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Chapter

High-Entropy Superconducting
Materials

Pablo Cayado and Jens Hinisch

Abstract

High-entropy alloys are a rapidly evolving field of materials research and have
gained increasing attention in recent years. Characterized by their multicomponent
compositions, they were originally created by mixing a multitude of metallic elements
and expanded the idea of traditional alloy design, opening new paths for materials
research. In particular, the discoveries of superconductivity in some of these alloys
since 2014 provided a new impetus for exploring novel superconducting phenomena
and materials. In fact, the concept of increasing entropy in superconducting com-
pounds, firstly restricted to alloys or intermetallics, was soon extended to other types
of superconductors enriching drastically the research in the field. The high-entropy
superconductors are nowadays a matter of intense study. This chapter provides a
comprehensive review of the most recent and relevant research on the different types
of high-entropy superconductors. The current state of research, synthesis methods,
and characterization techniques are included. This information may serve as a refer-
ence for future research on this topic and inspire further exploration and innovation
in the application of these materials.

Keywords: superconductor, high-entropy alloy, high-entropy ceramic, high-entropy
oxide, REBCO

1. Introduction

High-entropy alloys (HEAs) are a category of materials that has attracted attention
in recent times in different fields of materials research. This new paradigm for alloy
design, proposed around two decades ago [1, 2], consists of multiple species of atoms
randomly intermixed, resulting in a notable level of disorder, specifically in high
configurational entropy. This severe disorder appears due to the mixing of several
atom species in considerable proportions on specific lattice sites.

The definition of a HEA, or, in other words, the difference between HEA and
medium-entropy alloys or even the usual low-entropy alloys, is based on the
number of elements present in the alloy and their proportions. An alloy is usually
called HEA if it contains a mixture of at least five elements, typically in proportions
between 5% and 35% [1], although some authors claim that mixtures of four
elements may also be considered HEAs [3]. The entropy of such mixtures can be
evaluated as:
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n
ASix = —R in Inx; (1)
i—1

where x; is the molar fraction of component i, # is the total number of components,
and R = 8.314 J/mol K is the gas constant. An equimolar system with five components
has a ASpix value of 1.609R, which is also often used as an equivalent, stricter criterion
for HEA [4]. In the following, we keep the definition of at least five components
taking part in mixing while softening occasionally the criteria of composition and
AS ix.

The change in entropy lowers the Gibbs energy according to:

AGrnix = AH mix — TASmix (2)

with H,;, being the mixing enthalpy, which allows the stabilization of
disordered compounds into certain singular crystal structures with substantial
chemical substitutional disorder, rather than leading to the creation of multiple
crystalline phases.

Among all the novel properties that emerged in HEAs, the appearance of super-
conductivity in some of them is one of the most interesting ones. This was seen for the
first time in 2014 in the system Taz4Nb33HfgZr4Ti;; [5] with a rather high critical
temperature, T, of ~7.3 K [5]. This finding was the starting point of intense
research into the topic as the combination of superconductivity and superior
mechanical properties that HEAs typically gives them some application potential to be
evaluated and utilized. Due to the large degree of disorder and hence short electron
mean free paths and therefore coherence lengths, all HEA superconductors are
type II. Often, their B, is measured resistively, rarely also their B.; magnetically.
Critical current densities are usually not reported with the exception of the
REBa,Cu30;_4 (REBCO, RE rare earth elements) compounds. Most HEAs are fabri-
cated by arc melting. In recent years, further preparation methods were investigated,
such as solid-state reaction (SSR), spark-plasma sintering, hot-press sintering, and
thin-film growth (sputtering, pulsed laser deposition, and chemical solution
deposition).

Over the years, the concept of “high-entropy,” that is, incorporating multiple
components within the same matrix, has been expanded to various types of super-
conductors like BiS,-based, Van der Waals, rock-salt-type, A15-type, and transition-
metal-zirconide (T7Zr,)-type superconductors. Most recently, this approach has
been further extended to intermetallics as well as compounds containing non-
metallic constituents like oxides, carbides, borides, nitrides, and sulfides. Particularly
interesting in the field of superconductivity are the high-entropy oxides (HEO), in
which the well-known REBCO compounds, probably the superconductors with the
largest potential from the applications point of view, are included. The research on
HE REBCO has started only few years ago, but it is a topic with promising perspec-
tives. There is considerable variety in stoichiometry notation in literature.

We occasionally carefully modified it for better comparability. For the alloys, we
adopted 100% notation and (near) equimolar mixes without further subscripts, that
is, the number outside of the brackets represents the sum of the chemical composi-
tions of the elements in parentheses, for instance, (TaNb)g; refers to Ta;,;3Nby,s.
Parts in 6 or 7, we note as 1/6 and 1/7 to avoid odd numbers and false accuracy. For
the HE compounds, we mostly used the stoichiometry notation of the parent
compounds.
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1.1 Categorizing

Considering the composition and the structural and physical characteristics of the
different HEAs, Sun et al. proposed a first classification by dividing them into four
different groups [4]. The group of type A includes HEA superconductors made of
metals from the left side of the transition-metal region of the periodic table like the
different stoichiometries of the Ta-Nb-Hf-Zr-Ti system and most of the related com-
pounds coming from elemental substitutions such as Nb-Re-Hf-Zr-Ti or Hf-Nb-Ti-V-
Zr. These type A HEAs crystallize in bec lattices and show T'. values between 4.0 K
and 9.2 K and a maximum B,(0) of ~11.7 T. The type B HEA superconductors are
mainly composed of early transition metals (groups 3 to 7 of the periodic table), but
crystallize in rather complex lattices, which could be large bcc a-Mn-type lattices or
smaller bec and hcp lattices, depending on the stoichiometry. Compounds like
(ZrNb)3o(MoReRu)7o, (HfTaWIr);oReszo, or (HfTaWPt)soResq belong to this
group. The T. in this class is usually lower than for type A HEAs with values between
1.9 Kand 5.7 K, and the highest known B, (0) is ~7.9 T. The third group, type C HEA
superconductors, crystallizes in a CsCl-type structure and is composed of early tran-
sition metals combined with late transition metals, such as the Sc-Zr-Nb-Ta-Rh-Pd
system. They show T values between 3.9 K and 9.3 K and B,(0) values up to
~10.7 T. The fourth group, type D HEA superconductors, crystallizes in the hcp
structure. Examples are ResgNby;Tiy1Zr;Hf;;, (MoReRuRh)gsTis, and Nbyg, 2y
Moss_ Ruzs_,RhioPd;g. This last alloy shows the highest T of this class, with a value
of 6.19 K for x = 2.5. With the appearance of more and more different types of
superconducting high-entropy compounds, this classification was extended by nam-
ing them simply according to their crystal structure.

One parameter that may have a great influence on the stability of HEAs is the
valence electron count (VEC), which is better expressed as the number of valence
electrons per atom in the particular case of HEAs. The VEC reflects the total density of
states at the Fermi level and plays a crucial role in determining the T of supercon-
ductors that follow the Bardeen-Cooper-Schriefer (BCS) theory. In fact, a robust
correlation between VEC and T. is evident in binary and ternary superconducting
transition-metal alloys, commonly known as the Matthias rule [6]. In the case of
HEAs, there is also a relationship between the VEC and T similar to the Matthias rule.
In Figure 1, the dependence of T, on the VEC is shown for different types of
superconducting HEAs. The type A HEAs that crystallize in bee structure appear in
the VEC range 4.2-4.8, reaching a maximum T for a VEC of 4.7. In the case of type C
HEAs, with CsCl-type structures, superconductivity emerges in the VEC range of 5.9
6.3, with a maximum T at a VEC of ~5.9. These two types of HEAs have similar
behavior to the simpler binary alloys with the characteristic two-peak character seen
for the near VECs of 4.7 and 5.9. However, the type B HEAs with a more complex a-
Mn structure do not follow this general trend. Although the bce and CsCl crystal
structures are closely related to the a-Mn structure, their atomic arrangements differ
in a remarkable way, making their stabilities to be limited to narrow ranges of VEC.
The type D HEAs, the ones that show hcp structure, show superconducting behavior
for VEC values similar to the type C ones. Finally, it is possible to add to this analysis
the more recent HEAs. The A15-type HEAs show similar behavior as the binary A15
superconductors that follow the Matthias rule, with VEC falling between 4.55 and
4.85. Also, the o-phase HEAs resemble their relatives, the binary ¢-phase supercon-
ductors whose VEC values extend from 6.07 to 6.84 with a T. maximum at VEC ~ 6.5
in accordance with the Matthias rule [6]. The VECs of the o-phase HEAs are located at
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Figure 1.
Dependence of the critical temperature T, on the valence electron count (VEC) for different types of high-entropy
superconductors. Data extracted from Refs. [4, 7, 8].

the electron-rich side of this region and are higher than those of most HEA supercon-
ductors. Note that the VEC ranges of the ¢ phase and the a-Mn type HEA supercon-
ductors are very close. These dependencies show that the VEC serves as a crucial tool
for predicting potential HEA superconductors and can be useful for understanding the
superconducting properties of the new systems.

