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Predicting the properties of NiO with density functional theory: Impact of
exchange and correlation approximations and validation of the r’'SCAN

functional
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(Dated: 18 July 2023)

Transition metal oxide materials are of great utility, with a diversity of topical applications ranging from catalysis to
electronic devices. Because of their widespread importance in materials science, there is increasing interest in devel-
oping computational tools capable of reliable prediction of materials phase behavior and properties. The workhorse of
materials theory is density functional theory (DFT). Accordingly, we have investigated the impact of various correlation
and exchange approximations on their ability to predict the properties of NiO using DFT. We have chosen NiO as a
particularly challenging representative of transition metal oxides in general. In so doing, we have provided a validation
for use of the r’SCAN density functional for predicting the materials properties of oxides. r?’SCAN yields accurate
structural properties of NiO, and a local spin moment that notably persists under pressure, consistent with experiment.
The outcome of our study is a pragmatic scheme for providing electronic structure data to enable the parameteriza-
tion of interatomic potentials using state-of-the-art AI/ML methodologies. The latter are essential to allow large scale

molecular dynamic simulations of bulk and surface materials phase behavior and properties with ab initio accuracy.

I. INTRODUCTION

The field of transition metal oxides (TMOs) covers a wide
range of materials with fascinating properties and a mas-
sive array of possible structures resulting from mixtures of
different transition metal elements, surface coatings, and
nanostructures' . The diversity of structures of TMOs along
with their favorable electronic structures make them excel-
lent candidates for catalysis, including photocatalysts for hy-
drogen generation* and chemical synthesis®. It is therefore
imperative that we develop accurate models of these materi-
als, how their properties arise from the underlying electronic
structure, and how they can be tuned and improved by modi-
fying their structure and composition.

This presents significant challenges for theorists however,
as the strong electron-electron interactions in these systems
preclude the use of simple approximations for the electronic
structure. Generalized gradient approximations (GGAs), such
as the Perdew-Burke-Enzerhof (PBE) GGA, can be applied
to TMOs, but only with empirical corrections such as the ad-
dition of Hubbard-like +-U corrections® or a fraction of ex-
act exchange’. Many GGAs incorrectly predict metallic
ground-states for transition metal monoxides®. Either correc-
tion, GGA-+U or exact exchange admixture, can open a gap.
However, both approaches rely on tunable parameters which
can negatively impact other properties of the system. For
example, PBE correctly predicts the equilibrium bulk mod-
uli and local magnetic moments of antiferromagnetic (AFM)
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FeO, CoO, and NiO, but its global hybrid variants yield worse
predictions of both properties®.

An improved approach would use orbital-dependent meta-
GGA functionals, as the inclusion of the local kinetic energy
density can yield much more accurate models of electron cor-
relation. The strongly constrained and appropriately normed
(SCAN)'Y meta-GGA has shown great promise, as it yields
an accurate and balanced description of both transition metal
and main group chemistry'!. Moreover, while SCAN often
requires a +U correction to accurately describe TMOs, the
magnitude of the correction is significantly and systematically
smaller than is needed for PBE!%!3. However, SCAN suf-
fers well-known numerical instabilities (see, e.g., Refs. 14—
16) which limit its applicability.

Recent developments have culminated in the regularized-
restored or r’SCAN meta-GGA!”. r?SCAN maintains all but
one of the exact physical constraints built into SCAN, and
greatly improves its numeric stability, thereby greatly expand-
ing the range of systems to which it can be applied. As with
any functional, it is important to rigorously investigate its per-
formance for a diverse array of materials.

One of the most interesting and important TMOs is NiO,
a highly-insulating oxide with a rock salt structure and AFM
ordering. NiO is the quintessential example of the failure of
band theory due to strong electron correlation, and is the first
described Mott insulator. Both paramagnetic and AFM NiO
are observed to be insulating'®. However, when local spin
moments in NiO are restricted to be zero (a locally nonmag-
netic and globally paramagnetic configuration) band theory
and semi-local functionals predict NiO to be metallic. This is
often cited as a need for explicitly-correlated methods such as
dynamical mean-field theory!®. When local (colinear) spin
moments are allowed to develop on NiO formula units, an
overall paramagnetic cell with a realistic gap can be obtained
with GGA+U'®. A similar approach using SCAN without a



+U also yielded a gap in paramagnetic NiO, albeit with a too-
small gap?®. NiO also has one of the most stable magnetic
states: its Néel temperature is 525 K, and an AFM ordering
persists until at least 280 GPa at room temperature’!. NiO
thus presents a vital test for any density functional applied to
or any strongly correlated material.

