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ABSTRACT: For the computational prediction of core electron

binding energies in solids, two distinct kinds of modeling strategies EB = EN-l,ch_ EN,ground + € max
have been pursued: the A-Self-Consistent-Field method based on
density functional theory (DFT), and the GW method. In this study,
we examine the formal relationship between these two approaches and
establish a link between them. The link arises from the equivalence, in
DEFT, between the total energy difference result for the first ionization
energy, and the eigenvalue of the highest occupied state, in the limit of
infinite supercell size. This link allows us to introduce a new formalism,
which highlights how in DFT—even if the total energy difference
method is used to calculate core electron binding energies—the accuracy of the results still implicitly depends on the accuracy of the
eigenvalue at the valence band maximum in insulators, or at the Fermi level in metals. We examine whether incorporating a
quasiparticle correction for this eigenvalue from GW theory improves the accuracy of the calculated core electron binding energies,

SN o)

and find that the inclusion of vertex corrections is required for achieving quantitative agreement with experiment.

1. INTRODUCTION

The energy required to remove a core electron from a
particular atom depends on the atom’s chemical environment.
In core level X-ray Photoelectron Spectroscopy (XPS), this
dependence can be exploited to identify the chemical
environments that are present in the sample. XPS is
particularly well suited for the analysis of complex surfaces,
and it plays an important role in the study of heterogeneous
catalysis,l_4 corrosion,””” environmental degradation,g_10 or
the manufacture of surface coatings.u_1 However, the
interpretation of XPS spectra is challenging, which has
motivated the development of computational techniques for
calculating core electron binding energies from first princi-
ples.!5=30

For the prediction of absolute core electron binding energies
in periodic solids, two kinds of methods have emerged. In the
total energy difference method based on density functional
theory (DFT), also known as the A-Self-Consistent-Field
(ASCF) method, the core electron binding energy is calculated
as the difference between total energies from two separate
calculations: one for the system with a core hole, and one for
the system without it.>'7% In contrast, in the GW method, the
core electron binding energy is calculated as the GW
eigenvalue of the relevant core eigenstate.””> In a typical
GW calculation, ground state orbitals and orbital eigenvalues
are first obtained using DFT, and next, GW corrections to the
eigenvalues are obtained by applying the GW method in a
“one-shot” (GoW,), or partly self-consistent manner. Direct
GW calculations of core electron binding energies involve
some additional complications, when compared to GW
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calculations of valence states. Issues such as the treatment of
the frequency-dependent self-energy, basis set convergence and
extrapolation, starting point dependence, and the role of
(partial) self-consistency have been discussed extensively in
recent works.”>>”*%%” In brief, very promising results have
recently been obtained for molecular systems (mean absolute
error <0.3 eV) [ref 36], whereas somewhat larger mean
absolute errors (0.53 and 0.57 eV in references 34 and 35,
respectively) have been observed in the few preliminary studies
of periodic solids published thus far.

In this work, we examine the formal relationship between
the ASCF and GW methods and combine the two approaches
by establishing the link between total energy differences and
energy eigenvalues. In addition, we examine how this insight
can be exploited to improve the accuracy of calculated binding
energies.

2. ASCF METHOD FOR PERIODIC SOLIDS

When calculating or measuring core electron binding energies
in solids, a well-defined point of reference must be used. In
experimental XPS, the sample Fermi level is typically used as
the zero of the energy scale. However, as discussed in ref 31,
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this choice is not well suited for theoretical calculations of core
electron binding energies in insulators, as the position of the
Fermi level within the band gap is not in general known a
priori, and it depends strongly on extrinsic factors, such as the
concentration of defects or impurities in the sample. Therefore,
in recent computational studies, the energy of the highest
occupied state, i.e., the Fermi level in metals and the valence
band maximum (VBM) in insulators, has been used as the
point of reference instead.’"***

For total energy difference methods, this means that the core
electron binding energy is defined as the difference between
two total energy differences: the ASCF result for the core
electron binding energy, and the ASCF result for the first
ionization energy of the solid. In the end, the total energy of
the ground state cancels out:

EB = <EN—1,ch - EN,ground) - (EN—I,ground - EN,ground)
= EN— Lch — EN— 1,ground (1)

where Ej is the calculated core electron binding energy relative
to the VBM in insulators or the Fermi level in metals, Ey 4:0ung
is the ground state total energy, En_j grounq is the total energy of
the system with one electron removed from the highest
occupied state, and Ey_, 4, is the total energy of the system
with a core hole.

