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1 Calculations on embedded cluster models

Formation energies for F' centers in MgO bulk, at the MgO(100) terrace, and at low coordinated sites were
calculated with different methods, some of them using FHI-aims and TURBOMOLE to insure consistency of
the two codes.

1.1 Cluster definition

Fig. S1 shows the cluster models that were employed for the DFT calculations of formation energies for
defects at different configurational sites of the MgO(100) surface and in MgO bulk. All the clusters are
embedded in a periodic array of point charges at the optimized PBE (pbc) cell parameter. For the surface
models the positions of the point charges coincide with the coordinates of a relaxed defect-free 5-layer slab.

The CCSD(T) computations for the neutral oxygen vacancy in the bulk and at the MgO(100) terrace
were performed using the embedded cluster models shown in Fig. S2. While all other embedded cluster
calculations were performed with TURBOMOLE, this bulk model was also used for FHI-aims calculations at
DFT level and for method validation employing G Wy @HSE.

1.2 Defect formation energies as a function of cluster size

To incorporate long-range polarization effects we extrapolate the DFT formation energies of the charged
surface defects according to

1
n

W=

G%(n) = Gi(n — c0) +a(-)3, (1.1)

where n is the number of ions in the cluster [1]. For all cluster calculations the Fermi level is at VBM and the
chemical potential of oxygen is uo = 1/2Eq,. Since we do not relax all ions in the cluster, we use separate
extrapolations for the vertical formation energy, n = nyqa1, and for the relaxation energy, n = nNpelax. The
formation energy of the relaxed defect is the sum of the vertical formation energy and the relaxation energy:

G?c =G + B (1.2)

f,vert relax’
With regard to the formation energies of the charged defects, we find that including long-range polarization
effects is an important requirement for an accurate description, as mentioned by Sushko ef al. [2]. The un-
relaxed (vertical) formation energies and relaxation energies for F' centers at MgO(100) have been obtained
from a series of clusters including MggOg (3x3x2 ions), Mga5025 (5x5x%2 ions) and MgsgOs0 (5x5x4
ions). In Table S1 the vertical formation energies and relaxation energies obtained with PBE are summarized.
The corresponding extrapolations are shown in Fig. S3.
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Figure S1: Cluster models for different sites: a) terrace (Mg50050), b) step (Mg45045), ¢) edge (MgsgOsp),

d) corner (Mg;5013), e) reverse corner (Mg42042) and f) bulk (Mg;4019). The arrows indicate
which atom was removed to form the defect.

Figure S2: Cluster models for terrace (Mg505, a) and bulk (MggOg, b) used for comparison of DFT and
CCSD(T) calculations.
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Figure S3: Extrapolated vertical formation energies for F;" (a) and for Ff* (b), and extrapolated relaxation
energy for F2T (c), calculated with PBE, PBEO and B3LYP.

Table S1: Vertical formation energies, relaxation energies, and formation energies including relaxation as
obtained from embedded cluster and supercell calculations (PBE), all in eV.

Type of defect Model Ghoert i G}
Ff Supercell 10.71  -1.21  9.50
FF Emb. cluster 10.28 -0.81 9.47
F2 Supercell 16.54 -3.23 13.31
P2 Emb. cluster 1621  -3.35 12.86




1.3 Comparison between DFT and CCSD(T) embedded cluster calculations for the neutral
oxygen vacancy

Table S2 summarizes the vertical formation energies for a neutral FO center at the (100) terrace Mg505)
and in MgO bulk (MggOy). For consistency, bulk defect formation energies calculated with FHI-aims using
a tight, tier 3 basis are shown, too. Also DFT formation energies using larger clusters are reported to show
that the small clusters are already converged with respect to cluster size within 0.1 eV in vertical formation
energy for the bulk defect and within 0.23 eV for the surface defect. In the main part of the paper we report
the difference between the CCSD(T) and the DFT results, which can be used as a correction term to the DFT
values.

Table S2: Vertical formation energies, G‘} for FO and FY as obtained from embedded cluster DFT and
CCSD(T) calculations, all in eV.

