 K, respectively. The authors added that
the two MCE peaks lead to a broad temperature span, thus con-
tributing to a large refrigerant capacity value, 453 J kg™' for
5 T (yet 27.8% smaller than that for the GdyTb20Dy20H020Er20
HEA). They also reported another study on the MCE of
quaternary-quinary-senary RE-HEAs.*” For GdasTbasHosErs,
Gd20TbyoHoz0Erz0Laz vs Gdiser Tbiss7Ho16.67Er16.67La16.67Y 16,67
‘ASpmk | decreases from 8.64 — 5.92 — 5.85 J kg™' K™! (5 T),

isothermal
respectively. The authors attribute the MCE reduction to the dilu-
tion of the overall magnetization of the alloys due to the non-
magnetic nature of La and Y. The MCE comparison among quinary
RE-HEAs include GdgoszoHOzoErzoLazo, GdonbzoDyZoHOZQErzo,
and GdzTbzoHo20Er20Pr20, where La is the only non-magnetic RE
element, while Dy (9.72 pug)*® and Pr (3.58 pg)*® are magnetic. Their
’ ii“rﬁerml values are 5.92, 8.6, and 6.92 | kg71 K! (5 T). The
authors attribute that the magnetic and the magnetocaloric behav-
ior of GATbHoErX HEAs are dependent on the 4f electrons of the
RE element (used for X) instead of ASix.
Figure 4 shows the |AS‘Z ii’;wrmal
temperatures of GdzoTbaoDy2Hoz0Er,0 HEAs in comparison with
the bulk amorphous HEAs. It can be observed that only the RE-free

values (for 5 T) vs transition

Open and closed symbols: bulk amorphous
Spheres: crystalline
N 5T
N
fe)) r ref. 29
ref. 15
= 27\ ref. 11
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FIG. 4. MCE performance comparison of bulk amorphous (open and closed sym-
bols) and crystalline HEAs (spheres) vs the notable Gdyy Tbag Dyag HogErag
crystalline HEAs (black sphere with text label, “Ref. 43”).

scitation.org/journal/apm

bulk amorphous Fe;5C025Niz;sMosP1gBig (green symbol)*” exhib-
ited the highest transition temperature, while the other bulk amor-
phous HEAs (containing RE; open and closed symbols) are satu-
rated around the low temperature region, T < 150 K. However, the
| peak

isothermal
all other RE-containing magnetocaloric HEAs. The well-received
Gd20TbyoDyz0Hoz0Er;0 HEA, composed only of RE elements, is
located above this low temperature region at 186 K. Although
there are several RE-containing bulk amorphous HEAs exhibiting

peak than GdaTbaoDy20Ho20Er20 HEAs, their transi-

larger ‘Aszsothermal
tion temperatures mainly centered below 60 K and only a few can be
found around 60-110 K.

for the RE-free alloy is the lowest when compared to

C. Transition metal HEA

For the RE-free magnetocaloric HEAs, they usually comprise
TM elements, for which initial investigations mainly focused on
tuning their transition temperatures. The work of Lucas et al. on
the enhancement of magnetic properties and T'¢ of FeCoNiCr-type
HEAs via Pd alloying” showed that FeCoNiCrPdy (x = 1 to 2)
had a tunable T¢ of 440-503 K when changing the Pd content
and, at the same time, improved the saturation magnetization (Ms)
with Pd addition. They also reported a thermomagnetic study of
another series of FeCoNiCrx HEAs (x = 0.5-1.15), in which T
values decrease with higher Cr content due to the reduced aver-
age exchange interaction."” Their reported MCE values were below
04] kg71 K™! (2 T) for cold-rolled states and after heat treatment,
finding that their magnitudes are about one quarter the MCE of
y-Fe7oNiso.”" Further analysis of the thermomagnetic curves of cold-
rolled vs heating from the as-rolled state shows a re-entrant mag-
netic moment due to a second magnetic phase upon heating, in
agreement with the changes in the diffraction pattern and magne-
tocaloric properties. The authors suggested that such observations
might arise from the changes in short range order or the merging
of vacancies forming stacking faults. Subsequently, FeCoNiCrPdy "
with x = 0-0.50 SOPT HEAs were found exhibiting a tunable
range of transition temperatures from ~100 to 300 K in as-rolled
Sgeak