This formalism was used to calculate absolute core electron
binding energies in solids in ref 31. It was shown that core
electron binding energies from periodic ASCF calculations
based on DFT with the SCAN functional®® were in good
agreement with experimental values. In particular, the mean
absolute error was just 0.24 eV for a small test set of 15 core
electron binding energies. However, in some cases, significantly
larger errors were observed, e.g.,, the C 1s binding energy in
diamond was overestimated by 0.39 eV, and the Be 1s and O
1s binding energies in BeO were in error by 0.79 and 1.16 eV,
respectively. In ref 31, it was speculated that these errors arise
from the inability of DFT to accurately predict the position of
the VBM in wide band gap insulators.

2.1. The VBM Energy in Density Functional Theory. In
this study, we investigate this matter further. At first, from eq 1,
it would seem that the VBM energy in fact never needs to be
explicitly calculated for obtaining the core electron binding
energy. However, the second term in the brackets before
simplification does correspond to a total energy difference
calculation of the VBM energy. The relationship between the
term (EN—l,gmund - EN'gmund) and the VBM Kohn—Sham
eigenvalue in DFT, €., has been previously discussed, e.g., in
refs 39 and 40. In particular, as explained in ref 39, the energy
difference between a pure material and a material with a single
hole becomes equal to the VBM Kohn—Sham eigenvalue in
the limit of a dilute hole gas. In real calculations using finite
supercells, however, this energy difference only slowly
converges to the infinite limit as the system size is increased.
Formally,

nILH;O(EN— l,ground(n) EN,ground(n)) €max (2)
where 7 is the number of atoms per supercell, and €, is the
energy of the highest occupied state, i.e,, VBM eigenvalue in
insulators, or the eigenvalue at the Fermi level in metals. The
preceding discussion pertains to DFT with real (approximate)

exchange-correlation functionals. In exact DFT, the equality in
eq 2 holds at any supercell size. Equation 2 shows that in

solids, at the limit of infinite supercell size, VBM energies
calculated as total energy differences must have exactly the
same shortcomings as Kohn—Sham eigenvalues.

2.2. Alternative Formalism for Periodic ASCF Calcu-
lations of Core Electron Binding Energies. Equation 2
allows us to write an alternative expression for the core
electron binding energy, by replacing the term (Ey_

Lground
EN,ground) with ~€max’

ax
EB = EN—I,ch - EN,ground + Emax (3)

In the limit of infinite supercell size, eq 1 and eq 3 should
give the same result, but for finite supercells the calculated core
electron binding energies differ. A numerical verification of eqs
2 and 3 is presented next.

2.3. Numerical Verification of Equation 2. We have
calculated IEgcp, defined as Ey_; gound(n) — Engrouna(r), and
IE,, defined as —e,,, for all of the 10 solids—Li, Be, Na, Mg,
graphite, BeO, hex-BN, diamond, $-SiC, and Si—and all of the
supercells considered in ref 31, using DFT with both the
SCAN and the PBE functionals.”®*' As an example, the results
for diamond obtained using the SCAN functional are shown in
Figure 1. In Figure la, IExgcg — IE, is plotted against the

Y
(=2

w
=)
w
=)

F e Diamond [ Diamond p
[ ® |[Elpscr—1E1:] . [ ®IElascr—IE1: ° ]
S LA 1 s [ 2]
L20f 4 220 2
o Tt 1 o 't e
Q F N A Q r N A
e [X 1 ¢ [ N ]
3 Lo, 18 f o ¥ ]
£L0E0 S % @ o 1 00 ouks © ]
a Fo@ % & 5 4 0O [ o%x & q

v os 5 2] EORAES ]

L J > ] L 59 ]

(O I T TR R T 00, T

0 100 200 300 400 500 0 0.2 0.4 0.6 0.8

atoms per supercell (atoms per supercell)=?

