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Superconductivity in Real space

» Predicting superconductivity requires access to phonons,
electron—phonon coupling, and superconducting
observables (a*F, A, T,)

» Existing workflows are dominated by pseudo-potential
plane-wave implementations, while FHI-aims provides an
all-electron, numeric atom-centered orbital framework in
real space.
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What was already implemented in FHI-aims?

Time-dependent perturbation theory
electronic friction

Kohn-Sham eigenvalues
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Phonon linewidths

Yav = 'qp = h ﬁqqu (thV) u,,
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Normal modes (u) are required for this transformation.

Keyword allows the calculation of y

Usage: friction_output_vibrations

Purpose: Calculates the normal modes of vibration and Hessian during finite

difference (if requested)
Default is .false.
boolean: .true. or .false.

Set an appropriate sc_accuracy_forces and integration
grid.
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Eliashberg theory

calculate_superconductivity numerical
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Density states at Fermi level, Phonon linewidths from Pedro Nunes Ferreira

. : friction code
evaluated using smeared function
e.g Gaussian

A= 2/dwa2F(w).
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Eva Kogler

Reinhard Maurer Christoph Heil

1.04(1 + A) P. B. Allen and R. C. Dynes,

Phys. Rev. B 12, 905 (1975)
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\ Coulomb pseudopotential (user 4
input)




Code choices and efficiency

N states

gaK (k)

N states
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Only energetically
accessible states
stored

Select atoms to calculate el-ph coupling

C.L. Box, W. G. Stark, R. J. Maurer, Electron. Struc. 5, 035005, (2023)

FHI-almsS

Local atomic orbital basis

The ab initio materials
simulation package

ARCHERZ, 2x AMD EPYC 7742, 256 GiB RAM
FHI-aims version: 250806
86 atoms, 3266 electrons, 36 k-points
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Case study: K;Cqq

* Previous theoretical work ignored the

disorder in the orientation of the Cg, units.
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Mode coupling and electronic structure calculations. Electronic structure, lattice
dynamics, and nonlinear phonon couplings after excitation of the T,,(4) phonon
were obtained using density functional theory (DFT) calculations with a plane-
wave basis set and projector augmented wave pseudopotentials (VASP software
package)®*. These calculations were performed within the local density approxima-
tion (LDA) with a 900 eV cut-off for the plane-wave basis set. A 6 X 6 X 6 k-point
grid and a 0.1 eV Gaussian smearing were used for the Brillouin-zone integration
during the self-consistency cycles. Lattice parameters and atomic positions were
obtained by energy minimization, ignoring the Cq orientational disorder. The
calculated lattice constant is 13.888 A, in good agreement with the experimental
value of 14.240 A.

Mitrano, M., Cantaluppi, A., Nicoletti, D. et
al. Nature 530, 461-464 (2016).




Case study: K;Cqq

* Previous theoretical work ignored the
disorder in the orientation of the Cg, units.

This work:

2x2x1 unit cell (252 atoms)
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Mode coupling and electronic structure calculations. Electronic structure, lattice
dynamics, and nonlinear phonon couplings after excitation of the T;,(4) phonon
were obtained using density functional theory (DFT) calculations with a plane-
wave basis set and projector augmented wave pseudopotentials (VASP software
package)®. These calculations were performed within the local density approxima-
tion (LDA) with a 900 eV cut-off for the plane-wave basis set. A 6 X 6 X 6 k-point
grid and a 0.1 eV Gaussian smearing were used for the Brillouin-zone integration
during the self-consistency cycles. Lattice parameters and atomic positions were
obtained by energy minimization, ignoring the Cq orientational disorder. The
calculated lattice constant is 13.888 A, in good agreement with the experimental
value of 14.240 A.
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Mitrano, M., Cantaluppi, A., Nicoletti, D. et
al. Nature 530, 461-464 (2016).
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Case study: K;Cqq

Previous theoretical work ignore the disorder

in the orientation of the Cgjy units.

