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Supplementary Note 1 | Calculation of frequency-dependent conductivity.
The mathematical representation of the Drude-Lorentz model is as follows:
……(1)
The right-hand side of the equation consists of two terms: the first term represents the Drude model, and the second term represents the Lorentz model, where ε₀ is the vacuum permittivity, ω is the frequency of the applied external electric field, ωDp is the electron plasma frequency in the Drude model. τD is the electron relaxation time in the Drude model. ωLp is the electron plasma frequency in the Lorentz model, γL is the reciprocal of the electron relaxation time in the Lorentz model, and ωL is the electron-resonance frequency in the Lorentz model.
The Lorentz model describes electrons that are bound by atomic nuclei and behaves like a mass-spring system. Consequently, this system exhibits a resonance frequency. It is important to note that the resonance frequency in the Lorentz model and the plasma frequency arise from different physical phenomena. The former represents the natural resonance frequency of electrons paired with atomic nuclei, while the latter denotes the oscillation frequency of electrons interacting with other surrounding electrons. 
Furthermore, within a material, there may be both free and bound electrons affected by various interactions. Hence, there can be different values for ωDp, τD, ωLp, γL, and ωL. Therefore, to describe the overall frequency-dependent conductivity of a material, a sum of the multiple Drude and Lorentz model terms is used, as explained in Equation (1). If consider the dc-conductivity (σ0), Equation (2) can be obtained by setting ω to 0 in Equation (1).
…….(2)
From Equation (2), it can be inferred that the primary factors influencing the DC conductivity are ωDp and τD.
The ωDp in the Drude model can be likened to the oscillation frequency of the perturbed electron cloud. Its value is correlated with the viscosity of the electron cloud. This phenomenon can be analogized to viewing the electron cloud as a fluid (with viscosity, where this viscosity is related to the density of the fluid and the mass of the molecules constituting it). If an external force imparts a disturbance in the fluid, waves will be generated, akin to the oscillation observed in a container of water. The frequency of these oscillations can be analogously compared to the plasma frequency. This frequency can be estimated, using Equation (3).
……..(3)
In this equation, n represents the density of free electrons, m₀ denotes the effective mass of free electrons, and e stands for the charge of a free electron. The relaxation time (τD) refers to the average time interval between collision events that occur when free electrons are in motion. These collisions can take the form of electron-electron interactions, electron-nucleus interactions, or electron-defect interactions. This time interval is intimately related to the material's microscopic structure, such as whether the lattice is subject to stress-induced strain or if defects are present. The relaxation time can be estimated, employing Equation (4), 
……..(4)
where σ0 represents the DC conductivity.
In calculations to estimate low-frequency conductivity, according to the Drude model [Equation (2)], it is necessary to know ωDp and τD. The plasma frequency (ωDp) can be calculated from first principles, while estimating the relaxation time is the most challenging part of calculating low-frequency conductivity. This is because, as mentioned earlier, this value is fundamentally related to the microstructure (which affects the probability of electron collisions during motion) and is also a function of temperature. Currently, there is no reliable theoretical derivation available for estimation. Predicting the low-frequency conductivity of HEAs is even more difficult because most HEAs have a multiphase solid-solution microstructure, with multiple components randomly occupying lattice positions. While the lattice structure of this material remains ordered, the composition is disordered. This compositional disorder leads to random lattice distortions, thereby affecting the estimation of the relaxation time.
In our work, the relaxation time is measured, using THz Time-domain Spectroscopy, and the detailed method is given in Supplementary Note 3 and Supplementary Fig. 3.
In general, the various properties of HEAs can be estimated by a linear combination of their compositions. In HEAs. However, this approach overlooks the fact that the bonding interactions between atoms in HEAs, when different coordinating elements are present. This random variation in coordinating elements can cause deviations in the electronic density of states of HEAs from what would be expected, based on a linear combination of pure elemental compositions. Consequently, the plasma frequency (ωDp) deviates from a linear combination as well. Additionally, the random lattice distortions in the solid-solution microstructure of HEAs can also cause deviations in the relaxation time from a linear combination.




