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Abstract: High-entropy alloys (HEAs) are a new class of materials which are being energetically
studied around the world. HEAs are characterized by a multicomponent alloy in which five
or more elements randomly occupy a crystallographic site. The conventional HEA concept has
developed into simple crystal structures such as face-centered-cubic (fcc), body-centered-cubic (bcc)
and hexagonal-closed packing (hcp) structures. The highly atomic-disordered state produces many
superior mechanical or thermal properties. Superconductivity has been one of the topics of focus in
the field of HEAs since the discovery of the bcc HEA superconductor in 2014. A characteristic of
superconductivity is robustness against atomic disorder or extremely high pressure. The materials
research on HEA superconductors has just begun, and there are open possibilities for unexpectedly
finding new phenomena. The present review updates the research status of HEA superconductors.
We survey bce and hcp HEA superconductors and discuss the simple material design. The concept
of HEA is extended to materials possessing multiple crystallographic sites; thus, we also introduce
multisite HEA superconductors with the CsCl-type, «-Mn-type, A15, NaCl-type, o-phase and layered
structures and discuss the materials research on multisite HEA superconductors. Finally, we present
the new perspectives of eutectic HEA superconductors and gum metal HEA superconductors.

Keywords: high-entropy alloy; superconductivity; body-centered-cubic; hexagonal-closed packing;
multisite high-entropy alloy; eutectic high-entropy alloy; gum metal

1. Introduction

High-entropy alloys (HEAs) can be considered as a new class of materials especially due to their
superior mechanical properties [1-4]. The conventional HEA concept was originally proposed for simple
crystal structures such as face-centered-cubic (fcc), body-centered-cubic (bcc) and hexagonal-closed
packing (hcp) structures, all of which possess only one crystallographic site. One of the definitions of
HEA is that more than five elements with an atomic fraction of each element between 5% and 35%
randomly occupy one crystallographic site [5]. The other definition follows the value of mixing entropy
ASmix, which is expressed as follows:

n
ASW-X =-R Z C,‘ll’lCi (1)
i=1

where 7 is the number of components, ¢; is the atomic fraction and R is the gas constant. According to
this equation, we classify low-entropy alloys as having an R less than 0.69, medium-entropy alloys
(MEAs) have an R between 0.69 and 1.60 and HEAs have an R of 1.60 or larger [6]. In this review,
we basically follow the first definition for the single-site (fcc, bec, and hcp) HEAs. The concept of
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HEA has now been adopted in many multisite alloys beyond bcc, fcc and hep structures. In such
a case, a multicomponent form is realized in the specific or respective crystallographic site in the
material, hereafter called multisite HEA. A quantitative definition of multisite HEA does not exist;
thus, we regard a reported compound as a multisite HEA if the word “HEA” is used for the compound
in the paper. Figure la draws the crystal structure of a single-site (bcc) HEA. In the bcc structure
(space group: Im3m, No. 229), only the 2a site is present, which is randomly occupied by several atoms.
Figure 1b,c show the examples of multisite HEAs with the A15 phase (space group: Pm3n, No. 223),
possessing sites 2a and 6d. In Figure 1b, the 64 site is randomly occupied by several different atoms,
while the specific atom occupies the 24 site. On the other hand, both Wyckoff positions show an atomic
disorder in Figure 1c.

(a) bee (b) A15 (Cr;Si-type)

Figure 1. Crystal structures of (a) body-centered-cubic (bcc), (b) and (c¢) Al5 compounds.
The multicolored balls mean that the site is randomly occupied by several atoms. The solid lines
represent the unit cells.

HEAs show many superior properties such as a combination of high yield strength and ductility [7],
high strength at high temperatures [8], strong resistance to corrosion and oxidation [9], outstanding
thermal stability [10] and so on, which are primarily derived from high atomic disorder. One of the
attractive properties of HEAs is superconductivity. Since the discovery of a bcc HEA superconductor
in 2014 [11], the number of reports of HEA superconductors is growing. Many HEA superconductors
composed of transition metals can be regarded as an intermediate material between a transition metal
crystalline superconductor and amorphous superconductor, from the perspective of the so-called
Matthias rule. This rule is an empirical one, showing broad peak structures at the specified valence
electron count per atom (VEC), when the superconducting critical temperature T. of transition metal
crystalline superconductors is plotted as a function of VEC [12]. On the contrary, transition metal
amorphous superconductors do not follow this rule and frequently show rather high T, values at the
valley in the curve of the Matthias rule [13]. The VEC dependence of T, for HEA superconductors with a
bec structure seems to fall between the crystalline curve and the amorphous curve; thus, it is anticipated
that HEA superconductors will be useful for the study of the relationship between crystalline and



Metals 2020, 10, 1078 30f23

amorphous superconductors. Another important feature of HEA superconductivity is the robustness
of T, against atomic disorder [14] or extremely high pressure [15]. New materials have provided
many breakthroughs in materials science; thus, it is necessary to carry out materials research on HEA
superconductors to pursue a new phenomenon. Although basic metallurgical research works are
important for consistency, some hints regarding the material design are required, especially based on a
comprehensive survey of the already reported materials.

In 2019, a review of HEA superconductors was published [16]. This review summarized the
data of HEA superconductors with mainly bec and hep structures and presented a good deal of
perspectives. After the publication, the research in this area has progressed, and several perspectives
have been addressed. This review aims not only to update the research status of bcc and hcp HEA
superconductors but also to present a survey of multisite HEA superconductors. In each system,
we aim to discuss the simple material design. Moreover, we present new perspectives in this research
area. This review is organized as follows. In Section 2, the bcc HEA superconductors, which are the
most extensively studied of all types, are surveyed. Studies of hcp HEA superconductors are presented
in Section 3. In Section 4, the simple material design of bcc and hcp HEA superconductors is discussed.
Multisite HEA superconductors are introduced in Section 5. Several perspectives are given in Section 6,
and Section 7 presents a summary of the review.

2. bcc HEA Superconductors

2.1. Ta-Nb-Hf-Zr-Ti

The Ta-Nb-Hf-Zr-Ti system is the most explored HEA superconductor (see also Nos. 1 to 13 and
No. 21 in Table 1). The first HEA superconductor—TazsNbs3HfsZr 4 Tij;—was reported in 2014 [11].
It shows type II superconductivity at T. = 7.3 K, and the upper critical field H,(0) is determined
to be 82 kOe. The measured physical properties suggest a Bardeen-Cooper-Schrieffer (BCS)-type
phonon-mediated superconductor at the weak electron-phonon coupling limit.

Table 1. Superconducting properties, 6, valence electron count (VEC) and average number of itinerant
electrons per atom (e/a) of bec high-entropy alloy (HEA) superconductors. T. and H(0) data are from
the references listed in the table.

No. HEA T. (K) Hc(0) (kOe) ) VEC efa Ref.

1 Ta34Nb33Hf82r14Tin 7.3 82 4.56 4.67 1.44 [11]
(TaNb);_, (HfZrTi),
2 (0.2< x < 0.84) - - - - -
- x=03 8.0 67 4.34 4.7 1.45 -
- x=0.33 7.8 78 4.47 4.67 1.45 -
- x=04 7.6 84 471 4.6 1.45 -
- x=05 6.5 117 491 4.5 1.45 -
- x=0.84 4.5 90 4.64 4.16 1.46 -
3 (TaNbV), ¢7(HfZrTi) 33 43 - 639 467 133 [14]
4 (NbV).67(HfZrTi) 33 7.2 - 704 467 123 [14]
5 (TaV)g.67(HfZrTi)g 33 4.0 - 704 467 131  [14]
6 (TaNb)o 67(HfZrTi)o 33 ) } ) ) ) [17]
substituted by {Sc-Cr}

- (SCO.33CI'().67N-b)0.67(HfZI'Ti)O.33 5.6 - 9.14 4.67 1.28 -
- (TaSC0_33CI‘0'67)0'67(HerTi)o'gg 44 - 9.13 4.67 1.36 -
- (TaNb)0_67(SCO‘67CI'0_33ZI‘Ti)O'33 7.5 - 5.68 4.67 1.39 -
- (TaN_b)OA67(HfSC0A67CI'OI33Ti)O.33 74 - 5.39 4.67 1.42 -

- (TaNb)0_67(HerSc0,67Cr0_33)0_33 7.6 - 6.15 4.67 1.46 -
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Table 1. Cont.

