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Perturbation theory
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Atomic displacement
Electric field
Magnetic field
Strain
Alchemical change
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Response functions
Thermal expansion
Vibrational lifetimes
Raman intensities
Phonons
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DFT: solve the Kohn-Sham equations by minimizing the total energy.

DFPT: minimizing the second order perturbation in the total energy

Density functional perturbation theory (DFPT)
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1st order properties: forces, stress, dipole moment, ...
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2nd order properties: phonon dynamical matrix, elastic 
constants, dielectric susceptibility, Born effective 
charges, piezoelectricity, internal strain 
3rd order properties: non-linear dielectric 
susceptibility, phonon-phonon interaction, anharmonic 
elastic constants, ... 
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Finite difference or DFPT?
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• Non-zero momentum response
• Faster in theory
• Involved programming required

• q=0 (requires supercells for q>0)
• +2N SCF cycles (with less steps potentially)
• Numerical issues can be present – e.g atomic 

perturbation crossing symmetry planes
• Easy to program/script for any underlying 

methods (hybrids etc)

DFPT Finite difference
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FHI-aims implementation
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Atomic perturbations:

Electric field:
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DFPT ecosystem in FHIaims
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Electric field response: Polarizability tensors and dielectric 
constants

Atomic perturbation response: IR spectrum, Hessian, q≥0 
phonons

Atomic perturbation response: Electronic friction tensor , 
electron-phonon coupling matrix elements, phonon linewidths.  
Also finite difference implemented.

Magnetic field response: NMR shielding tensors, 
magnetizability tensor 

DFPT dielectric

DFPT polarizability

DFPT phonon

DFPT vibration

calculate_friction

DFPT phonon_reduce_memory

DFPT vibration_reduce_memory

magnetic_response
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Time breakdown
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calculated for electric field response of bulk Si with 128 atoms 
on ARCHER2 with the new interface. 

DFPT dielectric
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Applications we’ve heard so far …
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Simulation of Tip-enhanced Raman Spectroscopy – Yair 
Litman

Machine Learning for the Electronic Structure – Alan 
Lewis

Basis-set-error free RPA correlations for atoms and 
diatomic molecules based on the Sternheimer equation 
– Xinguo Ren

Y. Litman et al, J. Phys. 
Chem. Lett., (2023) 

DFPT dielectric

DFPT dielectric

DFPT polarizability

A. M. Lewis et al, 
arXiv:2304.09057, 

(2023) 

DFPT vibration

DFPT vibration_reduce_memory
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Machine learning of response functions
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Electronic friction tensor ---> Vibrational state-to-state scattering

Polarizability tensor  -- > Raman spectra

A. Lewis et al, J. Chem. Phys., (2023) 

N. Raimbault et al, New J. Phys., (2019) 

DFPT dielectric

DFPT polarizability
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C. L. Box & Y. Zhang et al, 
JACS Au, (2021) 

Machine learning representations of response properties allows dynamical 
and anharmonic effects to be investigated. 

Embedded atom neural network representation

Gaussian process regression representation
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Background to project
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ARCHER2 eCSE funded project : Achieving the sustainability 
and scalability of numeric-atomic-orbital-based linear 
response and electron-phonon functionality in FHI-aims
2020-2021

Reinhard Maurer
Christian Carbogno

Volker Blum

Mariana Rossi

Andrew Logsdail
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DFPT in FHI-aims
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Degeneracy of CPSCF code
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• These cpscf_solver.f90 files are generally 
similar but also call driver routines (not just the 
CPSCF)

• In turn, each driver also has different evaluation 
routines for each first order matrix.
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FHI-aims DFPT directory structure
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This work 
(2020)

R. Laasner et al, 
(2018)

H. Shang et al, 
(2017, 2018)

DFPT_main: Largely same functionality with reducing code lines 
by over 60 % compared to various DFPT_XXXs 
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Calling new DFPT/CPSCF module
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• Atomic perturbation

• After DFPT_cpscf, 
DFPT_first_order_XXX
matrices become populated

• DFPT centralised .true. 
to call the new interface (not yet
default)

friction.f90
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Calling new DFPT/CPSCF module – second example

16electric_response.f90
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Speedup
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• Fixing ScaLAPACK implementation for periodic  
electric field