It has been suggested?” that NiO above its Néel temperature
is not a locally-nonmagnetic insulator, but one in which there
are disordered local spin moments, for which SCAN correctly
finds a fundamental band gap. Thus the prediction of zero
gap for a locally-nonmagnetic state by GGAs like PBE*? and
PBEsol?? (a variant of PBE targeting the properties of solids),
and by meta-GGAs like SCAN, is not necessarily wrong. We
show, in the Supplementary Material, that SCAN also finds a
metallic nonmagnetic ground state. PBE, PBEsol, and SCAN
correctly predict an insulating AFM ground state®, but signif-
icantly underestimate the bandgap.

Recent work?* has shown that r’SCAN performs compa-
rably to SCAN for the equilibrium properties of a wide va-
riety of TMOs. In this work, we focus on a wide range of
properties for NiO, using it as a prototype of both TMOs and
strongly-correlated solids. In addition, it is of interest how ex-
act exchange admixture impacts the performance of r>’SCAN
for NiO, as these corrections can significantly alter the band
gap and structure of TMOs’-8,

In this paper, we investigate the impact of exchange and
correlation approximations on the structure and properties of
NiO. In particular, we investigate how the PBE, PBEsol, and
2SCAN functionals perform for NiO, and how these results
are impacted by different fractions of exact exchange admix-
ture. We are particularly interested in the equation of states
predicted by each functional and how the magnetic properties
are impacted. As mentioned previously, strong electron cor-
relations give rise to a highly insulating, AFM ground state.
Even small changes in interatomic distances can strongly im-
pact the magnetic moment; in NiO, a correct description of
the material requires an accurate prediction of the magnetic
moment across a very wide range of temperatures and pres-
sures.

II. COMPUTATIONAL METHODS

We computed the properties of NiO using DFT and the
PBE, PBEsol, and r?SCAN functionals via the Quantum
ESPRESSO (QE) version 7.1 simulation package®>?®. Both
the PBE and PBEsol GGAs are natively implemented in
QE. However, the r>SCAN meta-GGA was accessed using
LIBXC versions 5.1.5 and 5.2.2%7 (both implementations
are consistent for >SCAN). To add exact exchange for the
r2SCAN calculations, we modified the QE code to allow for
inclusion of the hybrid meta-GGA scheme. For each func-
tional, we employed PBE optimized norm-conserving Vander-
bilt (ONCV) pseudopotentials®®2°, with a plane-wave cutoff
of 300 Ry and a 9 x 9 x 9 k-point grid. As the hybrid cal-
culations are much more demanding, we determined, using
PBE, that a 175 Ry cutoff and a 5 X 5 x 5 k-point grid gave
converged total energies within 1 meV of those with the more-

demanding parameters. Thus the hybrids were run with this
latter set of parameters. We also tested PAW pseudopotentials
for PBE and PBEsol and found that the results were not signif-
icantly different (Supplementary Figs. S13 and S14). We con-
sidered rocksalt AFI, AFII, and spin-restricted (nonmagnetic)
configurations of NiO. The experimentally-observed ground-
state configuration of NiO is AFII*’, where ferromagnetic
spins are aligned along the [111] direction of the underlying
face-centered cubic unit cell*'. The AFI solution has ferro-
magnetic spins aligned along the [100] direction. For a vi-
sual representation of both configurations, see Fig. S15 of the
Supplementary Material. Notably, the converged solution re-
mains AFM. The strain modulus of NiO was computed using
PBE and PBEsol by optimizing the unit cell for successive
strains at two percent intervals. As the stress tensor is not
implemented in QE for meta-GGA functionals with spin po-
larization, we manually optimized the unit cell for >SCAN by
computing the energy of NiO unit cells at 11 cubic lattice con-
stants within £10% of the experimental value, 4.171 A8. The
equilibrium geometry and bulk modulus were then extracted
using the stabilized jellium equation of state (STEOS)2. The
Young’s modulus and Poisson ratio were then determined by
straining the system by £1% in the direction transverse to
the plane of magnetization (i.e. the plane formed by near-
est neighbor Ni atoms with the same spin) in increments of
0.2%. For the GGA functionals, we relaxed the unit cell ge-
ometry along the unstrained lattice directions for each 0.2%
increment of the strained lattice vector. For ’SCAN, we fol-
lowed a similar approach, but determined the relaxed unit cell
geometry for each 0.2% increment of the strained lattice vec-
tor by varying the lengths of the unstrained lattice vectors and
determining the minimum energy geometry via parabolic fit.
As the meta-GGA stress tensor for spin-unrestricted systems
is not yet implemented in Quantum ESPRESSO, we could not
relax the cell by minimization of forces, as we did for the
GGAs. For reasons of numerical stability, we have only con-
sidered global hybrids of >SCAN and not of SCAN.