No. HEA Te (K)  He(0) (kOe) 5 VEC efa  Ref.

7 (TaNb)o 67(HfZrTi)o 33 ) ; . ) ) [17]

substituted by {Y-Mo}

- (Y0‘33MOO.67N_b)0_67(HerTi)0_33 4.7 - 8.98 4.67 1.44 -

- (TaY0,33M00,67)0_67(HerTi)0_33 35 - 8.96 4.67 1.53 -

- (TaNb)0‘67(Y0_67MOO‘33ZI‘T1)0_33 7.6 - 7.25 4.67 1.45 -

- (TaNb)0.67(HfYO'67MOO_33Ti)OA33 6.7 - 7.06 4.67 1.48 -

- (TaN_b)O'(g(HfZI‘YO.67MOO'33)0,33 7.5 - 747 4.67 1.51 -
8 (TaNb)o 67(HfZrTi)o 33 ) ) ) ) ) [17]

substituted by {Sc-Mo}

- (SCO'33M00'67Nb)0'67(HerTi)0'33 44 - 6.62 4.67 1.38 -

- (TaSCO‘33M00.67)0'67(HfZI'Ti)O'33 29 - 6.61 4.67 1.47 -

- (TaN‘b)oA67(SCQ.67MOO_3geri)O_33 7.5 - 5.10 4.67 1.41 -

- (TaNb)0'67(HfSCO'67M00'33Ti)Q_33 6.6 - 4.78 4.67 1.44 -

(TaNb)0‘67(HfZI‘SCo_67MOO_33)0_33 7.5 - 5.58 4.67 1.47 -

9 (TaNb)o 67 (HfZrTi)p 33 Alx - - - - - [17]

- x=0.15 6.6 - 4.27 4.45 1.65 -

- x=03 3.0 - 4.08 4.29 1.81 -
10 Ta1/6Nb2/6Hf1/6Zr1/6Ti1/6 7.9 120 4.92 4.5 1.43 [18]
11 (TaNb), 51 (HfUTi)g 60 3.2 64 417 431 - [19]
12 szz‘lT326'3T116_6ZI‘15_5Hf19'5 7.1 20 491 4.48 1.47 [20]
13 Nb21.5Ta18_1Til5.92r14l4Hf16_6V13_5 5.1 20 6.21 4.53 1.38 [20]
14 NbTaTiZrFe 6.9 - 8.04 5.2 131 [20]
15 NbTaTiZrGe 8.5 - 8.07 44 191 [20]
16 NbTaTiZrGeV 8.4 - 807 45 175  [20]
17 NbTaTiZrSiV 43 - 9.88 4.5 1.74 [20]
18 NbTaTiZrSiGe 7.4 - 10.7 4.33 2.26 [20]
19 szoREzoZrngfonizo 5.3 89 5.86 4.8 1.42 [21]
20 Hf1 NbosTiqs Vi5Zro4 5.3 - 680 44 136 [22]

(TaNb),_, (HfZrTi)x
21 Thin film - - - - - [23]
(0.04 < x < 0.88)

- x=021 6.2 58 3.82 4.79 1.45 -

- x=0.33 6.4 71 4.47 4.67 1.45 -

- x=043 6.8 88 4.79 4.57 1.45 -

- x =054 6.1 99 4.96 4.46 1.45 -

- x=0.65 5.6 110 4.97 4.35 1.46 -

- x=076 4.6 104 4.84 4.24 1.46 -

- x=0.88 2.8 62 4.51 4.12 1.46 -

After the discovery of TazsNbs3HfsZr14Tij;, extensive and systematic studies have been
undertaken. The detailed VEC dependence of T, in (TaNb);_,(HfZrTi), (0.2 < x < 0.84) was reported
(No. 2 in Table 1) [14]. T ranges from 4.5 K to 8.0 K, depending on x. A maximum T is reached at
approximately a VEC of 4.7, which mimics the feature of the Matthias rule for crystalline transition
metal superconductors. The curve of the VEC dependence of T, for the HEAs falls between those
of crystalline 44 metal solid solutions and amorphous 4d metals. Taking into account the fact
that Nbg¢;Tip33 is a Tc = 9.2 K superconductor, the atomic disorder introduced in the HEA has a
small influence on T. Furthermore, a research team has investigated the superconducting states of
(TaNb)g ¢7(HfZrTi)g 33 substituted by isoelectronic mixtures of {Sc-Cr}, {Y-Mo} and {Sc-Mo} (No. 6 to
No. 8 in Table 1) [17]. The T, of (TaNb)g ¢7(HfZrTi)o 33 was highly reduced by the replacement of Ta or
Nb atoms; this means that T strongly depends on the elemental makeup of the alloy. The team has
also found that (TaNb)g ¢7(HfZrTi)( 33Alx, which is the alloying of Al into (TaNb)g ¢7(HfZrTi)( 33, has a
bcec structure up to x = 0.3 (No. 9 in Table 1) [17]. The VEC dependence of T also falls between the
curves for crystalline and amorphous superconductors.
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One of the high-impact results is the superconducting properties under high pressure [15].
The (TaNb)g ¢7(HfZrTi) 33 HEA superconductor shows a robust zero-resistance against a high pressure
of up to 190.6 GPa. This result is an important factor making superconducting HEAs promising
candidates for superconducting materials working under extreme conditions. Another important
result to be noticed is the thermal annealing effect, as HEA superconductors are usually as-cast
samples. The annealing effect has been reported by investigating the superconducting properties of
Ta-Nb-Hf-Zr-Ti HEAs prepared under different thermal treatments [24]. Long-term annealing induces a
short-range clustering of atoms, changing the microstructure of the HEA. However, the superconducting
properties are rather insensitive to the microstructure difference.

In 2020, some pioneering studies have been reported. One presented the successful preparation
of thin film HEA superconductors (TaNb);_,(HfZrTi), using a magnetron sputtering method (No. 21
in Table 1) [23]. The films with x < 0.65 showed normal metallic properties; on the other hand,
those with x > 0.65 exhibited weakly insulating behaviors. All films, except for x = 0 and 1, entered
into the superconducting states at low temperatures. The highest T = 6.8 K was observed at x = 0.43
with VEC = 4.57. The maximum T, was slightly lower than the value of the bulk sample (T, = 8 K,
VEC = 4.7). This study paves the way for engineering research of HEA superconductors. The other
pioneering work [18] was the evaluation of the critical current density J.. The sample comprised
the bcc HEA superconductor TaysNboyjsHf;6Zr16Tiys with T, = 7.9 K, which is characterized as a
strong coupled s-wave superconductor with a dirty limit (No. 10 in Table 1). The zero-field J. is
estimated to be 10,655 A cm~2 at 2 K, which is inferior to that of the conventional binary alloy NbTi
superconductor, exceeding 10° A cm~2 at 4.2 K [25,26]. The vortex pinning force can be explained by
the Dew—Hughes double exponential pinning model, which refers to the existence of two types of
pinning mechanism. Another interesting result is the high Kadowaki-Woods ratio. Therefore, the HEA
superconductor might be regarded as a strongly correlated system. The last paper to be highlighted is
the report of superconductivity in uranium-containing HEA (No. 11 in Table 1) [19]. In this report,
Zr in (TaNb);_,(HfZrTi), was replaced by a U atom. Generally, Zr and U possess similar chemical
and electronic properties; for example, they can both adopt a tetravalent state with similar ionic sizes.
Thus, the obtained bcc HEA superconductor (TaNb)g 31 (HfUTi)g 9 was the first U-containing HEA
superconductor. U is considered to be a magnetic atom; however, (TaNb) 31 (HfUTi)g g9 did not show a
Curie-Weiss behavior, and 5f electrons in U atoms would be itinerant.