Supplementary Note 2 | Simulation results of frequency-dependent conductivity, plasma frequency, and free-electron density
The experimental DC conductivity, plasma frequency, and relaxation time values of pure elements are listed in Supplementary Table 1. The three estimation methods of conductivities are summarized in Supplementary Table 2. To understand how the conductivity deviates from linear combinations when forming HEAs, it is essential to investigate how the plasma frequency (ωDp) and relaxation time (τD) change. We can compare the differences in ωDp calculated from linear combinations of pure elements with that obtained from the high-entropy-alloy model. Additionally, we can estimate the changes in the free-electron density and effective electron mass through the calculation methods to explain the variations in ωDp.
Regarding the relaxation time, we can compare the lattice constants and root mean square differences in atomic positions within the unit cell of HEAs with those derived from linear combinations of pure elements. This comparison will help us understand how lattice distortions impact relaxation time. By comparing these parameters between HEAs and linear combinations of pure elements, we can gain insights into how the formation of HEAs affects their conductivity and how deviations from ideal linear behavior occur. From the plasma frequencies for the various elements, we can calculate the plasma frequencies according to linear combinations in the order of Mo plus W comprising 70 mol%, equimolar proportions, and Ta plus W comprising 70 mol% to be 8.62 eV, 8.73 eV, and 8.59 eV, respectively. In comparison, the plasma frequencies directly calculated from the HEA model are significantly lower, being 4.66 eV, 4.54 eV, and 3.77 eV, respectively, listed in Supplementary Table 3. This substantial difference indicates that the atomic bonding between different elements during the formation of HEAs has a significant impact on the plasma frequency. According to Equation (3), the primary factors influencing the plasma frequency are the free-electron density and the effective electron mass.

By calculating the density of states and using the Fermi-Dirac distribution, we can estimate the free-electron density at room temperature (300 K). Supplementary Table 3 presents the calculated results of free-electron densities. It is evident that the free-electron density for the pure-elemental models is on the order of 1028 electrons/m3 at room temperature, while after forming HEAs, the free electron density drops to the order of 1026 electrons/m3. This result indicates that when HEAs are formed, the bonding interactions between different metallic elements significantly reduce the free-electron density. This reduction in the free-electron density is attributed to the substantial differences in the electronegativity between the metallic elements. Compared to the linear combination, the free-electron density is approximately only 0.014 - 0.02 times that of the linear combination.
When comparing the free-electron densities among the three NbMoTaW films, it can be observed that the equimolar model as the highest free-electron density, the Ta plus W comprising 70 mol% model has the second-highest free-electron density, which is close to the equimolar model, and the Mo plus W comprising 70 mol% model has the lowest free-electron density. This trend in the free-electron density is similar to that observed in plasma frequencies. However, it is worth noting that the order of the equimolar model and the Ta plus W comprising 70 mol% model is reversed when compared to the plasma-frequency trend.
Next, we examine the impact of the effective-electron mass. The effective-electron mass can be calculated from electronic-band structures. Nb, Mo, Ta, W, and the NbMoTaW system all have a BCC structure. When calculating band structures, a primitive cell and the corresponding reciprocal space K-point path (K-path) need to be defined. The K-path is typically set to describe the electronic states fully and follows the high-symmetry points in the first Brillouin zone of the BCC structure (Γ−𝐻−𝑁−Γ−𝑃−𝐻|𝑃−𝑁). Supplementary Fig. 1 shows the calculated band structures.
When calculating the effective mass of electrons in semiconductors or insulators, Equation (5) is used to perform a second derivative of the valence-band maximum and conduction-band minimum in the band structure. This derivative provides information about the effective mass of electrons in the material.
…….(5)
where m0 represents the effective-electron mass, ℏ is the reduced Planck constant, E is the electron energy, and k is the reciprocal space path. However, the materials are conductors, and the energy bands directly cross the Fermi level. Hence, it is challenging to distinguish between valence and conduction bands on the electron-band structure diagram. Therefore, the concept of an effective mass is utilized to express the ability of electrons near the Fermi energy to respond to an applied electric field. In this calculation, because there are several bands crossing the Fermi energy, an average value is taken. The calculated results are shown in Supplementary Table 3, indicating that the effective electron mass for the pure elemental Nb, Mo, Ta, and W is approximately in the range of 0.85 - 2.86 times the electron mass. However, after forming HEAs, the effective electron mass increases to the range of 4.61 - 6.26 times the electron mass, which is approximately four times than the linear combination value. This feature suggests that after forming HEAs, a larger electric field is required to achieve the same electron mobility. Compared to the effective-electron mass of the linear combination, these values are approximately 3.34 - 4.00 times larger, indicating a significant increase in the electron mass when HEAs are formed. 
Next, we observe the correlation between the lattice distortion and relaxation time. To quantify the extent of lattice distortion, our discussion is divided into two parts. That is, the sign of the percentage deviation of lattice constants from linear combinations is positive for expansion and negative for contraction, listed in Supplementary Table 4. The root-mean-square deviation of atomic positions from ideal locations within the lattice, also listed in Supplementary Table 4.
When comparing the relaxation times of pure elements with those of HEAs, it is evident that both relaxation times are in the same order of magnitude, approximately 1015 seconds. However, the relaxation times of HEAs are shorter than those of pure elements, and they also deviate from the values predicted by linear combinations based on elemental proportions. Lattice distortion can be attributed as the main cause of this deviation.
Supplementary Table 4 presents the percentage deviation of lattice constants from linear combinations and the root mean square deviation of atomic positions within the lattice for the three proportions of NbMoTaW HEAs. It is observed that all three compositions show deviations from ideal values in both lattice constants and atomic positions, although these deviations are very small, with lattice constants on the order of 10-4 Å and even smaller differences in atomic positions. Despite the small magnitude of these deviations, they still have some impact on relaxation time. However, it is important to note that the relaxation times listed in Supplementary Table 4 are determined through experimental measurements, which may introduce some uncertainty. What can be confirmed is that the formation of HEAs results in a reduction in the electron-relaxation time, approximately one-fifth of the linear-combination value in the case of this study. The calculated lattice constants are listed in Supplementary Table 5.
	Therefore, based on the analysis above, it is inferred that the reduction in the conductivity of HEAs is due to the decrease in the plasma frequency and the decrease in the relaxation time. These results explain the deviation of conductivity obtained directly from the cocktail effect. In the case of the NbMoTaW series studied in the present research, the plasma frequency is approximately half of its linear combination value, while the relaxation time is one-fifth, resulting in an overall conductivity that is one-tenth of the linear combination value. To improve the precision of this analysis to the point where it can differentiate between conductivity differences in different composition ratios, a more accurate theoretical approach for estimating the relaxation time would be required.
	Using equation (6), the dielectric equation can be derived, as shown in Supplementary Fig. 2. Substituting the fitting parameters into Equation 1 yields the frequency-dependent conductivity, where  is the dielectric constant at an infinite frequency, the ideal electron gas being 1, ωDp and ωLp are the plasma frequencies for the Drude and Lorentz models, γd is the electron collision frequency, γL is the damping coefficient, and ωL is the resonant frequency.
   (6)