Ill. RESULTS AND DISCUSSION

We present results for AFII NiO in the main text, and
AFI NiO and spin-restricted NiO in the Supplementary Mate-
rial. Supplementary Material Sec. S3 demonstrates that PBE,
PBEsol, SCAN, and r2SCAN all correctly place the AFII con-
figuration as the lowest-energy configuration of NiO near the
experimental lattice constant.

A. Lattice Constants and Young’'s Modulus

We first explore the impact of the choice of functional on
the equation of state of AFII NiO. To this end, we show the
energy as a function of the cubic lattice parameter in Fig.
1. There are significant differences between the results from
these functionals. PBE overestimates the equilibrium lattice
constant by about 0.5%, whereas PBEsol significantly un-
derestimates it by about 1.2%. SCAN and r’SCAN yield
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FIG. 1. Total energies (eV/atom) of AFII NiO as a function of cubic
lattice constant (A). As absolute total energies in a pseudopotential
calculation have no physical meaning, all curves are plotted above
their predicted minima, E(Vj), with Vj the equilibrium cell volume.
The vertical dotted gray line indicates the experimental cubic lattice
constant, as in Table I. The SCAN (orange circles, dotted line) and
2SCAN (red squares, solid line) data almost coincide. Curves are
the SJEOS fits.

Functional ag (A) Bg (GPa) Gap (eV)
PBE 4.1910 97.2824 0.90

PBEsol  4.1223 111.2106 0.68
SCAN 4.1589 110.0333 2.64
2SCAN  4.1578 109.0717 2.19
Expt. 4.171 166 -208 4.0-4.3

TABLE I. Comparison of AFII NiO equilibrium lattice constants ag
(10%) and equilibrium bulk moduli By (GPa) obtained by fitting to
the STEOS32. A variety of functionals are presented: the PBE and
PBEsol GGAs; the SCAN and r>’SCAN meta-GGAs. Experimental
(expt.) values for AFII NiO are taken from Ref. 8. The effects of
zero-point lattice vibration have not been removed from the experi-
mental values.

nearly exact equilibrium lattice parameters, presented in Ta-
ble I, although the curvature appears to be much greater using
PBEsol, SCAN, or r2SCAN than PBE. The curvature of the
energy-volume curve E(V) at the equilibrium volume V; is
typically quantified as the equilibrium bulk modulus

0%E
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Although the PBEsol GGA yields a much shorter lattice con-
stant, it finds a nearly identical bulk modulus as 2SCAN.
This is consistent with Table XVI of Ref. 33: PBE tends to
overestimate cubic lattice constants of both metals and insula-
tors, whereas PBEsol tends to underestimate lattice constants
of metals, but overestimate lattice constants of insulators less
than PBE. Note, however, that PBEsol exceeds the accuracy
of both SCAN and r>’SCAN in predicting the absolute magne-
tization of pure ferromagnetic Ni metal®3.