values remained below
isothermal

and annealed states, while their |A

1] kgf1 K~! (for 5 T). A flowchart illustrating the interconnections
of the different reported RE-free magnetocaloric HEAs is briefly
summarized in Fig. 5, where those only studied for their tunable T'c
are further indicated with the label “T¢ only,” and those with MCE
studies are labeled “MCE.”

Later, Na et al. reported on alloying Mn, Al, Ga, and
Sn to FeCoNiCr HEAs and produced equiatomic FeCoNiCrM
(M = Mn, Al, Ga, or Sn) HEAs.”' While FeCoCrNiMn showed a
single FCC phase similar to that of FeCoCrNi, dendritic microstruc-
tures composed of BCC-matrix (Ni- and Ga-enriched) and FCC-
island (Fe-, Co-, and Cr-dominant) phases were observed for
FeCoNiCrAl and FeCoNiCrGa HEAs. Only the additions of Al and
Ga to FeCoNiCr changed the parent PM behavior at room temper-
ature to FM. It is interesting to note that equiatomic FeCoNi is FM
with Ms = 161 A m® kg™' but changed to PM at room temperature
for equiatomic FeCoNiCr. Although the decrease in Ms of FeCoN-
iCrAl (25 A m? kgfl) and FeCoNiCrGa (38 A m? kgfl) HEAs is
likely due to the dilution effects when alloyed with non-magnetic
Al and Ga, their T¢ could be tuned from 104 K (FeCoNiCr) to
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FeCoNiy,,Cr, ,Al

FeCoNiCr, , x=05-1.15
= MCE (ref. 13)

FeCoNiCrPd, , x=0-05
* MICE (ref. 14)

FeCoNiCrM , M= Mn, Al, Ga or Sn

* MCE (ref. 51)

FeCoNiCrPd, , x=0-2
+ T only (ref 49)

FeCoNiCuM
M = Mn, Ag, Pt or Mo (MCE) (ref: 55)

Feq 5€0g,NigsCrosMnAly
X = 0.8 — 1.1 (MCE) (ref 18)

26.7Ni26,,MN 0Gays ¢Siyy
(MCE) (ref. 57)

Niz3Cr,Mn,,Ge,;Sig
(MCE) (ref. 58)

Magnetocaloric crystalline TM-HEAs

277 and 703 K, respectively. The authors later extended this work
to a systematic compositional variation study to further tune T¢ in
FeCoNi;+xCri—xAl and FeCoNiCr;_x Al +x (for both cases x = 0-0.5)
HEAs" based on equiatomic FeCoNiCrAl. They found that FeCoN-
iCrAl and FeCoNi; sCrosAl HEAs displayed very broad magnetic
phase transitions from 100 to 350 K with |AS;sosmermal| values of 0.674
(for 7 T at 290 K) and 0.277 ] kg_1 K~! (for 2 T at 150 K), respec-
tively. A recent study on FeCoNig5CrosAlx HEAs reported that the
alloys exhibited |ASioermal| values of 0.56, 0.40, and 0.50 J kg ™' K™
(2T) forx =0, 1, and 1.5, respectively.”> These HEAs showed a dual
phase of Fe-Cr-rich nanoparticles segregated within an AINiCo-rich
matrix, supported by their x-ray diffraction, microstructural, and
thermomagnetic results. The authors further showed the dual phase
behavior using the universal curve method,”* which could enable
the phase deconvolution of multiphase magnetocaloric materials (as
reported in Ref. 54).

Kurniawan et al. studied FeCoNiCuM (M = Mn, Ag, Pt, or
Mo) HEAs for Tc engineering, in which they found that their
equiatomic alloys stabilized in the FM face-centered cubic (FCC) y-
phase (except for M = Ag and Mo), T¢c ranges from 400 to above
1000 K, and slight deviations from equiatomic compositions could
further tune the T¢ to near room temperature.” The reported MCE
values were below 1] kg™ K™ for a small magnetic field change of
0.55 T, and no further information for predicting the MCE at higher
fields was available.

