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Koopmans functionals: theory

Goal: spectral properties with a functional
theory
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Goal: spectral properties with a functional % -®- Koopmans
theory \EL{(Nfl) semi-local
Core idea: for every orbital i their energy N\
K s N
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hould b \WN):E(N)—E(N—I)

should be... Sl

e independent of its own occupation f;

e equal to the corresponding total energy N1 N

difference E,'(N — 7) — E(N) total number of electrons
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f 1
Ecoopmanslps {1} {ai}] = Eorrldl + Y o (— /0 cifdf +1 /0 6/(f)df>

removes restores
curvature linearity
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f 1
Exoopmanslps {fi}: {ai}] = EDFT[P]"‘ZOW(_/O €i(f)df+fi/0 €i(f)df>

removes restores
curvature linearity
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f 1
Exoopmanslps {fi}: {ai}] = EDFT[P]+Za/<—/() 5i(f)df+fi/0 €i(f)df>

removes restores
curvature linearity
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f .1
Ecoopmanslps {1} {ai}] = Eorrldl + Y o (— /0 cifdf+1 /0 6/(f)df>

removes restores
curvature linearity
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f 1
Exoopmansles {1}, {ar}] = Eoerlol + o (— /0 ci(df + /0 6/(f)df>

removes restores
curvature linearity

Differences to semi-local functionals:
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f 1
Ecoopmanslps {1} {ai}] = Eorrldl + Y o (— /0 cifdf +1 /0 6/(f)df>

removes restores
curvature linearity

Differences to semi-local functionals:
o orbital-density dependence (can use MLWF densities)

VIKI/OH = —Ey[n]+ Exclp] — Exclp — ni] — /dr/ Vie(F, [p]) (Y
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f 1
Exoopmanslps {fi}, {it] = Eprrle]l + Z Qi <_/0 ei(f)df + f’/o 6i(f)df>

removes restores
curvature linearity

Differences to semi-local functionals:
o orbital-density dependence (can use MLWF densities)
e screening
dE oE

o

daf. o of,
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f 1
Ecoopmanslps {1} {0111 = Eorrlo] + 3 o (— /0 eiF)df +f /0 6/(f)df>

removes restores
curvature linearity

Differences to semi-local functionals:
o orbital-density dependence (can use MLWF densities)
e screening

dE . OE _ _koopmans _ OEkoopmans

df Oz,afi:>1 of I( ) ()



Koopmans functionals: results for molecules R

lonisation potentials = E(N — 1) — E(N) —sHo of 100 moIecuIes (the GW100 set) cf. CCSD(T)
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15 15 K
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Egp (6V) 079 279 30 32 362 360
(eq) (€V) —51 —61 —64 —67 69 -7.5-8.0
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Screening coefficients {«;} must be determined first, via. ..
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Screening coefficients {«;} must be determined first, via. ..
(a) finite difference calculations using a supercell ERER

Initialisation (molecules) Calculating screening parameters Final calculation Postprocessing
one per filled orbital (index ) (solids)

[ pee o7 uniary rotaton

or

“—[ {a} converged unfold to
——— A — RS primitive cell

Initialisation (solids)

{ar} not converged

PBE (primitive cell) W (/g to supercell | E(N+ 1)

one per empty orbital (index /)
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Screening coefficients {«;} must be determined first, via. ..
(a) finite difference calculations using a supercell ERER

Initialisation (molecules) Calculating screening parameters Final calculation rosl_tgn)acessing
solids

[ pee o7 uniary rotaton

or

“—[ {a} converged unfold to
S — SR e

agKl/agKIPZ

Initialisation (solids)

{ar} not converged

PBE (primitive cell) e f0ld to supercell NE|

one per empty orbital (index /)

(b) DFPT using a primitive cell =3

Initialisation Calculating screening parameters Final calculation
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Screening coefficients {«;} must be determined first, via. ..