Defect site Cluster model PBE PBEO B3LYP CCSD(T)

Terrace Mg50s5 6.78 6.53 6.80 6.52
Mg50050 6.54
Bulk MggOg 7.18 7.02 7.37 7.09
MggOg (FHI-aims) 7.11  6.99 7.35
Mg14019 7.06

1.4 Obtaining the opt-HSE functional via ionization energies

Fig. 2 in the main paper shows ionization potentials 1979+! for ¢ = 0 and ¢ = 1 at F° geometry calculated
for an MggOg embedded cluster by ASCF with HSE xc functionals, and from the HOMO of a GoWy@HSE
calculation (Eq. 3—4 in the main paper). The position of the "Fermi level” in these cluster calculations is
defined as the ionization potential of the undefected cluster at bulk-like geometry. The results obtained
with the ASCF method agree with the values obtained from the highest occupied Kohn-Sham levels at
half occupation. Due to the small size of the cluster, the ionization potential IT—2% is shifted too far
upwards with respect to 1°?*. To remove the artificial overestimate, we shift to lower values the HSE
and GW data for ¢ = 1 by a constant (independent on «) value. This value is determined by averaging
the difference between HOMO-1 (spin-minority channel) of the defected (MggOg_1)™" cluster, and HOMO-
1 of the defected MggOg_1 cluster. The position of the HOMO-1 orbital for each cluster represents the
position of the Fermi level, and the difference between them is therefore an artifact of the cluster model. The
resulting shift is -4.11 eV, and the uncertainty due to averaging is 0.1 eV. Note that this shift is not required
to determine, and does not change, the optimal value of the parameter «, but is applied solely to give an
estimate of the difference between 19~ and IT—2% for the bulk based on the cluster models.



2 Extrapolation to dilute limit for periodic calculations

The formation energy of a neutral I’ center is already converged for a very small supercell of 64 atoms,
while the formation energies of the '+ and the F?* centers show a strong dependence on L, the higher the
charge state the more pronounced is the effect. The difference in formation energy for a 1728 atom supercell
compared to a 1000 atom supercell is still 0.05 eV for the F>* center. The leading contributions to the bulk
defect formation energy dependence on the supercell size are the terms ~ 1/L and ~ 1/L3, where L is the
supercell lattice constant. This implies that finite-size scaling according to

G(L, ep, o) = GYU(L = 00, ep, pi0) + % i % (2.1)

leads to the correct formation energy in the dilute limit G?ulk’q(L — 00).

The extrapolation procedure correctly incorporates the effects of atomic relaxation. Calculating supercells
containing up to 2000 atoms for the doubly charged vacancies, using PBE exchange-correlation treatment,
we get an accuracy of 0.05 eV for the extrapolated values of the formation energies. Vibrational contributions
are estimated to be small and therefore neglected.

The defect formation energies calculated with HSEO6 for the two smallest supercells (64 and 216 atom
cells) lie exactly on the same fitting curve as the PBE formation energies, but shifted by a constant value
(Fig. S4). Therefore, in all cases HSE formation energies are calculated for the smallest supercell, and then
extrapolated to the dilute limit, where 1/L — 0, using a shifted PBE fitting function.

Concentration of defects (%)
0.12 039 093 3.13

4 bAoA, PW-LDA 1

A A

3 L .
% w
~ 2 L -
PBE
5
s 1r 1
o L
_________________ HSE06
Og..... T [ €--=
________________________ PBEO
_1 . T EEEEe=. ‘---
0 0.02 004 006 0.08 0.1 0.12

Figure S4: Finite-size scaling for the F?>T center formation energy (ez=VBM, o = 1/2 Eg’;). Solid lines

show fits to G?ulk’2(L) = ap + ¢ + 7% for PW-LDA and PBE formation energies. Formation
energies obtained with HSEO6 lie on the shifted PBE curve. Accordingly, PBE coefficients a; and

as are used to extrapolate to isolated defects for all members of the HSE(«,w) functional family.

Although computationally demanding, using the uniform neutralizing background method or the virtual
crystal approximation together with extrapolation to the dilute limit is a reliable method for calculating
formation energies of charged bulk defects. For charged surface defects, computed using VCA, the extrapo-
lation is slightly different due to the broken symmetry at the surface. While for bulk supercells, the formation
energies were fit to Eq. 2.1, where a term proportional to % is zero due to symmetry reasons, for the surface



defects this term has to be included. The fitting function used is therefore

q q q
= GYOM(L = o0, ep,pi0) + L+ T2+ 75, @)