Below, the state of the art of each of these HE superconductor classes will be
reported. Special attention will be paid to the superconducting properties of each
compound and their prospects for further development.

2. Superconducting high-entropy alloys
2.1 The Ta-Nb-Hf-Zr-Ti system

Superconductivity in high-entropy alloys was first discovered by Kozelj et al. in
2014 for a particular stoichiometry of the Ta-Nb-Hf-Zr-Ti system [5]. Investigations
on this system had already started years prior due to its superior structural and
mechanical properties [9]. Varying the original equimolar ratio of the elements led to
the Ta34Nbs33HfgZr14Ti;; compound that appeared to be superconducting below a
critical temperature of ~7.3 K. The original compound was a polycrystalline sample
with grains in the range of 2-300 pm fabricated by arc melting. It crystallized in a
highly distorted body-centered cubic (bcc) structure (a = 3.36 A), Figure 2a, due to
the difference in the atomic radii of the constituent elements. Apart from its ~7.3 K
T, it shows an upper critical field B,,(0) ~ 8.2 T, a lower critical field B,; ~ 32 mT,
and an energy gap opening of ~2.2 meV. Moreover, first principle calculations showed
that it could be classified as a strong electron-phonon coupling superconductor with a
coupling constant 4 = 1.16 [11].

This discovery soon caught the attention of several groups, who started to investi-
gate this system, preparing the samples, as in the original work, by an arc melting
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Figure 2.
Crystal structures of several high-entropy superconductors. Reproduced with permission from [10].

method as summarized in Table 1. A stoichiometry series, studied a couple of years
later by von Rohr et al., was [TaNb]0_,(HfZrTi),, where x took 12 different values
from 20 to 84 [13]. This study revealed T variations between 4.49 K and 7.92 K for
the different stoichiometries, with the largest upper critical field of ~11.67 T for the
sample with x = 0.5. A particular stoichiometry of this compound,
(TaNb)e;(HfZrTi)33, was further studied by Guo et al. [14] at high pressures, reveal-
ing an exceptionally resilient zero-resistance superconductivity under pressures up to
190.6 GPa. In their study, the authors observed that initially, the T of this compound
rose from 7.7 K at ambient pressure to 10 K at ~60 GPa, followed by a slight, gradual
decrease to 9 K at 190.6 GPa, which is close to the pressure in the outer core of the
Earth. The authors proposed therefore that this compound is a potential candidate for
new applications under extreme pressure conditions. Similar results confirming the
robustness of the superconductivity in the Ta-Nb-Hf-Zr-Ti system were obtained by
Vrtnik et al. [12], who prepared samples with different numbers of elements (4 and 5)
as well as differing stoichiometry (equimolar and off-equimolar) by arc melting and
subjected them to different thermal treatments. Their results show that the samples
are superconducting independently of the thermal treatment and the resulting micro-
structure. In addition, Jasiewicz et al. [19] further investigated the pressure effects on
the electronic structure, electron-phonon interaction, and superconductivity of
(TaNb)e;(HfZrTi)33 from 0 to 100 GPa. Their investigation confirmed the previous-
ly reported results, observing the same T trend with pressure. However, they could
also prove that this evolution of T, with pressure can be well explained in the frame-
work of the classical electron-phonon mechanism. A certain variant also investigated
was Tay6Nby/gHf1/6Z11/6Ti1/6 by Kim et al. [16]. With a T = 7.85 K, it shows a

B.1(0) ~ 23 mT and a B,(0) ~ 12.05 T, a higher value than the one found for the
(TaNb)so(HfZrTi)so commented before. This work was the first one to report

about critical current density and pinning mechanisms in this type of systems. The
authors reported a critical current density (/) of ~10.7 kA/ cm? at 2 K in self-field
and found that the pinning mechanism agreed with the double exponential

model, which was first introduced for MgB, by Horvat et al. [20], indicating that
there were two types of pinning mechanism active. Kim et al. [17] investigated
recently the effect of vacuum annealing at several temperatures and at different
times on the superconducting and mechanical properties of this compound. Even
though T and B, slightly decreased upon annealing at medium temperatures
(550°C), it had a positive effect on both J. and Vickers hardness (HV;t). Record values

5



High Entropy Alloys — Composition and Microstructure Design

Nominal composition T. (K) B.4(0) (mT) B.,(0) (T) Reference
Taz4NbssHfgZr4Tiqq 7.3 32 8.2 [5]
Ta34NbssHfgZr1,Tisg 7.8 — 8.15 [12]
[TaNb],o(ZrHfTi)30 8.03 — 6.67 [13]
[TaNb]s,(ZrHfTi)33 7.75 — 7.75 [13]
[TaNb]e7(ZrHfTi) 33 7.7 (1 atm) — — [14]
[TaNb] e, (ZrHFTi) 53 10 (60 GPa) — — [14]
[TaNb]e, (ZrHfTi)s3 9 (190.6 GPa) e / [14]
[TaNb]go(ZrHfT1) 40 7.56 — 8.43 [13]
[TaNb]so(ZrHfTi)sq 6.46 — 11.67 [13]
[TaNb]1¢(ZrHfTi)g, 4.52 — 9.02 [13]
TayoNbyHf,0Zr,(Tisg 6.9 — 10.45 [12]
TayoNbyoHf0Zr;0Tizg 7.12 [15]
Tay,Nb,4Hf51Zr)3Tipo 6.2 — — [12]
Tay6Nby/eHf1/6Z11/6Ti1/6 7.85 23 12.05 [16]
Ta/¢NbyeHf/6Zr1/6Tine 8.1 11.0 [17]
Tay:Nbs,HfgZr, 4Tz 75 15 122 [18]
Table 1.

Selected properties of superconducting Ta-Nb-Hf-Zr-Ti HEASs, all prepared by arc melting.

of J.(0) = 520 kA/cm? and HV;r = 528 were reported, an increase of 1860% and 32%,
respectively. The best samples of Refs. [16, 17], Table 1, investigated are (also)
included in Table 2 for comparison of J.. The already high value of B.,(0) found in
[16] was recently overcome in the Nb;,Tis3Zr14Ta;y;Hfg alloy with B,(0) ~12.2 T,
although it has a lower T, = 7.5 [18]. For a summary of the Ta-Nb-Hf-Zr-Ti HEAs, see
Table 1.

2.2 Substitutions in Ta-Nb-Hf-Zr-Ti

The natural evolution of the field led to the study of new compositions and
mixtures of elements, first by only replacing one of the elements. These compounds,
summarized in Table 3, crystallize in the bcc structure and belong to type A too. An
alternative soon investigated by Marik et al. [27] was the equimolar Nb-Re-Hf-Zr-Ti
HEA, the result of substituting Re for Ta in the original system. Prepared by arc
melting too, it was among the first equimolar HEA superconductors. With T. ~ 5.3 K,
it shows an upper critical field B.,(0) of 8.88 T, a value close to the BCS weak coupling
Pauli limit, in contrast to other compounds of the Ta-Nb-Hf-Zr-Ti system [17]. The
same elements in different stoichiometry were employed by Motla et al. [28] in the
synthesis of NbgoRe19Zr1oHf10Ti10. This variant shows a T = 5.7 K, and it was studied
in detail by means of different electronic characterization techniques, including muon
spin relaxation and rotation, finding electronic properties similar to conventional
binary and ternary superconducting compounds, that is, s-wave symmetry of the
order parameter and phonon-mediated pairing [18]. Ta was also substituted by Mo in
the equimolar HfMoNbTiZr, resulting in T, = 4.1 K and B,(0) = 5.55 T [30]. Re, on
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Nominal composition Synthesis method T, (K) B(0) (T) J. (kA/cm?) Reference
Tay,6NbscHf71/6Z11/6Ti1/6 Arc melting 7.85 12.05 10.7 (2 K, sf) [16]
Tai/6NbycHf1/6Z11/6Ti1/6 Arc melting 8.1 11 520 (4 K, sf) [17]
Tay6Nby/eHf1/6Z1r1/6Ti1/6 SPS 7.80 10.50 30.5(2K,0.01T) [21]
732 (4K,0.01T)
Ta1/6NbygHf1 /67116 Tiv/6 Hot-press 7.90 — — [22]
sintering

Tay6NbyeHf1/6Z1r1/6Ti1/6 PLD 7.28 12.10 1.8 (4.2 K, sf) [23]
(TaNb)1,(HfZrTi)gg Sputtering 2.77 6.15 — [24]
(TaNb),4(HfZrTi) Sputtering 4.61 10.44 — [24]
(TaNb)35(HfZrTi)gs Sputtering 5.60 11.05 — [24]
(TaNb) 46(HfZrTi)s, Sputtering 6.14 9.93 — [24]
(TaNb)s,(HfZrTi) 43 Sputtering 6.76 8.77 — [24]
(TaNb)e,(HfZrTi) 33 Sputtering 6.43 7.05 — [24]
(TaNb)o(HfZrTi)»; Sputtering 6.33 5.78 — [24]
(TaNb)g,(HfZrTi) 3 Sputtering 6.02 4.29 — [24]
(TaNb)gs(HfZrTi) g4 Sputtering 5.57 2.95 — [24]
(TaNb),o(HfZrTi) 30 Sputtering 5.31 5.80 — [25]
(600 nm)

(TaNDb),o(HfZrTi)30 (100 nm) Sputtering 2.69 3.20 — [25]
(TaNbZrTi)9oW1o Sputtering 6.20 — — [26]
(TaNbZrTi)eoVio Sputtering 6.20 - - [26]

Table 2.

