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Figure 1: Self-consistent workflow for re-sponse properties in FHI-aims. The ground-state density n(r) is used for a first guessof the expansion coefficients U (1), which en-ters the response density-matrix P (1), whichthen defines the response density n(1). n(1)enters the perturbation potential V (1), theHamiltonian matrix H(1) is defined and newexpansion coefficients U (1) are built. Theprocedure is evolved self-consistently untilthe change in P (1) falls below a certainthreshold. The desired properties are subse-quently calculated.

Density-functional perturbation theory (DFPT) extends theframework of DFT to the calculation of response proper-ties of the electronic density. DFPT can give access to alarge variety of properties, depending on the type of exter-nal stimulus that generates the perturbation [1]. An incom-plete list of these properties includes force constant matri-ces and phonons [2], molecular polarizabilities [3] and di-electric properties of solids [1, 4], vibrational scattering crosssections [5, 6], electron-phonon coupling and non-adiabaticmatrix elements [7, 8], NMR shifts and J-couplings [9].
The implementation of these techniques within a numericatom-centered orbital (NAO) framework and real-space con-text, aligned with the FHI-aims code architecture, necessi-tates specific choices that we outline in the next section. Theoriginal implementation, as detailed in papers by H. Shangand coworkers [10, 11], employed independent routines fordifferent perturbation scenarios. Recently, this approachhas been streamlined by centralizing these routines, result-ing in a more robust implementation and improved supportfor the code. [12]
Like other functionalities of FHI-aims, both periodic andnon-periodic evaluations are possible within the same all-electron, NAO infrastructure. For periodic phonons, onlylimited support (LDA functional, and systems that do not re-quire large memory) is provided in the current implemen-tation. A more comprehensive and very efficient handling

*mariana.rossi@mpsd.mpg.de

1

ar
X

iv
:2

50
1.

16
09

1v
1 

 [
co

nd
-m

at
.m

tr
l-

sc
i]

  2
7 

Ja
n 

20
25



of the calculation of phonons with different functionals andlarger system sizes is provided through the FHI-aims connec-tion to the FHI-vibes infrastructure [13], detailed in anothercontribution of this Roadmap.
Current Status of the Implementation
(around 450 words)

In the following, we summarize the main aspects of the implementation regarding atomic displacementand electric field perturbations. A dedicated section on the implementation for magnetic field pertur-bations is given in another contribution of this Roadmap.
In FHI-aims, the Kohn-Sham orbitals ψ are expanded in local NAO basis

ψ(0)
p =

∑
µ

C(0)
µp χµ, (1)

where in the above notation p is the orbital index, µ is an index running over the basis functions, thesuperscript (0) indicates that this is a ground-state quantity, and χ are atom-centered basis functions infinite systems and Bloch-like superpositions of atom-centered basis functions in the periodic case. Forthe latter case, χ also carries a complex phase (see Eqs. 23 and 24 in Ref. [11]) and the orbitals woulddepend on k, which we are not showing to simplify notation. Denoting first-order response quantitieswith the superscript (1), standard first-order perturbation theory yields the Sternheimer equation [14](for each k point)
(ĥ

(0)
KS − ϵ(0)p )|ψ(1)

p ⟩ = −(ĥ
(1)
KS − ϵ(1)p )|ψ(0)

p ⟩. (2)
In order to solve it, we can expand the response of the wavefunction analogously to Eq. 1,

ψ(1)
p =

∑
µ

[
C(1)∗
µp χ(0)

µ + C(0)∗
µp χ(1)

µ

]
. (3)

For nuclear displacements, the atom-centered basis sets χ indeed change upon displacement and thus
yield a non-zeroχ(1)

µ , whilst in the case of an electric-field perturbation this term is zero and Eq. 3 simpli-fies to only the first term. While DFPT formalisms concentrate on a self-consistent procedure to deter-mine directly the coefficients C(1), the procedure commonly named coupled perturbed self-consistentfield (CPSCF) writes C(1)
µp =

∑
q UpqC

(0)
µq as a linear expansion on the unperturbed coefficients. Thenew coefficientsUpq, where p denotes an occupied orbital and q an unoccupied one, take the followingform

Upq =


∑

µν(C
(0)
µq )∗H

(1)
µν C

(0)
νp

ϵ
(0)
p −ϵtq(0)

, el. field∑
µν(C

(0)
µq )∗H

(1)
µν C

(0)
νp −

∑
µν(C

(0)
µq )∗S

(1)
µν (C(0)E(0))νp

ϵ
(0)
p −ϵ

(0)
q

, nuclear displ. (4)

and a self-consistent procedure is also necessary to determine them (see Fig. 1). Note that the responseof the overlap matrix (S(1)) is only necessary for nuclear displacement perturbations. The CPSCF for-mulation, while completely equivalent to DFPT, turns out to be advantageous in FHI-aims because itallows us to make use of existing algorithms for the massively parallel evaluation of matrix elements inthis representation. This expansion also allows computing the density response
n(1) =