2.2. The Other Systems

NbTaTiZr-based HEA superconductors supplemented with Fe, Ge, Si or V have been extensively
investigated (No. 14 to No. 18 in Table 1) [20]. NbTaTiZr enters into a superconducting state below T
= 8.3 K. The addition of Ge and Ge + V enhance T, by up to 8.5 and 8.4 K, respectively. Microstructure
analyses have revealed that a Nb-Ta rich phase plays an important role in increasing T.. Besides
this, T seems to depend on the degree of lattice distortion. The equimolar HEA superconductor
NbygRepoZrygHfpoTiyg is a type-1I superconductor with a T of 5.3 K and possesses an Hc(0) of 89 kOe
(No. 19 in Table 1) [21]. The temperature dependence of the specific heat can be well described by
the single-gap BCS model. Hf;1Nby5Tij5V15Zrp4 is a new bec HEA superconductor with a T, of 5.3 K
(No. 20 in Table 1) [22]. This study is inspired by the recent report [27] of equimolar bcc HINbTiVZr,
which shows a secondary phase after thermal annealing. HfyNbys5Tii5V15Zrp4 was discovered by
changing the atomic composition and is stable even after annealing.

2.3. Comparision of Properties between bcc HEA and Binary Alloy Superconductors

HEAs often show a cocktail effect, which means an enhancement of properties beyond the simple
mixture of those of constituent elements. Here, we briefly discuss the possibility of the cocktail effect
in T, which is evaluated by T.obs T base vwhere T oS and T.P2se are the experimental T, and T,
obtained by averaging the T, values of the constituent elements weighted by each atomic percentage,
respectively, following the method reported in [11]. T3¢ plays a baseline role, and a larger T
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/T P3¢ indicates a strong cocktail effect. Table 2 summarizes the AS,i/R, Tc°%, TcP%¢, and T.°Ps/TPase
of the bcc HEA and bcc binary alloy (Nbgg Tiss [14], Taso Vs [28], TiagVgo [28]) superconductors. ASyix/R
is calculated using equation (1). Considering that VEC largely affects the value of T, the ASp,;x/R
dependence of T.°P% /T P2 is investigated by fixing VEC at 4.67, with which a great deal of data are
obtained. VEC in Table 1 is calculated by

n
VEC = Z ¢;VEC; )
i=1

where VEC; is the VEC of element i. Figure 2a shows the results compared to NbggTiss; it is difficult to
clearly determine the existence of a cocktail effect in HEAs.

Table 2. ASp;/R, TP, T P3¢, and T.°P5/TPas¢ of bec HEA and binary alloy (NbggTiss, TasVso,
TiyyVgp) superconductors.

No. HEA/binary alloy ASmix/R T°P% (K) TcP25e (K) T°bs/T base
1 Ta34Nb33HfSZI'14TiH 1.453 7.3 4.72 1.55
’ (TaNb)q_(HfZrTi), } . ) )

(0.2 <x<0.84)

- x=03 1.426 8.0 493 1.62

- x=0.33 1.461 7.8 4.73 1.65

- x=04 1.528 7.6 4.28 1.77

- x=05 1.589 6.5 3.63 1.78

- x=0.84 1.473 45 1.41 3.21

3 (TaNbV)g ¢7(HfZrTi)y 33 1.733 43 438 0.982

4 (NbV)g 67(HfZrTi)g 33 1.461 7.2 5.00 1.44

5 (TaV)g.67(HfZrTi)g 33 1.461 40 3.40 1.18

6 (TaNb) 67(HfZrTi)o 33 ) ) ) .

substituted by {Sc-Cr}

- (SCO'33CI'0.67Nb)0'67(HfZI'Ti)O‘33 1.674 5.6 3.23 1.73
(TaSCO‘33CI‘O'67)0'67(HfZI'Ti)O‘33 1.674 4.4 1.62 2.71
(TaNb)0'67(Sc0_67Cr0'33ZrTi)0,33 1.531 7.5 4.72 1.59
(TaN‘b)O'67(HfSCO.67C1‘O‘33Ti)Q'33 1.531 74 4.67 1.58
(TaNb)O‘67(HerSco'67Cr0‘33)0‘33 1.531 7.6 4.69 1.62

7 (TaNb)o 67 (HfZrTi)o 33 ) ) ) )

substituted by {Y-Mo}

- (Yo.33Moyg ¢7Nb)g 67 (HZrTi)o 33 1.674 47 3.44 1.37

- (TaYO.33M00467)0467(Hferi)0.33 1.674 3.5 1.83 191

- (TaNb)0‘67(Y0‘67M00‘33ZI'Ti)0‘33 1.531 7.6 4.75 1.60

- (TaNb)0‘67 (HfYO_67M00'33Ti)0‘33 1.531 6.7 4.70 143

- (TaNb)0_67(HfZI‘Yo_(,7MOO'33)0'33 1.531 7.5 473 1.59

3 (TaNb)g 67(HfZrTi)g 33 : ) ) :

substituted by {Sc-Mo}

- (SC0A33M00A67Nb)0‘67(HfZI‘Ti)OA33 1.674 44 3.44 1.28

- (TaSCO'33M00‘67)0‘67(HfZI‘Ti)0_33 1.674 2.9 1.83 1.58

- (TaNb)0A67(SC0'67M00‘33ZI'T1)0‘33 1.531 7.5 4.75 1.58

- (TaNb)0‘67(HfSC0A67M00_33Ti)QA33 1.531 6.6 4.71 1.40

- (TaNb)0_67(HfZI'SCOA67MOOA33)0'33 1.531 7.5 4.73 1.59

9 (TaNb)g.¢7(HfZrTi)o 33 Alx - - - -

- x=0.15 1.658 6.6 4.27 1.55

- x=03 1.664 3.0 3.92 0.765

10 Tal/(,sz/(,Hfl/6Zr1/6T11/6 1.561 7.9 4.03 1.96
11 (TaNb)g 31 (HfUTi)g 69 1.592 3.2 242 1.32
12 Nboy 1 Tagg 3Tite.6Zr155H19.5 1.591 7.1 341 2.08
13 Nby1 5Taig1Ti1s9Zr14.4Hf166 V135 1.780 5.1 3.69 1.38
14 NbTaTiZrFe 1.609 6.9 2.94 2.34
15 NbTaTiZrGe 1.609 8.5 294 2.89
16 NbTaTiZrGeV 1.792 8.4 3.34 2.51
17 NbTaTiZrSiV 1.792 43 3.34 1.29
18 NbTaTiZrSiGe 1.792 7.4 3.24 2.28
19 szoRezozronfonizo 1.609 5.3 2.42 2.2

20 HleN_b25T115V15ZI'24 1.586 5.3 3.30 1.61
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Table 2. Cont.
No. HEA/binary alloy ASmix/R T.°bs (K) T base (K) T °bs/T base
(TaNb);_ (Hf ZrTi),
21 Thin film - - - -
(0.04 < x < 0.88)
- x=0.21 1.292 6.2 5.52 1.12
- x=0.33 1461 6.4 4.73 1.35
- x=043 1.551 6.8 4.08 1.67
- x=0.54 1.602 6.1 3.37 1.81
- x =0.65 1.604 5.6 2.65 211
- x=0.76 1.552 4.6 193 2.70
- x=0.88 1417 2.8 1.15 2.43
22 NbygTizs (VEC = 4.67) 0.6365 9.2 6.34 145
23 TasVso (VEC = 5) 0.6932 2.35 4.89 0.48
24 TipgVgo (VEC =4.8) 0.5004 7.5 4.32 1.74
3 T T T T T 12 — T T
(a) (b )
VEC=4.67 . 10 bee HEAs 3
251 - "
]
bee HEAs 8 . o
=2 * bece = ® e
o~ bcec ) . . o 6 binary alloys i
-?_u 15 _tquﬁTISE . . ] & w .‘
5 s gL * . . 1
1k . 5 i
A *
05 I 1 1 1 1 0 L 1 1
0.6 0.8 1 1.2 1.4 1.6 1.8 05 1 1.5
AS /R A Smix/ R