Selected properties of superconducting Ta-Nb-Hf-Zr-Ti HEAs prepared by methods different from the
conventional arc melting.

the other hand, was also used by Hattori et al. [29] to substitute not the Ta but the Zr,
leading to the Ti-Hf-Nb-Ta-Re system. Different stoichiometries with VEC values
ranging from 4.6 to 5.0 were investigated, finding T values between 3.25 K and 4.38 K
and B,(0) values between 7.90 T and 5.91 T, with the maximum T occurring for a
VEC of 4.7 and the maximum B,(0) for a VEC of 4.6 [27]. The Zr was also
substituted, in this case by Mo by Zeng et al. [31], to prepare equimolar TiHfNbTaMo
samples that showed a T, = 3.42 K and B.,(0) = 3.95 T [28]. The Zr was also replaced
by V in the equimolar HINbTaTiV HEA [34]. The detailed characterization deter-
mined T, = 5.0 K, B.; = 19 mT and B.,(0) = 6.63 T [30]. Another substitution, V for
Ta, led to Hf,1Nb,5Ti;5V15Z1,4, which shows a T, value of 5.3 K [33]. In the case of
[TaNb]31(TiUHTf) g9, the substitution was U for Zr [35]. This was the first HEA
containing an f-electron element, and it extended the HEA research to actinide ele-
ments, opening the possibility of leveraging HEAs as functional waste forms for a
variety of radioisotopes. This system shows phonon-mediated superconductivity with
T.~ 3.2K and B,(0) ~ 6.4T [31].

Other elemental substitutions of two or more elements in the Ta-Nb-Hf-Zr-Ti
system were studied by von Rohr et al. [36] with systematic isoelectronic replace-
ments, using Mo-Y, Mo-Sc, and Cr-Sc mixtures and also adding Al to the initial
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Nominal composition T. (K) B.1(0) (mT) B.,(0) (T) Reference
Re,oNbyoHf50Zr;Ting 53 33 8.88 [27]
Re;oNbgoHf19Zr10Ti10 5.7 7.95 6.31 [28]
TasNb,sHf»sReqTiss 3.95 4.87 7.90 [29]
TasNbssHf,oRe 0 Tiz0 4.38 6.60 6.94 [29]
TaysNbssHf;sReqoTis 4.10 4.56 6.65 [29]
TaysNbssHf pRe 0 Ting 3.62 7.15 5.85 [29]
TassNbssHfsReyoTirs 3.25 6.87 5.91 [29]
Mo,0Nb,oHf0Z1r0Tizg 4.1 5.2 5.82 [30]
Tas0NboHf20M020Tiso 3.42 2.8 3.95 [31]
(TaNDb) g ¢,(HfMoW) g 33 4.3 — 1.45 [32]
V15Nb,sHf,1Zr,,Tiss 5.30 — — [33]
TayoNbyoHf50V20Tize 4.93 — 6.63 [34]
[TaNb]3;(HfUTi)e9 3.20 — 6.40 [35]
[{Sc33Cre7}Nb]g,(HfZrTi) 33 5.60 — — [36]
[Ta{Sc33Cre7}]67(HfZrTi) 33 4.40 — — [36]
[TaNb]s;({Sce7Cr33}Z1Ti) 33 7.50 — — [36]
[TaNb]s;(Hf{Sce7Cr33} Ti) 33 7.40 — — [36]
[TaNb]e;(HfZr{Sce;Cr33})33 7.60 — — [36]
[{Y33Mog,}Nb]s,(HfZrTi) 33 4.70 — — [36]
[Ta{Y33Moe;}] 67 (HFZ1Ti) 33 3.50 — — [36]
[TaNb]s;({Y6;Mo033}ZrTi)33 7.60 — — [36]
[TaNb]e,(Hf{Ys;Mo033} Ti) 33 6.70 — — [36]
[TaNb]e;(HfZr{Ys;Mo33})33 7.50 — — [36]
[{Sc33Mog;}Nb] s, (HfZrTi) 33 4.40 — — [36]
[Ta{Sc33Moe7}]6,(HfZrTi)33 2.90 — — [36]
[TaNb]s;({Sce;Mo33} ZrTi)33 7.50 — — [36]
[TaNb]e,(Hf{Scs;Mo033}Ti)33 6.60 — — [36]
[TaNb]e;(HfZr{Sce;Mo33} )33 7.50 — — [36]
TayoNbygFes0ZryTing 6.87 — — [15]
Tay0Nby0GeyoZry0Ting 8.46 — — [15]
Tay6Nby/6Hf1/6Z11/6Ti1/6 Ve 5.09 — — [15]
Tay/6Nb1/6Ge1/6V1/6Zr1/6Ti1/6 8.40 — — [15]
Ta1/6Nb1/6S11/6V1/6Z11/6T11/6 4.29 — — [15]
Tay/6Nb1/6Si1/6Ge1/6Z1r1/6Ti1/6 7.40 — — [15]
TayoNbyoHf0S¢20Tizg 6.60 — 13.10 [37]
TaoNb,oHf50Zr20Se20 7.70 — 12.40 [37]
Tay0Nb20Sc20Z120Ting 7.90 — 19.30 [37]
Tay6Nby6Hf1/6Z11/6Ti1/6S¢1/6 7.20 — 14.10 [37]
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Nominal composition T. (K) B.(0) (mT) B.,(0) (T) Reference
AljsNb,y, VsZryeTigg 5.36 — — [38]
AlLisNb,,VsZr 4 Tiss 4.73 — — [38]
AljsNb,, VsZr3;Tiss 5.45 — — [38]
Al;sNb3,VsZry Tiss 6.47 — — [38]
AljsNb44VsZr1Tizs 6.75 — — [38]
AljsNb14VsZr3Tiys 4.96 — — [38]
AlsNb3,VsZr31Tips 6.18 — — [38]
AljsNb,4VsZr3Tiss 6.98 — — [38]
Table 3.

Selected properties of superconducting type A Ta-Nb-Hf-Zr-Ti-based HEAs with diffevent substitutions (bold).
All samples are prepared by arc melting.

[TaNb]e,(HfZrTi)33 compound ([TaNb]e;(HfZrTi)33Al,). This study concluded that
T strongly depends on the elemental composition of the alloy. This change is clearly
visible when substituting Nb and also Ta, observing a 60% decay in T of [Ta
{Sc33Mog;}]67(HfZrTi)33. The replacement of the other three metals does not change
T. so drastically, which remains almost unchanged for the replacement of Hf and Ti
and being ~1 K lower for the replacement of Zr. In the case of the Al addition, an
improvement of the crystallinity of the compounds was realized until x = 40, when
the stabilization of a simple bcc lattice breaks down and the material starts to crystal-
lize in the p-uranium structure, resulting in a suppression of superconductivity below
1.8 K [34]. Similar conclusions can be extracted from the work of Wu et al. [15], who
added Fe, Ge, Hf, Si, and/or V instead of Hf to the original NbTaTiZr-based matrix.
The analysis of the physical properties of the prepared compounds, including up to
seven elements, revealed that the superconducting behavior varies with the composi-
tion distribution of Nb+Ta and the degree of lattice distortion generated by the change
in the total number of elements. As the number of elements increases from four to
seven, the Nb+Ta content reduces, causing a decrease in T.. [20]. The addition of Sc to
the NbTaTiZr-based matrix generates a two-phase structure, with one phase being
bce, very similar to the Hf-Nb-Ta-Ti-Zr parent system and the other one hcp, which
absorbs practically all Sc. Superconductivity emerges in the bec phase with T, = 7.2 K
and B,(0) = 14.1 T, very similar to the Hf-Nb-Ta-Ti-Zr parent alloys [37]. Another
studied system was Al-Nb-Ti-V-Zr. Harayama et al. [39] prepared AlsNb, TizsVsZrss
and AlsNb, Tisg_,VsZrs; samples, including the particular composition
AlsNb,4Tis0VsZr,6, which have an interesting gum-metal-like behavior characterized
by being superelastic and having a low Young’s modulus [35]. The T'. values of these
compounds vary from 5.36 K to 7.01 K, being the maximum for the AlsNb,4Ti;sVsZr3;
sample, following the T, dependence on the VEC typical for the bee-type HEA super-
conductors of type A [38]. The (TaNb)s;(HfMoW);3 HEA was also investigated in
detail. This HEA exhibits a metallic behavior at high temperature, while at T. ~ 4.3 K,
it becomes superconducting with an upper critical field B,,(0) ~ 1.45 T [32].