Figure 1. Numerical validation of eq 2 for diamond. In panel (a), the
difference between the first ionization energy calculated using the
total energy difference method and the negative eigenvalue of the
highest occupied state is plotted against the number of atoms in the
supercell. As the size of the supercell increases, the difference slowly
tends toward zero. In panel (b), the same quantity is plotted against
the inverse cube root of the number of atoms per supercell.

number of atoms per supercell (n), and in Figure 1b, the same
quantity is plotted against the inverse cube root of n, as is done
when extrapolating core electron binding energies to the
infinite supercell limit. Figure la,b shows that IEyscp — IE,
indeed slowly approaches zero as the size of the supercell
increases. Similar behavior is also observed for the other
materials, using both PBE and SCAN—the detailed results are
provided in the SL

2.4. Numerical Verification of Equation 3. Next, the
core electron binding energies calculated using eq 1 and eq 3
are compared in Figure 2. In Figure 2, calculated core electron
binding energies in one insulator, diamond, and one metal, Na,
are shown as a function of supercell size. In each plot, the
infinite supercell limit lies at the y-axis intercept. Figure 2a
shows calculated C 1s binding energies in diamond from eq 1
and eq 3. The extrapolated values, 284.43 and 284.36 eV,
respectively, differ by 0.07 eV—this is attributed to
uncertainties in extrapolation and errors caused by finite k-
point sampling. While not negligible, this difference is less than
half of the average error in the calculated binding energies and
of the same magnitude as the precision with which
experimental binding energies are typically reported. In Figure

https://doi.org/10.1021/acs.jctc.3c00121
J. Chem. Theory Comput. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.3c00121/suppl_file/ct3c00121_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00121?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00121?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00121?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.3c00121?fig=fig1&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.3c00121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

a b
285 T T o P
o B 1 7 7L Nalsinsodium metal ]
3284 B o 3 % 10717F ©Ean. 1 ]
o L o ~——e. o 137 I OEqgn.3 b
w r ol T 4 w F ]
g 283F - 1 gromelL o 3
Bt 18 i 8 o
g [ . 1= £ ]
‘_(;282_— C 1s in diamond 4 3 10715F 7
o F OEqgn.1 18 [ ]
281 OEgn.3 ° . 1,071.4 b
ot v v b a1 0] RN BRI AR AT AR AR
0 0.2 0.4 0.6 0.8 0 02 04 06 08 1

(atoms per supercelly™? (atoms per supercell)™?

Figure 2. A comparison of calculated core electron binding energies
from eq 1 and eq 3 for the C 1s level in diamond (panel a) and the Na
1s core level in sodium metal (panel b). For finite supercells, eqs 1
and 3 can give different results. However, at the limit of infinite
supercell size, the calculated binding energies from eq 1 and eq 3
converge to the same limiting value.

2b, the calculated Na 1s binding energies in Na metal from the
two equations are compared. In this case, and similarly for
other metals, for sufficiently large supercells, both equations
yield core electron binding energies that are converged to the
limiting value. For the Na 1s binding energy in Na metal, the
limiting values from eq 1 and eq 3 differ by less than 0.01 eV.

Further numerical verification of eq 3 is provided in Table 1,
where a comparison of the extrapolated results from eq 1 and
eq 3 is provided for all of the 15 core levels considered in ref
31. The same calculations have been performed using both the
PBE and SCAN exchange-correlation functionals. In summary,
the two equations yield very similar results. For both SCAN
and PBE, the root mean squared deviation between the
calculated binding energies from the two equations is just 0.07
eV.

2.5. Localized vs Delocalized Hole States. It is
important to emphasize that an identity similar to eq 2 does
not hold for the core electrons, i.e.,

1Lm (EN—I,ch(n) - EN,ground(n)) ?é ~&ore (4)

provided that the core hole is properly localized in the
calculation of Ey_; g, This is numerically illustrated in Figure
3. This fundamental difference arises due to the fact that in
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Figure 3. Difference between the calculated core electron binding
energy from a total energy difference calculation and the negative
eigenvalue of the core orbital, as a function of supercell size. Results
for the C 1s core level in diamond are shown in panel (a), and results
for the Na 1s core level in sodium metal are shown in panel (b). In
contrast to the behavior observed for the first ionization energy
(Figure 1), for core electron binding energies, the difference does not
approach zero with increasing supercell size. This is due to the
localized nature of the core hole, as opposed to the delocalized nature
of the hole in the valence band.