Figure 2. AS.;,/R dependence of (a) T /T.%¢ and (b) 6 for bee high-entropy alloy (HEA) and
binary alloy superconductors. The 6-values of bce binary alloys are 1.47 for NbggTizs, 4.15 for Tasg Vs,

and 4.33 for TiZOVSO'

Next, we examined the ASyix/R dependence of 6, which is calculated by

5 =100 x 3)

where 7; is the atomic radius of element i and 7 is the composition-weighted average atomic radius
(see also Table 1). The values of r; are taken from the works presented in [3] and [29]. The parameter 6
is a measure of the degree of the atomic size difference among the constituent elements. The AS,;/R
dependence of 0 is shown in Figure 2b, which shows a positive correlation. This means that the
high-entropy state tends to stabilize the bcc structure even under the rather large mismatch of atomic
radii among constituent elements. At the present stage, the high-entropy effect in superconductor
seems to be better correlated to the structural properties than the electronic properties.

3. hep and hep-Related HEA Superconductors

To date, there has been only one report into hcp HEA superconductors (No. 1 in Table 3). We note
here that, although the simple hcp (the Mg-type structure, P63/mmec, No. 194) possesses only the 2¢
site, alloys No. 2 and No. 3 in Table 3 are multisite HEAs with the same space group. In this review,
alloys No. 2 and No. 3 are treated as hcp-related HEA superconductors.
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Table 3. Superconducting properties, 6, VEC and e/a of hexagonal-closed packing (hcp) and hep-related
HEA superconductors. T and H,(0) data are from the references listed in the table.

No. HEA T. (K) Hc(0) (kOe) ) VEC e/a Ref.
1 Mo-Re-Ru-Rh-Ti - - - - - [30]
- MogazzsReg2375Rug.2375Rhg 2375 Tig o5 3.6 - 199 733 120 -
- M00,225Re0,225Ru0,225Rh0.225TiO,1 4.7 - 2.54 7.15 1.20 -
- Moy 1Reg.1Rug 55Rhg 1 Tig 15 21 - 3.14 7.2 1.12 -
- Mog.105Rep.105Rug.527Rho 105 Tig. 158 22 - 319 716 113 -
- MOQ'l18REO'118RUQ'47Rh0.118Ti0'176 2.5 - 3.29 7.06 1.14
2 R60'56Nb0_11Tio~llzr0.11Hf0_11 44 36 6.00 5.79 1.41 [31]
3 Nb042:Mogs.xRugs.xRhigPdyg i i i i i 32]

(0<x<b)
- x=0 5.6 69 1.93 7.3 1.18 -
- x=25 6.2 81 2.19 7.2 1.18 -
- x=5 6.1 83 2.40 7.1 1.19 -

Based on a MosszRes3Rusz hep alloy superconductor with a T of 9.1 K, several hcp HEA or MEA
superconductors are reported (see also No. 1 in Table 3) [30]. In this paper, Mos3Re33Ruzs is alloyed
by Ti and Rh elements, and Moy 2375Req 2375R10.2375Rhg 2375 Tig.05, M0g 225Re0 205 R10 205Rhg 225Tig 1,
Moy 1Req 1 Rug 55Rhg.1Tig 15, Mog.105Rep.105Rug.527Rhg.105Tip.158 and Moy 118Rep.118Rup.47Rho 118 Tig.176
can be regarded as hcp HEA superconductors. The highest T. of 4.7 K was observed for
Moy 225Req 205Ru 225Rhg 225Tig 1. Samples with a VEC lower than 7 tend to contain minor phases.

In (Nby g7—xRex)(HfZrTi)g 33, as x is increased from 0.1, a bec to hexagonal structural transition
occurs through the mixture of hcp and bee [31]. Reg56Nbg 11Tig 1121011 Hfp 11 with an x of 0.56 is a
hexagonal HEA superconductor, which is characterized as a type-II superconductor with a T of 4.4 K
and H(0) of 36 kOe (No. 2 in Table 3). In the HEA, there are three Wyckoff positions: 2a, 6/, and 4f.
Re and Nb atoms occupy the 2a and 64 sites, and Ti, Zr, and Hf atoms occupy the 4f site.

Nb1g42:Moss_yRuzs_yRhjgPd1g (0 < x < 5) is also an hcp-related HEA superconductor (No. 3 in
Table 3) [32]. Two Wyckoff positions 24 and 4f are randomly occupied by the constituent elements.
With an increasing x, T, shows a maximum value of 6.2 K at a value of x of 2.5, but H(0) maintains
a monotonous increase and reaches 83 kOe at a value of x of 5. From the specific heat results,
it is suggested that these HEAs have a non-BCS-like gap.

4. Simple Material Design of bcc and hep HEA Superconductors

The comparison of T vs VEC plots among three groups of crystalline 4d metal solid solutions,
amorphous 4d metals and bcc HEAs is exhibited in Figure 3a. The HEAs are tentatively classified into
Ta-Nb-Hf-Zr-Ti-based systems (Nos. 1-13 and No. 21 in Table 1), NbTaTiZr-based systems (Nos. 14-18
in Table 1) and the other group (No. 19 and No. 20 in Table 1). An HEA superconductor with a higher T
would be obtained at a VEC of 4.4—4.6. In the Ta-Nb-Hf-Zr-Ti-based systems, VEC dependences of T, are
systematically investigated in detail (e.g., No. 2 and No. 21) and fall between the curves of crystalline
and amorphous superconductors. It should be noted that, although the T values of compounds No. 6
to No. 8 in Table 1 are distributed widely at the fixed VEC of 4.67, they are significantly affected by
the elemental makeup, as mentioned below. Almost all HEA superconductors, including the alloys
in the NbTaTiZr-based system and the other group, can be regarded as intermediate compounds
between crystalline and amorphous compounds. Figure 3b shows the 6 and VEC dependence of
T, for the bcc HEA superconductors. The bcc structure is tolerable even for rather high 6 values,
and an interesting point is the robustness of T, against 0 at a fixed VEC. This is the benefit of HEAs:
they exhibit many superior properties due to their high mixing entropy, encouraging us to design a bcc
HEA superconductor with a more flexible elemental makeup.



Metals 2020, 10, 1078

9 of 23

(a) (b)

I (K)
T T T T T T T T
16 H o No.-No5 No.9-No.13 U T s - 55
R =
14 1 © No6-Nos8 s No20| S % 7927
12 || ® No.14-No.18 o No2t| Voo 4984 7
] L 6781
~ 10t A Crystalline | 1 4760 0 ] | -
<, fan I e Q | o -
=° - in :;‘ S et = e % L; e 77!,5\ | - . s
: B _Jeae==" ! Amorphous®, - ‘ !
6 : a"‘e'n‘__ -.I ; morphous 4 O lﬂ | i
4 L $5-° i H i ] 4SS a 2916
e 2 ’ ! O )
2 L T \ i _ 4120 i
ol S o N . . 3820 5106 6572 7048 0324 1070
3 3.5 4 45 5 55 6 6.5 7 5
VEC

Figure 3. (a) VEC dependence of T for bcc HEA superconductors. The same dependences are
also shown for the crystalline 4d metal solid solution and amorphous 4d metal superconductors by

the dotted lines. Data for the dotted lines are from [16]. (b) 6 and VEC dependence of T, for bcc
HEA superconductors.