To further investigate the differences in the equation of
state, we also show the absolute magnetization of one Ni atom
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FIG. 2. Absolute value of the magnetic moment of a Ni atom, in
units of the Bohr magneton pp, as a function of lattice constant (A)
for PBE, PBEsol, SCAN, and r2SCAN.

in Fig. 2. While the energy as a function of lattice constant
varies slightly between each functional, in Fig. 2, we see a
much larger difference in the magnetization between r’SCAN
and the GGAs, particularly at smaller lattice constants or,
analogously, higher pressures. While the PBE and PBEsol
GGAs exhibit a large collapse in magnetization at shorter lat-
tice constants, SCAN and r2SCAN show less variation in the
absolute magnetization across the range of lattice constants
tested. Importantly, >’SCAN thus appears to yield not only
a more accurate lattice constant compared to experiment, but
it also appears to yield a more accurate magnetization as a
function of pressure. Indeed, compared to GGA functionals,
r?SCAN exhibits an improvement in the magnetization as a
function of pressure similar to that of hybrid functionals.?*
Experiments have shown that the AFM state of NiO is remark-
ably stable with regards to compression, with AFM ordering
persisting to at least 280 GPa?!. r>’SCAN is the only tested
functional that matches this behavior.

The rapid collapse of the magnetic moment predicted by
PBE and PBEsol may be indicative of nearly degenerate spin
states which compete with the AFII configuration. Indeed,
Supplementary Figs. S4 and S5 demonstrate that both PBE
and PBEsol make AFI and paramagnetic NiO degenerate
in energy for lattice constants shorter than the experimental
value, and nearly degenerate for longer lattice constants. Sup-
plementary Figs. S6 and S7 show that the AFI, AFII, and
paramagnetic configurations of SCAN and r?’SCAN are suffi-
ciently well-separated not to compete in energy for the range
of lattice constants considered here.

Note that all three functionals, PBE, PBEsol, and 2 SCAN,
predict a non-vanishing magnetization for AFII NiO at lattice
constants within (£10)% of the experimental value. All three
predict the magnetization to rise monotonically with increas-
ing lattice constants. However, it is clear that 2SCAN more
reliably predicts the properties of NiO across magnetic phases.

The differences exhibited by the functionals in the curva-
ture of the energy as a function of the lattice constant suggest
that the predicted mechanical properties of NiO will also dif-



fer significantly. Thus, in addition to computing the bulk mod-
ulus of NiO, we have computed the Young’s modulus of AFI
NiO with each functional. For reasons of computational com-
plexity, we perform the computation of the Young’s modulus
only for the AFI configuration of NiO, where the magneti-
zation aligns with a conventional lattice vector. We compute
the Young’s modulus perpendicular to the plane formed by
the alternating Ni spins, such that the system is strained in
the same direction as the magnetization. The Young’s modu-
lus of AFI NiO is 155.4 GPa computed with PBE; 168.7 GPa
with PBEsol; and 325.8 GPa with r’SCAN. As expected, there
is a very large variance in the modulus for each functional,
with the r>SCAN prediction more than double the PBE result,
matching the large differences for the bulk moduli in Table I.
Thus, while the bulk moduli of PBE, SCAN, and r2’SCAN are
fairly close in value, the components of the stress tensor can
exhibit much larger differences.

B. Band Gap and Magnetization

We now investigate the impact of exact exchange admixture
on the electronic properties of NiO, and how this differs for
GGA and meta-GGA functionals. Exact exchange admixture
is often necessary to yield quantitatively accurate band gaps
and, at least at the GGA level, the correct structures of solids,
liquids, interfaces, and molecules. However, the needed frac-
tion of exact exchange is system- and property-dependent:
large exchange fractions can improve band positions while
negatively impacting other properties of the system, such as
the molecular dipole moment and polarizability>>-3°.

Accordingly, we investigated the impact of exact exchange
admixture on the band gap and absolute magnetization of NiO
by generating global hybrids of PBE and r>SCAN, varying
the fraction from 0 to 0.5 in increments of 0.05. The global
hybrids were evaluated at the equilibrium lattice constants of
the parent functional in Table I. The band gap is plotted as a
function of the exchange fraction in Fig. 3(A), along with the
corresponding valence band maximum (VBM) and conduc-
tion band minimum (CBM) in Fig. 3(B). As expected, adding
only 5% exact exchange to PBE opens a band gap in AFI NiO,
although even at large fractions, PBE systematically predicts
smaller band gaps compared to r’SCAN. Indeed, to get within
the experimental range of the NiO band gap®® (3.7-4.3 eV),
one needs 20-25% exact exchange for 2SCAN, but 30-35%
for PBE. Interestingly, while the magnitudes of the shifts in
the band edges with exact-exchange fraction are about equal
in PBE, they are much bigger for the valence band edge in
r2SCAN.