∑
p

f(ϵp)
[
ψ(1)∗ψ(0) + ψ(0)∗ψ(1)

]
= (5)

=

{∑
µν P

(1)
µν χ

(0)
µ χ

(0)
ν , el. field∑

µν [P
(1)
µν χ

(0)
µ χ

(0)
ν + P

(0)
µν (χ

(1)
µ χ

(0)
ν + χ

(0)
µ χ

(1)
ν )] nuclear displ. (6)
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within a response density-matrix P (1) formalism, analogous to the ground-state density evaluation inthe code. The full self-consistent procedure is summarized in Fig. 1.
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Figure 2: Schematic representation of the current code structure in FHI-aims. “Dense / sparse” refers to when thefull global dense (aperiodic) or sparse (periodic) response matrices are needed, “Int. points” refers to distributionover integration grid points and “ScaLAPACK” refers to ScaLAPACK support for distribution of matrices. Mixedcoloured regions currently represent a memory bottleneck for aperiodic systems due to the use of full densematrices.
An overview of the current implementation is given in Fig. 2. In this implementation, the DFPT calcula-tions are governed by a central “linear response wrapper” function that is called after convergence ofthe ground-state DFT calculation. This function can call different application modules, which currentlyinclude “electric response” (for polarisability, dielectric constant) “atomic response” (for phonon spec-tra and molecular vibrations), and “electronic friction” (for electron-phonon coupling) calculations. Thisportfolio of options can easily be further extended, as this infrastructure provides a well documentedtemplate for future application modules employing the central DFPT infrastructure. An example for afuture extension of the central DFPT framework is given in Fig. 2 as the random phase approximation(RPA) functionality, which requires certain response quantities to compute forces. Recently, we haveextended the support to allow “electric response” and “electronic friction” calculations of fractionallyoccupied systems (including metallic systems) which necessities special treatment of the denominatorin Eq. 4.
The central CPSCF module now features interfaces to external open-source libraries such as ELSI [15]and LibXC [16]. ELSI enables a restart of the CPSCF routine by parallelised I/O of the first order densitymatrix and LibXC enables the calculation of the first order Hamiltonian for arbitrary LDA, GGA, and(when supported) hybrid-exchange-correlation functionals.
Routines that represent significant bottlenecks in memory distribution and parallelisation are shadedyellow in Fig. 2, whilst routines with optimised memory distribution are shaded blue. The half-shadingrefers to having full dense matrices allocated in the aperiodic case which is memory inefficient whencompared to cases that support ScaLAPACK-type distribution, whilst real-space sparse matrices areallocated in the periodic case, which is generally a memory efficient approach. For the latter case,
use local index may be used which reduces memory usage and can improve efficiency, particularlyfor large systems, routines that support this are labelled. The figure also depicts routines that cur-

3



rently support 2 spin channels (i.e spin collinear) and collect eigenvectors .false. (for whenScaLAPACK-type handling of matrix operations is employed, this significantly reduces memory usage).
Usability and Tutorials
(around 400 words)

All functionality is now accessible through simple keywords in the control.in file, documented inthe FHI-aims manual since release 240507. Currently, there are keywords that control the central CP-SCF shared by all driver routines, these all start with the prefix dfpt and control accuracy thresh-olds, mixing and restart behaviour. The actual DFPT calculation is triggered by one of the driver relatedkeywords, currently these are electric field response DFPT, atomic pert response DFPT or
calculate friction DFPT.

Figure 3: Screenshot of tutorials showcasing the usability and utility of DFPT in FHI-aims.
We have recently released online tutorials, which will be continuously updated and augmented, in or-der to make the functionality more accessible to new users and showcase what the DFPT functionalitycan achieve. One tutorial employs the electric-field response functionality to calculate non-resonantvibrational Raman spectra of an isolated molecule and a molecular crystal. Notably, this tutorial alsoshowcases the new implementation of the Berry-phase polarization through the use of Wannier or-bitals (showcased in another article of this Roadmap) in order to calculate IR spectra of periodic sys-tems. Another tutorial makes use of the electronic friction driver to calculate electron-phonon cou-plings and vibrational lifetimes including non-adiabatic effects through electronic friction for a molec-ular overlayer adsorbed on a metallic surface. These effects are discussed in depth in another con-tribution of this Roadmap. The landing page and brief description of both tutorials are showcased inFig. 3. These tutorials can be accessed through https://fhi-aims-club.gitlab.io/tutorials/

tutorials-overview/.
Future Plans and Challenges
(around 350 words)