2.3 Preparation methods

Until recent times, superconducting HEAs were generally prepared by arc melting.
In the search for new features, alternative preparation methods were started,

9



High Entropy Alloys — Composition and Microstructure Design

summarized in Table 2. Some of them, like Spark-Plasma Sintering (SPS) employed
to synthesize Ta;,cNb,cHf1/6Zr1,6Tiy/6 samples, serve to obtain bulk samples similar to
those prepared by arc melting. The T, = 7.8 Kand B,(0) = 10.5 T of these samples are
similar to the one obtained in the samples by arc melting. However, the difference in
the preparation method led to a very different pinning landscape. While the behavior
of arc-melted samples is described by the surface pinning model, the SPS sintered
sample includes also point pinning defects that sum up to the contribution of the
surface pinning. This leads to a J.. of 30.5 kA/cm” at 2 K and 0.01 T and 73.2 kA/cm” at
4 Kand 0.01 T, values that are 286% and 687% larger, respectively, to those obtained
in the arc-melted sample [21]. Samples with exactly the same composition were also
prepared by hot-press sintering. Also these samples show a similar T.. = 7.9 K as
samples prepared by arc melting [22].

However, the most remarkable and interesting advances in alternative preparation
methods are observed in the HEA films. The first work about HEA films was
published by Zhang et al. and was about the preparation of (TaNb)o¢_,(HfZrTi),
films on Si substrates by DC magnetron co-sputtering at room temperature [24].
These films, with different stoichiometries and thicknesses (between 600 and
950 nm), crystallize, like their bulk relative, into a bce structure. All the films are
superconducting with T values in the range of 2.77-6.76 K. The largest T is found for
ax = 43, and it is around 1 K lower than the bulk sample with the same composition
due to, probably, the confined-size effect. The largest B.,(0) = 11.05 T is found,
however, for x = 65, which even exceeds the Pauli paramagnetic limit [24]. Films of a
different stoichiometry of the same system, the (TaNb),o(HfZrTi)3o, were also
deposited by magnetron sputtering to investigate how the thickness and the external
hydrostatic pressure affect the superconducting properties. It was proved that both
T. and B,(0) decay with decreasing thickness. The T values decrease from the
original 7.8 K for the bulk to 5.31 K for the 600 nm film and 2.69 K for the 100 nm
film. Films with a thickness of 30 nm are not superconducting. The same trend is
observed for B,,(0), with values of 6.7, 5.8, and 3.2 T, for bulk, 600 nm and 100 nm,
respectively. The application of hydrostatic pressure up to 3.3 GPa has different
consequences depending on the thickness of the film. In the case of the 600 nm film,
T decreases with the pressure, which is different from the behavior observed on the
bulk samples. However, no significant T, change was observed when pressure was
applied to the 100 nm film. This could indicate, as expected, that thinner films
increase the disorder due to amorphization [25]. The same deposition technique was
used in the work of Shu et al. to deposit (TaNbZrTi)190 W, and (TaNbZrTi)190_»Vx
superconducting films. In this work, the influence of alloying the TaNbZrTi-based
system with W and V and the deposition temperature on the phase formation and
superconducting behavior of the films was investigated. The results show that all the
films with different values of x show a bcc structure similar to the original TaNbZrTi
system. In terms of T values, the highest one, 8.0 K, was reached for the original
TaNbZrTi system. Then, for both alloying elements, T.. dropped monotonically as a
function of x, almost at the same rate. When increasing the deposition temperature
from room temperature to 400°C, T increases while the compositions remain
unchanged. Moreover, the experimental observations led to the conclusion that the T'.
values may also relate to the atomic radii difference and electronegativity difference
of involved elements beyond the valence electron number [26]. A very similar study
was done by Zhang et al. with (TaNb);o_(HfZrTi) Mo, films. Films with different
stoichiometries of ~300 nm were deposited on Si substrates by magnetron sputtering.
The films show again a bcc structure for low x values. For near-equimolar
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composition, the crystalline HEA grains transform into amorphous aggregations with
a size of a few nanometers, forming a crystal/glass nanocomposite. This particular
microstructure causes a broadening of the normal-to-superconducting transition and
suppresses the zero-resistivity critical temperature to a lower constant value of
approximately 2.9 K [40]. A different technique, namely pulsed laser deposition
(PLD), was employed by Jung et al. to deposit Ta;/sNb,,cHf1/6Zr1/6Ti1/6 films. This
HEA, studied in several works in bulk samples, was deposited on Al,O3 substrates at
different temperatures ranging from 270 to 620°C. These films, which crystallize as
expected in bcc structure, show T values between ~5.4 and 7.3 K, being the maxi-
mum value for deposition temperature of 520°C. Also, for the same deposition tem-
perature, the largest B.,(0) = 12.1 T is observed. All films showed significantly larger J.
values than the bulk sample, while a self-field value above 1 MA/ cm? (~ 1.8 MA/cm?)
at 4.2 K was measured for the film deposited at 520°C. The J. values were maintained
above 0.1 MA/cm” under magnetic fields of approximately 3.4 and 2.0T at 2.0 and 4.2
K, respectively, which is approximately eight times larger than in the bulk sample at
the same conditions. Another remarkable result of this work is the effect of ion
irradiation on the properties of the films. It was demonstrated that the HEA films are
over 1000 times more robust to ion irradiation than other superconducting materials,
such as Nb3Sn, MgB,, Fe-based superconductors, or REBCO. This means that the T'. of
this HEA remains stable for much larger ion doses [23].

2.4 Other alloys

Rather different from the Ta-Nb-Hf-Zr-Ti system are the pentanary
(ScZrNb);_,[RhPd], and hexanary (ScZrNbTa);00_.[RhPd], systems reported by
Stolze et al. [41]. They have investigated several mixtures of five and six elements
showing a CsCl-type lattice, which is an ordered bcc structure, but had not been found
in the original Ta-Nb-Hf-Zr-Ti system. It was also observed that T'. increases gradu-
ally with decreasing valence electron count (VEC) within a solution series. The
highest T\, and B,(0) are observed in the particular case of (ScZrNb)ss[RhPd]3s with
values of ~9.3 K and 10.7 T, respectively. Another important parameter that was
observed in this case was the chemical composition, where the presence of niobium
has a positive impact on the superconductivity. In any case, also samples without any
niobium were superconducting proving that superconductivity is an intrinsic feature
of the bulk material and not just an average of the constituents’ elemental properties
[26]. The elastic properties of such a hexanary HEA superconductor,

(ScZrNbTa)eg s[RhPd]3; 5, was investigated by Pan et al. [42]. Its Young’s modulus E =
121.0 GPa and shear modulus of G = 44.9 GPa are around 10% larger than for Nb-Ti of
similar T, and ductility, which is promising for applications.

The authors of Ref. [41] reported also on three other new pentanary systems:
(ZrNb);_,[MoReRu],, (HfTaWIr)190_x[Re],, and (HfTaWPt)99_[Re],, which
crystallize in a bec a-Mn-type structure firstly observed in superconducting
HEAs here [43]. The last two systems reported in this work are the first purely 5d-
metal-based superconducting HEAs. Several stoichiometries were tested, showing
T values between 2.1 K and 6.3 K. Just as in the case of type A Re-Nb-Hf-Zr-Tij,
the presence of Re is important to understand the behavior of these systems.

Here, Re plays a key role in the stabilization of this structure type [23].

Liu et al. [44] observed the same a-Mn-type structure in Nb,sMos, .RezsRuys_Rhyg
(0 <x <£10), of which NbysMo;gRe3sRu,oRh;o shows the largest T.. = 5.1 K and
B,(0) =8.3T [41].
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The general tendency of the superconducting HEAs to crystallize in cubic struc-
tures was not followed by the discovery of the ResgNby;Tij;Zr,Hf; alloy by Marik
et al. [45], the first hexagonal superconducting HEA. These HEAs with hexagonal-
close-packed (hcp) structure are in general rather interesting from the practical point
of view because of their high hardness. ResgNby;Tij1Zry,Hf;; hasa T, = 4.4 K,

B.1(0) = 2.3 mT, and B,(0) = 3.6 T [42]. Other superconducting HEAs crystallizing in
hep structure are, for example, (MoReRuRh)gsTis and (MoReRuRh)¢(Ti;o with

T. = 3.6 Kand 4.7 K, respectively [46], or Nbyg,2,Mo3s_,Russ_Rh;oPdio (0 <x < 5)
with a maximum T, = 6.19 K for x = 2.5 [47]. A variant of the archetypical hcp
structure is found in transition-metal antimonides M;_,Pt,Sb (M = equimolar mix of
Ru, Rh, Pd, and Ir) that crystallize in a pseudo-hexagonal NiAs-type crystal structure
[48]. The synthesis for various Pt contents, x, and heat treatment conditions lead to
entropy-stabilized transition-metal monoantimonides. Superconductivity was only
found for a particular composition, x = 0.2, for which a superconducting transition at
T, = 2.15 was observed. This T is similar to the highest values previously reported for
transition-metal monoantimonides [45].