Supplementary Table 1 | The experimental values of conductivity, plasma frequency, and relaxation time for Nb, Mo, Ta, and W, , showing that Mo and W have the highest conductivity, followed by Ta, while Nb has the lowest conductivity 1.
[image: ]

Supplementary Table 2 | The relaxation time and DC conductivity of three different compositions of NbMoTaW high entropy alloys.
[image: ]

Supplementary Table 3 | The plasma frequency, free electron density, and effective electron mass of the elements Nb, Mo, Ta, W, and the high entropy alloys Nb25Mo25Ta25W25, Nb15Mo15Ta35W35, Nb15Mo35Ta15W35.
[image: ]
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Supplementary Fig. 1 | Band structure of Nb, Mo, Ta, W, Nb25Mo25Ta25W25, Nb15Mo15Ta35W35, and Nb15Mo35Ta15W35.

Supplementary Table 4 | The relaxation time, lattice constant, and Mean Square Displacement (MSD) of the elements Nb, Mo, Ta, W, and the high entropy alloys Nb25Mo25Ta25W25, Nb15Mo15Ta35W35, Nb15Mo35Ta15W35.
[image: ]

Supplementary Table 5 | The calculation results of the derailed lattice data of NbMoTaW thin films.
[image: ]
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Supplementary Fig. 2 | The real and imaginary parts of the dielectric constants in the NbMoTaW alloy system.

