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Density functional theory (DFT) in chemistry and materials science aims for “‘chemical accuracy,” but this goal
is challenged by the need to approximate the exact exchange-correlation (XC) energy functional. The restored-
regularized strongly constrained and appropriately normed (r2SCAN), meta-generalized gradient approximation
to the XC functional fulfills 17 exact constraints of the XC energy, and has significantly boosted prediction
accuracy for molecules and materials. However, r’SCAN remains inadequate at predicting the properties of
open d and f transition-metal strongly correlated compounds, such as band gaps, magnetic moments, and
oxidation energies. Prediction inaccuracies of r’SCAN energies arise from functional- and density-driven errors,
mainly resulting from the DFT self-interaction error. Here, we propose a method termed r’SCANY @r2SCANX
to mitigate the self-interaction error of XC functionals for the accurate simulations of electronic, magnetic,
and thermochemical properties of transition-metal oxides. r’SCANY @r?SCANX uses different fractions of
exact Hartree-Fock exchange, X for the electronic density and Y for the density functional approximation of
the total energy, thereby simultaneously addressing functional-driven and density-driven inaccuracies. Building
on just one (or maximum two) parameters that apply unchanged to s-p-bonded systems, we demonstrate that
r’SCANY @r’SCANX improves upon the r?’SCAN predictions for 20 highly correlated oxides and even out-
performs the highly parametrized DFT(r?SCAN)+U method—the state-of-the-art approach to predict strongly
correlated materials. Prediction uncertainties for oxidation energies and magnetic moments of transition-
metal oxides are significantly reduced by r2SCAN10@r2SCANS50 and band gaps with r’SCAN10@r?SCAN.
r’SCAN10@r*SCANS50 diminishes the density-driven error of the energy in r?’SCAN and r>’SCAN10. We
demonstrate that the computationally efficient ?SCAN10@r>SCAN is nearly as accurate as the global hybrid
r?’SCANI10 for oxidation energies. This indicates that accurate energy differences can be obtained through
rate-limiting self-consistent iterations and geometry optimizations with the efficient r’SCAN. Subsequently,
a more expensive nonlocal functional, such as a hybrid or self-interaction correction, can be applied in a fast,

3

single post-self-consistent calculation, as in r?SCAN10@r>SCAN.

DOI: 10.1103/myd5-14f4

I. INTRODUCTION

Electronic structure methods, especially density functional
theory (DFT) [1], have become essential for materials dis-
covery, enabling the prediction of properties and behaviors of
technologically relevant materials [2—6]. This has resulted in
the widespread use of DFT for extensive materials databases,
such as the Alexandria Materials Database [7], AFLOW [8],
GNoME [9], the Materials Project [3], the NREL materials
databases [10], and OQMD [2]. These databases provide a
critical foundation for materials science research, enabling
direct comparison of computed properties with experimental
data, developing predictive models, and lately, foundational
training sets for machine learning potentials [11-14], thus
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necessitating highly accurate datasets approaching “chemical
accuracy.”

Nevertheless, DFT in the Kohn-Sham formulation requires
approximations for the exact exchange and correlation (XC)
functional, which has been a matter of intense research for the
past 60 years [15-17]. Among the density functional approxi-
mations (DFAs), the local spin density approximation (LSDA)
[1,18], and the generalized gradient approximation (GGA)
[19] exhibit inaccuracies in predicting structural parameters,
energetics, and electronic properties, especially for strongly
correlated systems. DFA and XC are synonyms and will be
used interchangeably.

The strongly constrained and appropriately normed ap-
proximation (SCAN) [20] and its regularized and computa-
tionally efficient version r>’SCAN [21] are highly accurate
meta-GGA functionals. SCAN and r>SCAN satisfy 17 known
exact constraints for constructing XC functionals, ensuring a
well-balanced description of XC effects for a wide range of

©2026 American Physical Society
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systems [22]. The LAK (Lebeda-Aschebrock-Kiimmel) ap-
proximation is a constraint-based meta-GGA that accurately
describes electronic bonding and band gaps of main-group
molecules and semiconductors [23]. SCAN and r>SCAN have
done admirably well in improving the quality of predictions
of molecules and materials relative to GGA [24-29]. Most
materials databases depend on GGA’s predictive power, using
ad hoc corrections, e.g., GGA+U [10,30,31], or newer DFA,
e.g., 1’SCAN [32].

Challenges persist when SCAN and r>’SCAN are used to
predict several valuable material properties of open d (f)
transition-metal compounds, including band gaps, magnetic
moments, and oxidation (reduction) energies. While r’SCAN
(SCAN) reduces the self-interaction error (SIE) magnitude
compared to standard semilocal GGA XC functionals, this
pernicious error remains [21,24,25,33-37].

Pragmatic but material- and property-dependent
solutions to address the SIE in GGAs and meta-
GGAs involve parametrizing ad hoc on-site Hubbard
U corrections, such as GGA(LSDA)+U [38], and
r’SCAN(SCAN)+U [26-28,30,31,39-41]. Although nume-
rically accurate and affordable, these +U approaches often
lack transferability because the U parameters depend on
material chemistry, dimensionality, and the oxidation states
of transition metals. Strategies exist to fit the U values to the
thermochemical data of redox reactions [26-28,30,31,40,41],
or band gaps [38,42]. U values can also be derived from linear
response [43,44], or with machine learning models [45,46]. A
persistent issue is that applying a U-specific value to oxidation
energies does not ensure the same U will accurately replicate
band gaps or magnetic moments in similar materials [30,31].

Hybrid XC functionals are a universal approach to address
SIE in materials [47-59], replacing part of the DFA ex-
change with a fraction of exact Hartree-Fock (HF) exchange.
Global and range-separated hybrids are successfully applied
to transition-metal oxides (M;0;’s) [47-65].

Although most hybrid functionals have a preset HF ex-
change parameter [66,67], they are less sensitive to material
types or specific reactions and properties [47-65,68]. A
few nonempirical methods exist to estimate HF exchange
[64,69-76]. This paper explores several global r>?SCAN-based
hybrid functionals with X% of exact HF exchange, termed
r’SCANX.

Building on the idea that HF provides self-interaction-
free, uncorrelated densities, an elegant solution is to use
HF electronic charge densities to compute r?’SCAN total
energies [77-83]. This approach is called the Hartree-Fock
density functional theory or DFA@HF [83], and has been
successfully applied to molecules [77—83]. In almost all cases,
r>’SCAN@HF is significantly more accurate or slightly less
accurate than SCAN/r2SCAN [83,84]. There are instances
where HF densities are more accurate than those of spe-
cific XC functionals when describing molecular systems,
especially charge-transfer reactions. In other cases, an “un-
conventional error cancellation” discussed in Refs. [83,85,86]
occurs, leading to surprisingly good numerical results, even
when HF electronic densities are less accurate than r>SCAN
densities. This paper proposes an r>’SCAN @HF-like approach
to predict the electronic and magnetic properties of open-d
first row transition-metal oxides and their oxidation reactions,

avoiding the unconventional error cancellation which we show
does not occur in these transition-metal oxides.