A transformation from the original hcp structure to a new face-centered cubic
(fcc) one was observed in (MoReRu) (1_2y),/3(PdPt), and carbon-added
(MoReRu) (1_2),3(PdPt).C, HEAs by Zhu et al. [49]. The (MoReRu) (1_2y)/3(PdPt),
alloys were found to crystallize in an hcp structure for 0.042 < x < 0.167 and in an fcc
structure for x = 0.333. Their VEC values are somewhat outside the expected ranges,
between 7.0 and 8.0. The addition of a certain amount of C that depends on x causes
also a transformation to the fcc structure. As in the C-free case, the structural trans-
formation is likely driven by the combined effects of VEC, lattice distortion, and
increase in entropy. The T values of the hcp phases range from 1.75 K to 8.17 K, while
the ones of the fcc structures are always below 2.8 K [46].

A different crystal structure is observed in the Tas[Mo3zs_,Ws,]RessRu,g and
[Tas,,Moss_,] WsRessRu,o HEAs [8]. In this case, the HEAs crystallize into tetragonal
sigma (o) phases. These systems exhibit fully gapped bulk superconductivity with T
values between 5.27 K and 6.29 K, reaching the maximum atx =y = 0 [47]. The same
type of structure was observed in Ta;oMoss_,Cr,RessRuyg (5 < x < 13) [50],
highlighted by the presence of Cr, which is not commonly found in superconducting
materials. These HEAs exhibit T, values up to 4.79 K and show a paramagnetic
behavior in the normal state due to the magnetic moment of Cr [48].

A transformation from the c-phase into a new structure happens in
TajoMosW3pRessRu,o upon adding C [51]. The Ta;oMosW3gRe3sRu,0C, HEA crystal-
lizes in the centrosymmetric o-type structure for 0 < x < 2 but transforms into the
noncentrosymmetric -Mn structure for 16 < x < 20. The HEA with the f-Mn struc-
ture shows T = 5.34 K, which is larger than for the original o-type structure. The
B, (0) = 9.3 T is close to the Pauli paramagnetic limit. This phase transformation is
likely caused by the decrease in VEC and the increase in lattice distortion and mixing
entropy [49]. The same B-Mn structure is found in the Crs,,Moss_,W,RessRu13Co0
HEA 0 <x <9 [52]. By increasing x, T.. was observed to decrease from 5.49 K to 3.35 K
due to the magnetic pair breaking caused by Cr moments. For all the different stoi-
chiometries, B,(0) is comparable to the Pauli paramagnetic limit Bp(0) = 1.86T,
having a maximum value of 9.7 T [50].

Based on the relationship between the VEC and T values for HEAs and other
binary or ternary superconducting alloys, new combinations of elements and stoichi-
ometries were tested approaching the VEC values where superconductivity appears.
As a result, several new HEA systems have been discovered. One example is the new
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boron-based HEA superconductor Moy, W11Vy1Re34B33 (MWVRB) [53]. With a

VEC = 5.24, this compound crystallized in the tetragonal CuAl, crystal structure and
showed a T, = 4.0 Kand a B,(0) = 7.3 T [51]. For a summary of these HEAs different
from TaNbHfZrTi basis, see Table 4.

Structure Nominal composition T. (K) B.,(0) (T) Reference
CsCl (ScZrNb)go[RhPd] 49 5.20 2.10 [41]
(ScZrNb) e, [RhPd] 55 9.20 8.90 [41]
(ScZrNb)e3[RhPd] 5, 9.30 9.60 [41]
(ScZrNb)es[RhPd] 35 9.70 10.70 [41]
(ScZrNbTa)e,[RhPd]5; 420 2.10 [41]
(ScZrNbTa)gg4[RhPd] 316 6.40 8.80 [41]
(ScZrNbTa)egs[RhPd] 315 7.0 [42]
o-Mn (ZrNb)19[MoReRu] g 5.30 7.86 [43]
(HfTaWIr),0[Re]go 5.90 — [43]
(HfTaWIr) 40[Rels0 4.00 4.64 [43]
(HfTaWPt)50[Relso 6.30 — [43]
(HfTaWPt) 49[Re]s0 4.40 5.90 [43]
(HfTaWPt)s0[Re]s 2.40 — [43]
Nb,sMosRessRu,sRhyg 4.66 7.50 [44]
Nb,sMojoRessRuoRhyo 5.10 8.30 [44]
Nb,sMojsReszsRusRhig 5.10 7.90 [44]
NbsMossRe;sRuzsRhyg 7.54 8.90 [44]
NbsMosoReoRussRhyo 6.69 7.50 [44]
NbsMo,sRe,sRuzsRhyg 6.51 7.50 [44]
NbsMo,gRezgRussRhyg 5.46 6.10 [44]
hep ResgNb,1Tiy1Zr1Hf 4 4.40 3.60 [45]
(MoReRuRh)y5Tis 3.60 — [46]
(MoReRuRh)y(Ti;g 4.70 — [46]
Nb;pMossRuzsRhioPd;g 5.58 6.90 [47]
Nb;5Mos; sRusz; sRhigPdyg 6.19 8.10 [47]
Nb,oMoszgRuzgRh;oPd;g 6.10 8.30 [47]
MosoReoRuz6Pd Pty 8.17 — [49]
Moy,ReysRuzPdsPto 491 — [49]
Mo,4Res0Ruz0Pd Pty 2.22 — [49]
Mo,,RexnRu,gPdoPtyg 1.64 — [49]
NiAs (RuRhPdIr)goPt,oSb (SSR) 2.15 — [48]
fcc Mo,gRe,gRussPd,PtsCsg 2.46 — [49]
Mo,gRe,7Ruz6Pd 4Pty Cyy 2.72 — [49]
MoysReosRus3PdsPtoCyy 228 — [49]
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Structure Nominal composition T, (K) B.,(0) (T) Reference
Mo, Re,sRuz,PdePtoCao 230 — [49]
Mo,gRenRuz1PdoPt3Cxn 1.86 — [49]
MoysRes3Ru30Pd1;Ptr4Car 1.91 — [49]
Mo,1Re»;Ru,7Pd3Pt15Cos 1.87 — [49]
Mo, ReRu,7Pd 4Pt7Cs0 1.75 — [49]

o-type TasMozsWsRessRuyg 6.29 — [8]

TasMozoWipRessRuyg 6.20 — [8]
TasMo,sW1sRessRuyg 6.10 — [8]
TasMoyoW,oRessRuyg 5.69 — [8]
TasMo;5W,sRessRuyg 5.46 — [8]
TasMo19gW3gRessRug 5.45 — [8]
TasMosW3sRessRuyg 4.78 — [8]
Tay;MozzsWsRessRu,g 6.13 — [8]
TagMos3;WsRessRu,g 5.70 — [8]
Ta;1MoygWsRessRuyg 5.32 — [8]
Tai;3MoyyWsRessRu,g 5.27 — [8]
Ta;oMo30CrsRessRusyg 4.79 6.10 [50]
Ta1oMo,sCrigRessRuyg 4.41 5.80 [50]
Ta;0Mo0,,Cry3RessRuyg 3.98 4.90 [50]
Ta;oMosW3gRessRu,g 4.87 6.70 [51]
Ta10MosW3gRessRu,0C, 4.80 — [51]

B-Mn TaoMosW3gRessRu50Cqg 5.36 — [51]
Ta;oMosWsoRessRu-0Chs 5.32 — [51]
Ta;oMosW3oRessRu,0Coo 5.34 9.30 [51]
CrsMossWyoRessRug3Cag 5.49 9.70 [52]
CrgMoz,Wi,RessRu13Ca0 473 8.40 [52]
Cr11Moy9W1;Re3sRu413Co0 3.83 7.30 [52]
Cr14Moy6W1oRessRu13C50 3.35 5.30 [52]

CuAl, Moy;Wi;VyiRes4Bss 4.00 7.30 (53]

Table 4.

Selected properties of non-bce structure-type HEA superconductors. SSR solid-state reaction; all other samples
prepared by arc melting.