valence ionization an electron is removed from a delocalized
state, and as the size of the simulation cell increases, the change
in the local potential experienced by all the remaining electrons
slowly tends toward zero. In contrast, in core ionization, an
electron is removed from a localized state, and in the vicinity of
the atom with a core hole, the remaining electrons experience a
large change in local potential regardless of the size of the
supercell. Here, the terms “localized” and “delocalized” refer to
the spatial distribution of a Kohn—Sham state relative to the
simulation cell (that in general contains many unit cells of the
solid). A localized core hole is centered around exactly one
atom, regardless the size of the simulation cell, thus breaking

Table 1. Comparison of Core Electron Binding Energies, Extrapolated to the Infinite Supercell Limit, from Equation 1 and

Equation 3“

E, (PBE) Ej (SCAN)

Solid Core level Eq 1 Eq 3 diff. Eq 1 Eq 3 diff.
Li Li 1s 54.64 54.64 0.00 54.88 54.87 0.01
Be Be 1s 111.43 111.48 —0.05 111.88 111.91 —0.03
Na Na 1s 1, 069.67 1, 069.68 —0.01 1, 071.56 1, 071.59 —0.03
Na Na 2p 30.57 30.58 —0.01 30.65 30.66 —0.01
Mg Mg 1s 1, 300.88 1, 300.89 —0.01 1, 303.25 1, 303.26 —0.01
Mg Mg 2p 49.44 49.44 0.00 49.69 49.74 —0.05
Graphite Cls 283.63 283.44 0.19 284.44 284.19 0.25
BeO Be 1s 110.45 110.44 0.01 110.79 110.78 0.01
BeO O Is 528.20 528.18 0.02 528.86 528.83 0.03
hex-BN B 1s 187.73 187.73 0.00 188.42 188.44 —0.02
hex-BN N Is 395.75 395.71 0.04 396.39 396.36 0.03
Diamond Cls 283.97 283.80 0.17 284.43 284.36 0.07
beta-SiC Si 2p 98.76 98.72 0.04 99.24 99.19 0.05
beta-SiC Cls 280.93 280.92 0.01 281.48 281.44 0.04
Si Si 2p 98.73 98.64 0.09 99.17 99.17 0.00
Maximum: 0.19 0.25
Mean: 0.03 0.02
Root mean squared: 0.07 0.07

“The results are shown for two sets of calculations, one using the exchange-correlation functional PBE, and the other using the exchange-

correlation functional SCAN. All energies are given in eV.
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Table 2. Core Electron Binding Energies from ASCF Calculations Based on Equation 3 and the PBE Functional and from

Calculations where a GyW, or GoW,I" Correction Has Been Applied to €,,,, in Equation 3

Solid Core level Ey Expt. ERPE Error
Li Li 1s 54.85 54.64 —0.21
Be Be 1s 111.85 111.48 —0.37
Na Na 1s 1071.75 1069.68 —2.07
Na Na 2p 30.51 30.58 0.07
Mg Mg 1s 1303.24 1300.89 -2.35
Mg Mg 2p 49.79 49.44 —0.35
Graphite Cls 284.41 283.44 -0.97
BeO Be 1s 110.00 110.44 0.44
BeO O 1s 527.70 528.18 0.48
hex-BN B 1s 188.35 187.73 -0.62
hex-BN N Is 396.00 395.71 —-0.29
Diamond Cls 284.04 283.80 —0.24
beta-SiC Si2p 99.20 98.72 —0.48
beta-SiC Cls 281.55 280.92 —0.63
Si Si2p 99.03 98.64 -0.39
Mean error: —-0.53
Mean absolute error: 0.66

B PBE,AEG w,@PBE
B

B PBE,AEG Wy @PBE
B

Error Error

54.54 —0.31 54.71 -0.14
111.21 —0.64 111.97 0.12
1069.37 —2.38 1069.79 —1.96
30.27 —-0.24 30.69 0.18
1300.44 -2.80 1301.10 -2.14
48.99 —-0.80 49.65 -0.14
283.02 -1.39 283.77 —0.64
108.17 -1.83 108.56 —-1.44
52591 -1.79 526.30 —-1.40
186.29 —2.06 186.89 —1.46
394.27 -1.73 394.87 -1.13
282.57 —1.47 283.35 —0.69
97.68 —-1.52 98.40 —-0.80
279.88 -1.67 280.60 -0.95
97.95 —-1.08 98.65 —-0.38
—-1.4S5 —0.86

1.48 0.90

“All energies are given in eV.

the translational symmetry in the system. In contrast, a hole in
a delocalized state is evenly distributed over all symmetry-
equivalent atoms in the simulation cell.