Supplementary Note 3 | Measurement of Carrier relaxation Times Based on THz Time-domain Spectroscopy
	Terahertz (THz) time-domain spectroscopy (THz-TDS) has been demonstrated as a powerful tool for measuring the complex electrical properties, such as scattering time, plasma frequencies, carrier densities, and mobilities, of charge carriers in semiconductors by analyzing the time-dependent response THz pulses 2-7. A schematic of the transmission-type THz-TDS is shown in Supplementary Fig. 3.
	The basic principle of the THz TDS is to generate and detect THz pulses using an ultrafast laser technology. Here, we employed a seed-laser device (Vitara–Flexible Ultrashort Pulse Ti: Sappire Laser) that produced a laser beam with a wavelength of 532 nm and a repetition rate of 80 MHz. The laser beam passed through an amplifier (Legend Elite HE+ USP-5K-III) and thus gained a center wavelength of 800 nm, an average output power of 8.2 W, a pulse width smaller than 35 fs, and a repetition rate of 5 KHz. The amplified beam was then split by a beam splitter into two beams; one is termed as the “pump beam” (for producing THz signals), and another, the “probe beam” (for probing THz radiation). Then, we directed the pump beam to pass through a chopper to raise the signal-to-noise ratio (SNR). Finally, the pump beam was directed to pass through a nonlinear crystal—ZnTe—to generate the THz radiation by the beat frequency. Additionally, a silicon substrate with a high electrical resistivity was placed behind the ZnTe crystal to filter the fundamental beam so that only THz radiation could pass through the substrate. A pair of parabolic mirrors was used to calibrate the THz radiation and focus it onto a sample. Another pair of parabolic mirrors was employed to collect the THz radiation that passed through the sample and focus it onto the ZnTe crystal at the probing end to conduct the measurement by electro-optic sampling.
	Considering the Maxwell equations and a simple conducting medium, the equivalent complex dielectric function consisting of contributions from conduction-band electrons and bound electrons can be demonstrated.
	Further, through the relation between the dielectric function and conductivities, we can determine the complex THz conductivity in the HEAs thin films, Nb25Mo25Ta25W25, Nb15Mo15Ta35W35, and Nb15Mo35Ta15W35, respectively, the Drude-Smith model , a kind of non-Drude behavior consisting of contributions from conduction-band and bound electrons. Complex THz conductivities (* = Re+ i Im) are plotted as a function of frequency in Supplementary Figs. 4a and 4b. Supplementary Table 2 summarizes the scattering times, , of Nb25Mo25Ta25W25, Nb15Mo15Ta35W35, and Nb15Mo35Ta15W35, respectively. The order of their scattering times is always around the level of femtosecond.

[image: ]
Supplementary Fig. 3 | The schematic of transmission-type THz time-domain spectroscopy. (M: Mirror. BS: Beam Splitter. HWP: Half Wave Plates. PM: off Axis Parabolic mirror. QWP: Quarter Wave Plates. WP: Wollaston Prism. PD: Photodetector.)

[image: ]
Supplementary Fig. 4 | a, The real and b, imaginary part of complex conductivities of HEAs thin films (~10 nm), Nb25Mo25Ta25W25 (green), Nb15Mo15Ta35W35 (blue), and Nb15Mo35Ta15W35 (red). The green squares, blue circles, and red triangles are experimental data. The green line, blue line, and red line are fitting results based on Drude-Smith model.

Supplementary Table 6 | Experimental results of the crystalline properties of the NbMoTaW films obtained from XRD. 
[image: ]

Supplementary Table 7 | Morphology and current mapping by CAFM of NbMoTaW films with 1200 nm.
[image: ]

Supplementary Table 8 | Mechanical properties 8, elastic constants C11, C12, C44 (GPa), bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa), and hardness Hv (GPa).
[image: ]
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Supplementary Fig. 5 | a, d, SEM images of Nb25Mo25Ta25W25. b, e, SEM images of Nb15Mo15Ta35W35. c, f, SEM images of Nb15Mo35Ta15W35 films with 100 nm.

[image: ]
Supplementary Fig. 6 | The resistivity of NbMoTaW thin film after thermal annealing at 300℃ and 500 ℃ for 30 minutes. It is found the resistivity can be further reduced by annealing. 