VCA,q
Gf ( I3 72 .3

Liep, j1o)
Two new aspects have to be taken care of when calculating the extrapolated formation energies for the
isolated F' centers at the surface. The periodicity of the calculation is three-dimensional, so the slabs are
separated by vacuum to remove undesired interactions between repeating slabs. The reference unit cell is
neutral, because the compensating charge —q to the defect charge ¢ is distributed on the Mg atoms in the slab.
Since FHI-aims uses localized basis functions, there is no computational extra-cost when the vacuum region
is chosen large. Here, the smallest distance between a defect and its image in z-direction, perpendicular to
the surface, was chosen as 200 A. Using a slab to model an isolated defect in a semi-infinite system only
makes sense, if convergence of the desired property can be reached with respect to the number of layers
N7, in the slab. The electrostatic energy in the slab depends obviously on Ny, and this leads to different
extrapolation curves, as shown for F2* with slabs of N;, = 4,5,6, and 7 in Fig. S5. Full relaxation has
been performed for all slab systems (using PBE), since also the geometric relaxation convergence and lattice
polarizability may vary with Nt,. While a 4 layer slab is not sufficient to obtain an accurate result for the
extrapolated formation energy, where 1/L — 0, the 5 layer and 6 layer slab models yield the same value.
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Figure S5: Extrapolation of the F2* formation energy G}ICAQ(L) (filled symbols, vibrations and dispersion
neglected) to infinite supercell size (L — oco) for different numbers of layers in the slab, calculated
with PBE. The Fermi level is at VBM and po = 1/2 Eg); Open symbols and linear fit (black
line) are obtained by subtracting the band bending contribution (Eq. 2.3).

The electrostatic energy that causes the formation energy of charged defects to increase with slab thickness
d is the band bending (see main text). This contribution can be calculated as follows (see chapter 5 below):
¢’e d

ESC = — 23
1 6er€eq L2 2.3)

where e is the absolute value of electron charge. Subtracting ¢ £5C from the formation energies at every cell
size G}fCA’q(L) removes the term o 1/L? in the finite-size scaling curve for each slab thickness. This is
shown on the example of the F2* center (¢ = 2) at the MgO(100) terrace in Fig. S5. The term o< 1/L? plays
a role only for small L, so that the remaining linear dependence coincides for slabs with a number of layers
Ny, = 4,5,6, and 7 for all calculated surface charge densities ¢ = 2e/L?. The solid black line shows a linear
fit, incorporating all calculated formation energies. This linear fit yields the same value for the formation
energy of the isolated defect as obtained before for different slab thicknesses using Eq. 2.2. The linear term



is present due to the electrostatic attraction between the defects and the compensating charge. Thus, Eq. 2.2
yields full information on the dependence of the formation energy on defect concentration.

Eq. 2.2 can be generalized to the case when defects in different charge state (+ or 2+) coexist at the surface.
First, we rewrite Eq. 2.2 in terms of surface charge density o, for ¢ = 1,2 using o, = ge/ L?:

1 3
B) 2
e =0 0 v (1) et (G e (G1)

(Vibrational energy contributions to the formation energies are found to be insignificant for this study and
therefore neglected.) When defects in both charge states are present at the surface simultaneously, the surface
charge density is 0 = 01 4 02. Since the nature of the second and third terms is purely electrostatic, we apply
amean-field approximation and simply replace o, with o in these terms. The fourth term is more complicated
since in addition to higher-order electrostatic effects it also includes geometric relaxation effects. However,
also in this term we replace o, with o, which corresponds to averaging the relaxation effects over different
defect charge states. This averaging may give a noticeable error only in the specific case of comparable, and
at the same time not small (> 3 %), concentrations of F;- and F2*. Thus, the dependence of the formation
energies on the overall surface charge density o is given by:

1 3
VCA,q _ VCAgq a(7\? 4 o q o\

Note, that G}/CA"](U — 0) depends on Fermi energy ey and reservoir for oxygen atoms po(7',po,). The

calculated values of G}fCA’q(a — 0) and a], i = 1-3, for the 5-layer slab as obtained by extrapolation,

are summarized in Table S3. The corresponding values, when ad was extracted from Eq. 2.3 are shown in
Table S4.
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(er=VBM, po = 1/2 E,

Table S3: G}fCA’q(U — 0) as obtained with HSE06 and coefficients a!, i = 1-3 for the 5-layer slab