Unconventional error  cancellations observed in
r’SCAN@HF is demonstrated in Eq. (1) [87-90], expressing
the error of the DFT total energy E as a sum of a
functional-driven error, FE, intrinsic to the DFA, and a
density-driven error, DE, caused by inaccuracies carried by
the DFA electron density #,

AEpra = Eprpalnpral — Eexact[Mexact] = FE + DE,

FE = Eppalnexact] — Eexact[Mexact],
DE = Epralnpral — Epra[fexact], (H

where npg, is the “inaccurate” charge density provided by the
DFA, and nexaet i the unknown exact density. To evaluate FE
and DE of Eq. (1), an exact (or nearly exact) electron density
is needed. References [83,85,86] used the coupled cluster
single-double and perturbative triple excitations [CCSD(T)]
density, which is nearly exact in typical sp-bonded systems,
and found that, for those systems, it produced FE and DE
values very close to using the r>’SCANS50 (the global hybrid
of r?’SCAN with 50% of HF exchange) density as the exact
density. Then r2SCANS50 was used as the proxy for the exact
density in all such systems [83,85,86]. The r>’SCANS50 density
was understood to provide correct electron transfers [91] from
one atomic site to another, a feature of the electron density to
which the total energy appears especially sensitive. Increasing
the exact-exchange fraction X is expected [92] to increase
the tendency to put an integer number of electrons on each
species. Our experience with self-consistent DFAs shows that
DE is generally much smaller than FE for transition-metal oxi-
dation energies, main-group barrier heights, and water binding
energies in clusters [83,85,93]. DE is dominated by electron
transfer errors, and insensitive to other density errors [83].

In sp-bonded systems with minimal or no electron transfer,
the r>’SCAN densities were more accurate than HF densities
[94,95]. The improvement in density from HF to LSDA,
to Perdew-Burke-Ernzerhof (PBE), and to r>’SCAN shows
the predictive power of including systematically more exact
constraints in the DFA [22,85,86]. References [22,85,86]
concluded that DFA@HF, in which a DFA is evaluated
on the HF orbitals and densities, often works through an
unconventional error cancellation between the FE of the DFA
and the DE of the HF density, Epga [1uar]-Epra [Mexact] (called
the nonvariational density overlocalization in Ref. [86]).
For example, Ref. [83] found that unconventional error
cancellation improved barrier heights in molecular reactions,
mainly affected by SIE. This observation has been linked
to error cancellation between large negative values of
FE [Eq. (1)] counterbalanced by correspondingly large
positive values of DE, the latter caused by uncorrelated and
overlocalized HF charge densities [83].

We show that DFA@HF fails for transition-metal ox-
ides due to insufficient error cancellation. Therefore, more
accurate methodologies for the SIE in transition-metal ox-
ides are introduced. By independently correcting FE and DE
[Eq. (1)], we address the SIE of the XC functional in pre-
dicting electronic, magnetic, and thermodynamic properties.
This is achieved by mixing different fractions of exact HF
exchange into the DFA used to evaluate the total energy
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and compute the electronic charge density. This strategy is
applied with the previously proposed r>?SCAN, resulting in a
generalized r’SCANY @r?SCANX approach, where Y is the
percentage of exact HF exchange mixed with the r>’SCAN
functional used to evaluate energy. X represents the % of
exact HF exchange mixed with r>’SCAN used to compute the
orbitals and, hence, the electronic charge density.

We will show that when r>’SCANY @r>SCANX is applied
to transition-metal oxides’ oxidation energies, as values of Y
and/or X increase, the error in oxidation energies drops notice-
ably minimizing at Y ~ 10% and X ~ 50%. Importantly, these
values for the transition-metal oxides are those we expected,
based on experience with s-p-bonded systems: Since r’SCAN
has less self-interaction error than PBE, its non-negligible
functional-driven error of the energy can be reduced by using
10% of HF exchange, less than the 25% that PBE needs. Since
the smaller density-driven error of the energy is dominated by
electron-transfer error, the density and orbitals need 50% of
HF exchange to reduce these delocalization errors.

We will further propose a computationally efficient,
non-self-consistent, >SCAN10@r?SCAN approach that sig-
nificantly improves the accuracy of oxidation energies com-
pared to r2’SCAN and is on par with highly parametrized
1?’SCAN + U approaches. We will also demonstrate that
r’SCAN10@r>SCAN outperforms r?’SCAN and r>’SCAN +
U in accuracy for band gaps.

II. RESULTS

A. Improving ab initio predictions of meta-GGA-type
r2SCAN functionals

All XC functionals suffer from functional-driven and
density-driven errors [Eq. (1)]. SIE, a significant part of
both errors, leads to inaccurate predictions of energetics in
molecules and materials. LSDA, GGA, and meta-GGA XC
functionals struggle to accurately describe properties, such as
reaction energies, interatomic charge transfer, and electronic
structure in systems with strongly localized open-shell d (or
f) electrons, as in M;0;’s [10,26,27,30,31,38-40,96-100].

To address the SIE, we present the generalized
r?’SCANY @r’SCANX  approach, which builds upon
r2SCAN. In r2SCANY @r2SCANX, the SIE is addressed
by independently tuning the fraction of exact HF exchange
directly in the r?’SCAN hybrid functional definition used to
evaluate the total energy of a given set of orbitals and the
r>’SCAN hybrid functional used to compute these orbitals. In
r?’SCANY @r’SCANX, Y is the percent of HF exact exchange
appearing in the XC energy of r’SCAN to correct the
functional-driven error. In contrast, in r’SCANY @r?SCANX,
X is the percentage of HF exchange used in the r’SCAN
functional to determine the electronic orbitals and potentially
correct for the density-driven error. By independently varying
the X% and Y% parameters in r’SCANY @r2SCANX, the
proposed method enables a more systematic correction of the
functional- and density-driven errors inherent in r>SCAN’s
formulation, with the aim of improving the accuracy in
describing transition-metal oxides and potentially other
correlated systems.

Functional SCF — {¢;}—> non SCF
LSDA-PW92 LSDA-PW92

PBE PBE

r2SCAN r2SCAN

r2SCAN10 r2SCAN10

LAK LAK

r’SCAN@HF Hartree-Fock | — r2SCAN
r2SCAN10@r2SCAN r2SCAN — 2SCAN10
r2SCAN@r2SCAN50 r2SCAN50 — r2SCAN
r2SCAN10@r2SCAN50  r2SCAN50 — r2SCAN10
r2SCAN@LAK LAK — r2SCAN
r2SCAN10@LAK LAK — r2SCAN10

FIG. 1. Schematically connecting the self-consistent and
non-self-consistent (non-SCF) approaches required in the
r’SCANY @r?SCANX methods. The self-consistent functionals
used in this work are LSDA, PBE, r’SCAN, r?SCAN10, and LAK.
The non-self-consistent hybrid functionals, including a fraction of
exact HF exchange, such as r’SCAN@HF, r’SCAN10@r2SCAN,
r’SCAN@r2SCANS50, r?SCAN10@r>SCAN50, r’SCAN@LAK,
r’SCAN10@LAK, require a self-consistent step to generate orbitals
on which the energy is evaluated non-self-consistently.

