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Perturbation theory W
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H(\) = H9 + V(N

Perturbation () ) Response functions

Atomic displacement
Electric field

Thermal expansion

Vibrational lifetimes

Magnetic field Raman intensities

Strain Phonons

Alchemical change
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Density functional perturbation theory (DFPT) WWK

DFT: solve the Kohn-Sham equations by minimizing the total energy.

1st order properties: forces, stress, dipole moment, ...

DFPT: minimizing the second order perturbation in the total energy

(HO =)o) = —(HD =)

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? WWK

DFPT Finite difference

CPSCF|

[ Calculate response property ]

* Non-zero momentum response
 Faster in theory

* Involved programming required
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FHI-aims implementation
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DFPT ecosystem in FHIlaims
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DFPT polarizability
DFPT dielectric

DFPT vibration
DFPT vibration_reduce_memory
DFPT phonon

DFPT phonon_reduce_memory

calculate_friction

maghetic_response

Electric field response: Polarizability tensors and dielectric
constants

Atomic perturbation response: IR spectrum, Hessian, =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
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Time breakdown
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Time per iteration / s

—_
e}
—

10°F

1071

[ slope = -0.86
G\§N
o
by -
¥ Al
I v
[al

>1]

HW
v UW

VO (r)

. o pt(r)
O ° 2180
\\sl\?pe:—O.éé\G*\ O  Total
T ]

el A T

[ Fit to y = Azslope

S
~
~
~o
i

102

108
Number of MPI tasks

FHI-aims D&U 2023

Time per CPSCF iteration for evaluation of key matrices as a
function of the number of MPI tasks (cores) used. This is
calculated for electric field response of bulk Si with 128 atoms
on ARCHER2 with the new interface.
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Applications we've heard so far ...
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Simulation of Tip-enhanced Raman Spectroscopy - Yair
Litman

DFPT polarizability
DFPT dielectric

1) TD-DFT 2) DFPT

Machine Learning for the Electronic Structure - Alan
Lewis

DFPT dielectric

Basis-set-error free RPA correlations for atoms and 1 10 100
diatomic molecules based on the Sternheimer equation TSR SR
- Xinguo Ren

DFPT vibration

DFPT vibration_reduce_memory
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Machine learning of response functions ARk
Electronic friction tensor ---> Vibrational state-to-state scattering —A—BOMD —S—Expt
. —m--MDEF(LDFA) -@-MDEF(ODF)
calculate_friction Lo
' 10° T
r v; =2—vf =1
8 ] - N L
= 10-1f
= 050
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= a5k w0
0.00 L. 1073

0

C.L.Box &Y.Zhang etal, Embedded atom neural network reprédsentation
JACS Au, (2021)

L L L ! | ! | | ! |
| —men || s || |
Polari Machine learning representations of response properties allows dynamical
and anharmonic effects to be investigated.

o NP

DFPT dielectric 0 150 1300 1400 3100 3200
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Gaussian process regression representation

N. Ra
DFPT polarizability
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Background to project A

WARWICK

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

Christian Carbogno

< - /f ]!
- f / / I |

Volker Blum

Andrew Logsdail
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DFPT in FHI-aims WWK
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Degeneracy of CPSCF code
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cpscf_solver.f90 src/DFPT recently opened [I] X * These CpSC'F_SO1 ver.f90 files are generally

cpscf_solver.fO90_DFPT_code src/DFPT

cpscf_solver_phonon_p1.f90 src/DFPT_phonon
cpscf_solver.f90_cpscf_code src/DFPT

cpscf_solver_dielectric.f90 src/DFPT_dielectric
cpscf_solver_reduce_memory.f90 src/DFPT_reduce_memory
cpscf_solver_polarizability.f90 src/DFPT_polarizability
cpscf_solver_phonon_reduce_memory.f90 src/DFPT_phonon_reduce_memory
my_cpscf_solver.f90 src/DFPT

cpscf_solver_phonon_p0.f90 src/DFPT_phonon_gamma

similar but also call driver routines (not just the
CPSCF)

* In turn, each driver also has different evaluation
routines for each first order matrix.