3. SIGNIFICANCE OF EQUATION 3

Conceptually, eq 3 highlights that the accuracy of core electron
binding energies from periodic ASCF calculations depends on
the accuracy of €, ie, the DFT eigenvalue of the highest
occupied state. However, DFT is widely known to under-
estimate band gaps in solids, and more advanced theories such
as the GW approximation yield significant corrections to both
the VBM and CBM (conduction band minimum) energies
predicted by DFT. It is therefore reasonable to consider
whether it is possible to improve the accuracy of calculated
core electron binding energies in insulating solids by adding a
quasiparticle correction to €., in eq 3.

In other words, provided that a consistent point of reference
can be established, one could try to calculate (Ey_; 4 —
EN,gmund) using a method that is optimal for predicting core
electron binding energies, and €., using a method that is
optimal for modeling the removal of valence electrons, and
combine the two values to obtain a “theoretical best estimate”
core electron binding energy referenced to the VBM (or Eg in
metals).

4. COMBINING THE ASCF AND GW APPROACHES

In this work, we attempt to combine core electron binding
energies calculated using the ASCF method with VBM
energies calculated using the GyW, approach. In particular,
we have performed the following calculations.

(i) We have calculated (Ey_jq, — Exgouna)s as well as &5,
for all of the materials, core levels, and supercells considered in
ref 31, using DFT with two different functionals: PBE and
SCAN. These calculations have been performed in the all-
electron electronic structure code FHI-aims.** Further details
are provided in the Computational Methods section.

(ii) We have calculated €% and £5V%0@PPE for each of the

solids using the electronic structure code GPAW. Details of
these calculations are also provided in the Computational

Methods section. The GyW, correction to the eigenvalue of
the highest occupied state, AEg.; oppp is defined as

£ GoWo@PBE _ PBE

(ili) Combining the GyW, correction with ASCF core
electron binding energies calculated with PBE is straightfor-

ward. The corrected binding energy is obtained as
PBE PBE PBE
Ep=Ex"1ch — ENground T €max T AEgw,@pBE-

The total energies Ey_ ¢, and Eygrouna s Well as €y, have
all been calculated in FHI-aims, using the same structures,
physical settings (functional and treatment of relativistic
effects), and numerical settings (basis sets, integration grids,
etc.).

(iv) We have also attempted to combine a GyW, correction
with the core electron binding energies calculated using the
SCAN functional. For technical reasons, and due to the limited
current knowledge about the performance of DFT with the
SCAN functional as a starting point for perturbative GW
calculations, we have not at present calculated GyW,
corrections to the VBM (or Fermi level) eigenvalues from
SCAN. Instead, we have chosen to test a strategy where the
GoW,@PBE correction is combined with core electron binding
energies from ASCF calculated using the SCAN functional.
This requires an additional step, because the correction is
defined relative to the PBE eigenvalue of the highest occupied
state, not the SCAN eigenvalue. Therefore, we also have to
correct for the difference between €'°F and €3°AN, and the

max max )

corrected binding energies are obtained as
Ep = EI?IC—AINch - ;?;gmd + ol AEppp@scan + AEg w,@pse-

Here, AEpppgscan refers to €PBE@SCAN - SCAN - i here
€rPE@SCAN s the VBM eigenvalue from PBE evaluated non-self-
consistently using the Kohn—Sham orbitals from a converged
ground state calculation with the SCAN functional. There is a
conceptual difficulty with this approach, namely, that €A™
and AEpppescan are evaluated at the optimized density from

SCAN, whereas AEg \ oppg is evaluated at the optimized
density from PBE. In order to assess the severity of this

approximation, we have compared AEpppgscan With
AEgcanerpe for each of the materials considered, i.e., the
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Table 3. Core Electron Binding Energies from ASCF Calculations Based on Equation 3 and the SCAN Functional and from
Calculations where a GyW, or GoW,I" Correction Has Been Applied to €,,,, in Equation 3