Thin films of FeCoNiCuAICr HEAs fabricated by mosaic tar-
gets in magnetron sputtering enabled stoichiometric variation when
the surface area of the target segment modifies.”® Its thermomag-
netic behavior shows a broad maximum similar to those observed for
superparamagnetic systems, with a blocking temperature at about
325 K. For magnetocaloric properties, the material demonstrates a
similar smeared behavior to several RE-free HEAs in the literature,
0.53 (perpendicular to the field) and 0.38 ] kgf1 K! (parallel to the
field) for 5 T in a wide temperature span of ~200-325 K. Hence,
the authors added that the magnetic cooling of these films would be
ineffective, similar to the reports from Refs. 52 and 55.

Very recently, research on magnetocaloric TM-HEAs has devi-
ated from the equiatomic compositions, evolving from the first to
second HEA generation (see the “non-EA” categories in Fig. 5). The
Feo5C002Nig5Cro3MnggeAlgs HEA of duplex structure (BCC and

FIG. 5. A flowchart depicting the rele-
vance to the works reported on RE-free
magnetocaloric HEAs. The elemental
sequence is rearranged from the litera-
ture as a guide to the readers for corre-
lating the different works.

FCC) was found exhibiting a round MCE peak (~0.16 J kgf1 K!
for ~0.78 T) at ~326 K.'® The authors calculated the magnetocaloric
properties of the single BCC phase Feg5Co0¢.2Nig 5Cro3MnxAlg 3 (0.8
< x < 1.1) HEAs by normalizing their measured data with the BCC
phase fraction obtained from XRD results and reported that single
BCC phase Fey5Co092Nig.5Cro3MngosAlg 3 can be a promising mag-
netocaloric HEA within their selection for literature comparison.
Thus, they added that stabilizing the BCC phase is an interesting
direction for future work.

Sarlar et al, with the aim of increasing magnetic prop-
erties in magnetocaloric HEAs, reported a non-equiatomic
Fes6.7Niz67MnyoGais6Sin alloy where the amounts of Fe and Ni
were increased to more than equiatomic percent (ie., 20 at. %)
at the expense of Ga and Si.”” They found that by annealing
the pieces from an as-cast 2-mm-diameter rod could enhance

the ‘ASI.Wk values from ~0.65 to 1.59 J kg™ K' (both

isothermal
for 2 T) and Tc from 322 to 334 K, which shows promising
MCE values among the magnetocaloric TM-HEAs (compared to
those discussed above). The same authors also reported another
RE-free magnetocaloric HEA—Ni33Cr;Mn;;Ge;sSig, retaining
their former interests in strengthening the overall magnetic
properties of the alloy when performing their elemental selec-
tions.”® Niz3Cr;Mny;GeysSig exhibited an orthorhombic structure

(Pnma, space group No. 62) at room temperature and |ASP cak

isothermal
=249 J kg™ K™' (2 T) with a Tc = 412 K, which belongs to a
SOPT-type. It is noteworthy to indicate that this MCE value is
~57% larger than that of Fez7Nix7MnaGaiseSiin HEAs,” and
both of these magnetocaloric TM-HEAs displayed higher MCE
magnitudes among magnetocaloric TM-HEAs, without having to
rely on the intrinsic large magnetic moments of RE elements. This
suggests that non-equiatomic compositions could be interesting
for further exploration for RE-free magnetocaloric HEAs as their
|ASisothermall values doubled when compared to other equiatomic
magnetocaloric RE-free HEAs during the MCE performance com-
parison presented in Fig. 6. However, the magnitudes of these values
are still regarded as modest as compared to high-performance
conventional magnetocaloric materials’ due to the distributed
exchange interactions that arise from the disorder, as pointed out by
Perrin et al.'">’
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FIG. 6. MCE performance comparison of RE-free magnetocaloric HEAs for 2 T.
Note that the |A8gi?,ferma,| values for these cases are much smaller compared to

those HEAs containing RE.

