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Density functional theory (Kohn-Sham)

(J)DFT, RPA-GW
* Predict ground state properties without empirical input

* Properties: structure, charge density, reaction energetics

* Thousands of practitioners worldwide (16k citations on
Hohenberg, Kohn)

* JDFTx, Quantum ESPRESSO, VASP, ABINIT, EXCITING, Fleur, Octopus, ELK
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Density functional theory (Kohn-Sham)

* Describing exchange-correlation term is key
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Eppr = Tks + Eipn—e1 + Eg + Exc

* Calculate Ey with
varying degrees of
accuracy/expense

— 0K, vacuum
conditions

What functional gives accurate
energies and electronic
structure... generally?

Expense

Exc = ExxtEcrpa
Hybrids (HSE06)
MGGA (SCAN)

GGA (PBE)
LDA

1
(_ V% + Vion T Vhartree In] + Vxe [Tl]) Ynk = EPnik

DFT
functional

AV



4

Adiabatic Connection Fluctuation Dissipation Theorem (ACFDT)

* Non-interacting Hamiltonian constructed such that its ground
state Slater determinant |¢,) gives same density as true ground
state wavefunction [Y)

 Generalization of Kohn-Sham DFT: scale the coulomb interaction

v, = AU, 0<4A<1

and obtain ground state wavefunction wavefunction |1/J§) gives
same density as true ground state wavefunction )

W)= o) and W=t = o)

AV



Key quantity: interacting polarizability )(7L

Solve Dyson equation

1 (@) = xs(@) + xxs(@) [Ave + f(@)] 1 (@)

The RPA: fA =

Obtain polarizability

Can calculate RPA correlation energy analytically

ERPA — / ) d—“’Tr[m{l — PGow] + xo(iw)v]
0o 27




RPA

* Features
* RPA gives correlation energy, compute EXX using input orbitals

* Exactly cancels self-interaction from Hartree term (some self-
interaction in correlation)

* O(N4) complexity: between DFT and high-fidelity MP2, CCSD,
CCSD(T)

* Parameter-free dispersion forces: key for surface chemistry, binding
of 2D materials

e Shortcomings

* So-so short-range correlation: inaccurate cohesive energies,
atomization energies

* Slow convergence with kinetic energy cutoff (wavefunction cusp

condition)




RPA can predict accurate properties relevant to catalysis

CO adsorption to Pt(111)
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HTBH38: forward, inverse barrier heights of 19 hydrogen-transfer
reactions, NHTBH38: 19 reactions involving heavy atom transfers,
nucleophilic substitutions, association, unimolecular processes.

Olsen, et al., npj Computational Materials, 5 (2019)
Ren, et al.. J. Mat. Sci., 47 (2012)



MAPE [%]

H, dissociation: RPA good Graphene*+Ni(111): RPA good
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Atomization energies: RPA ok vdW/H-bonding: RPA very good
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What is the GW approximation?

* Dyson equation: replace exchange-correlation potential with

many-body self-energy

2

— + Vion + Vi + S(ES ey = ES sy

2 =iGW
Weer(q; w) = Egé’(q; w)v(qg +G")
€cc' (@ w) =8, —Vv(g+ G))(gG,(q; W)

 Polarizability calculated within random phase approximation
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GW can predict accurate IPs and band gaps

4 6
experimental gap (eV)
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Bruneval, et al., Front. Chem. 9 (2021)

van Schilfgaarde, et al., PRL, 96, 226402 (2006)
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Solvated beyond-DFT calculations are non-trivial

» Solvated GW calculations have previously used AIMD sampling of
explicit waters or simplified implicit solvation models
« 1MNaCl=1Na+1Cl+52H,0
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isolated phenol phenol in 64 AC N
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Weng, et al., J. Phys. Chem. Lett., 14 (2023)
Gaiduk, et al., JACS, 138 (2016)
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Merging GW with advanced implicit solvation models

* We published a formalism merging GW with SaLSA model

« J Clary, M Del Ben, R Sundararaman, D Vigil-Fowler, “Impact of solvation on the GW
quasiparticle spectra of molecules”,J. Appl. Phys. 134, 085001 (2023)

* Use wavefunctions from solvated DFT calculation

* Combine fluid polarizability with electronic polarizability from

SalLSA
solv _ ,,0 lq
X =X tX
H,O Benzene
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https://doi.org/10.1063/5.0160173

Get lowering of HOMO-LUMO gap in molecules

Egap (eV)
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Get IP agreement with experiment where available

GWo@GGA-+

Molecule IP  SaLSA+x!d Experimental
IP (eV) IP (eV)
H,O 1% 11.224 11.1 — 11.5°>
H,O 27 13468  13.5-13.8%9°6!
H,0 39 17339  17.3 - 17.4%96
H;0t 27 20.619 20 — 2162
Phenol 1%t 8.141 7.8 — 8.363:64
Phenol 27 8.924 8.693

pT



Have to use SalSA currently to avoid divergence
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ﬂ:! BerkeleyGW On the Path to Exascale

Foreseen exascale HPC systems will be GPU accellerated architectures

Optimized version of BerkeleyGW on GPU accelerated systems:
» Scale up to the full Summit machine at OLCF: >27k GPUs

» Reach nearly 53% of the peak performance at 106 PFLOP/s

» Time to solution of ~10 mins for 11k electrons system
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