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In this supplement, we present additional data and analyses that support the results presented in the main text. 
Table S1. Atomic ratio of Ta–Nb–Hf–Zr–Ti HEA superconducting (SC) thin films. Results obtained from energy dispersive spectroscopy (EDS) for the atomic ratios of Ta–Nb–Hf–Zr–Ti HEA SC thin films fabricated via the pulsed laser deposition (PLD) technique at various substrate temperatures (Ts): 270, 370, 470, 520, 570, and 620 ºC. No significant differences were observed among the compositional ratios of the films.
	            Ts

Element
	270 ºC
	370 ºC
	470 ºC
	520 ºC
	570 ºC
	620 ºC

	Ti
	11.41
	12.76
	13.47
	10.86
	11.77
	12.02

	Zr
	14.53
	14.23
	12.62
	11.63
	14.26
	14.26

	Hf
	17.86
	17.63
	17.43
	18.48
	18.08
	16.38

	Nb
	36.82
	36.74
	36.19
	38.74
	36.68
	37.45

	Ta
	19.37
	18.64
	20.29
	20.29
	19.20
	19.89
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Figure S1. EDS results for Ta–Nb–Hf–Zr–Ti HEA SC thin films. Representative EDS spectra of the Ta–Nb–Hf–Zr–Ti HEA SC thin films fabricated at the optimal Ts = 520 ºC for (a) a large area and (b) a droplet region. The difference in atomic ratios between the large area and the droplet region is negligible.
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Figure S2. SC transition temperature (Tc) with respect to the valence electron count (VEC) for Ta–Nb–Hf–Zr-Ti HEA superconductors. The range of VEC values, i.e., electrons per atom (e/a, d-electron), for the Ta–Nb–Hf–Zr–Ti HEA SC thin films was 4.55–4.59, which is close to the optimal VEC for the highest Tc in HEA superconductors with a bcc structure [S1–S3], although their Tc values are different. This result indicates that the substrate temperature Ts is one of the critical parameters for fabricating high-quality HEA SC thin films. The VEC value represents the average of the number of valence electrons for the constituent atoms that compose the alloy. For example, the number of valence electrons is 5 and 4 for (Ta, Nb) and (Hf, Zr, Ti), respectively. Here, the VEC value of the Ta–Nb–Hf–Zr–Ti HEA SC thin films was determined using the EDS results in Table S1.
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Figure S3. Temperature dependence of electrical resistance in a magnetic fields for Ta–Nb–Hf–Zr–Ti HEA SC thin films. a–f, Electrical resistance as a function of temperature at magnetic fields from 0 to 9 T for the HEA SC thin films fabricated at Ts = 270, 370, 470, 520, 570, and 620 ºC. Hc2(T) was obtained using the criterion of TcR, namely 50% transition of the resistance at the Tc onset for each magnetic field.
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Figure S4. Temperature dependence of magnetization for the HEA target. Zero-field-cooled (ZFC) and field-cooled (FC) dc magnetization (M) of Ta1/6Nb2/6Hf1/6Zr1/6Ti1/6 HEA superconductors used as the target for growing HEA SC thin films displayed as a function of temperature. A very sharp SC transition is observed in the ZFC M(T) curve with TcM of 7.8 K.
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Figure S5. Flux pinning force density of Ta–Nb–Hf–Zr–Ti HEA SC thin films. Magnetic field dependence of the volume flux pinning force density (Fp = Jc  μ0H) for the HEA SC bulk and thin films at (a) 2.0 K and (b) 4.2 K. The maximum Fp (Fp,max) values of the film deposited at the optimal Ts = 520 ºC are 8.22 and 3.02 GN m−3 at 2.0 and 4.2 K, which are 14.7 and 10.4 times higher than that of the bulk sample, respectively. c, d, Normalized flux pinning force density (Fp/Fp,max) as a function of the reduced magnetic field (H/Hpeak) at 2.0 and 4.2 K, respectively, where Hpeak represents the magnetic field at Fp,max. The flux pinning mechanism of most of the films is close to normal point pinning, indicating that the intrinsic disorder associated with the different atomic sizes of the constituent atoms in HEAs plays an important role in the field performance of Jc in HEA superconductors. The solid lines were plotted using the equations fp(h) = 3h2(1-2h/3), (9/4)h(1-h/3)2, and (25/16)h1/2(1-h/5)2 for Δκ-pinning, normal point pinning, and surface pinning, respectively, where κ is the Ginzburg–Landau parameter [S4–S6].
[image: Diagram, histogram

Description automatically generated]
Figure S6. Magnetization hysteresis loops for Ta–Nb–Hf–Zr–Ti HEA SC thin films. Magnetic field–magnetization (M–H) hysteresis loops of Ta–Nb–Hf–Zr–Ti HEA SC thin films at (a) 2.0 K and (b) 4.2 K. A large flux jump was observed at 2.0 K for the HEA SC thin films with a relatively higher Tc, which resulted in a smaller low-field Jc compared with that at 4.2 K. The flux jump is attributed to thermomagnetic instability [S7, S8]; thus, the Jc value of an HEA SC thin film can be increased by reducing the thermal instability.
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Figure S7. Displacements simulated by the Stopping and Range of Ions in Matter (SRIM) software for 200-keV Kr-ion-irradiated Ta1/6Nb2/6Hf1/6Zr1/6Ti1/6. SRIM simulation result for the number of displacements produced by 200-keV Kr-ion irradiation for a Ta1/6Nb2/6Hf1/6Zr1/6Ti1/6 HEA (with a mass density of 9.9 g cm−3 and an atomic density of HEA = 5.226 × 1022 atoms cm−3). The dpa value was obtained as follows:
.
Here, the dpa values were evaluated using the average number of displacements (1.34 Å-ion), which is indicated by the dashed line. The doses of 1.5 × 1014, 5 × 1014, 1 × 1015, 3 × 1015, 5 × 1015, 7 × 1015, 1 × 1016, and 3 × 1016 Kr ions cm−2 corresponded to dpa values of 0.38, 1.28, 2.56, 7.69, 12.82, 17.95, 25.64, and 76.92, respectively. The dpa value reflects the level of displacement damage generated by irradiation, and dpa = 0.01 indicates that 1% of target atoms were displaced from their lattice sites by irradiation. Inset is a simple illustration showing an example corresponding to dpa = 0.05.
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