IV. IMPROVED MCE HEA

A large MCE will require an abrupt change in magnetization
with changing temperature, as seen from Eq. (2), which is not solely
dependent on the magnitude of the magnetization of the material.
HEAs are comprised of elements in high concentrations to yield
large ASmix. For magnetic systems, these large amounts of alloying
elements will lead to dilution effects that broaden the transitions.
This, in turn, reduces MCE. One possible solution to this compli-
cation could be to implement a magnetostructural phase transition

Magnetocaloric materials
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to enhance the performance for magnetocaloric HEAs, in agree-
ment with Ref. 60, which has proposed half-Heusler phases as the
starting point to search for HEAs with improved functional prop-
erties. However, the vast HEA compositional space makes ratio-
nal search challenging, making exploration strategies necessary to
select starting HEAs for further optimization. Recently, Law et al.
reported significant improvement for RE-free Fe-Mn-Ni-Ge-Si
HEAs, closing the gap between high-performance conventional
magnetocaloric materials and magnetocaloric HEAs” (see Fig. 7) via
a directed search approach (further described in Sec. IV A), achiev-

ing ‘Aslile;];ermal
than the typical values of HEAs without any RE elements. Fur-
thermore, their magnetostructural transformations enabled them
to be on par with the HEAs containing RE elements, surpassing
the notable GdyoDy20Er20Ho020Tbyo HEA. The comparison matrix

. - peak
in Fig. 7 lists the largest ‘Asimherml

span for the respective family of magnetocaloric materials. Two
groups of magnetocaloric materials are selected: promising conven-
tional materials (gray text) vs HEAs (black text). Each of them is
arranged in an ascending order where those with the largest MCE
values are found in the middle of the chart. It can be observed that
Fe-Mn-Ni-Ge-Si HEAs close the pre-existing gap between the con-
ventional magnetocaloric materials and magnetocaloric HEAs (in
red box).

values more than one order of magnitude larger

for 2 T in the particular Tpeax

A. Directed search strategy

For conventional alloys, it is possible to use brute force for
optimizing binary and ternary alloy systems as the number of combi-
nations is more manageable. However, this is not viable for systems

La-manganites 320 140 460 206 151 ”m
i k
|AS T hermat
RE-based compounds 320 360 400 480 180 3.0 (Tkg™iK™?)
RE-Laves phase 4.90
) 10.0
Ni,MnX-type (X = Ga, Sn, In, Al, Ti)
La(Fe,Si),3
5.0
Fe-Mn-Ni-Ge-Si HEAs
2.0
RE-HEAs (amorphous-type) ( 5.06 | 433 ' 247 || 370
e 0.2
RE-HEAs (crystalline) 208 282 115 296
RE-free HEAs (crystalline) 034 033 036 037 038 038 035 036 039 021

Tpeak (K)

FIG. 7. MCE comparison matrix for magnetocaloric HEAs vs high-performance conventional magnetocaloric materials for 2 T. Literature data collected from Refs. 5-7, 11,

14, 23, 31, 43, 46, 47, and 62-67.
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comprising five elements and above. Law ef al. recently reported on
using a property-directed search strategy to design magnetocaloric
HEAs with desired behavior with the aim of improving the modest
MCE values of RE-free HEAs.® The approach adopted was based on
appropriate and intentional element substitutions to a starting com-
position with the desired behavior (also in line with the suggestions
made in Refs. 60 and 61) and then further tuning it toward the HEA
region.

The initial composition selected is based on the following
considerations:

(i) starting composition should display the desired behavior,
(ii) the doping element(s) ought to be chemically compatible for
isostructural substitutions, and
(iii) the elemental stoichiometry (including the substitutions)
should be maintained.