When we design a bcc HEA superconductor, the elemental makeup is an important factor to be
considered [17]. To elucidate the trend of the elemental makeup, the frequency with which elements
are used in the bcc HEA superconductors reported to date (Nos. 1-20 in Table 1) is shown in Figure 4
on the periodic table. The elemental makeup mainly consists of Hf, Zr, Ti, Ta, Nb, and V with a VEC of
4 or 5, due to the VEC requirement of the Matthias rule; that is, T. shows a broad peak at approximately
a VEC of 4.5. A bcc HEA superconductor with a VEC larger than 4.8 is rarely found (see Figure 3a),
and to our knowledge, a bcc HEA superconductor with a VEC between 6 and 8 has not been reported.
A VEC larger than 4.8 can be attained by using mainly Cr, Mo and/or W with the combination of 44
or 5d late-transition metals. In particular, a W-containing bcc HEA superconductor is still missing
and would be a valuable topic of research. It should be noted here that, according to the well-known
relation between VEC and the phase stability for fcc and bec solid solutions in HEAs, a single bee phase
HEA would not be obtained at a VEC larger than 6.87 [1].

H He
Li | Be B| C|N|O | F|Ne N
P| S |Cl|Ar i
Ni | Cu|Zn | Ga As | Se | Br | Kr :
Pd|Ag |Cd | In | Sn | Sb | Te | I | Xe
Pt | Au | Hg | TI | Pb | Bi | Po | At | Rn
Eu|Gd | Th | Dy |Hoe | Er | Tm | Yb | Lu
Am | Cm | Bk | Cf | Es | Fm | Md | No | Lr

Figure 4. Frequency with which elements are used in bcc HEA superconductors reported to date
(Nos. 1-20 in Table 1). The frequencies are 1 for Al, 2 for Si, 2 for Sc, 20 for Ti, 7 for V, 1 for Cr, 1 for Fe,
3 for Ge, 1 for Y, 19 for Zr, 19 for Nb, 2 for Mo, 15 for Hf, 17 for Ta, 1 for Re, and 1 for U.
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Figure 5a displays the VEC dependence of T, for hcp and hcp-related HEA superconductors.
The curves of crystalline and amorphous superconductors are also shown. Almost all HEAs show an
enhancement of T, as the VEC is decreased to 7. In some alloy systems, samples with a VEC lower
than 7 contain a secondary phase. Thus, an optimal VEC may be near 7.0. However, T, values tend to
be lower than those of both crystalline and amorphous superconductors. T is plotted as a function of 6
and VEC in Figure 5b. As in the case of bcc HEA superconductors, T is rather insensitive to 0 for each
system; however, the hcp HEAs seem to have little tolerance of 6 compared to bcc HEAs. This may be
an important factor for designing hcp HEAs. The relationship between VEC and the phase stability of
fcc and bec HEAs has been well established [1]: a single bec phase for a VEC between 5.0 and 6.87 and a
single fcc phase for a VEC larger than 8.0. On the other hand, the correlation of VEC and the hcp phase
stability is not well understood, meaning that a wide range of VEC examination might be necessary for
materials research. At present, almost all compounds concentrate on a narrow VEC range between 7.0
and 7.33, which is also contrasted with the wide distribution of VECs in the bcc HEA superconductors.
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Figure 5. (a) VEC dependence of T, for hcp and hcp-related HEA superconductors. The same
dependences are also shown for a crystalline 44 metal solid solution and amorphous 4d metal
superconductors by the dotted lines. Data for the dotted lines are from [16]. (b) 6 and VEC dependence
of T, for hep and hep-related HEA superconductors.

The elemental makeup of hcp and hep-related HEA superconductors is shown in Figure 6, although
the number of substances is small. In contrast to the bcc HEA superconductors, the constituent elements
are equally distributed among Ti, Nb, Mo, Re, Ru and Rh with different VECs. The hcp elements
of Re and Ru, in particular, might play an important role in the stabilization of the hcp structure.
As can be seen from Figure 4, a group 13 or 14 element can be added into the bcc HEA superconductor.
In hep HEA superconductors, the study of the addition of these kinds of elements is also needed.
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Figure 6. Frequency with which elements are used in hcp and hcp-related HEA superconductors
reported to date (Nos. 1-3 in Table 3). The frequencies are 2 for Ti, 1 for Zr, 2 for Nb, 2 for Mo, 2 for Ru,
2 for Rh, 1 for Pd, 1 for Hf, and 2 for Re.

Here, we focus on both e/a and VEC to further elucidate the material design of bcc and hcp HEA
superconductors. The value of e/a is the average number of itinerant electrons per atom and was
originally proposed for the Hume—Rothery electron concentration rule. This concept is connected to
the interaction of the Fermi surface with the Brillouin zone; thus, the e/a value is a good criterion for the
stabilization of a crystal structure type [33]. On the other hand, VEC reflects the total density of states
of the valence band integrated from the bottom up to a given energy. Therefore, VEC is a good scale of
T., depending on the density of states at the Fermi level. The e/a-values of HEA superconductors are
calculated as listed in Tables 1 and 3 using the updated e/a-value for each element [34]. Then, the phase
selection diagram of bec and hep HEA superconductors based on VEC and e/a is constructed as
shown in Figure 7. While e/a values of bcc HEA superconductors are widely distributed, those of
hcp superconductors might be in a narrow range, which means that the e/a of hcp HEA is useful for
the judgment of phase stability. At the present stage, the phase selection diagram may work well,
although VEC can solely distinguish between bcc and hcp HEA superconductors. The simultaneous
consideration of e/a and VEC would assist in reliable material design.

24 - - T T T T
L
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2 - 8l
18F = .
© s bce
~
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3
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Figure 7. Phase selection diagram of bcc and hep HEA superconductors. In hep HEA superconductors,
hcp-related superconductors are also included.
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5. Multisite HEA Superconductors

5.1. CsCl

Pentanary (ScZrNb);_,(RhPd), and hexanary (ScZrNbTa);_,(RhPd), superconducting systems, both
of which crystallize into the cubic CsCl-type structure, have been reported (No. 1 in Table 4) [35].
The CsCl-type structure (space group: Pm3n, No. 221) possesses the two inequivalent Wyckoff sites 12 and
1b. The former and latter sites are randomly occupied by (Rh, Pd, and Nb) and (Nb, Sc, and Zr), respectively.
The T, of (ScZrNb);_,(RhPd), increases monotonously with decreasing VEC (see also Table 4) and does
not follow the Matthias rule of the crystalline 4d metal solid solutions. The highest T, of 9.5 K is observed
in (ScZrNb) ¢5(RhPd)g 35, which also presents the highest H.,(0) of 107 kOe.

5.2. a-Mn

(ZrNb);_x(MoReRu)y, (HfTaWIr);_,Rey and (HfTaWPt);_,Re, form an o-Mn type structure in some
x ranges: 0.8 < x < 0.9 for (ZrNb);_x(MoReRu)y, 0.6 < x < 0.75 for (HfTaWIr);_,Rey and 0.6 < x < 0.7
for (HfTaWPt);_,Rey, respectively (No. 2 in Table 4) [36]. The cubic «-Mn type structure with the space
group of [43m (No. 217) is unique, as it has a rather complex crystal structure with four Wyckoff
positions (24, 8¢, 24, 24¢). In this structure, there are several binary alloy superconductors; therefore,
the a-Mn type structure is a good platform for an HEA superconductor. The reported alloys are type-II
superconductors, and the maximum T, values are found to be 5.3 K for (ZrNb);_,(MoReRu), with an
x of 0.9, 5.6 K for (HfTaWIr);_,Re, with an x of 0.75, and 5.7 K for (HfTaWPt),_,Re, with an x of 0.7.
The values of T strongly depend on the cubic lattice parameter 2 and VEC: there is a linear increase of
T as a decreases and VEC increases [36].