In r’SCANY @r’SCANX, the XC energy functional
(Exc = EX[1nX]) is defined as

Y Y
EX[n*] = ﬁEXHF[nX] + (1 _ ﬁ) PSCAN[X]

+ELSOAN[X], @

where, in Eq. (2), nX is the self-consistent electron density
from the r?’SCAN energy functional, including X% of HF
exchange. Therefore, the r’SCANY @r’SCANX definition in-
corporates different fractions of exact exchange in the energy
and self-consistent electron density, ensuring a more system-
atic correction of SIE. Replacing a small fraction of r>SCAN
exchange with the same fraction of HF exchange should have
minimal or no effect on satisfying the exact DFT constraints
of r’SCAN.

Using Eq. (2) and specific X and Y values, we propose
different r’SCANY @r>’SCANX XC functionals (Fig. 1). The
approach of Eq. (2) is not self-consistent unless Y = X. Figu
re 1 lists in its second column (SCF) DFAs of interest here
that can be implemented self-consistently to find orbitals, a
density, and a total energy. The third column (non-SCF) in
Fig. 1 lists functionals that could be evaluated on those orbitals
and that density to find a possibly better total energy. In the
SCF part, functionals LDSA-PW92 [18], the GGA PBE [19],
the meta-GGAs r>’SCAN [20,101] (plain or hybrid), or LAK
were used [23].

B. r>SCAN predictions of transition-metal oxide properties

Here, we consider a diverse group of binary transition-
metal oxides of the type M;O;. M is a first row transition
metal Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn with a
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closed- or open-shell electronic structure. The predicted
energetics of these compounds are then used to compute
the oxidation energies of M;O;’s oxidation reactions. The
M;0O;’s comprise the following: TiO; (P4, /mnm) [102], Ti; O3
(R3c) [103], VO (Fm3m) [104], V,03 (I2/a) [105], VO,
(P21 /c) [106], V205 (Pmmn) [107], Cr,03 (R3c) [108], CrO;
(C2cm) [109], CrO; (P4,/mnm) [110], MnO (Fm3m) [111],
MnO, (P4, /mnm) [112], Mn3O4 (I4y/amd) [113], Fe,0;
(R3c) [114], FeO (Fm3m) [115], Fe304 (Fd3m) [116], CoO
(Fm3m) [111], Co304 (Fd3m) [117], NiO (Fm3m) [118],
CuO (C2/c¢) [119], Cu,O (Pn3m) [120], and ZnO (P63mc)
[121]. These M;O;’s were selected based on the availability
of reliable experimental formation enthalpies, good structural
reports sourced from the Inorganic Crystal Structure Database
(ICSD) [122], and M;O; ground-state magnetic orderings,
whenever required.

Table I summarizes the experimental and predicted lat-
tice parameters, magnetic moments, and band gaps of all
materials using r?’SCAN and r>’SCAN + U (with U values
from Ref. [40]). Data reported in Table I used r’SCAN
geometry-optimized structures, including the relaxation of
atomic positions, volumes, and cell shapes. For the r’SCAN +
U dataset, this functional was used for geometry optimization
(atomic positions, volumes, and shapes). Further, we tested
M;0;’s oxidation energies and their electronic properties for a
fixed U = 2 eV on transition metals.

Previous studies have shown that >’SCAN (SCAN) geome-
tries agree well with experimental data [24,26,27,39,40]. Data
in Table I confirm the accuracy of r’SCAN in predicting the
lattice parameters and magnetic configurations of M;0;’s and
are consistent with Ref. [40]. Exceptions to this trend are VO
(~8.9%) and CuO (~14%), whose lattice constants deviate
from experimental reports [104,119].

Mn;0O4 is known to exhibit complex magnetism [123],
which was approximated by setting a collinear magnetic con-
figuration that best approximates the experimentally observed
magnetic ground state. Ti;O3 is diamagnetic upon dimer-
ization [124], and modeled as nonmagnetic here. VO, also
dimerizes, which is described with an antiferromagnetic con-
figuration [125]. These choices of magnetic configurations in
Ti, O3 and VO, are based on the best approach proposed here
(r>’SCAN10@r>SCANS50) (see Supplemental Fig. 1 [126]).
For many of the nonmagnetic materials in Table I (TiO,,
V;,0s, CrOs, Cu,0, and ZnO), the assumption that each oxy-
gen is a closed-shell O>~ anion leaves no valence electron on
the transition-metal cation.

Experimentally, Ti,O3 (~0.2 V), V,03 (~0.2 eV), and
Fe;04 (~0.14 eV) have small experimental band gaps, re-
spectively, but are predicted to be metallic with r>’SCAN and
consistent with previous results in Ref. [40].

C. Benchmarking oxidation enthalpies of M;0;’s
with r’SCANY @r’SCANX functionals

The XC functionals of Fig. 1 were used to assess the
oxidation enthalpies of several M;0;’s (M = Ti, V, Cr, Mn,
Fe, Co, and Cu) as defined for z > x in Eq. (3):

MOX+02—>
Z—X Z—X

MO,. 3)

Following Eq. (3), and using various r’SCANY @r?’SCANX
DFAs, we computed all possible oxidation enthalpy reactions
using the M;O;’s in Table I and Eq. (4), resulting in 18 dis-
tinct reactions summarized in Table II. The negative chemical
energy change in the reaction is

AH() — 2' E (MO )IZSCANY@I‘ZSCANX
Z—x ’
_ 2 E(MO, )rZSCANY@rZSCANX
—E(O, )rZSCANY@rzsCANX, 4)

2 2 2 >
where E(MOZ)r SCANY @r SCANX, E(Mox)r SCANY @r SCANX,

E(O,)"SCANY@ISCANX ' are the r?SCANY @r2SCANX total
energies of the oxidized, reduced M;0O;’s, and O, gas, respec-
tively. Our DFT predictions are compared to experimental
oxidation reaction enthalpies shown in Table II, obtained from
the formation energies of MOy and MO, (Supplemental Ta-
ble 2 [126]) extracted from experimental reports [127,128].
Thermochemical tables provide oxidation energies with an
uncertainty range that should include the true value 95% of the
time. Furthermore, the definition of the bounds of the mean
absolute error used in theoretical work is narrower than the
typical standard deviation set to a 95% level of confidence
imposed in thermochemical tables. In addition, here we ap-
proximated the oxidation enthalpies by the DFT total energies
by imposing AHy ~ AFE, thus neglecting the pressure-volume
contributions, which are expected to be minimal.

