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Core electron binding energies
● Small “chemical shifts” 

depending on the local 
environment of the atom

● XPS is used to study the 
chemical composition of 
the sample



  

The peak-assignment problem
● Real spectra look messy
● How to disentangle the 

overlapping peaks?
● Reference data?

Reproduced from Favaro et al., PNAS 144, 6706 (2017)



  

The peak-assignment problem



  



  

“experienced XPS analysts reviewed these spectra and found that peak 
fitting was a common source of significant errors”



  



  

BETTERXPS
● Horizon Europe Staff 

Exchanges project
∘ Method 

development
∘ Case studies
∘ Workshops

● 11 partners from 7 
countries

● xps.ut.ee/betterxps
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The ΔSCF method
● ΔSCF = ΔSelf-Consistent Field
● EB = EN – EN–1

– EN - ground state total energy
– EN–1 - total energy of the final state with a core hole

● P.S. Bagus, Phys. Rev. 139, A619 (1965)



  

ΔSCF method: H2O example
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DFT with SCAN, scaled ZORA 
treatment of relativistic effects, 
numerical atom-centred basis 
functions as implemented in 
FHI-aims

Ground state Etot: -2081.55 eV

Final state Etot: -1541.67 eV

ΔSCF: 539.88 eV

Experimental B.E.: 539.9 eV

E



  

How can this be justified?
● W. Yang and P.W. Ayers, “Foundation for the ΔSCF 

Approach in Density Functional Theory”, arXiv:2403.04604
● The Hohenberg-Kohn theorem does not hold for excited 

states but, they show that equivalent and exact excited state 
theories can be formulated in terms of
∘ The excitation quantum number and the noninteracting potential
∘ The noninteracting wave function
∘ The noninteracting one-electron reduced density matrix



  

How can this be justified?
● W. Yang and P.W. Ayers, “Foundation for the ΔSCF 

Approach in Density Functional Theory”, arXiv:2403.04604
● Importantly, the ground and excited-state exchange-

correlation energy use the same universal functional
● Using approximate ground state functionals for excited states 

(~ non-Aufbau electronic configurations) might not be such a 
bad idea



  

ΔSCF – previous results

MAE = 0.16 eV for dataset of 103 core levels
Kahk & Lischner, Phys. Rev. Materials 3, 100801(R) (2019)



  

Convergence of the ΔSCF result with respect to supercell size in insulators (left) and 
metals (right). MAE = 0.24 eV (15 datapoints for solids)

Kahk et al., J. Phys. Chem. Lett. 12, 9353 (2021)



  

Core level Experimental B.E. (eV) Calculated B.E. (eV) Error (eV)

Sodium Na 2p 30.6 30.65 0.05

Magnesium Mg 2p 49.6 49.7 0.1

Lithium Li 1s 54.9 54.88 -0.02

beta-SiC Si 2p 99.2 99.25 0.05

BeO Be 1s 109.8 110.81 1.01

Beryllium Be 1s 111.82 112.1 0.28

hexBN B 1s 188.4 188.49 0.09

beta-SiC C 1s 281.38 281.5 0.12

Diamond C 1s 283.9 284.43 0.53

Graphite C 1s 284.4 284.44 0.04

hexBN N 1s 396.1 396.43 0.33

BeO O 1s 527.7 528.82 1.12

Sodium Na 1s 1071.4 1071.57 0.17

Magnesium Mg 1s 1303.2 1303.25 0.05

Mean absolute error 0.28 eV



  

ΔSCF calculations in FHI-aims
● How to request non-Aufbau-principle occupation numbers?
● Old methods/keywords:

∘ force_occupation_projector
∘ force_occupation_basis

● New methods/keywords:
∘ deltascf_projector
∘ deltascf_basis



  

ΔSCF calculations in FHI-aims
● deltascf_projector
1) Provide initial orbitals (e.g. from a ground state calculation)
2) Specify the orbital, whose occupation number you want to 

change
3) Keep track of that orbital throughout the SCF cycle using the 

Maximum Overlap Method



  

ΔSCF calculations in FHI-aims
● deltascf_basis
1) Specify a particular basis function, e.g. an atomic “1s” basis 

function on a specific C atom
2) During each SCF iteration, the occupation constraint is 

applied to the Kohn-Sham orbital with the highest contribution 
from that basis function



  

ΔSCF calculations in FHI-aims
● deltascf_basis
1) Specify a particular basis function, e.g. an atomic “1s” basis 

function on a specific C atom
2) During each SCF iteration, the occupation constraint is 

applied to the Kohn-Sham orbital with the highest contribution 
from that basis function

In both cases – occupation constraint(s) is(are) passed on to ELSI



  



  
* only with collect_eigenvectors = .true.



  

Scalability: aperiodic systems

Peroxide-
terminated 
diamond cluster 
containing 205 
atoms



  

Scalability: periodic systems



  

Scalability: periodic systems



  

Example: 8x8x8 supercell of diamond
● 1024 atoms
● 2x2x2 k-point grid
● FHI-aims default “tight” basis
● C 1s hole (missing spin-up electron) on one atom
● Runs at 950 seconds per scf iteration on 1024 parallel tasks
● Still bottlenecked by “collect_eigenvectors”
● ΔSCF result: 284.24 (experimental value, referenced to the 

VBM is 284.0 eV)



  

ΔSCF calculations in FHI-aims
● Automatic generation of core-hole adapted basis 

sets
∘ Basis sets in FHI-aims: “minimal basis” (= atomic 

orbitals) + additional basis functions.
∘ Automatic generation of the minimal basis for atoms 

with a core hole* now implemented

* Spherically symmetric, non-spin-polarized



  



  

https://indico.global/event/16446/



  

Summary
● ΔSCF calculations give accurate core electron binding 

energies in solids, surface species, and molecules
● FHI-aims permits true “all-electron” ΔSCF calculations with 

an explicit, spin-polarized core hole
∘ Periodic and aperiodic systems
∘ New implementation provides simpler workflow (only one 

calculation for the core-hole state), and scalability up to 
thousands of CPU cores and systems containing > 1000 atoms.
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