• Electric field response of bulk Si with 128 atoms on 
ARCHER2
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slope = -0.86

slope = -0.20

Fit to y = Axslope

CPSCF v0.0.1

CPSCF legacy
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(b)
<latexit sha1_base64="i+r0QD2noyU8zL688acGMQZ0GF8=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN4yBxv29i67eybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAzGNzP/8QmV5rF8MJME/YgOJQ85o8ZK99XgvF+uuDV3DrJKvJxUIEezX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0m7XvMuat5dvdK4zuMowgmcQhU8uIQG3EITWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8weKjI1M</latexit>

(c)
<latexit sha1_base64="e50LY8IX929jKpJsYd5QzrAmbmc=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN4yBxv29i67eybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAzGNzP/8QmV5rF8MJME/YgOJQ85o8ZK91V23i9X3Jo7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdr3kXNe+uXmlc53EU4QROoQoeXEIDbqEJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QOMEY1N</latexit>

(a)
<latexit sha1_base64="uHhfQh/5fCqD2L40BZioQk/vmn8=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyNyyBxv29i67eybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epoqxFYxGrToCaCS5Zy3AjWCdRDKNAsMdgfDPzH5+Y0jyWD2aSMD/CoeQhp2isdF/F83654tbcOcgq8XJSgRzNfvmrN4hpGjFpqECtu56bGD9DZTgVbFrqpZolSMc4ZF1LJUZM+9n81Ck5s8qAhLGyJQ2Zq78nMoy0nkSB7YzQjPSyNxP/87qpCa/8jMskNUzSxaIwFcTEZPY3GXDFqBETS5Aqbm8ldIQKqbHplGwI3vLLq6Rdr3kXNe+uXmlc53EU4QROoQoeXEIDbqEJLaAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QOJB41L</latexit>

Electronic friction / electron-phonon coupling driver

18

• Original finite difference implementation by R. J. 
Maurer et al, PRB, (2016) 

• Now DFPT enabled for non-metals
• Refactored driver to make more scalable
• These recent developments described in C. L. 

Box et al, Electron. Struc. (accepted), 2023

numerical_frictioncalculate_friction
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(b)
<latexit sha1_base64="i+r0QD2noyU8zL688acGMQZ0GF8=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN4yBxv29i67eybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAzGNzP/8QmV5rF8MJME/YgOJQ85o8ZK99XgvF+uuDV3DrJKvJxUIEezX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0m7XvMuat5dvdK4zuMowgmcQhU8uIQG3EITWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8weKjI1M</latexit>

(a)
<latexit sha1_base64="uHhfQh/5fCqD2L40BZioQk/vmn8=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyNyyBxv29i67eybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epoqxFYxGrToCaCS5Zy3AjWCdRDKNAsMdgfDPzH5+Y0jyWD2aSMD/CoeQhp2isdF/F83654tbcOcgq8XJSgRzNfvmrN4hpGjFpqECtu56bGD9DZTgVbFrqpZolSMc4ZF1LJUZM+9n81Ck5s8qAhLGyJQ2Zq78nMoy0nkSB7YzQjPSyNxP/87qpCa/8jMskNUzSxaIwFcTEZPY3GXDFqBETS5Aqbm8ldIQKqbHplGwI3vLLq6Rdr3kXNe+uXmlc53EU4QROoQoeXEIDbqEJLaAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QOJB41L</latexit>

Electron-phonon coupling matrix elements:

can then calculate phonon linewidths,  
superconductivity, carrier transport etc.

friction_elsi_epc_write .true.

Exp: M. Morin et al, JCP, 
(1992) 
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Conclusions
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• A more consolidated interface for DFPT in FHI-aims was created for atomic and electric field response.

• Electronic friction /electron-phonon coupling driver was refactored and DFPT enabled, though lacking fix for 
metallic systems currently.

• “New” interface needs to be made default for atomic and electric field or it will soon become defunct

• I think some small remaining issues remaining stopping electric field response users from switching to the new 
interface 

• RPA DFPT implementation has now significantly diverged from the point where it could be easily switched to 
the new interface – now somewhat more involved to do this.
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Moving forward
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2023
1. Fix bugs in ScaLAPACK-distributed electric field response for new interface (Connor, September)
2. Port recent functionality in electric field response to new interface/driver 
3. Set new interface as default for electric field driver, and vibration/phonon drivers (Connor, September)

4. Possibly implement metals for atomic response (desirable for electronic friction in Maurer group)

Beyond
5. New drivers should use new interface
6. Evaluation/discussion of porting RPA driver over to new interface
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