Underestimation of the bandgap is theoretically understood
as the lack of a derivative discontinuity in standard Kohn-
Sham DFT?’ and approximate pure-density functionals, such
as GGAs. Orbital-dependent functionals, such as meta-GGAs
or hybrid functionals, when implemented in a generalized
Kohn-Sham scheme (as is done in Quantum ESPRESSO), can
yield an exchange-correlation potential that is not just a func-
tion of position, and thus larger bandgaps>®#. See Ref. 33
for further discussion.
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FIG. 3. (a) Band gap or (b) band edges: the valence band maxi-
mum (VBM) (filled circles) and conduction band minimum (CBM
or cb) (filled squares) for AFII NiO, using global hybrids of PBE
and r2SCAN, as a function of exact exchange fraction. VBM(DFA)
is calculated for 0% exact exchange. Both the band gap and band
edges are given in eV. For analogous plots of the AFI configuration
of NiO, see Supplementary Figs. S10 and S11. The dotted horizon-
tal lines in panel (a) indicate the range of experimental values of the
band gap.

Notably, the exact exchange admixture also has a large
impact on the absolute magnetization of the Ni atoms (Fig.
4), with increasing fractions of exact exchange increasing the
magnetic moment of the Ni atoms such that they approach the
experimental value 1.90 ug”. Once again, the PBE values are
systematically smaller than the r>’SCAN values, especially at
zero exact exchange fraction.

Moving from a meta-GGA to a hybrid meta-GGA does not
impact the r>SCAN magnetic moments very strongly: the 5%
r?SCAN hybrid has a lower magnetic moment than r>’SCAN.
For PBE, there is a large jump in the magnetic moment at 5%
exact exchange admixture, followed by much smaller changes
with increasing exact exchange fraction. This finding is likely
due to the gap widening in the PBE case, and thus high-
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FIG. 4. Magnetization of Ni atom in AFII NiO as a function of exact
exchange fraction, using global hybrids of PBE and r2SCAN. For an
analogous plot of the AFI configuration of NiO, see Supplementary
Fig. S12. The dotted horizontal lines indicate the range of experi-
mental values.

lights the improved description of electronic correlation as-
sociated with r>’SCAN. This observation also helps explain
the observed discrepancy between either PBE or PBEsol and
r2SCAN in Fig. 2, where both PBE and PBEsol severely un-
derestimate the AFII NiO bandgap at the minimum energy
structure. One expects a small or zero gap for NiO at very
high pressures, where there is a transition to a paramagnetic
phase. On the other hand, r’SCAN correctly predicts an insu-
lating state due to the better description of electronic correla-
tion across a wide range of NiO geometries, thereby preserv-
ing an AFM ordering under large hydrostatic compression.

IV. CONCLUSIONS

In this work, we have investigated the influence of exchange
and correlation approximations on the computed properties of
NiO, especially its electronic, mechanical, and magnetic prop-
erties. While all functionals predict similar antiferromagnetic
ground-state structures for NiO, they differ strongly in the re-
sponse of the energy and magnetic moment to perturbations
of the structure. While it is expected that the absolute magne-
tization of NiO is robust to changes in its structure, the PBE
and PBEsol GGAs predict a rapid collapse of the magnetiza-
tion with even modest reductions in the lattice constant. Only
the 2’SCAN meta-GGA correctly predicts an essentially con-
stant magnetization over the range of lattice constants studied.
Similarly, > SCAN predicts significantly different mechanical
properties, combining a similar lattice constant to that of PBE
but with larger elastic moduli, which more closely match the
predictions of PBEsol.

Notably, we still find that it is necessary to add 20-25% ex-
act exchange to reproduce the experimental band gaps, which
matches behavior for other oxide systems’. Just as meta-
GGAs tend to require smaller Hubbard-like +U corrections
than GGAs to accurately describe transition metal oxides!?,

r’SCAN requires a smaller fraction of exact exchange than
PBE to yield a quantitatively correct bandgap. The improved
description of electron correlation in r>SCAN leads to a lesser
impact of exchange fraction on both the band gap and magne-
tization.