0 x

Open to|

my_cpscf_solver_reduce_memory.f90 src/DFPT_reduce_memory

file results

13
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FHI-aims DFPT directory structure
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@ Project information

@ Repository

O Issues 269
3% Merge requests 1
& Cl/cD

@ Security and Compliance
@ Deployments

@ Infrastructure

G2 Monitor

Lt Analytics

B wiki

X Snippets

« Collapse sidebar

EJDFPT

EJ DFPT_dielectric

B3 DFPT_main

B3 DFPT_phonon

E3 DFPT_phonon_gamma
E3J DFPT_phonon_reduce_memory
EJ DFPT_polarizability

EJ DFPT_reduce_memory
EJDFT_DMFT
EJDMFT_embed
EaFciamc

EJLRC_PT2

EamMopos

E3 MagneticResponse

massively parallel rpa forces

Clean Rl behaviour

DFPT interface v0.01

Populate n_states_k when not us
Rename "dip_lenght" -> "dip_len
analytical gradient of far range Coulor
Making everything consistent

update rpa force

First commit of DFT+DMFT

Finalize elpa_2013 removal (except re:
Propagated xc_library throughout the
1YZ: fix a bug about the final energy oi
friction_max_energy now set to 4*frici

Remove hartree_potential_version 1
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2 months ago

[5 friction.f90

DFPT interface v0.01

(2018)

1year ago

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 A
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nuclear_response=.true. * Atomic pe rtu rbat| on

perturbation_list = @

S « After DFPT_cpscf,
do i_atom = 1, n_atoms .
if (friction_atoms_list(i_atom)) then DFPT_f1rSt_0rder_XXX
o et ol o) matrices become populated

perturbation_list(i_atom,i_cart) = 1
enddo

endif

st * DFPT centralised .true.
If (n.pariodic/== 8) then to call the new interface (notyet
s S default)

i_q point = 1
endif

call calculate_first_order_S_generic(perturbation_list,i_q_point,one_sided_derivative=.false.,use_supercell=.false.)
converged_cpscf = .false.

call DFPT_initialization(.false., perturbation_list)
call DFPT_cpscf(converged_cpscf,dfpt_forces_on=.false.,i_g_point=i_q_point)

if ((.not.converged_cpscf).and. (.not.postprocess_anyway==PP_ANYWAY_EVERYTHING)) then

call aims_stop('CPSCF not converged') -F r-i Ct-i O n " -F90 1 5

endif




Calling new DFPT/CPSCF module - second example A
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do j_coord = 1,3,1

perturbation_list = 0@
perturbation_list(1,j_coord) = 1

call DFPT_initialization(.false., perturbation_list)

if (n_periodic==0) then
call DFPT_cpscf(converged_cpscf,dfpt_forces_on=.false.)
else

if (j_coord==1) call elecres_calculate_omega_MO()

call DFPT_cpscf(converged_cpscf, &
dfpt_forces_on=.false., &
Omega_M0=0mega_MO0, &
Omega_M0_scalapack=0mega_MO_scalapack, &
Omega_MO_complex_scalapack=0mega_MO_complex_scalapack)

endif

if (.not.converged_cpscf.and..not. (postprocess_anyway==PP_ANYWAY_EVERYTHING)) then
call aims_stop('CPSCF not converged')
endif

electric_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

Time per iteration / s
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Electronic friction / electron-phonon coupling driver AR
 Oiriginal finite difference implementation by R. J.
calculate_friction numerical_friction Maurer et al, PRB, (2016)
* Now DFPT enabled for non-metals
calculate_friction DFPT * Refactored driver to make more scalable
SCF - © 210928 © 190506 * These recent developments described in C. L.
A evaluation: 4210928 A 190506 Box et al, Electron. Struc. (accepted), 2023
10" - —— 3 o BOI0H8NHN8HNL8NE
[ toms — ] [ Natoms = ]
@, N =21 (D) 2] !Laoooooqoooocﬂoqq
| 1P : 998989797 0N888N8"
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i slope = —0.79s] | ] 03898585090 @N\E N
P T I EENA 8707878 @ 878
# MPI tasks 4 MPI tasks .""6 .° : °~- ;‘: 2: A< 2: =
4 T T T
Electron-phonon coupling matrix elements: 3_NCO_9 _: éié:i
g Q a g A o 8x8xl Morin et al
friction_elsi_epc_write .true. S o gga-e-ei
o & 1 oga-fe
can then calculate phonon linewidths, POOW o ]
superconductivity, carrier transport etc. Exp: M. Morin etal, JCP, Lt . . L. ., r2004
(1992) ooV Neo 18
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Conclusions

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

| 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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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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