5.3. A15

A15 HEA (Vo5Nbgs)3xMoyAlgs5Gags (02 < x < 1.4) shows superconductivity and
temperature-induced polymorphism (No. 3 in Table 4) [37]. The crystal structure of cubic Al5
is presented in Figure 1b or Figure 1c. There are two Wyckoff sites: 2a for Al and Ga and 64 for V,
Nb and Mo. The as-cast sample with an x of 0.2 is a single bcc phase; however, upon annealing at
1600 °C, a polymorphic transformation to the A15 phase occurs. The other compositions are also A15
HEAs after annealing and exhibit superconductivity. It is interesting that, for an x of 0.2, the A15
polymorph also shows a superconducting state at a T, of 10.2 K, while leaving the bcc polymorph
normal state at 1.8 K. Both the T, and H,(0) of the A15 HEAs decrease as the Mo content x is increased
(see also Table 4); however, the ratio of H(0)/T. remains large, which suggests a disorder-induced
enhancement of the upper critical field.

The difference in the synthesis route also affects the crystal structure produced. Figure 8 shows
our X-ray diffraction (XRD) patterns of Nby gMo( ,5ng gAlg 2, denoted as #1 and #2, which are prepared
by the arc melting plus thermal annealing at 800 °C and the solid-state reaction technique at 900 °C,
respectively. The XRD pattern of #1 (#2) is well indexed by the bcc (A15) phase. Arc melting is usually
performed at temperatures much higher than the solid-state reaction temperature; the higher reaction
temperature leads to the dominance of the term including mixing entropy compared to the mixing
enthalpy and can avoid the formation of an intermetallic compound such as the A15 phase, although
Nb; §Mog 2Sng sAlg» with less atomic disorder might not have sufficiently high mixing entropy.
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Figure 8. X-ray diffraction (XRD) patterns (Cu-Ka) of Nby gMog »Sng gAlg #1 and #2. The simulation
patterns of bcc and A15 phases are also shown. Each pattern is shifted by an integer value for the clarity.

The lattice parameters were determined with the help of the Rietveld refinement program [38,39].

Table 4. Superconducting properties, 5, VEC and e/a of multisite HEA superconductors. T. and H(0)

data are from the references listed in the table.

No. HEA T. (K) Hg(0) (kOe) o VEC e/a Ref.
1 CsCl-type - - - - - [35]
- (ScZrNbTa)g g7 (RhPd) 33 40 21 7.58 598 1.28 -
- (SCZI‘NbTa)O_685(Rth)0'315 6.3 88 7.57 5.90 1.29 -
- (SCZrNb)O'60(Rth)O'4O 4.7 21 8.15 6.2 1.22 -
- (ScZrNb)g 2 (RhPd)g 38 7.9 89 8.13 6.0 1.23 -
- (SCZI‘Nb)O'ég(Rth)O'37 8.7 96 8.12 6.04 1.23 -
- (ScZrNb)g ¢(RhPd)g 25 95 107 8.08 593 1.24 -
2 «-Mn-type - - - - -

(ZrNb);_y(MoReRu),

1 (0.8 <x<0.9) } . . . i} [36]
- x=0.8 4.2 - 5.40 6.5 1.30 -
- x=09 5.3 79 4.10 6.75 1.29 -

(HfTaWIr);_,Rex

22 (0.6 <x <0.75) ) . . . } [36]
- x=0.6 4.0 47 447 6.6 1.48 -

- x=07 4.5 - 3.95 6.7 1.46 -
- x=0.75 5.6 - 3.65 6.75 1.45 -
(HFTaWPt);_ Rey

23 (0.6 <x<07) . ) ) ) . [36]
- x=0.6 44 59 4.36 6.7 1.48 -
- x=0.7 5.7 - 3.88 6.78 1.46 -
3 A15 - . - y ) [37]
) (Vos5Nby5)3-yMoxAlg5Gag 5 : : ) : : 3

02<x<14)
- x=0.2 10.2 201 3.72 4.55 1.60 -
- x=04 9.2 177 3.61 4.6 1.61 -
- x=0.6 8.9 170 3.51 4.65 1.63 -
- x=0.8 7.9 142 3.40 4.7 1.64 -
- x=1.0 6.1 99 3.28 4.75 1.65 -
- x=1.2 4.8 76 3.16 4.8 1.67 -
- x=14 3.2 48 3.04 4.85 1.68 -
4 NaCl - - - - - -

4-1 AgInSnPbBiTes 2.6 19 7.01 5.7 - [40]

42 Agp20Cdo205n0.205b0.15Pbo 20Te1.05 12 - 6.54 6.63 - [41]
- Ago.24Ing225n0.185b0.14Pbg 19 Ter 03 14 - 7.05 5.83 - -
- Ago22Cdo22Ing235n0.175b.14Ter 02 0.7 - 5.30 6.63 - -
- Agp19Cdo.195n0.20FPbo 18Big 21 Ter.03 1.0 - 6.43 6.56 - -
- Ago21Cdoa9Ing 25Pbg 16Big.18Te1.00 1.0 - 6.71 6.44 - -
- Ag21Cdo21In9245n0.19Big.19Te.o7 1.0 - 5.49 6.54 - -
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Table 4. Cont.

No. HEA T (K) He(0) (kOe) o VEC e/a Ref.
4-3 Ag0'241n0'22Pb0'27Bi0'26Tel'02 2.7 18 7.40 59 - [42]
- Ago29Ing26Pbg22Big 24Teg 785€0.20 25 19 7.58 5.97 - -

- Agosalng15Pbg24Big 29 Teg 655€0.34 2.0 - 7.68 6.27 - -
5 o-phase - - - - - -

. Tas(Mogs-xWs.x)Re3sRuyg : ; 3 : :
51 (0 < x < 30) [43]
- x=0 6.3 - 1.45 6.7 1.33 -
- x=5 6.2 - 1.44 6.7 1.34 -
- x=10 6.1 - 1.44 6.7 1.34 -
- x=15 5.7 - 1.44 6.7 1.34 -
- x =20 5.5 - 1.44 6.7 1.34 -
- x =25 5.5 - 1.44 6.7 1.34 -
- x =30 4.8 - 1.44 6.7 1.35 -
: (Tas+;Mogs—)WsRezsRuzg ; i} B _ _ /
5-2 O<y<8) [43]
- y=2 6.1 - 1.59 6.68 1.34 -
- y=4 5.7 - 1.71 6.66 1.34 -
- y=6 5.3 - 1.82 6.64 1.35 -
y=8 5.3 - 1.92 6.62 1.35 -
6 Layered superconductor - - - - - -
. (Lag2Ceq2Pro2Ndg 25mo 2) . ) ) =
6-1 Op 5Fo.5BiS, 43 5.3 [44,45]
} (Lag3Ceq.3Pro2Ndg 1Smq 1) } _ ; .
Oo.5F0.5BiSz 34 >3

) (Lag.1Cep 1 Pro3Ndg35my.2) } ) ) }
Oo.5F0.5BiSy +7 >3

) (Lag.1Cep 1 Pro2Ndo35m 3) } B : )
Oo.5F0.5BiS; 49 >3

62 (Y0.28Ndg.165m.18E1.18Gdo 20) 93 } 467 631 } [46]

BazCU307,(§

. (Yo1sLag24Ndo14Smo 14Eug15Gdo15) o4 B 46.8 6.31 ) )
Bap;CuzOy_s

5.4. NaCl

NaCl-type HEA AgInSnPbBiTes shows superconductivity with a T, of 2.6 K (No. 4-1 in Table 4) [40].
In this structure (space group: Fm3m, No. 225), the cation 4b site is randomly occupied by Ag,
In, Sn, Pb and Bi. A research group has also reported [41] the discovery of NaCl-type HEA
superconductors of AgCdSnSbPbTes, AgInSnSbPbTes, AgCdInSnSbTes, AgCdSnPbBiTes, AgCdInPbBiTes
and AgCdInSnBiTes. The highest T¢ of 1.4 K was observed in AgInSnSbPbTes (see also No. 4-2 in
Table 4). A higher T, is reached for a telluride with a larger lattice constant. Recently, the same group
has investigated the superconducting properties of a new HEA (Ag, In, Pb, Bi)Te;.,Sey (No. 4-3 in
Table 4). The group has found that the superconducting state is robust against increased mixing entropy.
To evaluate this, a new criterion of mixing entropy was introduced [42].

