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1. Introduction

High-entropy alloys (HEAs) are a new class of materials which are being energetically studied around the world. HEAs are

characterized by a multi-component 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. HEAs show many superior properties such as a combination

of high yield strength and ductility , high strength at high temperatures , strong resistance to corrosion and oxidation

, outstanding thermal stability  and so on, which are primarily derived from the high atomic disorder. 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. 

2. Influence

The most investigated crystal structure is bcc, in which Hf, Zr, Ti, Ta, Nb, and V with a valence electron count per atom

(VEC) value of 4 or 5 represent the dominant chemical components. Almost all bcc HEAs are conventional s-wave

phonon-mediated Type II superconductors. In 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 the superconducting critical temperature T  for the bcc (hcp + hcp-related) HEAs is compared with those

for crystalline 4d metal solid solutions and amorphous 4d metals (see Figs.1a and 2a). 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 δ up to approximately 10; on the other hand, there

seems to be little tolerance of δ for hcp phase stability (see Figs.1b and 2b). In the HEA superconductors of both

structures, the superconducting state is robust against δ. We also discussed the phase selection of bcc and hcp HEA

superconductors based on the average number of itinerant electrons per atom (e/a) and VEC. The simultaneous

consideration of e/a and VEC assists in reliable material design (see Fig.3). 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 δ-value, representing the atomic size mismatch between the constituents.  

[1] [2]

[3] [4]

[5]

c



Figure 1. (a) VEC dependence of T  for bcc HEA superconductors.  (b) δ and VEC dependence of T  for bcc HEA

superconductors.

Figure 2. (a) VEC dependence of T  for hcp and hcp-related HEA superconductors. (b) δ and VEC dependence of T  for

hcp and hcp-related HEA superconductors.

Figure 3. Phase selection diagram of bcc and hcp HEA superconductors.

Recently, the concept of HEA has been extended to multi-site crystal structures, and several multi-site HEA

superconductors have been reported to be CsCl-type, α-Mn, A15, NaCl-type, σ-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 δ values observed

for almost all multi-site HEAs would mean that all sites contribute to the appearance of superconductivity.
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