Figure 2 displays the deviation of predicted oxida-
tion enthalpies including common XC functionals, such as
LSDA [18], PBE [19], and meta-GGA, including r’SCAN
[101] and LAK [23], as well as r’SCANY @r2SCANX
(r>’SCANY @LAK) derivatives. From the benchmarking of 18
predicted oxidation energies with experimental values, we de-
rived the error distributions in Fig. 2(b), and the mean absolute
errors (MAEs) of Fig. 2(c). Note, errors in oxidation energies
with all methods were evaluated using r>’SCAN geometries.
For the r2SCAN + U dataset, the M;O;’s geometries were
optimized using r>SCAN + U.

As shown in Figs. 2(b) and 2(c), the errors in predict-
ing oxidation energies for M;O;’s with LSDA, PBE, and
r>SCAN reduce systematically as the quality of the exchange-
correlation functional increases from LSDA to PBE, and to
meta-GGA. In this sequence, the number of exact constraints
on the exchange-correlation energy that can be satisfied in-
creases from 8 to 11 to 17. Predictions with these XC
functionals are affected to different extents by the SIE
[16]. Therefore, we will focus on r*SCAN and its hybrids
r’SCANY @r’SCANX (Fig. 1).

In Fig. 2(c), r>SCAN exhibits a mean absolute error (MAE)
of ~1.09 eV/O, and a root mean squared error (RMSE) of
~1.29 eV/O, in oxidation enthalpies in our dataset. *>SCAN
systematically makes oxidation energies too negative across
all tested cases. This is largely a functional-driven error.

The r>SCAN + U implemented here used U parameters
from Ref. [40]. We have also tested r>SCAN + U calcula-
tions, with U fixed to 2 eV. When applied to the 18 oxidation
reactions (excluding the one for Ce), r>SCAN + U yields a
milder deviation from experimental data, with an MAE of
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TABLE 1. 1>SCAN and r>SCAN+U (with U values from Ref. [40]) predicted lattice parameters, on-site magnetic moments (in i),
and band gaps (in eV) of M;O;’s. Experimental quantities are marked as Expt. Unless mentioned, all calculations use experimentally
determined magnetic orderings (M.O.), referenced in the magnetic moment (M.M.) column. Antiferromagnetic (AFM), ferrimagnetic (FEM),
ferromagnetic (FM), diamagnetic-via-dimerization (DM —d), and nonmagnetic orderings (NM) are indicated. Spin-polarized calculations were
used for all FM, AFM, and FEM systems, while NM materials were treated with spin-restricted calculations. See Supplemental Table 1 for U

values used in Supplemental Material [126].

System Method a b c o B y M.M. M.O. Band Gap
Expt. 459 459 296 90 90 90 0.00 NM  3.0[129]
TiO, (P4,/mnm) [102]  r’SCAN 460 4.60 2.96 90 90 90 0.00 NM 224
r’SCAN+U  4.62 4.62 2.99 90 90 90 0.00 NM 251
Expt. 543 543 543 5657 56.57 56.57 <0.03 [124] DM—d 0.20[130]
Ti, 03 (R3c) [103] r’SCAN 546 546 546 57776 57776 55.76 0.00 NM  0.00
r’SCAN+U 542 542 542 5753 5753 57.53 0.00 NM 059
Expt. 2.88 2.88 4.99 7322 90 120 N/A AFM N/A
VO (Fm3m) [104] r’SCAN 3.16 3.16 4.89 71.12 90 120 2.45 AFM  1.66
r’SCAN+U 3.16 3.16 5.00 71.54 90  119.99 2.55 AFM 235
Expt. 7.25 5.00 5.5 90 96.75 90 1.2/2.37[131,132] AFM  0.20 [133]
V,05 (12/a) [105] r’SCAN 728 5.00 5.51 90 97.50 90 1.70 AFM  0.00
r’SCAN+U 728 5.08 5.56 90 96.42 90 1.80 AFM  0.68
Expt. 575 4.53 538 90 122.69 90 0.00 [134] DM—d 0.70[133]
VO, (P2,/c) [106] r’SCAN 5.88 449 535 90 12321 90 0.93 AFM  0.17
r’SCAN+U 5.94 446 537 90 123.65 90 0.98 AFM  0.69
Expt. 11.51 356 4.37 90 90 90 0.00 NM  25][135]
V1,05 (Pmmn) [107] r’SCAN 11.59 355 4.25 90 90 90 0.00 NM 204
r’SCAN+U 11.59 3.56 4.25 90 90 90 0.00 NM 214
Cr,0; (R3c) [108] Expt. 495 495 13.60 90 90 120 2.76 [136] AFM  3.2[137]
r’SCAN 494 494 13.62 90 90 120 2.58 AFM 258
CrO; (C2cm) [109] Expt. 479 856 574 90 90 90 0.00 NM  3.8[138]
r’SCAN 4.86 825 5.70 90 90 87.91 0.00 NM 230
CrO; (P4,/mnm) [110]  Expt. 442 442 292 90 90 90 2.00 [139] FM  0.00[139]
r’SCAN 440 440 2091 90 90 90 2.06 FM  0.00
Expt. 3.14 3.14 6.29 60 60 60 4.58 [140] AFM  3.6/3.8 [141]
MnO (Fm3m) [111] r’SCAN 3.14 3.14 6.17 5936 5936 59.98 4.30 AFM 1.74
r’SCAN+U 3.15 3.15 621 5950 59.50 59.99 442 AFM 2.13
Expt. 440 440 2.87 90 90 90 2.35[142] AFM  0.27/0.3 [143,144]
MnO, (P4,/mnm) [112] 1>SCAN 438 438 2.86 90 90 90 2.62 AFM  0.39
r’SCAN+U 439 439 288 90 90 90 2.77 AFM 0.74
Expt. 576 576 6.24 11752 11752 90  4.34,3.25/3.6[123] FEM 2.3-2.5[145]
Mn30y (14, /amd) [113] 12SCAN 572 572 622 11739 11739 90 4.19,3.51 FEM 0.96
r’SCAN+U 5.76 5.76 624 117.50 117.50 90 4.36, 3.64 FEM 1.39
Expt. 6.08 6.08 6.08 60 60 60 3.32/4.2 [146,147] AFM  2.20[148]
FeO (Fm3m) [115] r’SCAN 587 6.13 596 6231 6048 61.39 3.42 AFM 043
r’SCAN+U 6.11 6.10 6.10 61.04 5991 59.95 3.54 AFM 1.58
Expt. 503 5.03 13.76 90 90 120 4.9[149] AFM  2.20[150]
Fe,0; (R3c) [114] r’SCAN 500 5.00 13.74 90 90 120 3.86 AFM 152
r’SCAN+U  5.04 5.04 1375 90 90 120 4.12 AFM  1.50
Expt. 839 839 8.39 90 90 90 4.44,4.1[116] FEM 0.14 [151]
Fe3;04 (Fd3m) [116] r’SCAN 834 834 834 90 90 90 3.73; 3.70 FEM 0.00
r’SCAN+U 844 847 837 90.01 90.28 90.03 4.12;3.58 FEM 0.23
Expt. 3.01 3.01 6.03 60 60 60 3.35/3.8 [146,152] AFM  2.40[153,154]
CoO (Fm3m) [111] r’SCAN 299 299 596 5992 59.92 60 2.54 AFM  0.85
r’SCAN+U 3.01 3.01 597 59.78 59.78 60 2.62 AFM  2.12
Expt. 8.07 8.07 8.07 90 90 90 3.02 [155] AFM  1.60 [154]
Co0304 (Fd3m) [117] r’SCAN 8.03 8.03 8.03 90 90 90 2.45 AFM 1.12
r’SCAN+U 8.06 8.06 8.06 90 90 90 2.57 AFM 194
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TABLE 1. (Continued.)

