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1. Synthesis of nanocrystalline α-Ta 

 

Nanocrystalline thin films of phase-pure, body centred cubic (bcc) α-Ta were deposited by 

magnetron sputtering in an Ar atmosphere from a 99.9% pure 50mm-diameter Ta target. The 

base vacuum was ∼10‒7 mTorr and operating pressure of Ar was typically 5 mTorr. The 

substrates were Si <111> wafers previously coated with 400 nm thick SiO2 layers using plasma-

enhanced chemical vapor deposition (PECVD). During deposition, the substrates were placed 

350 mm from the target and a stainless steel (SS304) mask was used to deposit the 

nanocrystalline thin films in the form of 300µm×1mm rectangular strips to facilitate subsequent 

four-probe measurements of electrical resistivity. The average crystallite size (dXRD) was 

controlled by varying the sputtering conditions. Samples with larger dXRD were deposited by dc 

sputtering, while rf sputtering was used to synthesise samples with smaller dXRD. The average 

size was further controlled by varying the substrate temperature between 25°C and 800°C and 

the sputtering time between 10 and 30 min. In all, 12 nanocrystalline α-Ta thin film samples 

were prepared with mean crystallite size in the range: 2.4nm ≤ dXRD ≤ 59nm and mean thickness 

between 40nm and 250 nm. In this range, the film thickness is not expected to affect the 

superconducting properties. XRD data showed that the Ta nanocrystals were oriented 

predominantly with their <110> axes normal to the film plane.  

 

  



2. Measurement techniques 

 

2.1. Powder x-ray diffraction (XRD) data were obtained using a Philips PANalytical’s X'Pert Pro 

system. The line profile module X'Pert HighScore Plus 3.0e was employed to analyze the 

crystallographic phase and obtain the instrument-corrected coherently diffracting domain size 

(dXRD) of the as-deposited nanocrystalline thin films of Ta.  

 

2.2. The superconducting transition temperature (TC) and critical magnetic field (HC) were 

determined from four-probe electrical resistivity measurements on nano-Ta samples deposited in 

the form of 300µm×1mm rectangular strips down to 1.8 K using a Quantum design PPMS-14T 

(physical property measurement system). Samples with TC < 2.2K were studied using a Quantum 

Design Dilution Refrigerator Option. Resistivity was measured using the Electrical Transport 

Option in the temperature range of 50mK to 4K, with a step size of 50mK in the vicinity of TC. 

 

2.3. The critical magnetic field, HC, was determined from a set of resistance vs. magnetic field 

curves at different temperatures, by defining it as the magnetic field at which the resistance falls 

to 0.9RN, where RN is the normal state resistance of the sample at that temperature. Since, not all 

of the measurements could be performed down to 50mK, we compare the values of upper critical 

magnetic field at a constant (though arbitrarily chosen) temperature, T = 0.7×TC and call this HC.  

  



3. Microstructure of representative nanocrystalline Ta samples. 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. (a) Electron diffraction pattern of a sample with dXRD = 7nm with bands at 2.41Å 

(d110), 1.70Å (d200) and 1.38Å (d211) indicating a ≈3% expansion in ‘a’. (b) STEM image of a 
single Ta nanoparticle.  

  

(b) (a) 



 

 

 

Figure S2. Scanning electron micrographs showing the surface microstructure of three 

representative nanocrystalline Ta samples with dXRD = (a) 6.8 nm, (b) 10 nm, and (c) 59 nm. A 

Zeiss Ultra field-emission scanning electron microscope (FESEM) was used to study the surface 

morphology and thickness of the as-deposited samples after plasma cleaning. Note that each of 

the ‘particles’ seen in the SEM is an aggregate of a small number of crystallites. 

 



4. Computational Methods: First-principles Calculations of Electronic 

DOS and Superconducting Parameters 

 

Density functional theory (DFT) calculations on structures containing more than a few hundred 

atoms are extremely resource-intensive. In order to investigate the effect of the lattice expansion 

on the density of states (DOS) near the Fermi level, we performed the calculations on bulk Ta 

with the lattice constants being replaced by the experimentally observed set of values (for nano-

Ta) with the cell geometry kept frozen during optimization. This is only a first approximation 

aimed at finding the nature of the changes in the DOS in Ta nanoparticles. One set of our first 

principles calculations were based on ATK-DFT module of Quantumwise atomistic toolkit1,2 

assuming generalized gradient approximation (GGA). We took account of the effect of spin-orbit 

coupling using the SOGGA exchange correlation. We used OMX pseudopotentials3,4 with high 

(s3p2d2f1) basis set for our calculations to represent Kohn-Sham wavefunctions5. We used an 

energy cut-off value of 300 Hartree (8163.42 eV) for the basis set, and integration over the 

Brillouin zone was performed taking an uniform k-point mesh, whose value was optimized to be 

30×30×30. 

The effect of lattice strain on TC was investigated using first principle density functional 

perturbation theory (DFPT) calculations6. The TC was determined with the help of the PHonon 

package of Quantum Espresso7 and following the suggestions of M. Wierzbowska et al.8. In the 

modified McMillan formula (see eqn. (1), main text), the electron-phonon mass enhancement 

parameter, λ, is expressed in terms of the phonon frequency, �, and the average Eliashberg 

function, ������, as: � = 2
������� �⁄  ��. For an electron of momentum k scattered into a 

band with momentum ���= � + �� due to an interaction with a phonon of energy � belonging to 

a branch �, the Eliashberg function is: 

  ��������� = �
��
∑ |����|���� − ����,��     (1) 

Here, the electron-phonon matrix element, ����, given by:  
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while the phonon linewidth due to electron-phonon scattering, 7�8, is given by: 

  7�� = 29��, ∑ :��,�5�, :���;� − <= 	���;�5� − ;� − ℏ��, ��  (3). 

The average of the Eliashberg function can be expressed in terms of electron-phonon mass 

enhancement parameter as:  

 ������ = �
�∑ ��, ��, ��� − ��, ��, , with: ��, = ?�,@

A��B��'�,@*
  (4). 

The density matrix of Ta in the relaxed and strained states was calculated by dividing the 

Brillouin zone into a dense 64×64×64 k-mesh. We used the Vanderbilt ultrasoft pseudopotential9 

and Perdew-Burke-Ernzerhof (PBE) exchange correlation energy functional10 with plane wave 

basis set to represent Kohn-Sham wavefunctions5. We used energy cutoffs of 35 Ry and 320 Ry 

(which were their optimized values) to truncate the plane wave basis set used to represent the 

wave functions and charge densities respectively. The electronic density of states was calculated 

from the density matrix. To calculate the electron-phonon coupling coefficients, we used this 

density matrix data along with another set of density matrix data calculated on 16×16×16 k-mesh 

grid points with same wcut-off and rhocut-off, which corresponds to calculation of phonons with a 

convergence threshold of 1×10-15, for which, a q-mesh of grid size 4×4×4 was taken. The phonon 

calculation result was Fourier-transformed to get real space force constants and then interpolated 

to get the phonon dispersion, dynamical matrices and phonon band structure. Finally, these 

results were used to calculate λ, and TC was computed using McMillan’s formula. 
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