Overall, we find that >’SCAN yields excellent results for
NiO across a wide range of range of lattice constants. More-
over, it qualitatively matches experimental results for different
properties. Accordingly, we recommend its use in generating
data to fit interatomic potentials with the now popular AI/ML
methodologies, which in turn enable large scale molecular dy-
namics computations at ab initio accuracy**?.

V. SUPPLEMENTARY MATERIAL

Supplementary material is provided online including con-
vergence tests for the functionals, elaboration on the equation
of state fitting procedure, equations of state for AFI and non-
magnetic NiO, the magnetic properties of AFI NiO, compari-
son of ONCV and PAW pseudopotentials, and illustrations of
the AFI and AFII NiO.
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To ensure well-converged results, we studied the convergence of the PBE total energy of NiO using different sets of k-points
and plane-wave energy cutoffs. We used uniform k-point grids with equal numbers of points per axis (e.g., 9 X 9 x 9) due to the
cubic symmetry of NiO. Therefore we considered five k-grids with either 3, 5, 7, 9, or 11 k-points per axis, and energy cutoffs
in the range 40 Ry to 400 Ry. The results of this test are shown in Fig. S5.
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S7. EQUATION OF STATE FITTING

To obtain optimized geometries for NiO, we performed a series of single-point total energy calculations with the tetrahedron
method, as outlined in the main text. These energies were then fitted to a model equation of state, here selected to be the
stabilized jellium equation of state (SJEOS)3?

% Vo\ 2/ Vo /2

Vo is then the equilibrium volume, such that the hydrostatic pressure on the cell vanishes,

JE
PVo) =—==(W) =0. S3
One can perform a simple least-squares fit, as we did using the 1stsq function of NumPy’s 1inalg library®, to the coefficients
Vo, VO2 /3 B, Vol/ 3 7, and . The bulk moduli are then easily computed as

0%E 1 Vo Vo 2/3 Vo 1/3
BV)=V—=—1 —— 1 — 4v( — 4
v b e () v (%) (%) s
Also occasionally of interest is the first derivative of the bulk modulus with respect to pressure,
oB 1 ,’E
Bi(V)====—— |B(V)+ V== S5
V)= 58 =507 [BV) + V5] (s5)
1 Vo Vo 2/3 Vo 1/3
=———|108a | — 506 | — 16y | — . S6
27VB(V) a<v)+ ﬁ(v) HRNANT (56)

A summary of the SJEOS fitted parameters and equilibrium properties of AFI NiO is given in Table S3. Note that the coefficient
of determination, which gauges the quality of fit, is given as

i=1 i=1

Ny Ny -1
R2 =1- {Z [Ecalc (Vl) - ESJEOS (Vt)]z} {Z [Ecalc (Vt) - Ecalc] 2} 5 (S7)

_ 1 M

Ecalc = Ecalc (Vz) . (SS)
M S

In those equations, the sums run over Ny single-point calculated energies Eca1c(V); Esjros (V) are the energies calculated using
Eq. S2.

Ey
Functional o (Ry) B (Ry) Y Ry) o (Ry) (Ry/atom) Vo (A3) a9 (A) By (GPa) B (Vo) Gap (eV) R?
PBE 11.554025 -27.270480 19.878884 -344.368377 -85.051487 36.806323 4.1910 97.282409 4.563130 0.90 0.999999

PBEsol  12.251403 -28.712831 20.671452 -343.984221 -84.943549 35.027005 4.1223 111.210563 4.523545 0.68 0.999998
SCAN 11.752940 -27.088733 18.918644 -343.809066 -85.056554 35.968393 4.1589 110.033331 4.438533 2.64 0.999996
2SCAN  11.602760 -26.716261 18.624242 -343.783145 -85.068101 35.938781 4.1578 109.071707 4.433852 2.19 0.999998