System Method a b c o B y M.M. M.O. Band Gap
Expt. 293 293 587 60 60 60 1.64/1.90 [98,140] AFM 4.3 [96]

NiO (Fm3m) [118] r’SCAN 294 294 588 5991 5991 60.07 1.59 AFM 242
r’SCAN+U 295 295 590 5997 59.97 60.03 1.69 AFM 352

CuO (C2/c) [119] Expt. 632 342 1750 90 95.23 90 0.68 [156] AFM  1.40[157]
r’SCAN 635 390 6.95 90 100.89 90 0.56 AFM  0.69

Cu,O (Pn3m) [120]  Expt. 427 427 427 90 90 90 0.00 NM  2.17/2.4[25,157]
r’SCAN 424 424 424 90 90 90 0.00 NM 220

ZnO (P63mc) [121]  Expt. 325 325 521 90 90 120 0.00 NM  3.47]158]
r’SCAN 324 324 520 90 90 119.99 0.00 NM 125
Expt. 541 541 541 90 90 90 0.00 NM  3.32[159]

CeO; (Fm3m) [160]  r2SCAN 544 544 544 90 90 90 0.00 NM 220
r’SCAN+U 545 545 545 90 90 90 0.00 NM 235
Expt. 389 389 6.06 90 90 120 1.08 [161] AFM  2.34[159,162]

Ce;03 (P3m) [163]  r2SCAN 387 387 6.05 90 89.99 120 0.94 AFM 057
r’SCAN+U  3.89 3.89 6.09 90 90 120 0.97 AFM  1.90

~0.57 eV/O, and an RMSE of ~0.70 eV/O,. As expected,
setting a standard U = 2 eV for all transition metals worsens
the MAE to ~0.78 eV/O, and an RMSE to ~0.92 eV/O,.

A self-consistent global hybrid, such as r2SCANI10, incor-
porating 10% of exact HF exchange should partly mitigate
the SIE inaccuracies of the r’SCAN meta-GGA, but at the
expense of slightly higher computational costs than for GGA-
based global hybrids (and considerably higher than the cost
of pure meta-GGAs). As expected, the r?SCANI10 func-
tional significantly reduces the errors, yielding an MAE of
~0.66 eV/O, and an RMSE of ~0.73 eV/O, (Fig. 2). This

TABLE II. Oxidation reactions and their experimental AH, (in
eV/0,) as defined in Egs. (3) and (4).

Reaction Change in oxidation state AH,

2Ti,O5 + 0, — 4Ti0, Ti*t — Ti** —7.6166 [128]

4V0 + 0, > 2V,0; V> V3* -7.3632 [127]
IVO+0, > 2V,05 V¥ — V3F —4.7469 [127]
V203 + 0, - V,05 V3 — VoF -3.4387 [127]
2VO + 0, — 2VO, VI — v -5.8368 [127]
2V,0; + 0, > 4V0, V3 — vi4* —4.3104 [127]
2V0, + 0, —> V5,05 V4 — voF -2.5670 [127]

2Cr,05 + O, — 4CrO,
2Cry03 + 0, — $CrO;
2Cr0O, + O, — 2CrOs
6MnO-+0, — 2Mn;04
2MnO + O, — 2MnO,
Mn;0,4 4+ O; — 3MnO,
6FeO + O, — 2Fe;0y4
4FeO + O, — 2Fe, 03
4Fe;04 + Oy — 6Fe 03
6Co0 + O, — 2Co0304
2Cu,0 + O, — 4CuO
2Ce,03 + 0, — 4Ce0,

Crt — Cr*t

Cr¥t — Crot

Cr*t — Cro*

Mn*t — Mn?*t, Mn3*t
Mn?t — Mn**
Mn?*t, Mn*t — Mn*t
Fe** — Fet, Fet
Fe2t — Fe3t

Fe?*, Fe’t — Fe3t
Co*t — Co**, Co**
Cut — Cu**

Ce’t — Cett

~0.7286 [127]
~0.2023 [127]

0.0608 [127]
~4.7862 [127]
27942 [127]
~1.7982 [127]
~6.7038 [127]
~6.0620 [127]
—4.7784 [127]
-3.9014 [128]
—2.8744 [128]
~7.4238 [127]

represents approximately a 40% reduction in errors compared
to r’SCAN.

When applying r?SCAN @HF and using the HF electronic
density for the r?SCAN total energy evaluation, the MAE
for our dataset is 1.59 eV/O, and an RMSE of 1.92 eV/O,.
This indicates a decline of approximately 45% in accuracy
compared to standard r>’SCAN. Similarly to r?SCAN@HF,
one can reduce the fraction of HF exact exchange to 50% as
in r’SCAN @r>SCANS50 while producing a potentially lower
density-driven error than r2SCAN [71,164]. This method
gives our dataset an MAE of ~0.75 eV/O, [Fig. 2(c)] and an
RMSE of ~0.82 eV/O,.

Here, we propose the r’SCAN10@r>SCAN, which iter-
ates to self-consistency with the less expensive r>’SCAN,
and requires only a single total-energy evaluation (not re-
quiring a complete self-consistent field electronic relaxation)
with the more costly global hybrid r’SCAN10. Supposedly,
r?’SCAN10@r?SCAN corrects functional-driven errors by in-
troducing 10% exact exchange in the functional while using
r>SCAN orbitals.