The newly refactored infrastructure [12] is significantly more compact and easier to maintain than theoriginal. The total number of code lines has been reduced by just over 60% for the CPSCF code, withthe newer interface also including more features. Several existing versions of multiple routines havebeen consolidated, reducing code duplication and increasing clarity for future developers. Specific run-mode cases are now only dealt with at the lowest level and high level developments at the level of theCPSCF cycle are decoupled. In the near future, we plan to extend the support of local dense matrixcomputations and the distribution of eigenvectors (currently, a copy of the full eigenvector is createdon every MPI task for the k-point(s) it is working on). These changes will improve memory usage and
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computational efficiency of not just the CPSCF calculations but allow these features to be utilised in theSCF part of the calculation as well, where they are already supported. A scalable implementation ofDFPT based on all-electron NAO basis that performs across various HPC systems has been reported [17].These implementations can address systems up to 200,000 atoms. These developments are compatiblewith FHI-aims.
It is also important to stress the role that machine-learning (ML) plays in the calculation of electronicresponse properties. While this field is still less advanced than other topics of ML for material-science,FHI-aims is already able to produce the density-response data that is needed to train models that learnthe electronic density response directly, or its derived quantities. The success of these frameworksbased on FHI-aims data in predicting Raman spectra, dielectric properties of materials and electronicfriction tensors has already been established [18, 19, 20, 21]. This machinery can massively speed upcomputations and is expected to have an even larger impact on the calculation of electronic responseproperties in the coming years.
Acknowledgements

We acknowledge fruitful discussions with Andrew Logsdail, Ville Havu, Xinguo Ren (and others). Weacknowledge financial support through the UKRI Future Leaders Fellowship programme (MR/S016023/1and MR/X023109/1), and a UKRI frontier research grant (EP/X014088/1).
References

[1] S. Baroni, S. de Gironcoli, A. D. Corso, P. Giannozzi, Phonons and related crystal properties from
density-functional perturbation theory. Rev. Mod. Phys. 73, 515–562 (2001)

[2] P. Giannozzi, S. de Gironcoli, P. Pavone, S. Baroni, Ab initio calculation of phonon dispersions in
semiconductors. Phys. Rev. B 43, 7231-7242 (1991)

[3] G. D. Mahan, Modified Sternheimer equation for polarizability. Phys. Rev. A 22, 1780–1785 (1980).
[4] X. Gonze, C. Lee, Dynamical matrices, Born effective charges, dielectric permittivity tensors, and in-

teratomic force constants fromdensity-functional perturbation theory. Phys Rev B 55, 10355–10368(1997).
[5] N. Raimbault, V. Athavale, M. Rossi, Anharmonic effects in the low-frequency vibrational modes of

aspirin and paracetamol crystals. Phys. Rev. Mater. 3, 053605 (2019).
[6] A. Putrino, D. Sebastiani, M. Parrinello,Generalized variational density functional perturbation the-

ory. J. Chem. Phys. 113, 7102–7109 (2000).
[7] F. Giustino, M. L. Cohen, S. G. Louie, Electron-phonon interaction using Wannier functions. Phys.Rev. B 76, 165108 (2007).
[8] C. L. Box, W. G. Stark, R. J. Maurer,Ab initio calculation of electron-phonon linewidths andmolecular

dynamics with electronic friction at metal surfaces with numeric atom-centred orbitals. Electron.Struct. 5, 035005 (2023).
[9] R. Laasner, I. Mandzhieva, W.P. Huhn, J. Collel, V. Yu, W.S. Warren, T. Theis, and V. Blum, Molecu-

lar NMR shieldings, J-couplings, and magnetizabilities from numeric atom-centered orbital based
density-functional calculations. Electron. Struct. (2024).

[10] H. Shang, C. Carbogno, P. Rinke, and M. Scheffler, Lattice dynamics calculations based on density-
functional perturbation theory in real space. Comput. Phys. Commun. 215, 26-46 (2017).

5



[11] H. Shang, N. Raimbault, P. Rinke, M. Scheffler, M. Rossi, and C. Carbogno, All-electron, real-space
perturbation theory for homogeneous electric fields: theory, implementation, and application
within DFT. New J. Phys. 20, 073040 (2018).

[12] C. L. Box, A. J. Logsdail, V. Blum, M. Rossi, C. Carbogno and R. J. Maurer, ARCHER2-eCSE01-16 Report
Achieving the sustainability and scalability of numeric-atomic-orbital-based linear response and
electron-phonon functionality in FHI-Aims. Zenodo, (2021)

[13] F. Knoop, T. A. R. Purcell, M. Scheffler, and C. Carbogno, FHI-Vibes: Ab Initio Vibrational Simulations,J. Open Source Softw. 5, 2671 (2020).
[14] R. M. Sternheimer, Electronic Polarizabilities of Ions from the Hartree-Fock Wave Functions. PhysRev 96, 951–968 (1954).
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