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Motivation
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More examples: 3D materials

QE VASP FHI-aims
15 I cdse PBE PBE
Tio

10 i G;Azs !

5 1
n [
© r
| .
o
- PBEQO
€
S
“ CsSnls
P —
£
Z 15 ! CsSnls

| Cu,0 CdSe HSE

10 1 ZnO GaAs ZnSe

5 : AlAs  Ge

0.00 0.05 010 015 020 025 0.30 0.35 0.40 0.00 0.05 0.10 0.00 0.05 0.10

J. Uzulis, A. Sorokin, A. Gulans, npj Computational Materials 11, 257 (2025)




LAPW as reference for 2D materials

Challenges with standard tools

* Thick vacuum layer — slow and memory-hungry eigensolvers, with
0(V?) and 0(V?) time- and memory-complexities, respectively

e Hybrid functionals O(V2N2) — even slower than eigensolvers and
dependence on empty bands

 Coulomb singularity in hybrid functionals if you want to go beyond
HSE functionals
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Eigensolver
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Eigensolver
Hi = ESv

LO-LAPW

* Diagonally dominant block
* Potentially high condition number - the key difference wrt plane-wave codes

* Agoodinitial guess is available most of the time



H20 in a box: iterative eigensolver
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Davidson algorithm, Preparatory work: dump all difficult degrees

similar to Singh, Phys. Rev. B 40, 5428 (1989) of freedom into the diagonalisation subspace



Computational complexity
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High memory Davidson:
O(NatNiapw) = O(NatV?)
Matrix-free Davidson:
O(NZNiapw) = O(NZV)

A key ingredient in microHartree-level verification
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Hybrids — adaptively compressed exchange
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Towards cubic scaling for hybrids

VHF¢nk(T) — z¢mk1( )jwmk/(r )i (1) dr chc + Nbands

|lr —r'| Poisson solves

LAPW-specific solver relies heavily on the Rayleigh formula
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O(N,:V) FLOPs per Poisson solve - O(N2V) FLOPs in total for hybrids



Towards cubic scaling for hybrids
Nocc * Npands
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LAPW-specific solver relies heavily on the Rayleigh formula
Approximate your way around it!

‘ — 1 Replace O(N,V) steps with O (Nalt/SV) and O(V logV)
‘ 1 and move towards O(NZV logV) FLOPs in total

...........

J. Uzulis, A. Sorokin, A. Gulans, np] Computational Materials 11, 257 (2025)




Coulomb singularity
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3D case:
introduce a cutoff in the Coulomb kernel!
Arr V(ir) =0
V(G) = E(l — cos GR,) forr > R,

Spencer and Alavi, Phys. Rev. B 77, 193110 (2008)



Coulomb singularity
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2D case:
introduce a cylindrical cutoff (highball glass)!

v(G) = Jﬂ v(r)eerdr
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Coulomb singularity
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2D case:
introduce a cylindrical cutoff (highball glass)!
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Small prototype application: PBEO band gaps
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Summary exﬁting

We addressed efficiency and functionality needs for LAPW
applied for low-dimensional systems.

olterative eigensolver (17x speedup over LAPACK for 2D-hBN)

oHybrids via adaptively compressed exchange
o no empty bands required
o cubic complexity in sight
o recommended method in LAPW

oHighball-glass Coulomb cutoff (efficient BZ integration for
Fock exchange, can be useful also in 0D, 1D and 3D)