In Figs. 2(b) and 2(c), *’SCAN10@1r?>SCAN yields an
MAE of ~0.62 eV/O, and a RMSE of ~0.71 eV/O,,
which are comparable in magnitude to the hybrid func-
tional r?’SCAN10 but can be obtained at a far lower
computational cost. Indeed, r>’SCAN10@1?>SCAN appears
sufficient to correct the functional-driven error of r>SCAN
[Fig. 2(b)]. We propose a more general approach in
the form of r?’SCAN10@r*SCANS50 that corrects both
functional-driven errors, including 10% exact exchange in
total energy estimation, and density-driven errors with 50%
exact exchange in the density (orbital) generation. Apply-
ing r’SCAN10@r?SCANS0 to our dataset results in an
MAE of ~0.43 eV/O, and an RMSE of ~0.57 eV/O,.
r?’SCAN10@r>SCANS50 is the most accurate approach in the
r’SCANY @r’SCANX family.

The XC functional LAK is expected to predict more
accurate band gaps, which are closely related to charge-
transfer processes in materials. For this reason, we ex-
pected that LAK might yield generally improved electron
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FIG. 2. Prediction error of 3d M;O; oxidation energies of re-
actions in Table II (except for Ce;O; compounds) with several XC
functionals, including r’SCANY @r>SCANX and r>’SCANY @ LAK
as defined in Fig. 1. (a) Error in oxidation energies of 18 reactions
considered. (b) Violin representation of error distributions. (c¢) The
mean absolute errors. Errors in predicting oxidation energies of all
DFT functionals except r>SCAN + U are evaluated at r’SCAN ge-
ometries. The mean experimental oxidation energy is —3.82 eV/O,.

densities compared to r>SCAN [23,165], and hence, specula-
tively, ’SCAN@LAK and r?’SCAN10@LAK should predict
oxidation energies in better agreement with experimental data.
However, for our dataset, the performance of r2’SCAN@LAK
(MAE: ~1.12 eV/O,) appears comparable to or slightly
worse than that of r?SCAN (MAE: ~1.09 eV/O,), and
similarly, r’SCAN10@LAK (MAE: ~0.69 eV/O,) shows
no evident improvements over r’SCAN10@r?SCAN (MAE:
~0.62 eV/0O,). Meanwhile, LAK gave a higher error com-
pared to r2SCAN, with a MAE of ~1.36 eV/O, (RMSE ~1.60
eV/0y).

It is essential to analyze the type of distribution of oxi-
dation energies in Fig. 2(b). In Fig. 2(b), oxidation energies
with PBE form a largely unimodal distribution with a long
tail towards positive error, comprising reactions such as Fe;O4
— Fey03, Cu,O — CuO, Ti,O3 — TiO,, and FeO —
Fe,0s3. The negative tail of this distribution is set by the
reaction CoO — Co30;. In contrast, r>’SCAN oxidation en-
ergies follow a bimodal distribution [Fig. 2(b)], with low-
and high-error peaks. The low- (i.e., close to 0) error peak
primarily comprises early transition metal, such as Ti, V, Cr,
and Cu reactions. The high-error peak includes almost all
the Mn, Fe, and Co reactions [Fig. 1(a)]. r’SCAN10 and
r?’SCAN10@r>SCAN data also follow a bimodal distribution
with low- and high-error peaks. Here, the low-error peak is
centered on the zero-error line and consists of V and Cr
reactions. The high-error peak is attributed to the reactions
involving Ti, Mn, Fe, Co, and Cu species. Origins of bimodal
distributions are discussed in detail in Sec. III B.

The distribution for > SCAN @r>SCANS50 appears largely
unimodal with a broad tail in the positive error com-
prising Cr,03 — CrO, and Cu;O — CuO reactions.
r?’SCAN10@r>SCANS50 also displays a unimodal distribution
with the positive part encompassing the Cr,0O3 — CrO, reac-
tion, whereas the negative end of the tail gathers Ti,O; —
TiO2 and FG3O4 — F6203.

To test the applicability of r?SCANY @r>’SCANX on f-
electron systems, we have applied it to the Ce,O3 — CeO,
reaction (with prediction errors for this reaction in Supple-
mental Fig. 2 [126]). Experimentally, CeO, is NM (with no
valence electron on Ce) [159], while Ce,O3 is AFM (with
one f electron on Ce) [161]. Table I shows good agreement
with the experiment for the r?SCAN and r>’SCAN+U (U from
Ref. [26]) lattice constants and magnetic moments.

At r2SCAN, the Ce,0; — CeO, reaction has an error
of —0.95 eV/O,. The error drops to 0.15 and 0.18 eV/O,
for r’SCAN10 and r’SCAN10@1r>’SCAN. However, using
global hybrid densities in the DFA, the error surprisingly
increases to ~1.40 (r’SCAN@r?SCANS50) and ~1.66 eV/O,
(r>’SCAN10@r*SCANS50), respectively. With r2SCAN + U,
the predicted oxidation energy is overestimated by ~1.1
eV/0,. For this reaction r>’SCAN @HF yields a large error of
~5.76 eV/O,, a very substantial underbinding of the extra O,
aligning with observations of transition metal oxides.

D. Achieving optimal fractions of exact exchange
in the r2’SCANY @r’SCANX formulations

We now focus on potential improvements to the r>’SCAN
functional, as elucidated in Fig. 1. We will explain how
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FIG. 3. Identification of optimal values of X and Y in
r’SCANY @r’SCANX functionals, by locating minima in mean
absolute and root mean square errors of oxidation energies of all pos-
sible oxidation reactions of M;0;’s. (a) Shows that the mean absolute
error minimizes at 55.0% exact exchange in orbitals and 9.6% exact
exchange in the functional, forming r’SCAN10@r>SCANS55, which
produces an error of ~0.38 eV/0O,. (b) Shows that the root mean
square error minimizes, with an error value of ~0.53 eV at 46.3%
exact exchange in orbital and 7.7% exact exchange in functional, thus
r’SCAN8@r?SCAN46. See Sec. V for details on the interpolation
scheme to coarse-grain values of X and Y.

optimal X and Y percentages of exact HF exchange are
incorporated in the r?’SCAN functionals during the non-
self-consistent and self-consistent steps. By utilizing all
the oxidation energies predicted (Fig. 2) with various
r’SCANY @1’SCANX functionals, we identify the optimal
combination of X and Y percentages of HF exchange that
minimizes their prediction errors in Fig. 3. In Supplemen-
tal Figs. 3-5 (which also show the individual reactions),

the behavior of errors for individual reactions appears non-
trivial; no correlation could be identified for any of the
reactions [126]. Analysis of the MAE and RMSE trends in
Figs. 3(a) and 3(b) for the self-consistent r>’SCANX and non-
self-consistent r’SCANY @r>’SCAN methods shows that the
optimal exact-exchange fraction lies in the 9%—14% range.
Looking at the x axis of Figs. 3(a) and 3(b), for
r’SCAN @1’SCANX, the minimum error (MAE and RMSE)
is observed in the range ~54%-58% exact HF exchange, in-
dicating a significantly higher requirement for exact exchange
in the Hamiltonian used for the orbital generation when the
underlying functional is r’SCAN. From the global minima
in Figs. 3(a) and 3(b), the r’SCANY @r>’SCANX approach
achieves its lowest MAE and RMSE when Y—the HF fraction
in the functional definition—is in the range of ~7%—10%, and
X (in the HF fraction in orbitals) is between ~45% and 56%.
While the optimal exact exchange fraction varies across
methods, a general trend shows errors are minimized with
about ~10% HF exchange in the functional and around ~50%
in orbital generation. These values balance the correction of
density-functional-approximation SIEs.