5.5. o-phase

The tetragonal o-phases (space group: P4,/mnm, No. 136) composed of 4d and 5d elements
often show superconductivity; for example, in Ta;_,Rey, Moj_,Ruy, and W;_,Ru, alloys. Two series
of Tas(Moz5-yWs,.x)RessRuyg (0 < x < 30) and (Tas4,Moss-,)WsRezsRuyg (0 < y < 8) HEAs are fully
gapped o-phase HEA superconductors (No. 5 in Table 4) [43]. The five Wyckoff positions (24, 4f, 8i, 8i,
8j) of each HEA are randomly occupied by the constituent elements. The maximum T, is 6.3 Katx =y
=0, which monotonously decreases as either x or y increases (see also Table 4). The T vs VEC plot of
the o-phase HEAs falls on the curve of Matthias rule for the binary o-phase superconductors.
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5.6. Layered Superconductors

REQOq 5Fy5BiS; (RE: rare earth) is a BiS,-based layered superconductor with an REO blocking
layer. In [44,45], samples with different mixing entropies at the blocking layer have been prepared
(No. 6-1 in Table 4). While the crystal structure parameters are almost independent of the mixing
entropy, from PrOg 5F; 5BiS; with no mixing entropy to (Lag2Ceg 2Pro2Ndg25m2)Op 5F 5BiS, with
the highest mixing entropy, the bulk nature of superconductivity is improved. This suggests
that the mixing entropy at the blocking layer severely affects the superconducting state.
The other example is the RE123 HEA superconductors Yg23Ndg16Smg 18Eug18Gdg20Ba,CuszO7_s
and YO.18Lao.24Nd0.14Sm0.14Eu0,15Gd0.15Ba2Cu307_b, with TC values exceeding 90 K (NO 6-2 in
Table 4) [46]. The mixing entropy at the RE site, which is sandwiched between superconducting
layers, does not change T, and J. as much. RE123 compounds with an orthorhombic structure show
superconductivity, and T is well correlated with the orthorhombicity. The J. of the HEA sample is
larger than that of the conventional sample. Therefore, RE123 HEA would be useful in applications as
a superconducting wire.

5.7. Materials Research Based on 6, VEC and efa

Although the VEC values of some compounds might be meaningless, in Figure 9a, we have
constructed the same plot as that of the bcc or hcp HEAs, except for compound No. 6 in Table 4,
which does not contain the information concerning the VEC dependence of T... The A15 HEAs follow
the Matthias rule. The CsCl-type and the NaCl-type HEAs show a deviation from the Matthias rule
of crystalline 4d metal solid solutions; however, in each system, a correlation between T. and VEC
is observed, as T, tends to be enhanced as VEC decreases. While T also seems to depend on VEC
in the a-Mn-type or the o-phase HEAs, the T, values are smaller than those of crystalline 4d metal
solid solutions and amorphous 44 metals. The existence of a dependence of VEC on T, suggests the
important role of the density of states for determining T.. However, a universal dependence cannot be
confirmed, because the shape of the density of states is uniquely governed by the crystal structure
and/or the picture of a rigid band model may be broken in some cases.

(a) (b)
T T T T T T T T -phas
16 [ ] c: p ascr
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14 * (O-phase ," “, 1 | |
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Figure 9. (a) VEC dependence of T, for multisite HEA superconductors. The same dependences are
also shown for crystalline and amorphous superconductors by the dotted lines. Data for the dotted
lines are from [16]. (b) 6 and VEC dependence of T, for multisite HEA superconductors.

Figure 9b shows the 6 and VEC dependence of T. for HEA superconductors No. 1 to No. 5
in Table 4. Due to the lack of atomic radius values for the fluorine atom and the extraordinary
large 6 values of the RE123 system, compound No. 6 in Table 4 is not plotted. Interestingly, the T,
of each system is insensitive to the magnitude of 6, which means that superconductivity lends
robustness against 6. The d-value indicates the degree of difference of the atomic radius between
the constituent elements. A larger 6-value (e.g., >10) generally indicates the stabilization of an
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intermetallic compound. Therefore, it is expected that multisite HEAs tend to show a larger 6;
however, except for the RE123 layered compounds, the 6-values are unexpectedly small. In the layered
structures, a different function is assigned for each layer: for example, electrical conduction or charge
supply. Even in this case, the -value in each layer would not be as large, e.g., a 6 of 5.56 in the RE site
in (Yg08Ndg 16Smg 18Eug 18Gdg 20)BasCuzOy7_s (No. 6-2 in Table 4). In other words, the multisite HEAs
No. 1 to No. 5 in Table 4 have no different function for the respective sites, and all sites contribute
to the superconductivity. We note that the ionic or covalent radii would be adequate for describing
the differences of atomic species in the layered compounds, and the comparison of 6-values between
simple alloy structures and the layered structures might be meaningless. Further study is needed to
address this issue. There is no information about a multisite HEA with a larger 6 for simple alloy
structures, and it would be interesting to carry out materials research in this area.

Finally, we comment on e/a, which is listed in Table 4 for each compound. Since the e/a value is not
evaluated for oxygen, sulfur, selenium, tellurium or fluorine atoms, e/a values for compounds No. 4 and
No. 6 are not given. Each crystal structure type has a narrow specific e/a range, making it possible to use
for the phase selection. For instance, (HfTaWIr);_,Rey of the «-Mn-type and (Tas;,Mos5-,)WsRessRuzg
with the o-phase have similar VEC values, but they can be separated by their e/a-values. It would be
useful to also employ e/a for the design of multisite HEAs.

6. Perspectives

The pioneering review [16] of HEA superconductors proposed a thin film HEA and the need for
the evaluation of ], which have both recently been realized [18,23]. These kinds of research will be
constantly carried out. The recent wave of machine learning has accelerated the research into the area
of HEAs [47,48]. Although the number of HEA superconductors is rather small, a machine learning
method will be promising for screening new HEA superconductors. In this review, we have selected
five topics, including two new perspectives (6.4 and 6.5), as mentioned below.

6.1. fcc HEA Superconductor

A review of HEA superconductors [16] proposed a possible fcc HEA superconductor. Although
fcc-related NaCl-type HEA superconductors have been discovered [40-42], a simple fcc HEA
superconductor has not yet been found. An fcc HEA superconductor would be useful to deepen our
understanding of HEAs and/or of the relationship between crystalline and amorphous superconductors.
We have carried out materials research on fcc HEA superconductors and employed the rather high
T, element Nb in the chemical composition because the previously reported HEA superconductors
contain superconducting elements [49]. Figure 10 shows the XRD patterns of some Nb-containing
samples with VEC values larger than 8.0, which possess dominant fcc phases. These samples do
not show superconducting signals down to 3 K. A single fcc phase of HEA would require a VEC
larger than 8.0 [1]. According to the Matthias rule of crystalline 4d metal solid solutions, the T, of a
superconductor with a VEC larger than 8 is extremely low; thus, the materials research on a high T fcc
HEA superconductor may be unrealistic, but nevertheless represents a challenging theme.
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Figure 10. XRD patterns (Cu-Ka) of Nbjs5VigRhsgPdysCuyg, Nbislrp;RhyPdyyCup; and
Nbi7RujpIrigRhygPdss. The simulation pattern of the face-centered-cubic (fcc) phase with a = 3.891
A is also shown. Each pattern is shifted by an integer value for clarity. The lattice parameters were
determined with the help of the Rietveld refinement program [38,39].