TABLE S2. Parameters used in the SJEOS of Eq. S2 (all Ry), and the deduced equilibrium volume Vj (10\3) and associated cubic lattice
constant ag (A) of AFII NiO. This configuration is experimentally determined to be the ground-state. Ey = E (Vp) is the total energy at the
equilibrium volume, which can be compared to the other magnetic configurations of NiO to deduce the ground-state. Also shown are the
equilibrium bulk modulus, By = B(V))) (GPa) using Eq. S4, and its first derivative with respect to pressure, By (Vy) (dimensionless), using Eq.
S6. Last, we show the quality of the fit (coefficient of determination), defined in Eq. S7.
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A. AFI NiO

While the ground-state of NiO is experimentally determined to be the AFII configuration, the AFI configuration lies close
in energy. Table S3 presents SJEOS fit parameters and extrapolated equilibrium properties of the AFII configuration of NiO.
Figure S6 plots the SJEOS fits alongside the computed total energies as a function of cubic lattice constant.

+ PBE

x  PBEsol
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FIG. S6. Total energies of AFI NiO as a function of lattice constant. Dashed lines are SJEOS fits using the parameters in Table S3. All energies
are plotted relative to the energy at the equilibrium volume V{y. The vertical, gray dotted line indicates the experimental equilibrium lattice
constant, 4.171 A3,

Ey
Functional o (Ry) BRy) YRy o Ry) (Ry/atom) Vo (A% ag(A) By (GPa) B;(Vy) Gap (eV) R?
PBE 22799316 -55.585932 42.773917 -690.356145 -85.046106 73.964030 4.1977 167.820661 4.779526 0.00 0.999336

PBEsol  33.393948 -84.852596 69.523347 -697.576690 -84.938999 68.960930 4.1008 215.360633 5.178446 0.00 0.999553
SCAN 23.501798 -54.205036 37.904679 -687.625920 -85.053060 73.312127 4.1853 215.411987 4.441796 1.17 0.999994
r?SCAN  21.887340 -49.531502 33.400982 -686.269772 -85.064119 73.487421 4.1886 212.659064 4.356890 0.76 0.999994

TABLE S3. Parameters used in the STEOS of Eq. S2 (all Ry), and the deduced equilibrium volume Vjy (A3) and associated cubic lattice constant
ag (A) of AFINIO. Ey = E (Vp) is the total energy at the equilibrium volume, which can be compared to the other magnetic configurations of
NiO to deduce the ground-state. Also shown are the equilibrium bulk modulus, By = B(V;) (GPa) using Eq. S4, and its first derivative with
respect to pressure, B (V) (dimensionless), using Eq. S6. Last, we show the quality of the fit (coefficient of determination), defined in Eq. S7.
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B. Nonmagnetic NiO

As is commonly done, we performed spin-restricted calculations of NiO, which assume that the local moments on Ni and
O are identically zero (locally nonmagnetic, sometimes called paramagnetic). Table S4 presents the SJEOS fit parameters and
extrapolated equilibrium properties of nonmagnetic NiO. Figure S7 plots the SJEOS fits alongside the computed total energies
as a function of cubic lattice constant.

£
S
o 0.25 -
~—
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2 0.201
>
> 0151
0.10 -
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0.00 -
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FIG. S7. Total energies of spin-restricted NiO as a function of lattice constant. Dashed lines are SJEOS fits using the parameters in Table

S4. All energies are plotted relative to the energy at the equilibrium volume Vj. The vertical, gray dotted line indicates the experimental AFII
equilibrium lattice constant, 4.171 AS.

Ey
Functional o (Ry) BRy) YRy o (Ry) (Ry/atom)  Vy (A% a9 (A) By (GPa) B;(Vy) Gap (eV) R?
PBE 6.220216 -14.824204 10.987760 -172.473632 -85.044930 17.973781 4.1581 103.396991 4.621350 0.00 0.999999

PBEsol  6.536526 -15.423517 11.237454 -172.228351 -84.938944 17.162343 4.0946 118.153798 4.561498 0.00 0.999998
SCAN 6.279822 -14.598797 10.358127 -172.094273 -85.027560 17.296601 4.1053 118.766020 4.480856 0.00 0.999989
2SCAN  6.483209 -15.245693 11.041760 -172.379609 -85.050167 17.287071 4.1045 117.802078 4.542177 0.00 0.999988

TABLE S4. SJEOS fit parameters and extracted equilibrium properties of spin-restricted NiO. This configuration has zero magnetic moment
on each atomic site.
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S8. RELATIVE PHASE ORDERING

Figures S8-S11 plot the relative energetic ordering of the AFI, AFII, and spin-restricted (spin-unpolarized or paramagnetic)
phases of NiO using the four functionals described in the main text. All functionals correctly place the AFII configuration as the
lowest-energy configuration.