E. Effects of exact-exchange fractions X and Y
on the binding energy of the oxygen molecule

Figure 4 displays the error of O, binding ener-
gies introduced by several XC functionals, including the
r?’SCANY @r’SCANX proposed here. Figure 4(a) shows that
all XC functionals considered here tend to overbind the
O, molecule, with errors diminishing progressively from
LSDA-PW92 (-2.2eV/O;) » GGA PBE (-1.0eV/0,)
> meta-GGA r’SCAN and LAK (—0.3to —0.2eV/0,) >
r’SCANY @r’SCANX.

Note that zero-point energy corrections are not in-
cluded in this analysis and are a constant energy shift
of ~0.1eV/O, [166,167]. The inadequacy of LSDA XC
functionals, which overbinds the O, molecule, had already
been noted by Perdew and Zunger [168] in agreement with
LSDA-PW92 in Fig. 4(a). Similar inaccuracies were also
identified for GGA functionals in Refs. [30,169].

Both LSDA and GGA strongly overestimate O, binding
energy, causing systematic errors in predicted oxidation ener-
gies of M;O;’s, which could be corrected ad hoc in Eq. (3).
Both SCAN [20] and r2SCAN [101] meta-GGA significantly
alleviate the O, overbinding of PBE. In Fig. 4(a), the er-
ror in binding energy drops from ~—1eV/O, with PBE
to ~—0.3 eV/O, with r>’SCAN. However, a systematic er-
ror remains in r*’SCAN-predicted oxidation energies due to
r>SCAN overbinding O,.

Figure 4 suggests that O, binding energies can be ac-
curately predicted by r?’SCANY @r’SCANX to eliminate
systematic errors and achieve accurate oxidation energies of
M;O;’s. As indicated by the contour line in Fig. 4(b), setting
Y at approximately 10% of the exact HF exchange in the
non-self-consistent part, along with any value of X% for exact
exchange in the orbital definition, results in a small error in O,
binding energy (~—0.03 eV /O,).

In Fig. 4(a) r’SCAN10, r’SCAN10@r’SCAN, and
r2SCAN10@r2SCANS50 further reduce the error in O, bind-
ing energy to —0.031, —0.030, and 0.002 eV /O,, respectively,
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FIG. 4. Error in the negative binding energy of the O,
molecule using r’SCANY @r?’SCANX. (a) Shows the error for
DFAs introduced in Fig. 1. All calculations are performed using
r?’SCAN geometries. (b) Optimal values of X and Y, in vari-
ous r’SCANY @r>SCANX functionals for O, binding energy, are
demonstrated using the generalized r’SCANY @r>?SCANX method.
See Sec. V for details on the interpolation scheme to coarse-grain
values of X and Y in (b).

thereby minimizing inaccuracies in predicting oxidation en-
ergies of M;0;’s. Additionally, r’SCAN@r?SCANS50, which
only deals with the density-driven error, does not seem to
improve the O, binding energy error compared to r>’SCAN,
indicating that the overbinding in O, binding energy is almost
entirely due to the functional-driven error.

Using a harder projector augmented-wave (PAW) poten-
tial for oxygen (0_h 06Feb2004 in VASP) overbinds the O,
molecule, resulting in an increased error in O, binding energy
of ~0.15 eV/O; (see Supplemental Fig. 6) across all methods
in Fig. 4 [126]. This increased error can be empirically mit-
igated by including the zero-point energy correction of ~0.1
eV/O, [166,167].

F. Effects of exact-exchange fractions X and Y
on on-site magnetic moments

The strong correlation in M;O;’s seems to be captured at
least in part by the DFA for normal correlation through spin
symmetry breaking [25,170-173]. Here, we have used exper-
imental or nearly experimental magnetic orders (Table I).

The artificial delocalization of d electrons due to SIE of XC
functionals affects the predicted on-site magnetic moments
in transition metals [47,48,52,68,174-176]. We investigate
the variation in the error of predicted magnetic moments in
our r’SCANY @r>’SCANX. The magnetic moments are cal-
culated by integrating the net spin density over the projector
augmented-wave (PAW) potential spheres of the transition
metal atoms.

The calculated on-site magnetic moments of transition
metals depend only on the accuracy of electronic orbitals,
particularly the fraction of exact exchange used in gener-
ating those orbitals. The on-site magnetic moments can be
considered independent of the functional or the percentage
of exact HF exchange employed in the non-self-consistent
step (i.e., Y in r’SCANY @r>’SCANX), which only affects
the total energy evaluation and not the electronic charge
density. Therefore, only the X percent of the exact exchange
in r’SCANY @r?SCANX is relevant.

Figures 5(a) and 5(b) show the mean percent and abso-
lute errors in magnetic moments of M;O;’s. Increasing the
percentage X of Hartree-Fock exchange increases the on-site
magnetic moment associated with d electrons. For example, in
Fe, O3, the average magnetic moment on Fe atoms increases
from 3.86up with r’SCAN to 4.01ug with r>SCANI10,
4.31ug with r?SCANS50, 4.48up with r2SCANI100, and
4.51up with Hartree-Fock, i.e., X = 100% and no correlation
in the DFA. This trend aligns with the expected behavior of
hybrid functionals, enhancing the localization of magnetic
moments. Supplemental Table 3 delineates this trend for all
Min’S [126]

From Fig. 5(a), the percent MAE and RMSE of magnetic
moments are minimized in an interval of HF exact exchange
in the r>SCANX functional definition. There is no significant
improvement in percent MAE for HF fractions larger than
30%, whereas percent RMSE increases progressively. Con-
versely, as shown in Fig. 5(b), the absolute magnitude of errors
in magnetic moments decreases gradually as the fraction of
exact HF exchange increases in defining the orbitals.

Figures 5(c) and 5(d) demonstrate that, starting from
r?SCAN magnetic moments, r>SCANS50 reduces the MAE by
29%, and HF reduces it by 34%. In contrast, r’SCAN + U
(r>SCAN + U = 2 eV) reduces error only by about 17%
(15%). The MAE is especially sensitive to M;O;’s with larger
magnetic moments (e.g., MnO, FeO, Fe,03, and Fe;O4 in
Table I), where relatively small fractional moment changes
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exact HF exchange in r’SCANX. (c) and (d) Show distributions and mean absolute errors of magnetic moments for selected DFAs introduced in
Fig. 1. The mean experimental magnetic moment is ~3.03 5. See Supplemental Table 3 for numerical values of computed magnetic moments

[126].

lead to larger absolute differences. However, the fact that
the distribution center in Fig. 5(c) falls near the zero-error
line indicates that r’SCANS0 yields a better electron density
in this sense. Figures 5(c) and 5(d) show an improvement
from LAK over r’SCAN by only about 7% for the magnetic
moments.