This work:
2x2x1 unit cell (252 atoms)

Experimental T, = 19 K [1]

A mu” value of 0.3 is suggested in literature
for Cgg systems: O. Gunnarsson and G.
Zwicknagl, Phys. Rev. Lett. 69, 957 (1992)

Ag [meV]
Ap[meV]

We reproduce experimental T,
with a physically justified mu* value

Pedro Nunes Ferreira

[1] E. Kogler et al, Comp. Phys. Comm, (2025)

Produced using IsoME.jl [1]
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Important user choices

» Electronic smearing that enters friction/linewidth expression
» Anecdotally, we see we require much smaller smearing widths (o) than plane wave codes for convergence w.r.t Ny

« We are looking into a sensible automatic choice workflow [1] :
1. Calculate N(er) with DOS Tetrahedron method (very well converged)
2. Calculate N(er) with different o values
3. Choose smallest ¢ that reproduces DOS tetrahedron method

» Supercell size for periodic systems
« g = 0isnota free lunch.
» Convergence of phonons with respect to supercell size is material dependent.
 Interpolation to dense q-grids is possible (as a post-processing script right now)
- T. often convergences faster than a?F(w) - relevant for high-throughput

[1] Similar logic to T. Koretsune, R. Arita Comp. Phys. 9
Comm. (2017)



Future directions: beyond harmonic superconductivity
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SSCHA + MLIP

Harmonic el-ph elements

(2026)

from Quantum ESPRESSO.

Nuclear electronic orbital (NEO)-DFT in FHI-aims.
L.E. Smith, P. Settembri, A. Cucciari, L. Boeri,
G. Profeta, S. Hammes-Schiffer, Proc. Natl.
Acad. Sci. U.S.A. 123 (21), (2026).
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https://arxiv.org/abs/2603.25373

If you are interested in using the code — tutorials!

Tutorial 2: Nb 2x2x2 Superconductivity Example
This tutorial demonstrates a complete superconductivity calculation in FHI-aims using a bcc Nb 2x2x2 supercell example.
The reference calculation used here is:

/Users/ul865573/work/2025/tutorial/superconductivity_calc/nb_222

1. Input files

Prepared input files are provided in:
Tutorial-2/input_files/

Files:

* control.in : superconductivity settings and numerical parameters
« geometry.in: Nb 2x2x2 supercell with friction flags on all atoms

Reference output files from the Nb 2x2x2 run are also provided in:

Tutorial-2/output_files/

Available in the Aims club tutorials

(Not on index page yet)

Tutorial 3: Interpolating Eliashberg Function and Tc on Dense q Grids

This tutorial demonstrates an interpolation workflow that maps supercell ( g=0 ) results back to primitive-cell g points and
evaluates alpha”2F(omega) and T_c ona much denser g mesh.

1. Motivation

The direct FHI-aims superconductivity implementation operates in a g=0 framework.

Large supercells fold additional primitive-cell g points to supercell g=0, but the resulting sampling is still sparse.
Interpolation helps recover a denser g representation and more converged spectral properties. For Nb in particular, a denser
electronic k -grid is also required to converge the Eliashberg spectrum and derived T_c . In practice, moving from a 2x2x2 to
a 3x3x3 supercell, together with denser electronic k -point sampling, should better recover both the experimental phonon
dispersion and the Eliashberg spectrum for Nb. This is the main reason to treat the present 2x2x2 example as a workflow

demonstration rather than a fully converged productior =~~~
Interpolated dense path (24x24x24)
. +  Experimental phonon data 0.8

2. Input data used here . .
This example uses the Nb 2x2x2 outputs copied into: - 0.6

e Tutorial-3/input_files/geometry.in % 5] 0.5 <

e Tutorial-3/input_files/friction_hessian.out > 0.4 ;E,

e Tutorial-3/input_files/friction_normal_mode. E 104 o =

¢ Tutorial-3/input_files/eliashberg_function.c

e Tutorial-3/input_files/superconductivity_tc. 5 0.2

e Tutorial-3/input_files/exp2.csv (experimenta 01

e Tutorial-3/input_files/exp_phonon_dispersior 01

g-path
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Conclusion

» Superconductivity in FHI-aims is:
* Not a replacement for existing plane-wave implementations
« But rather a complementary tool

« Features:
* Hessian (inc acoustic sum rule)
* Phonon DOS and atom-resolved Phonon DOS
» Eliashberg function and atom-resolved Eliashberg function
* Phonon linewidths
« Electron-phonon coupling matrix elements using ELSI
» Electron-phonon coupling constant
. T,

C. L. Box, P. N. Ferreira, E. Kogler, C. Heil, R. J. Maurer, in preparation, (2026)
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