3. Superconducting high-entropy compounds
3.1 Intermetallics

Other high-entropy superconductors with different compositions present alterna-
tive structures to the previous ones, Table 5. For example, (Vo sNbgs)3 Mo,AlysGag s

(0.2 < x < 1.4) is polymorphic with bec and A15 structure (similar to a- and f-W
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Structure Nominal composition T. (K) B.,(0) (T) Reference
A15 (V.sNbg 5)2.8Mo0g 2Alp sGag 5 10.20 20.10 [7]
(Vo.sNbg 5)2.6Mog 4Alg sGao s 9.20 17.70 [7]
(Vo5sNbg 5)2.4Mog 6Alo sGao s 8.90 17.00 [7]
(Vo.5Nbg 5)2Mo;Alg sGag s 6.10 9.90 (7]
(VosNbg 5)1.8Mo1,Al 5Gag 5 4.80 7.60 (7]
(Vo.5Nbg 5)1.6Mo1 4Alg sGag s 3.20 4.80 [7]
VsNbssMosslryoPtss 5.18 6.40 [55]
Vi15sNbzoMosolrioPtss 4.49 5.70 [55]
V,5Nb,sMosslrioPtss 3.61 4.40 [55]
Nb3Alp>Sng ,Geg2Gag »Sio 9.00 10.40 [56]
Nb3Alj 3Sng 3Geg 2Gag 1Sio 1 11.00 13.30 [56]
V3Alg.07510.30Gag.08Ge0.305M0.25 6.30 8.8 [57]
CuAl, Cog,Nig 1Cug 1Rhg 3lrg 371, 8.0 12 [58]
Feg.09C00.19Nig 11Rhg 27110 33715 7.8 8.5 [54]
Fe.11Cog 30Nig20Rhg 0711 32215 6.7 6.6 [54]
Feo.19C00.19Nig 20Rh0 21110 21217 5.4 5.5 [54]
Feg29C00.19Nig 30Rho.091r0.12Z12 4.8 4.8 [54]
Feo.09C00.20Nig20Cug.17Rhg 101r¢ 1521 5.7 [59]
Table 5.

Selected properties of A15 and TrZr, high-entropy superconductors. All samples have been prepared by arc
melting. The compositions of Ref. [54] were rounded to two decimals for simplicity.

actually) [7]. Furthermore, heating also induces a polymorphic transformation from
original bce structure to the A15 one, as shown for x = 0.2. The resulting compound
with this A15 structure shows bulk superconductivity with T, = 10.2 K and an estimated
B(0) =20.1T [52]. Here, mixing on both distinct lattice sites occurs, and a true alloy
resembling f-W is forming. A similar case is the system Vs, Nbss_Mo3s_,Ir;oPtss

(0 £x <£10) with maximum T, = 5.18 K and B.,(0) = 6.4 T for x = 0 [55].

The A15 structure type can be also found in high-entropy compounds like
Nb3Alo_2sn0.2Ge0_2G3.0.28i0_2 with a TC =9.0K and Bcz(O) =104T [56],
Nb3Alo‘3Sn0'3Ge0.2Ga0_1Si0,1 with a Tc =11.0 Kand Bcz(O) =133T [56], and
V3A10.07Sio_30Ga0.0gGGO.g,Osno_zS with a TC =6.3Kand Bcz(O) =88T [57] . In all these
cases, mixing occurs primarily on just one of the lattice sites (disregarding natural
disorder), and a compound resembling Cr3Si (or Nb3Sn, for that matter) is formed.
The V system is also interesting because it introduced the concept of
compositionally complex alloys (CCAs) as a new category of multi-principal-element
materials closely related to high-entropy alloys, but containing more than two phases
in an alloy sample. In the particular case of V3Alg 07Si0.30Ga0.0sGeo.305n0 25, it crystal-
lizes into five high-entropy A15 phases with different compositions. This concept of
CCAs is thought to be a practical way to improve the properties of the
superconducting HEAs.

Further high-entropy intermetallics are the so-called TrZr, compounds (T (mix
of) transition metal) with CuAl, crystal structure. They have been discovered by
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Mizuguchi et al. in Coq ,Nig 1Cug 1Rhg 3Ir¢ 3Zr; and can be regarded as mixing of
single-Tr zirconides, of which many are superconductors themselves [58]. This high-
entropy compound shows a T of 8.0 K and a B.,(0) of 12 T. Shortly after, supercon-
ductivity was also found in (Fe,Co,Ni,Rh,Ir)Zr, samples of different stoichiometries
[54]. The same group found an unusual broadening of the specific heat jump at T. for
this system (developing with the number of Tr elements), which they attributed to an
inhomogeneity of the Cooper pair formation and hence the superconducting gap [59].
Pugliese et al. [60] investigated possible local inhomogeneities in these systems by
extended X-ray absorption fine structure (EXAFS) measurements and found a corre-
lation between T and the Zr 4d-Tr nd hybridization. The Zr-Zr bonds seem to get
stiffer with increasing mixing entropy, which suggests nanoscale texturing with pos-
sible local order.

3.2 Non-oxide ceramics

The concept of high-entropy alloys primarily focused on metal alloys, however,
was quickly extended to other types of materials, Table 6. This approach, centered on
maximizing the configurational entropy to stabilize equimolar or near-equimolar
mixtures, was employed in a mixture of oxides to synthesize the first high-entropy
oxide (HEO) in 2015 [71], giving rise to a new category known as high-entropy
ceramics (HECs). HECs encompass all high-entropy materials with ceramic proper-
ties. Similar to HEAs, HECs consist of multicomponent elements in a single phase,

Structure Nominal composition T. (K) B.,(0) (T) Reference
NaCl (TiZrNbHfTa)C 2.35 0.51 [62]
(MoNbTaVW)Co o 3.4 3.37 [63]
(AgInSnPbBi)Te 2.6 2.8 [64]
({AgSnPbBi} (1 ,y/4In,)Te <2.8 — [65]
1 T-NiTe, (Co,Au),(Rh,Ir,Pd,Pt)( gTe, 45 — [66]
Co0.03AU0.06Rh0 23110 24Pd0 16Pt0 28 Te2 25 - [66]
WisSis (Nbg.1Mog 3Wy 3Req,Rug 1)5Si3 3.30 5.00 [67]
(Nbg ;Moo 3Wg 3Req 1Ru 1)5Si3 3.20 5.10 [67]
LaOBiS2 Lag 1Ce.1Pro,Ndp 3Smg 300 sF0 sBiS; 4.9 [68]
Lag ,Ce,Prg,Ndg2Sm>00.5F0 5BiS, 3.97 [69]
Lag 3Ce 3Pro,Ndo 1Smg ;OBiS, 3.4 0.65/11 [61]
Lag1Ceq.3Pro3Ndg,Smg ;OBiS, 43 0.69/15 [61]
Lag,Ceq,Pry,Ndg ,Smg,0BiS, 33 0.24/4.9 [61]
Lag1Ceq.3Prp1Ndg ,Smg 30BiS, 4.6 0.42/16 [61]
Lag 1Ceg 3Prg3Ndg 1Sm ,0BiS, 3.7 [70]
Lag,Ceq 3Prg 3Smg 1Gdo 10BiS, 3.0 [70]
Lag,Ceg 3Prg,Ndg 1Smg 1Gdg 1OBiS, 2.9 [70]
Table 6.

Selected properties of high-entropy superconducting ceramics. For Ref. [61], B.,(0) is given for both major field
divections, Bfjc and B_Lc.
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where their substantial configurational entropy plays a crucial role in their formation.
In contrast to metallic HEAs, HECs typically exhibit semiconductor or insulator char-
acteristics, making them potentially useful as functional materials. These systems
have proven to be versatile in various technologies, including thermal barrier coatings,
thermoelectrics, catalysts, and batteries, as well as wear-resistant and corrosion-
resistant coatings [72-74]. However, in this chapter, the focus will be on those mate-
rials that show superconducting properties.

High-entropy carbide ceramics (HECCs) are a subgroup of materials belonging to
the more general one of the HEC. The high-entropy carbides are coming from the
binary transition metal carbides (TMCs), composed of carbon and a transition metal,
that are widely used as ultra-high-temperature ceramics in structural applications.
They are made by combining different TMCs to synthesize a single-phase multi-
principal elemental HECC [75]. Among them, (TiZrNbHfTa)C was the first one to
show superconducting properties [62]. This HECC, prepared by SPS, crystallizes in
NaCl structure and shows bulk superconductivity with T, = 2.35 K, B.;(0) ~ 26.1 mT,
and B;(0) ~ 0.51 T. Those superconducting properties are robust and were kept
almost invariable under pressure up to 80 GPa [74]. Very recently, Shu et al. discov-
ered the coexistence of ferromagnetism and superconductivity in (MoNbTaVW)Cj o
and (TaTiNbZr)C [63].

