Radial Kohn-Sham solver —
core orbitals in hybrid calculations
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Theory classification
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Theory classification
in DFT

Dream of a final theory

Some improvements
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All-electron LAPW basis set

Core orbitals: Interstitial region
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Workflow in exciting with
local and hybrid functionals

LDA or GGA

Hybrid functionals

A full PBE calculation for initialization
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AE, Ha
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Why do we need pHa precision?
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 LAPW is a gold standard method — it can produce benchmark data.
e To validate method and implementation.



Radial solver for basis functions
point by point (u;— u;,¢) outwards integration
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* Solve ODE point by point (u;— u;41)
(by splitting 2-nd order dif. eq. in two coupled 1-st. order dif. eq.)



Radial solver for basis functions

point by point (u;— u;,¢) outwards integration

2
_ld_u(r)+l(l+1)

2 dr? 272 u(r) + UL(T')u(r) = eu(r) u(r) =yY)r

. e e UUuy U3z Uy ...
* First point initial value u; = r{*?!
*=-0—0—0—0

uN—l uN r

* Solve ODE point by point (u;— u;41)
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Exact exchange in radial solver

Occupation Core orbitals Density matrix Basis functions
number l elements l
core l valence \ / * / N >/
~ N S Lp*g(F,)CD(?,) oy . U.lel (T' )Yﬁ’m’ (7" )CD(T' ) N
UDIC—IFCD(r) = z fnflpnf(r)j n|7;> _ Fll ar’ + z P({m,{’f’m’ u(f(r)yfm(r)j |7;> _ F’l dr
nt {fm

\ ) }
| |

Interaction with core electrons Interaction with valence electrons in the MT

10



Workflow in exciting with hybrid functionals

Hybrid functionals

A full GGA-PBE calculation for initialization
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Radial solver for core orbitals
point by point (u;— u;;¢) outwards integration
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Radial solver for core orbitals
point by point (u;— u;;¢) outwards integration
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Radial solver - integral equation approach
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Radial solver - integral equation approach
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Radial solver - integral equation approach
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Radial solver - integral equation approach
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Radial solver - integral equation approach
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Radial solver via integral equation approach

A stand-alone atomic solver for closed shell atoms.

o Can solve Kohn-Sham equation for atoms with spherically symmetric density - closed shell
or open shell with predefined fractional occupation numbers.

o Supports spin-polarized systems (calculations with separated spin channels).

o Up to 14-digit precision for the total energy in Hartee-Fock case.

o Interface with libxc (local LDA and GGA functionals).

o Hybrid exchange-correlation functionals and range-separated hybrids (erf kernel).

o Supports non-relativistic [1] and scalar-relativistic Hamiltonians within the zero-order
regular approximation (ZORA).

o Point and Gaussian charge distribution model of nucleus. ‘ ’
o A verification tool for other DFT codes. .
GitHub

https://github.com/gulans/atom-HF
[1] J. UZulis and A. Gulans, Journal of Physics Communications 6, 085002 (2022);



Workflow in exciting with hybrid functionals

Hybrid functionals

A full GGA-PBE calculation for initialization
Core wavefunctions* (Radial solver via integral equation approach)
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Basis functions with non-local exchange

Total energy deviation from exact HF total energies with PBE and HF core orbitals and different types
of LAPW+lo basis set.

Atom AE, uHa AE, uHa AE, uHa AE, uHa AE, uHa
He 527 527 0 0 0
Be 706 706 0 0 0
Ne 3999 177 4 12
Ar -1425 40 39 2
Kr 8869 23 8 20

Xe

-92

4

2

21



Acknowledgments

Work has been financed from projects:

NACIONALAIS ‘ - EIROPAS SAVIENIBA
ATTISTIBAS Eiropas Socialais
. . . PLANS 2020 “ onds
e ”Strengthening of the capacity of doctoral studies at ore
the University of Latvia within the framework of the IEGULDIJUMS TAVA NAKOTNE

new doctoral model”, identification No. 8.2.2.0/20/1/006.

FUNDAMENTALO UN

mT LIETISKO PETIjUMU

PROJEKTI

* Precise Fock Exchange (PREFEX) by the Latvian Council *.Ti- . FLP P

of Science (No. LZP-2020/2-0251)

* NOMAD CoE (European Union’s Horizon 2020, grant
agreement No. 951786.)

Advisor: Andris Gulans

NOVEL MATERIALS DISCOVERY

22



Summary

The integral equation approach is a highly precise method for solving the radial problem with
hybrid functionals. We apply it in exciting for calculating core orbitals.

We extend the existing outward integration radial solver in exciting to generate radial basis
functions compatible with hybrid functionals.

We combine both ingredients to be able to calculate meaningful Hartree-Fock energies (the
same Hamiltonian applied everywhere and no double-counting errors).

The Hartree-Fock total energies can be converged systematically with the errors within a few
MHa.

The correct core state eigenvalues allows to use hybrid calculations in a core electron
spectroscopy.
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