Interestingly, both PBE and PBEsol make the AFI and paramagnetic configurations degenerate at shorter lattice constants,
and nearly-degenerate near equilibrium. Both SCAN and r>SCAN place the paramagnetic configuration much higher in energy
than AFI, but place the AFI configuration much closer in energy to the AFII configuration than either PBE or PBEsol. However,
neither find the AFI and AFII configurations to be nearly degenerate, save at lattice constants longer than those considered in

our calculations.
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FIG. S8. Relative ordering of the AFI, AFII, and spin-restricted (UNP) phases of NiO, using PBE. All energies are plotted relative to the
extrapolated energy minimum of the AFII configuration, which is experimentally determined to be the ground-state.
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$9. MAGNETIC MOMENTS OF NIO AS A FUNCTION OF LATTICE CONSTANT

Figures S12 and S13 plot the absolute magnetic moment of a formula unit of NiO in the AFI and AFII configurations re-
spectively. In both plots, the absolute magnetic moment on one Ni atom and the absolute magnetic moment on one O atom
are summed and plotted. Note that in Figure S12 there is a slight dip in the magnetization predicted by r’SCAN. This defect
in the predictions is due to the fact that, for this lattice constant only, the net magnetization of the system is nonzero. It’s not
entirely clear why this occurs, though the smearing contribution to the energy does begin to increase for the smallest lattice
constants. While the smearing contribution remains small (<1 meV/atom), this may indicate that increased occupation of states
in the conduction band are causing issues with the wavefunction optimization in this case. Note however that this is the only
calculation where this error occurs.
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$10. HYBRID BAND GAPS, BAND EDGES, AND MAGNETIC MOMENTS FOR AFI NIO

This section presents figures that are analogous to Figs. 3 and 4 of the main text, but for the AFI configuration of NiO, rather
than the AFII configuration.
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FIG. S14. Bandgap (eV) of AFI NiO as a function of exact exchange admixture in the global hybrids of PBE and r2SCAN. All bandgaps were
computed from the density of states. The dotted gray horizontal lines are experimental estimates of the bandgap, 4.0 and 4.3 eV®. This figure
is analogous to Fig. 3(a) of the main text. The 30% r2SCAN global hybrid data point is excluded because repeated attempts of the calculation

failed to converge.
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FIG. S15. Band edges (eV) of AFI NiO as a function of exact exchange admixture in the global hybrids of PBE and r2’SCAN. This figure is
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FIG. S16. Magnetic moment (tg) on an Ni atom in AFI NiO as a function of exact exchange admixture. This figure is analogous to Fig. 4
of the main text. Dotted horizontal lines are experimental estimates of the magnetic moment in NiO, 1.64 and 1.90 ug®. The 30% r2SCAN
global hybrid data point is excluded because repeated attempts of the calculation failed to converge.
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FIG. S17. Energy as a function of the cubic lattice constant of AFI NiO computed using the PBE pseudopotential with ONCV norm conserving
pseudopoentials and PAW pseudopotentials. While there are slight discrepancies for large deviations from the minimum energy state, overall
there is very close agreement.
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FIG. S18. Energy as a function of the cubic lattice constant of AFI NiO computed using the PBEsol pseudopotential with ONCV norm
conserving pseudopoentials and PAW pseudopotentials. While there are slight discrepancies for large deviations from the minimum energy
state, overall there is very close agreement.
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S11. VISUALIZING THE MAGNETIC CONFIGURATIONS OF NIO

Jmol Jmol

(a) AFINiO. (b) AFII NiO.

FIG. S19. Conventional cubic unit cell of NiO in the (a) AFI and (b) AFII configurations. Up-spin Ni atoms are colored orange, down-spin Ni
atoms are colored blue, and O atoms are red. Both figures were generated with Jmol**.
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