Solid Core level Ej Expt. EAN Error
Li Lils 54.85 54.87 0.02
Be Be 1s 111.85 111.91 0.06
Na Na Is 1071.75 1071.59 —0.16
Na Na 2p 30.51 30.66 0.15
Mg Mg 1s 1303.24 1303.26 0.02
Mg Mg 2p 49.79 49.74 —0.05
Graphite Cls 284.41 284.19 -0.22
BeO Be 1s 110.00 110.78 0.78
BeO O 1s 527.70 528.83 1.13
hex-BN B 1s 188.35 188.44 0.09
hex-BN N 1s 396.00 396.36 0.36
Diamond Cls 284.04 284.36 0.32
beta-SiC Si 2p 99.20 99.19 —0.01
beta-SiC Cls 281.55 281.44 —0.11
Si Si2p 99.03 99.17 0.14
Mean error: 0.17
Mean absolute error: 0.24

E§CAN,AEGOWO@I)BE Error EECAN’AEGOWOF@PBE Error
54.68 -0.17 54.85 0.00
111.58 -0.27 112.34 0.49
1071.28 —-0.47 1071.70 —0.05
30.35 —0.16 30.77 0.26
1302.82 —-0.42 1303.48 0.24
49.30 —0.49 49.96 0.17
283.77 —0.64 284.53 0.12
109.15 -0.85 109.54 —0.46
527.20 —0.50 527.59 —0.11
187.41 —0.94 188.02 —-0.33
395.33 —0.67 395.94 —0.06
283.30 —0.74 284.08 0.04
98.39 —0.81 99.11 —0.09
280.64 —-0.91 281.36 —0.19
98.65 —0.38 99.36 0.33
—0.56 0.02

0.56 0.19

“In this case the correction consists of two parts: AEpgpgscan shifts a binding energy onto a scale where the zero is defined by the position of the
VBM predicted by PBE, and AEG v apgs (AEGOWOF@PBE) shifts it further onto a scale where the zero is defined by the position of the VBM

predicted by GoW,@PBE (GoW,[ @PBE). All energies are given in eV.

differences between the SCAN and PBE eigenvalues at the
relaxed density from either functional. We have found that
AEpprascan & —AEgcangrer in all cases, with all differences in
the absolute values being less than 0.02 eV.

Thus, we obtain (i) uncorrected core electron binding
energies from eq 3 using PBE and SCAN: Ef*F and E§“*Y, and
(ifi, iv) core electron binding energies that have been

recalibrated to the position of the highest occupied state

predicted by the GyW,@PBE method: EII;BE’AEGOWO@PBE]

SCAN, AEq vy s . . .
Ey €0%@™E  The initial results obtained using this

approach are disappointing. In fact, as shown in Tables 2
and 3, including the correction for €, from GyW, theory
worsens the agreement with experiment considerably.

For PBE, the mean absolute error (MAE) increases from
0.66 to 1.45 eV, and for SCAN, the MAE increases from 0.24
to 0.56 eV. In particular, we find that if the GoW,, correction
for the highest occupied state is included, the calculated
binding energies are too low, as compared to experiment, in all
cases. This means that the mean signed errors (MSE) are equal

in magnitude to the mean abolute errors: —145 eV for

PBE,AE SCAN,AE
Eg 77 C0"@E and —0.56 eV for Ey

the mean signed errors for ER* and
—0.53 eV and +0.17 eV, respectively.

4.1. Effect of Vertex Corrections in GW. In ref 43, it was
argued that while the GyW, method is highly accurate for band
gaps in periodic solids, it relies partly on error cancellation, and
that the absolute band energies predicted by GyW, are
considerably less accurate. An improved methodology, termed
GoW,I', was proposed, in which so-called vertex corrections
derived from the renormalized adiabatic local density
approximation (rALDA) kernel are included. It was shown
that, as compared to GyW,, the band gaps predicted by GoW,I"
are largely unchanged, whereas the absolute positions of the
band edges are shifted upward by approximately 0.6 eV in the
examples considered.

and

CoWo@PE Tp contrast,
E3“™ are a lot smaller:

We have examined whether using the GyW,I'@PBE
correction to the energy of the highest occupied state, instead
of the GoW,@PBE correction, improves the results. The