B. The Fe-Ni-Mn-Ge-Si HEA case

As large magnetocaloric response is usually associated with a
magnetostructural transformation, the initial composition in Refs.
6 and 7 was selected as MnNiSi, as it undergoes a structural
transformation from hexagonal to orthorhombic at 1200 K upon
cooling.*®*” It was then tuned toward the HEA region with isostruc-
tural substitutions of Fe and Ge in appropriate amounts, formulat-
il’lg a RE-free quinary Fez2Niz 2 Mnos 3Geis65Siiess HEA (itS ASmix
= 1.60R). Its temperature dependent synchrotron x-ray diffraction
results show the phase transformation of hexagonal to orthorhom-
bic structures, which is similar to that of MnNiSi.° In addition, its
thermomagnetic curves also show abrupt changes in magnetization
in the temperature regions that coincide with the temperatures at
which synchrotron x-ray diffraction indicates that there is coexis-
tence of both phases. This shows that the alloy undergoes a magne-
tostructural transformation in those temperature regions. A series of
varying compositional ratio of Ge and Si in Fez; 2Niz2 2 Mny; 3GeySiy
HEAs, while adhering to the third criterion of the directed search
approach, shows that the magnetostructural transformation temper-
atures can be further tuned to higher temperatures,” as shown in
Fig. 8. Magnetostructural transformation of the alloys is observed

50

(a)| |(b) open symbols: cooling

closed symbols: heating
Fe,, ,Ni,, ,Mn,, .Ge, . Si

w2 a2 s *rsesliess | 40y

Fe,,,Ni,, ,Mn,, .Ge . ..Si

2221 12221 12232 € 15,822 17,08

X

100 150 200 250 100 150 200 250
T (K) T (K)

— 0

FIG. 8. Thermomagnetic curves of the RE-free Fe-Mn-Ni-Ge-Si HEAs measured
at 2 Kmin~" for 0.05 T: (a) virgin curves and (b) repeated measurements.
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for both virgin and repeated measurements, as displayed in Figs. 8(a)
and 8(b), respectively. For both figures, abrupt changes in the mag-
netization with temperature are observed at the low temperature
tails for all the alloys, which correspond to the magnetostructural
transformation. The gradual change in magnetization with temper-
ature at the higher temperature tails of the curves corresponds to the
Curie transition of the higher temperature phase (hexagonal struc-
ture). These results also illustrate the efficiency and effectiveness to
optimize HEAs in the vast compositional space once the starting
HEA with the desired behavior is identified via a directed search
strategy.

Furthermore, both Fezn o Ni 2 Mnos 3Gers.ss5Site.ss and
Fezz,zNizz'le‘lzsze]5_gzsi17‘43 exhibit larger effective anisotropy
fields at low temperatures (orthorhombic phase), which decrease at
higher temperatures (hexagonal phase). This leads to the different
thermomagnetic behavior for low and high magnetic fields [see the
blue and red thermomagnetic curves in Fig. 9(a)]. As a result, inverse
MCE (positive ASiomermar) is observed for low fields in Fig. 9(b)
due to the increase in magnetization with temperature, while direct
MCE (negative AS;sohermar) is found for higher fields. In the repeated
thermomagnetic measurements of Fez;>Niz 2Mny;3Gei4.95Siis.35,
the abrupt increase in magnetization was not observed; thus,
only the direct MCE is obtained. The authors have reported that

the largest ‘AS‘.’eak observed for the alloy with the highest

isothermal
Si content among this series was attributed to the vicinity of the
magnetostructural transformation temperature and Tc of the high
temperature hexagonal phase (refer to Ref. 6 for more details).
When comparing the MCE performance of the reported
magnetocaloric HEAs in Fig. 10, Fe-Ni-Mn-Ge-Si HEAs exhibit
the most promising MCE among others, in particular to their

peak
|Asisothermul
ment in the MCE performance, as high as an order of magnitude
enhancement, among the RE-free magnetocaloric HEAs. This also

indicates the independency of the large magnetic moments from RE

and TEC(10) values. They show a significant improve-
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FIG. 9. (a) Low- and high-magnetic field thermomagnetic curves of RE-free
Fe-Mn-Ni-Ge-Si HEAs measured at 2 K min~". (b) Isothermal entropy curves of
the studied series measured up to 2.5 T using the discontinuous protocol. Closed
and open symbols in (a) represent the data measured while heating and cooling,
respectively.
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FIG. 10. MCE performance comparison of magnetocaloric HEAs for 2.5 T. Litera-
ture data collected from Refs. 6, 7, 13—16, 18, 19, 23, 29-32, 42, 43, 52, 53, 55, 57,
and 58. Each data point represents a single material with a diameter proportional
toits TEC(10).