6.2. Multisite HEA Superconductor

Interest in multisite HEA superconductors will grow due to the high degree-of-freedom
of the HEA design. We have carried out materials research on the MnsSis-type HEA. Several
superconductors with a hexagonal MnsSiz-type—or its ordered derivative TisGay-type—structure
have been reported [50-56]. Furthermore, each crystal structure type possesses rich intermetallic
compounds [57,58]. The selected XRD patterns are given in Figure 11, showing the existence
of HEA alloys for this structure type. The chemical compositions of Mn5Siz-type HEA #1 and
#2 are (Scp.12Zr0.18Ti0.18Nb024V0.28)5(Gap.13Geo 43510.43)3 and (Sco.25Zr0.25Tig 25Nbo 25)5(Gep.6Sio.4)3,
respectively. The ac magnetization measurement of MnsSiz-type HEA #2 does not show a
superconducting signal down to 3 K. Although a diamagnetic signal was observed in the Mn5Siz-type
HEA #1 at approximately 3.8 K, it is due to a minor phase (Nb-V-based alloy) contained in the sample.
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Figure 11. XRD patterns (Cu-K«) of Mn5Siz-type HEAs. The simulation patterns are also shown.
Each pattern is shifted by an integer value for clarity. The lattice parameters were determined with the

help of the Rietveld refinement program [38,39].
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6.3. HEA Superconductor Containing Magnetic Element

A previous review [16] has also proposed a HEA superconductor containing a magnetic element.
Actually, (TaNb)g ¢7(HfZrTi)g 33 substituted by {Sc-Cr} or NbTaTiZrFe may be regarded as such a
superconductor (see also Table 1), and detailed studies into this compound are desired. There seem to
be two directions of research: one is the magnetic impurity effect in a HEA superconductor. The effect
of magnetic impurity on superconductivity has a long history with superconducting elements,
alloys, and intermetallic compounds [59,60], and magnetic impurity usually destroys the Cooper
pairs. Abrikosov—Gor’kov (A-G) pair-breaking theory describes the magnetic impurity concentration
dependence of T well. It would be interesting to determine whether HEA superconductors with
magnetic impurities also follow the A—G theory or not. The other research direction is the search for HEA
magnetic superconductors in which the magnetic element is cooperative with the superconductivity.
In this case, we may anticipate an exotic superconducting state originating from the large mixing entropy.

6.4. Eutectic HEA Superconductor

There is growing interest in eutectic HEAs due to the rich functions arising from the
microstructures [61]. In superconductors, the microstructure containing the eutectic phase often
contributes to the enhancement of T.. The eutectic Sr,RuO, sample shows a lamellar pattern of Ru
metal, and T increases from 1.5 K to 3 K [62]. Ir and a small amount of YIr; also form a lamellar pattern,
which possesses a small lattice mismatch, leading to strain-induced lattice softening [63]. This softening
causes the T, to increase from 0.1 K to 2.7 K. Zr5Pt30, shows an interesting dependence of x on T [55].
Although the T, of 6.4 K in Zr5Pt; is monotonously reduced to 3.2 K with x increasing to 0.6, as x is
further increased from 0.6 to 2.5, T, increases to 4.8 K at an x of 2.5. The metallographic investigation
has revealed a change of microstructure at an x of 1.0; the eutectic phase composed of ZrsPt30¢ 5 ¢ 6
and ZrPt appears and the area increases with an increase of x. The change of microstructure would be
responsible for the enhancement of superconductivity. Moreover, a eutectic alloy often contributes to
the improvement of J. [64]. The enhancement of T and/or the improvement of J. are also expected
for eutectic HEA superconductors. Recently, a eutectic phase has been reported [65] in Si-added
bec NbMoTiV. Since becc HEA superconductors are extensively studied, the report of the eutectic
phase in the bcc structure is highly encouraging. The practical superconducting wire employs a
multifilamentary structure [66]. The microstructure of the eutectic superconductor may be regarded as
a built-in multifilamentary structure; therefore, a eutectic HEA superconductor would have potential
as a high-performance superconducting-wire.

6.5. Gum metal HEA Superconductor

A specific class of p-titanium alloys after cold rolling shows unusual mechanical behaviors such
as superelasticity and a low modulus; these are called gum metals, which are in practical use in wire
frames for glasses, medical equipment and so on [67]. This material is attracting research attention
worldwide in the field of titanium alloys. Gum metals are characterized by three specific values: a VEC
of 4.24, a bond-order of 2.87 based on the DV-X« method and a d-electron orbital energy level of
2.45 eV. The VEC value is appropriate for the appearance of the superconductivity of d-electron alloy
superconductors. Besides this, the compositions of gum metals have some implied similarities with
HEAs. Figure 12 shows the preliminary results of the temperature dependences of the ac magnetic
susceptibility xac (T) and electrical resistivity p (T) of as-cast AlsNbysTisgVsZrys, which was recently
reported to be a gum metal-like HEA alloy [68]. The diamagnetic signal of x, and the zero resistivity
below approximately 5 K indicate superconductivity. Gum metals are highly advantageous for making
wires; thus, if good superconducting properties are preserved even after cold rolling, this kind of
material would be a good candidate for next-generation superconducting wire.
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7. Summary

The present review updated the research status of HEA superconductors. The most investigated
crystal structure is bee, in which Hf, Zr, Ti, Ta, Nb, and V with a VEC value of 4 or 5 represent the
dominant chemical components. Almost all bcc HEAs are conventional s-wave phonon-mediated
Type II superconductors. Next, we surveyed the research results of hcp and hcp-related HEA
superconductors. Contrary to the bcc HEA superconductors, the constituent elements are rather
equally distributed on Ti, Nb, Mo, Re, Ru and Rh with different VECs. The hcp Re and Ru elements
might play an important role in the stabilization of the hexagonal structure. The VEC dependence of T,
for the bee (hep + hep-related) HEAs is compared with those for crystalline 4d metal solid solutions and
amorphous 4d metals. The results suggest that, in particular, bcc HEA superconductors can be regarded
as an intermediate system between crystalline and amorphous superconductors. The stability of the bcc
structure is tolerable for 6 up to approximately 10; on the other hand, there seems to be little tolerance
of 0 for hep phase stability. In the HEA superconductors of both structures, the superconducting state
is robust against 6. We also discussed the phase selection of bcc and hep HEA superconductors based
on e/a and VEC. The simultaneous consideration of e/a and VEC assists in reliable material design.
At the present stage, the formation conditions of bcc and hcp HEA superconductors largely depend on
two factors: one is the elemental makeup, taking into account the VEC, and the other is the 6-value,
representing the atomic size mismatch between the constituents.

Recently, the concept of HEA has been extended to multisite crystal structures, and several
multisite HEA superconductors have been reported to be CsCl-type, «-Mn, A15, NaCl-type, o-phase
and layered structures. Some HEAs show a deviation from the Matthias rule of crystalline 4d metal
solid solutions; however, a correlation between T, and VEC is still observed for each crystal structure
type. The existence of this correlation suggests the important role of the density of states at the Fermi
level determined by the crystal structure. The unexpectedly smaller 6 values observed for almost all
multisite HEAs would mean that all sites contribute to the appearance of superconductivity.

Finally, we have presented the perspectives for the five topics of fcc HEA superconductors,
multisite HEA superconductors, HEA superconductors containing magnetic elements, eutectic
HEA superconductors and gum metal HEA superconductors. The materials research on HEA
superconductors has just begun, and we believe that there are unlimited possibilities for discovering
new phenomena in this field.
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