PBE, AEG wirapsE

respective binding energies are labeled Ey and
SCAN,AEq . o
Ej GoWr@P The results shown in Tables 2 and 3 indicate

that the GoW,I" correction performs considerably better than
the simpler GyW, correction. For PBE, the corrected binding
energies are still somewhat less accurate with the uncorrected

results, with MAE = 0.90 eV. In contrast, the MAE for the

SCAN,AE, . L1
Eg CONT@PEE regults is just 0.19 eV, which is smaller than

the MAE of the uncorrected binding energies. Overall, the
GoW,I' correction improves the accuracy of the calculated
binding energies in nonmetals: the MAE of the corrected
binding energies is 0.19 eV, as compared to 0.35 eV for the
pure ASCF results with SCAN. In particular, the GoW,I"
correction significantly improves the results for the difficult
cases of diamond and BeO—the errors in the C 1s, Be 1s, and
O 1s binding energies are reduced to 0.04 eV, —0.46 eV, and
—0.11 eV, respectively, compared to 0.32, 0.78, and 1.13 eV for
the E3“*N values. In the metallic systems considered in this
work, the accuracy of the original ASCF results with SCAN is
already very high: MAE = 0.08 eV; the GyW,I" correction
makes the agreement somewhat worse, although the MAE
remains relatively small at 0.20 eV.

5. CONCLUSIONS

In summary, this study establishes a direct link between the
two fundamentally different strategies that can be employed for
calculating core electron binding energies: total energy
difference methods, and eigenvalue methods. Formally, this
is expressed as the equivalence of eqs 1 and 3 in the limit of
infinite supercell size. The results indicate that combining a
technique that is known to yield accurate absolute core
electron binding energies in free molecules (ASCF with
SCAN) with an approach that yields accurate band energies of
valence states (GoW,I') is a viable strategy for calculating core
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electron binding energies in solids, referenced to the energy of
the highest occupied state. Nevertheless, the smallness of the
data set (only 15 binding energies) means that additional and
more extensive tests are required to properly evaluate the
accuracy of the SCAN + AEG yy rgppe 2pproach.

In more general terms, we have demonstrated the
importance of accurately predicting the position of the VBM
in calculations of core electron binding energies, whenever the
VBM is used as a point of reference. This includes not only
calculations of periodic solids, but also calculations of surface
species adsorbed onto a substrate with a band gap. We have
found that using the conventional GyW, approach to predict
the VBM energy gives unsatisfactory results. In contrast, using
VBM energies predicted by the GyW,I" approach, in which
vertex corrections are included, yields excellent agreement
between the calculated and experimental core electron binding
energies. Other strategies for going beyond the GoW,@PBE
level of theory, such as using a different mean-field starting
point, or including partial self-consistency in GW, may give
similar improvements,36’44 and will be investigated in future
studies. As an alternative with lower computational cost, hybrid
functionals could be used to predict the VBM energy. This
could be useful in cases where performing a GW calculation of
the full unit cell of the material is prohibitively expensive.

6. COMPUTATIONAL METHODS

All of the ASCF calculations were performed using the all-
electron electronic structure code FHI-aims.*”**® The results
of the calculations reported in ref 31, based on the SCAN
functional, have been reused in this work to calculate core
electron binding energies based on eq 1 and eq 3. In addition,
similar calculations, using the same structures, settings, and
numerical parameters, have been run using the PBE functional.
Full details are provided in the Supporting Information of ref
31.

GW and GWT calculations were run using GPAW." ™" In
these calculations, the valence electrons are modeled using a
plane wave basis set, and the effect of core electrons is treated
using the projector-augmented wave formalism, as described in
refs 47 and 48. In the ground state DFT calculations in GPAW,
a plane wave cutoff of 800 eV was employed. The structures
and the k-point grids used are given in the Supporting
Information. Occupation smearing based on the Fermi—Dirac
distribution with a width of 0.001 eV was applied in all cases.
In the GW and GWT calculations, a nonlinear frequency grid
defined by the values @, = 20 eV and Aw, = 0.02 eV was used,
where Aw, is the frequency spacing at @ = 0 and ®, is the
frequency at which the spacing has increased to 2Aw,. For
GWT, vertex corrections were calculated using the rAPBE
kernel. GW and GWT" calculations were performed at three
values of E_,: 300, 350, and 400 eV, where E_, is the plane
wave cutoff, and converged values were obtained by using a 1/
E¥/? extrapolation.

ut
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