(a) finite difference calculations using a supercell [ o | e ]
Initialisation (molecules) Final calculation Postprocessing
(solids)
. G

or

— GRETTT— i
primitive cell

Initialisation (solids)

g 0 ©supercel B
(b) DFPT using a primitive cell =D e
Initialisation Final calculation
[__rec _ng G — @I

(c) via machine learning (resulting band gaps within ~ 0.02 eV of explicit approach)
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How can we make these calculations easier? ZPFL | 913

kcw.x (DFPT implementation) is distributed in Quantum ESPRESSO v7.1 onwards

But complex workflows mean that...
e lots of different codes that need to handshake
e lots of scope for human error
e reproducibility becomes difficult
e expert knowledge required
Our solution...



t&koopmans

koopmans-functionals.org

beta version just released’

implementations of Koopmans functionals
automated workflows

start-to-finish Koopmans calculations
Wannierisation

dielectric tensor

convergence tests

built on top of ASE?
does not require expert knowledge

&koopmans

Contents
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koopmans: the input file SV EPEL | 1113




koopmans is scriptable SVEPFL | 1213

ase.build bulk

koopmans. Kpoints

koopmans ns ProjectionBlocks

koopmans .w SinglepointWorkflow
atoms = bulk('Si'")
si_proj = [{'fsite': [0.25, 0.25, 0.25], 'ang_mtm': 'sp3'}]
si_projs = ProjectionBlocks ([{'filled': , **si_proj},

{"filled"':
atoms=atoms)

, **si_proj}l,

workflow = SinglepointWorkflow(atoms = atoms,
projections = si_projs,
ecutwfc = 40.0,
kpoints = Kpoints(grid=[8, 8, 8], path='LGXKG', cell=atoms.cell),
calculator_parameters = {'pw': {'nbnd': 10},

'wo0_emp': {'dis_froz_max': 10.6, 'dis_win_max': 16.9}})

workflow.run ()
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e Koopmans functionals are a class of functionals that treat spectral properties on the
same footing as total energy differences (via GPWL)

e they can give orbital energies and band structures with comparable accuracy to
state-of-the-art GW

e the release of koopmans means you don’t need expert knowledge to run Koopmans
functional calculations

Want to find out more? Go to koopmans—functionals.org
Free online school Nov 9-11 2022 Advanced Quantum ESPRESSO tutorial: Hubbard and Koopmans functionals from
linear response. Register at https://sites.google.com/view/hubbard-koopmans/home
Follow ¥ @ed_linscott for updates | Slides available at elinscott.github.io
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koopmans-functionals.org
https://sites.google.com/view/hubbard-koopmans/home
elinscott.github.io
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Koopmans functionals: off-diagonal occupancies Edward Linscot

Recap from earlier

Key idea: construct a functional such that the variational orbital energies

£ P = (11| H 1) = DEicoopmans/ O

I

are...
e independent of the corresponding occupancies f;
e equal to the corresponding total energy difference E;(N — 1) — E(N)

zero band gap — occupancy matrix for variational orbitals is off-diagonal
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Learning the screening parameters A et

power spectrum | Xp
decomposition X1 ML model
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Details of the power spectrum Edward Linscort

Gl kcorbital = / degor(r) Yim(6, )/ (£ — RY)

9n = orthonormalised radial Gaussian basis functions
Y)m = spherical harmonics

pnmzl k7k2 - M 2/+ 12 n,lm k7 n2lm k2



Learning the screening parameters
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loss of accuracy of the band gap of ~ 0.02 eV
(cf. when calculating screening parameters ab initio)

=PFL



Consequences of ODD Edward Linscott

=PFL

a natural generalisation in the direction of spectral functional theory’
variational (localised, minimising) vs canonical (delocalised, diagonalising) orbitals

mm

(a) variational b) canonical

ODD functional means that we know H|y;) for variational orbitals {|,;)} but we don’t
know H in general

Difficulties when it comes to calculating transport properties/spectra
Perhaps a DFT+U-projector approach is more convenient?
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