[ GY™ 0 = 0)eV) | af(eVA) [ dh(eVA") | ah(eVA)

q

0 6.34 0 0 0

1 2.76 -4.93 24.76 42.29
2 0.55 -17.49 80.86 258.11

Table S4: G}fCA’q(a — 0) as obtained with HSE06 and coefficients a!, i = 1-3 for the 5-layer slab
(er=VBM, po = 1/2 E§Y), where a3 was obtained from Eq. 2.3

[ GY™ 0 = 0)eV) | af(eVA) | dh(eVA") | ah(eVA)

q

0 6.34 0 0 0

1 2.77 -5.30 30.69 14.35
2 0.60 -20.13 122.78 62.93




3 Summary of formation energies for /' centers in MgO in the dilute limit

Table S5: Formation energies G?(O’ — 0) (all in eV) of the FV, F'*, and F?* center in MgO bulk and
the FO, F, and F2* center at the MgO(100) surface terrace site, calculated at different levels
of exchange-correlation treatment within periodic boundary conditions (pbc) as well as using em-
bedded cluster models (ecm). Periodic calculations and ecm computations with HSE06 have been
performed with FHI-aims, while for all other ecm calculations TURBOMOLE was used. The Fermi
level is at the VBM, where the VBM with respect to vacuum level was calculated using periodic
slab models of the ideal surface. The chemical potential of oxygen is at the oxygen-rich limit
where Apuo = 0. Our best numbers are highlighted in boldface.

Method FY Ft FY Ff
PBE-pbc 7.09 454 282 6.48 4.18 2.68
HSE06-pbc 7.04 333 0.56 6.34 2.76 0.55
PBEO-pbc 7.07 295 -0.16 6.33 2.56  0.12
HSEO6-ecm 7.05 - - - - -
PBE-ecm[ACCSD(T)]  6.94[-0.09] - - 6.49[-026] 4.17 226
PBEO-ecm[ACCSD(T)]  6.81 [+0.07] - - 6.26[-0.01] 254 -0.30
B3LYP-ecm[ACCSD(T)] 7.17[-0.28] - - 6.61[-0.28] 3.05 0.13

Table S6: Formation energies G? (all in eV) of the neutral F’ 80 center at the MgO(100) surface corner, reverse
corner, step and edge, in the O-rich limit, calculated using embedded cluster models. For more
information on these defects, see also Ref. [3].

Method  Reverse corner Step Edge Corner

HF [4] - 4.24 - 3.24
LDA [5] 6.76 6.99 - 5.45
PBE 5.94 568 576 5.13
PBEO 5.69 544 5353 4.89
B3LYP [3] 591 5.61 5.78 5.01
B3LYP [2] - - - 4.63




4 Valence-band maximum with respect to vacuum level

In the periodic calculations of the MgO(100) surface a vacuum region of ~ 200A separates repeating 5 layer
MgO slabs. The potential in the middle of this vacuum region is the vacuum level E\S,Kré for the surface
calculation. To obtain the valence-band maximum (VBM) with respect to vacuum level for the bulk system,
Egglf\}_v Ac- a surface slab calculation is performed with the respective exchange-correlation functional and

Surf

the difference between Eyy and the 1s core level of Mg in the deepest, bulk-like layer B3 s determined.

This difference is added to the Mg 1s core level in the bulk system E2UX and the resulting bulk vacuum level
is subtracted from the bulk VBM E\%E%‘/I

EVN vac = ¥ — (Eome + (B3 — ESnD) (.1

5 Concentration of surface defects
P-type dopants deep in the bulk set the Fermi level to VBM. As described in the main text, the formation
energy of charged defects for a surface charge density o is:
VCA, VCA,
G} M(0,25%0)) = G} (0,d) — ¢E%C(0,d) + ¢EC(0,2%7), (5.1)

where G}lCA’q(a,d) is calculated by VCA and is given by Eq. 2.5, ESC is the band bending contribution, and
25€ is the thickness of the space-charge layer. For a given concentration of dopants Np,

sC g
= . 5.2
i eNp (5-2)

At temperature 7' = 0 K, the above 25C minimizes the electrostatic energy of the system under the constraints

of constant surface charge density and charge neutrality. At finite 7", 25C has a profile that minimizes the free
energy of the system at that 7. We estimated the effect of temperature on 25, and found it to be small at
realistic T', o, and Np. Therefore, we use Eq. 5.2 to calculate 25C. The formula for ESC(U,zSC) is obtained
by integrating the Maxwell equation for a charge density p(r) = ()0 — o /25C:

E,= "7 (1 - Zsic) e, (5.3)

€r€Q

where E, is the electric field along the surface normal e,. oE5(0,25C) is the energy required to take
electrons from the surface and distribute them uniformly over the thickness 25C, recalculated per defect:

1 = o
ocE5¢(0,25¢) = = / Eldz =0 25C, (5.4)
2 0 €r€o

The potential difference A¢ due to band bending can be calculated by integrating Eq. 5.3:

Ap=—-T 5 (5.5)
2€,€0

The change in Gibbs free energy per unit area upon defect formation is:

2

2
VCA,
Ag(n077717772aTap02>ND) = ﬁOG(} + Z anf q(gazsc(U7ND)) =T Z Szonf(n(%nla?h)» (56)
q=1 q=0

10



where 70, 71, and 7 are concentrations of the surface defects FV, FF, and F2T, respectively, the total
surface charge density o = en; + 2en2, and sgonf(no,m ,12) is the configurational entropy per unit area. The
configurational entropy accounts for all possible defect arrangements that have the same energy. Due to the
screening of the charged defects by the compensating charge, the number of defect arrangements that have
significantly different energy relative to the total number of possible arrangements at the surface for fixed
1o, M1, and 79 is expected to be small, and is vanishing for small defect concentrations. Equilibrium defect
concentrations 1)y, 171, and 72 can be found by minimizing Ag with respect to these concentrations:

2
8 Z sgonf (7707771 7772)

0Ag =0
= G%0,T,po,,Np,cs) — T— = 0. (5.7)
By f 2 f My
Here, the formation energy
2
G%4(0,T,po, Np,€r) = Z T (0. T.poy Nper) (5.8)
=0

includes interaction between the defects. The configurational entropy for each type of defect is:

sites

conf _ kB ( sites lnn — g In Ny — (nzltes _ )111( sites nq)) , (59)

where nS‘teS is the surface density of available sites for the given type of defect:
n(s]ites — nsites _ Z ;. (5.10)
i#q

For the MgO(100) surface, the surface density of oxygen atoms is 751 = 0.11 - 106 cm~2
For simplicity, we omit the derivation for equilibrium concentrations in the case when all defect charge
states are present at the surface. Due to higher formation energies of F and F;;" compared to F2*, F¥ and
F;" concentrations are found to be relatively small, and can be omitted. The F2* concentration, 72, can then
be found from the following equation:
) 77sites — 1y
G%(2en2,T,po,,Np) — kBTlnT =0. (5.11)

This equation can be easily solved numerically. The results are presented in the letter.
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6 Molecular oxygen binding energy

It is well known that local and semi-local exchange-correlation functionals strongly overestimate the binding
energy of O [6, 7]. While in some cases it is beneficial to use the same approximation for all calculations
related to a given problem since cancellation of errors is expected, this is often not the case for the Oy
binding energy. Indeed, we find that using the energy of the oxygen atom Fg as a reference, we obtain
FO formation energies almost independent on the parameters of the HSE functional (see Table S7) and very
close to the CCSD(T) corrected formation energies (see main paper), while at the same time the O2 binding
energy strongly depends on the HSE parameters (6.23 eV, 5.32 eV, and 5.38 eV for PBE, HSE06, and PBEQ,
respectively). Therefore, we use %EO2 as a reference for the oxygen chemical potential, where %Eo2 =
Fo — %Egi;d, with the experimental binding energy without zero-point energies Egi;‘d = 5.22 eV [8], and
the total energy of the oxygen atom Eg calculated with the corresponding electronic structure approach.

Table S7: Formation energies for the neutral oxygen vacancy in MgO bulk (F°, left) and the neutral oxygen
vacancy at the MgO(100) surface (FSO, right) as obtained from supercell calculations for differ-
ent values of the oxygen chemical potential (o, all in eV. (The basis settings used are the tight
predefined settings.)

PBE HSEO6 PBEO | PBE HSE06 PBEO

1o FO FO FO | FY FY FY
Eo 970  9.65 9.68 | 9.09 895 894
Eo, 6.59 699 699 | 598 629 625

Eo— ipbindexe 1 709 704 707 | 648 634 633
209
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