Some superconducting telluride high-entropy compounds crystallize in the NaCl
structure too (Figure 2b). Superconductivity was first seen in AgInSnPbBiTes by
Mizuguchi with a T, of ~2.6 K and an extrapolated B.,(0) of ~2.8 T [64]. Upon
applying pressure up to 35 GPa, the crystal structure changes via a Pnma structure (at
around 12 GPa) to the CsCl type with increased T values of ~5.3 K [76]. The stoichi-
ometry on the M site was varied shortly after by adjusting the In content as
(AgSnPbBi) (1 _y),4In, Te with x = 0, 0.1, 0.2, 0.3, and 0.4, where the sample without In
is not superconducting, and T increases slightly with x [65]. A special case of
superconducting high-entropy tellurides is (Co,Au)¢,(Rh,Ir,Pd,Pt)( sTe, and
Cog.03AU0.06Rhg 23110 24Pd g 16Pto 28 Te; as layered compounds with 1 T-NiTe, struc-
ture. They are called high-entropy van der Waals materials (HEX) and show super-
conductivity up to 4.5 K [66].

The case of the high-entropy silicides (HESs) is quite similar to the carbides. They
are made by combining Si with other elements, mainly metals. The binary transition-
metal silicides MsSi; were studied extensively for high-temperature structural appli-
cations due to their high melting points. Again, combining these binary silicides,
different HESs were synthesized. However, the first superconducting high-entropy
silicides appeared only very recently [67]. (Nbg 1Mo ;W 3Req,Ruq 1)55i3 and
(Nbg Moo 3Wj 3Req 1Rug 1)5Si3 were prepared by arc melting and are weakly coupled
bulk superconductors. They both crystallize in the WsSi; structure and have T, values
of 3.3 Kand 3.2 K, and B.,(0) values of 5.0 T and 5.1 T, respectively [65].

Superconducting high-entropy sulfides are derived from the layered superconduc-
tors RE(O,F)BiS, by mixing the rare earth element (RE) (Figure 2c)[77]. The first
reported system was (La,Pr,Ce,Nd,Sm)O sFy sBiS,, where T.. depends linearly on
lattice parameter a, and Lag 1Ceq 1Pro ,Ndg 35m 300 sFo sBiS, showed the highest
value of ~4.9 K [68]. The same group investigated shortly after the dependence of
structural and superconducting properties on the mixing entropy by compounds with
one to five RE elements, where T, and superconducting volume fraction increase
linearly with mixing entropy [69]. Shortly after, superconductivity was also con-
firmed in F-free HE REOBIS, single crystals [61, 70], for which the anisotropy of the
upper critical field could be determined.
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3.3 Oxides

The first high-entropy oxides (HEOs) were reported by Rost et al. in 2015 [71]. In
this work, the authors demonstrated that the entropy drives a reversible solid-state
transformation between a multiphase and a single-phase state and was able to syn-
thesize (Mg ,Co0,Nip,Cug,Zng )0, the first HEO [61]. However, the term HEO
was only introduced 1 year later by Bérardan et al., making the analogy to HEAs, to
classify these multicationic, equiatomic oxide systems [78]. Over the years, the HEOs
have gained significant interest due to their unique structural characteristics and
related possibilities for tailoring functional properties [79-82]. One particularity of the
HEOs, in contrast to HEAs, is that here the elemental mixing is restricted to one or
only some of the atomic positions, similar to the metallic and ceramic compounds
mentioned above. Superconductivity in HEOs could only be found in compounds of
the REBa,Cu30;_; (REBCO) family so far, probably the best-known and studied
superconducting oxides. A recent search, for example, for superconducting high-
entropy Ruddlesden-Popper cuprates has not been successful so far [83].

The concept of HEO was applied for the first time to REBCO compounds in 2020
by Shukunami et al. when the first high-entropy REBCO (HE REBCO) compound was
reported [10]. The REBCO compounds exhibit a triple perovskite structure, whose
center is the RE atom. This RE site is occupied with a mixture of rare earth elements,
so that is where entropy is introduced (Figure 2d).

To the best of our knowledge, although the number has been increasing year by
year since 2020, only 10 articles have been reported on HE REBCO to date. The
different HE REBCO compounds presented in those articles can be classified as bulks
or films according to the synthesis method followed (Table 7). Within the group of
the films, one can further distinguish between films by pulsed laser deposition (PLD)
and by chemical solution deposition (CSD).

Shukunami et al. manufactured polycrystalline REBCO bulk samples via
solid-state reaction, combining up to six different rare earths in 2020 [10]. So
far, all bulk HE REBCO samples have been prepared by SSR. In particular,
they Presented YO.ngdO.1681'110_18E110'18Gd0_20B3.2C11307_5 and
Yo.18La024Ndo 14Smg 14Eu 15Gdg 1sBa;Cu305_5 as the first two superconducting HE
REBCO compounds with T, = 93 K in both cases. The J. values of these compounds
were calculated from magnetic measurements at 2 K and 1 T. The values were
11.7 kA/cm? for Yo ,sNdg 16Smg 18Eu0 18Gdo 20Ba,Cus05_s (~20 kA/cm? at self-field)
and 8.1 kA/Cm2 for YO‘18La0.24Nd0,14Sm0.14Eu0_15Gd0_15Ba2Cu3O7,5. The authors also
identify a clear correlation between T. and the orthorhombicity parameter (OP),
which is defined as 2|a — b|/(a+b) with lattice constants a and b. For OP > 0.012,
the T. of the samples is almost constant, but for OP < 0.012, T starts to decay. For
OP < 0.007, superconductivity was not observed anymore. Interestingly and
accordingly, two further HE REBCO compounds that they prepared were not
superconducting, namely, Y ,3Lag25Ndg 155mg 19Eug 18Ba,Cu30;_5 and the
Yo.23Lag23Ndg 175mg 18Gdg 10Ba,CuzO;_5. These results indicate the importance of
wisely selecting the RE elements to include in the HE REBCO to maximize the
superconducting properties. One year later, Wang et al. [84] prepared four
new HE REBCO compounds with a mixture of five elements in each case:
Yo.2Lao2Smg 2Dy »Erg 2Ba;Cuz0;_5, Yo ,Hog 2Erg ,Tmg ;Ybg ,Ba,Cus0;_s,
Yo.5La0.1255m0 125Dy0.125E10.125B2,Cu307_5, and
Yo.55mg 125Eu0.125Gdo 125DV0.125Ba,CuzO;_s. Magnetic measurements showed that all
these samples exhibit a very similar T, of ~92 K. The self-field /. values of
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Nominal composition on RE site T. (K) J. (MA/cm?) Reference
Y0.2sNdo.165mo 18EU0.18Gdo 20 93.0 0.02 (2K, sf) [10]
0.01177 2K,1T)
Yo0.18L20.24Nd0.145m0 14EU0.15Gdo 15 93.0 0.081 2K,1T) [10]
Yo.2Lao 25mo 2Dyo 2Ero.2 92.0 — [84]
Yo.2Hog 5Er,Tmg»Ybo 92.0 — [84]
Yo.5La0.1255M0.125Dy0.125E10.125 92.0 0.02 (2K, sf) [84]
0.002 (77 K, sf)
Y0.55mo.125EU0.125Gd0.125D¥0.125 92.0 — [84]
Yo.2Lao2Smo2Euo2Gdo o 93.4 0.0109 (JcGlobal [85]
at2K,17T)

6.5 (Jclocal

at 2 K, sf)
Y0.,Ndp»Smg ,Eug,Gdg» 93.4 0.01177 2K,1T) [85]
Y0.2Smg 2Eug2Dyo.,Hog 2 93.0 0.0346 2K, 1T) [85]
Y1/6La1/6Nd1/65Smy/6Eu1/6Gdyse 93.1 0.0081 2K, 1T) [85]
Y1/6Smy/6Eu/6Dy1/6HorYbys 92.0 0.0499 (2K, 1T) [85]
Y1/7Smy7Eu1/7Dy1/,H01/7Yby /7L 7 91.4 0.0535 (JcGlobal [85]
at2K,17T)

5.5 (Jclocal

at 2 K, sf)
DY0.16H00417E1‘0.ZOTmO.ZZYbO.ZS 88.8 — [86]
Gdo23Dyo.17H00.15E10.15Tmo 19Ybo 20 89.8 — [86]
Gdo.20DYo.13H0o.10Er0415Tmo.o9Ybo.20Luo.15 89.4 — [86]
Yo0.12Smg 0sEug 26Dy0.18H00 36 (PLD film) 90.5 6512K,1T) [87]
23(42K,7T)
Y0‘7Gdo'2Dyo'2Smo'2Euo.2 (CSD fllm) 93.0 10 (30 I<, Sf) [88]
4 (65K, sf)
2 (77 K, sf)
Gdovzsmovado'zEuoszo_z (CSD fllm) 90.4 2.4 (77 I(, Sf) [89]
GdO.ZDYO.ZYOAZHOOAZErO.Z (+120/0 BHO, CSD) 91.9 35 (77 I(, Sf) [90]
Table 7.

Critical temperatures and selected J. data of high-entropy REBCO phases. The samples, except otherwise stated,
are prepared by solid-state reaction. sf, self-field or remanent state.