elements. As seen in Fig. 7, Fe-Mn-Ni-Ge-Si HEAs close the pre-
existing gap between notable magnetocaloric materials and the mag-
netocaloric HEAs prior to their reports. This points out that magne-
tostructural HEAs open a new path for the search of promising HEA
magnetocaloric materials.

V. REQUIREMENTS FOR FUTURE MCE HEA

Nowadays, magnetocaloric materials suffer from several lim-
itations when implemented into magnetic refrigeration devices,
namely, poor mechanical stability, limited cyclic response, and ther-
mal hysteresis. One of the aspects in which HEAs could contribute to
the field of magnetic refrigeration is by enhancing mechanical prop-
erties. While in the case of single-phase solid solution HEAs, this
comes without any additional effort,”” the magnetic entropy change
of these alloys is rather limited, putting them at the losing end when
compared with high-performance conventional MCE materials. On
the other hand, magnetostructural HEAs have significantly larger
MCE but they still have lower mechanical performance than solid
solution HEAs. One of the current goals in MCE-HEA research is
to enhance the mechanical properties of these alloys while incor-
porating magnetostructural transformation. This would be achieved
by processing and should not be considered an unreachable goal
since shape memory alloys undergoing a martensitic transforma-
tion can have notable mechanical integrity upon cycling and even
superplasticity. Detailed studies of the combined mechanical and
functional performance of the alloys should be made in order to
properly ascertain the improvement in applicability and reliability
that these MCE-HEAs imply.

Thermal hysteresis can be addressed by compositional changes,
tuning the temperature separation between the Curie and marten-
sitic transitions. This is already evidenced in Fig. 9. Further substi-
tutions should ameliorate the hysteresis of the transformation. The

scitation.org/journal/apm

use of specific methodology such as Temperature First Order Rever-
sal Curves (TFORCs)"’~"? would help in understanding the origin of
hysteresis in these MCE-HEAs and facilitate their optimization.

For low-temperature applications, the dependence on heavy
rare-earths should be reduced, probably by making hybrid RE-
TM-HEAs. This broadens the search space much further, high-
lighting the importance of appropriate search strategies and high-
throughput alloy synthesis and characterization.

VI. CONCLUSIONS AND PERSPECTIVES

Until recently, MCE-HEAs either were limited to low-
temperature applications or had sub-par performance, making them
less attractive than conventional materials. In the low tempera-
ture range, rare-earth HEAs have a relevant magnetocaloric per-
formance. At higher temperatures, implementing a magnetostruc-
tural phase transition in rare-earth free HEAs boosts MCE response,
increasing it by one order of magnitude.

The search inside the huge compositional space of HEAs has to
be performed with a directed search strategy that takes the material
from a low or medium-entropy alloy with the desired functional-
ity toward the HEA space. Once HEAs with suitable functional-
ity are found, their mechanical properties should be characterized
and optimized via both compositional substitutions and processing
techniques.

The implementation of HEAs with an optimal combination of
functional and mechanical properties in devices and appliances will
certainly improve their reliability and durability, increasing service
life and leading us to a more sustainable economy.

SUPPLEMENTARY MATERIAL

The magnetocaloric properties discussed above, including
other MCE figures of merit for 2 and 5 T, are provided in
the supplementary material, in which the magnetocaloric HEAs
are classified into RE-containing quinary (Table S1) and non-
quinary (Table S2), and RE-free quinary (Table S3) and non-
quinary (Table S4). In addition, their HEA empirical parameters are
included.
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