[image: ]
Supplementary Fig. 7 | Experimental and calculation results of XRD pattern of NbMoTaW films. Consistent results are obtained. a, Nb25Mo25Ta25W25. b, Nb15Mo15Ta35W35. c, Nb15Mo35Ta15W35.
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Supplementary Fig. 8 | Lattice constant of three NbMoTaW films obtained from XRD. The lattice constants of Nb, Mo, Ta, and W plotted for reference.
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Supplementary Fig. 9 | Conductive area of current mapping by CAFM of HEA Film with 1200 nm. a, Nb25Mo25Ta25W25. b, Nb15Mo15Ta35W35. c, Nb15Mo35Ta15W35. The integration of the conducting area are 96.1%, 95.5%, and 98.9%, respectively.
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Supplementary Fig. 10 | The continuous stiffness measurement method was used to measure the relationship between the modulus of different thicknesses of Nb25Mo25Ta25W25 films and the depth of indentation. a, 300 nm. b, 600 nm. c, 900 nm. d, 1200 nm. (Number of samples: 1-8)
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Supplementary Fig. 11 | The continuous stiffness method was employed to measure the relationship between the hardness and indentation depth of Nb25Mo25Ta25W25 films with varying thickness. a, 300 nm. b, 600 nm. c, 900 nm. d, 1200 nm. (Number of samples: 1-8)
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Supplementary Fig. 12 | The continuous stiffness method was employed to measure the relationship between the Young's modulus and indentation depth of Nb25Mo25Ta25W25 films with varying thickness. a, 300 nm. b, 600 nm. c, 900 nm. d, 1200 nm. (Number of samples: 1-8)
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Supplementary Fig. 13 | Data of scratching test. a, Schematic of the three steps in nano-scratch testing. b, friction coefficient and loading force with scratch distance. c, d, e, Surface morphology changes of the film during nano-scratch testing process. f, g, h, elasticity, plasticity, and total deformation after nano-scratch test.
[image: ]
Supplementary Fig. 14 | Method of wearing test on AFM probe. The wear test in this study utilized a PPP-NCSTR-50 probe. Prior to conducting the wear test, Blind Tip Reconstruction (BTR) was employed to obtain the three-dimensional morphology of the probe before wear. The probe scanned the surface of the copper adhesive with a force of 61 nN, covering a total scanning length of 10.24 mm, while applying a bias voltage of 1.5 V to perform the wear test. Finally, BTR was used again to obtain the three-dimensional morphology of the probe after wear. The wear resistance was assessed by calculating the rate of change in the tip radius of the probe before and after wear.

[image: ]
Supplementary Fig. 15 | Schematic illustration of the wear test of semiconductor chip testing probe - ReW tip, undergoing 20,000 clicks.

[image: ]
Supplementary Fig. 16 | Wearing test results of the ReW probe tipped with and without Nb15Mo35Ta15W35 high-entropy alloy film after 20,000 clicks.
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Conductivity(S/m) Exp.

Element at 20°C op, (eV) Relaxation time (s)
Nb 6.90 x 10° 9.11 4.07 x 101>
Mo 1.89 x 10’ 9.01 11.4 x 10-1°
Ta 7.60 x 10° 8.86 4.73 x 101
W 1.89 x 10’ IR 14.7 x 10715
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Alloy

op, (eV)

Relaxation Time DC conductivity

(s) (S/m)
Exp. - - 1.39 x 10°
Cal. Method 1 - £ 1.31 x 107
Nb,sMo,5Ta,; W5
Cal. Method 2 8.73 x 10°15 3.67 x 10°
4.54
Cal. Method 3 1.99 x 1015 0.84 x 10°
Exp. - - 0.98 x 10°
Cal. Method 1 - = 1.31 x 107
Nb;sMo,sTaz;s W,
Cal. Method 2 9.12x 1015 2.66 x 10°
3.77
Cal. Method 3 2.04x 1015 0.59 x 10°
Exp. - - 2.51 x 10°
Cal. Method 1 - . 1.54 x 107
Nb;sMo;sTa;sW;s
Cal. Method 2 10.5x 10°15 4.65 x 10°
4.66
Cal. Method 3 2.00x 1015 0.89 x 10°
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Free electron density Effective mass

s Opp (€V) (electron/m3) (electron mass)
Nb 9.11 3.28 x 1028 1.01
Mo 9.01 1.71 x 10%8 2.86
Ta 8.86 1.39 x 10%® 1.41
W 7.93 1.01 x 10%8 0.85
Nb,:Mo,:Ta, W, 4.54 2.56 x 102 6.26
Nb, Mo, Ta; W, o, 3.21 x 1026 4.61

Nb,sMo;;Ta;s Wi 4.66 2.47 x 10%° 5.79