Yo.5La0.1255m0 125DV 125Er0.125Ba,Cu30,_s were 20 kA/cm? at 1.8 K and 2 kA/cm? at
77 K. These samples show smaller irreversible fields than traditional YBCO, indi-
cating again that the selection of the RE elements has a huge influence on the
properties of these compounds. In 2022, Yamashita et al. of the same group that
reported the first HE REBCO went a step further [85]. They prepared six new
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compounds by solid-state reaction including one with seven different RE:

Yo.2Lag 2Smg 5Eu 2Gdo 2BayCuz0y7_s, Yo 2Ndg 2Smg 2Eu 2Gdg 2Ba,Cuz0;_s,

Y0.2Smg 2Eug 2Dy 2Hog 2Ba>Cuz0;_s, Yi/6 LagsNdy/6Smy6Eus/6Gdy/eBay,Cusz0;_s,
Y1/6Sm1/6Eu1/6Dy1/6H01/6Yb1/6Ba,Cuz0;_5, and Y1/7,Smy,7Eus,7,Dy1/7Ho1/7Yby 7Ly,
7Ba;,Cu30;_s. T, values of these compounds are between 93.4 K and 91.4 K, slightly
decreasing with RE complexity. Similar to their first work on T, they correlated the
OP here with J.. Again, there is an obvious correlation between both parameters,
being the largest J. = 53.5 kA/cm” (2 K, 1 T), for the largest OP that corresponds to
the compound with seven RE, even though T. was the smallest. This value of ],

measured magnetically on cube-shaped samples, corresponds to JS°P, However,
this J. is affected by the typical weak links from grain to grain found in the REBCO
compounds due to their short coherence lengths. Therefore, the authors estimate J.

within the grains (J°?!) in fine powders of the same composition as the samples by

magnetic measurements. At 2 K, /' of ~6.5 MA/cm? was found for
YO.zsmo_zEuO_szO.2H00.2B32CU3O7_5 and ~ 5.5 1\/[1A/CIT12 for Y1/7Sm1/7Eu1/7Dy1/7H01/
7Yby/7Luy/7Ba;Cuz0; 5. At 20 K, the values for the different compounds are very
similar, ~2 MA/cm? independent of the number of RE [84]. Also, in 2023, the use
of solid-state reaction synthesis has been continued. Suzuki et al. [86] followed
this method to prepare HE REBCO single-crystal whiskers with dimensions
0.5-1.0 mm in length, 10 pm in thickness, and 10-50 pm in width. The
analytical HE REBCO COl’l’lPOSitiOHS were DYO_16H00_17EI'0.onmo_22Yb0_25Ba2CU307_5,
Gdo_23DyO_17H00.15Er0.15Tm0.19Yb0.zoBazCu3O7,5, and
Gdo_20DYO.lgHOO_loEI'O.lsTmO'09Yb0_20LUO_15B3.2CU307_5. The TC zero values of these
compounds were around 89 K, which indicates that T. of HE REBCO compounds
with a similar average RE ionic radius does not depend on the mixture entropy at
the RE site. Therefore, the advantages of high-entropy alloys may be kept for a high
degree of entropy without reducing the superconducting properties of the REBCO
compounds. Finally, Pryanichnikov et al. [91] synthesized equimolar
Y0.2Ndg 2Eug 2Smg ;Hog ,Ba,Cu30, bulk samples and studied their superconducting
properties. The purpose of this work was to change the oxygen content by
annealing in appropriate conditions and to study the crystal structure features and
superconducting properties. It was concluded that OP, T, and J. of
Y0.2Ndg 2Eug2Smg ;Hog ,Ba,Cus0, increase with oxygen content y, very similar to
their relatives of “low-entropy” REBCO compounds.

Within the group of HE REBCO compounds prepared as films, the first
work published was the one of Yamashita et al., who prepared
Y0.12Smg 0gEu 26Dy0.18H00 36Ba,Cu307_s films by PLD [87]. This sample containing
five REs was compared with other low- and medium-entropy compounds. All samples
grew with c-axis-preferential orientation. In addition, the c-axis of the samples
increases with the average diameter of the REs mixture and so does the width of the
(005) peak, indicating, as expected, that there is an increase in the disorder of the
crystal lattice. The T of the Y 1,Smg ¢gEug 26Dy0.18H00 36Ba,Cuz0;_; film was 90.5 K,
the same as for the medium-entropy films with three and four REs. It shows J. = 2.3
MA/cm? at 4.2 K and 7 T, and that stays above 1.0 MA/cm?” up to 20 K and 7 T. These
values are very similar to the medium-entropy film with four RE and to the standard
YBCO film in the high-field region. Few months later, Chen et al. reported the first HE
REBCO film deposited by fluorine-free CSD [88], namely, an 800-nm thick nominal
Y07Gdo 2Dy 2Smg ;Eug ,Ba;Cuz0;_5 film on technical substrates. This compound
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presents the particularity that it was nominally off stoichiometry on the RE molarity
because the authors argued this type of off-stoichiometric composition ratio provided
better superconducting properties than standard 1:2:3, possibly mostly due to the
formation of RE,O3 nanoparticles, which serve as pinning centers. The structural and
superconducting properties of this HE REBCO were compared with two control sam-
ples prepared the same way, Y;Dyg sBa,Cu30;_; (also off stoichiometry on the RE
molarity) and YBCO. They showed that high-quality c-axis-oriented

Yo7Gdo 2Dy 2Smo ,Eug,Ba;,Cuz0;_5 films with T, = 93 K can be obtained. The in-
field J. values of this HE REBCO film are significantly improved, especially at 77 K or
below 4 T. Self-field J. values of 2, 4, and 10 MA/cm? were obtained at 77, 65, and 30 K,
respectively. The maximum pinning force density of the HE REBCO film at 77 K was 1.7
times higher than that of the standard YBCO film. However, it is difficult to confirm if
this enhancement of ] originates from the effect of the HE RE mixing or from the
contribution of the RE,O3 pinning centers that were also found in the films. Fluorine-
free solutions were also used by Masuda et al. to deposit 300-nm
Gdg>Smg-Ndg,Eug Y -Ba,Cuz05_s films on LaAlO; substrates [89]. The films show a
T. = 90.4 K and a self-field J. = 2.4 MA/cm? at 77 K, both exceeding a standard GABCO
film of the same study. Cayado et al. raised the level of complexity further by introduc-
ing perovskite nanoparticles into the HE REBCO film [90]. They prepared

Gdo 2Dy .2Y0,Hog 2Erg ,Ba,Cu30;_ s nanocomposite films with 12 mol% BaHfO3; (BHO)
nanoparticles on SrTiO; substrates by CSD using full-TFA solutions. Both T and self-
field J. at 77 K of such a film, 91.9 K and 3.5 MA/cm’, respectively, are comparable with
the ones of low- and medium-entropy REBCO films prepared in the same way. By an
exhaustive TEM study, a homogeneous distribution of the BHO nanoparticles as well as
a homogeneous distribution of the REs at the atomic level instead of RE clustering, were
observed, proving a true HE REBCO. Griinewald et al. [92] of the same group continued
these TEM analyses of such films, focusing on the mixing of REs into the BHO
nanoparticles. This is important as the possible incorporation of REs in the nanoparticles
could lead to off-stoichiometries in the REBCO phase, causing a deviation from the
expected growth process and reduction of the superconducting properties. The degree
of REs incorporation in BHO was found to depend on both the ionic radius and the
content of the REs in the REBCO phase. The REs incorporation increases with decreas-
ing ionic radii and shows a stronger tendency for smaller ionic radii to intermix in
medium- and high-entropy REBCO than in the low-entropy ones.

4, Conclusion

In this comprehensive review, we have described the state of the art of
superconducting high-entropy materials, focusing on fabrication methods and
superconducting properties. The extension of high-entropy principles to the field of
superconductivity has opened up new frontiers in the search for new superconductors
and offers promising perspectives for innovative technological advancements. The
potential applications of superconducting high-entropy materials cover a wide spec-
trum, from energy transmission to quantum computing. Their ability to maintain
superconductivity under varying external conditions positions them as promising
candidates for different applications. The discovery of new high-entropy supercon-
ductors has been continuous as the first one was found in 2014, while the interest in
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this topic is growing year by year. Due to their chemical similarities, transition metals
and rare earth elements are predestined for mixing on certain lattice sites. The first
superconducting HE alloys contained only low transition metals, which were later
extended to higher transition metals and even main group metals. These alloys with
simple bec crystal structures were further developed toward more complex crystal
structures and further to compounds. In two layered compound classes, REOBIS; and
REBCO, high-entropy mixing on the RE site has been shown. Similar investigations
might be interesting in the iron-based superconducting LnFeAsO system, Lz lantha-
noid, which is still missing. Combining transition metal mixing and rare earth mixing
on appropriate lattice sites might be a further increase in complexity. There is cer-
tainly still plenty of room for new, exciting investigations in this field.
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