G. Effects of exact-exchange fractions X and Y
on the prediction of fundamental band gaps

Band gaps of materials are typically affected by SIE,
with band gaps often underestimated by LSDA, GGA,
and meta-GGA functionals [26,27,39,40,100,177-179]. We
investigate the error in predicted band gaps using our
r’SCANY @r’SCANX method. The fundamental band gap is

the difference between the lowest unoccupied and the highest
occupied orbital energies. Our orbital energies are expectation
values of the r’SCANY one-electron generalized Kohn-Sham
Hamiltonian using the r>’SCANX orbitals. Y = 100% includes
the full Fock operator and strongly overestimates band gaps.
Figures 6(a) and 6(b) show the MAE and the RMSE in
predicted band gaps using the ’SCANY @r?SCANX method.
Predicted band gaps with r’SCANY @r’SCANX depend on
both the X% of exact HF exchange in the functional for the
orbitals and the Y% of exact HF exchange in the functional
used in the non-self-consistent step to evaluate the orbital
energies. For M;O;’s (Table 1), Figures 6(a) and 6(b) show
that the MAE minimizes at ~7.3% exact HF exchange is
used in the orbital generation (i.e., r’SCANX), and around
~8.6% exact HF exchange in the functional used in the
non-self-consistent step (>SCANY). Similarly, the RMSE is
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FIG. 6. Error in the fundamental band gap of M;0;’s. (a) and (b) Display the mean absolute and root mean square errors in band gaps
for the generalized r?SCANY @r’SCANX functionals. Likewise, (c) and (d) show the distribution and mean absolute errors in band gap for
various r’SCANY @r>SCANX. See Sec. V for details on the interpolation scheme adopted to coarse-grain the values of X and Y of (a) and
(b). The mean band gap of M;0; is ~2.11 eV. See Supplemental Tables 4 and 5 for numerical values of computed band gaps [126].

minimized at ~10.5% exact HF exchange, used in the orbital
generation (i.e., r2SCANX), and around ~9.0% exact HF
exchange in the functional used in the non-self-consistent step
(r>’SCANY). Indeed, the predicted band gaps attain an optimal
value for Y (~9%), and the error increases rapidly beyond
this. In contrast, the error increases slowly as X increases,
reaching an optimal value.

Figure 6(c) is the error distribution, and Fig. 6(d) is the
mean absolute error in predicted band gaps with XC function-
als of Fig. 1. In Fig. 6(b) the MAE in band gaps systematically
decreases from 1.54 eV for LSDA (PW91) > 1.43 eV for
GGA(PBE) >»> 0.93 eV in r’SCAN, and > 0.77 eV for LAK,

following the number of exact constraints satisfied by the
DFAs in that sequence.

Turning our attention to r’SCANY @r’SCANX-type
functionals, 2 SCAN10, r*SCAN10@r2SCAN, and
’SCAN10@LAK have similar MAE errors of ~0.53—
0.58 eV, with a noticeable improvement over r’SCAN.
However, r?’SCAN@r>SCANS50, which performed well
for oxidation energies, performs poorly in predicting band
gaps, with a substantial MAE of ~1.11 eV. This error
increase mainly comes from three closed d-shell oxides:
TiO,, V,0s, and CrO; (Supplemental Fig. 7) [126]. Notably,
?’SCAN +U (1?SCAN +U = 2 eV) with a MAE error
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FIG. 7. Predicted relative energy difference between zinc
blende (ZB) and rocksalt (RS) phases of MnO (AEzgrs) with
a variety of r?’SCANY @r’SCANX DFAs. Results for revised
Vydrov-Van Voorhis 2010 (rVV10) van der Waals corrected
r’SCANY @r’SCANX analogs are also shown. Values of AEzps
were computed using total energies from PAW potentials of GW type
(as in Ref. [180]), where electrons from only 3d and 4s orbitals are
explicitly considered. See Supplemental Fig. 8 for dependence of
AE7prs on PAW potentials [126].

of ~0.74 eV (~0.71 eV) is outperformed by r>’SCANI10
(~0.58 eV), r’SCAN10@r>SCAN (~0.55 eV) and matched
by r’SCAN10@r’SCAN50 (~0.67 eV). NiO is often
considered to be a prototype Mott insulator, [96,98] but
its band gap (Supplemental Table 4) [126] is remarkably
accurate with r’SCAN10@r>SCANX for X = 0 or 10.

H. Relative stability of MnO, NiO, and ZnO polymorphs
with r2SCANY @r?SCANX approaches

A key quality of XC functionals is their ability to pre-
dict the correct polymorphism of transition-metal oxides
accurately. A known issue with traditional DFAs concerns
transition-metal monoxides MnO and CoO, which are pre-
dicted to be stable in the zinc blende (ZB) phase rather
than the experimentally observed rocksalt (RS) structure
[180-182]. This failure is common among GGA (PBE, see
Fig. 7), GGA+U (or PBE+U), the range-separated hybrid
HSE06, SCAN, and r2SCAN DFA [180-182]. We will show
that the r’SCANY @r>’SCANX DFA reproduces the correct
polymorphism of MnO.

In low-temperature experiments, MnO adopts a slightly
distorted antiferromagnetic RS structure, while the ZB phase
is not the bulk ground state. As shown in Fig. 7, PBE pre-
dicts the ZB structure as more stable than the RS polymorph,
with a negative AEzprs & —244 meV/f.u. [182]. Albeit with
less negative values, r2SCAN, and van der Waals corrected
r>’SCAN+rVV10 cannot reproduce the correct MnO poly-
morphism. Adding a Hubbard U (PBE+U) or separately a
pairwise vdW correction (TS-vdW) to the DFA reduces this

error but still does not recover the RS ground state for MnO.
Peng and Perdew showed that the correct polymorphism
(AEzprs =~ 88 meV/f.u.) is recovered by PBE+U + vdW
[182]. Peng and Lany showed that the random phase ap-
proximation (RPA) can recover the RS phase as the ground
state for MnO, with an energy difference AEzprs ~ +131
meV/fu. (4+65.5 meV/atom) as shown in Fig. 7 [180]. This
was confirmed by diffusion Monte Carlo (DMC) simulations,
with AEzgrs = 132 £ 6.5 meV/f.u. (66 meV/atom) [181].
Reference [182] demonstrated that SCAN+rVV10 + U pro-
duces a AEzgrs ~ 135 meV/f.u., reproducing the DMC and
RPA data.

Figure 7 shows the predicted AEzgrs with the
r’SCANY @r’SCANX DFA. All r’SCANY @r’SCANX
variants shown predict a positive AEzgrs (in meV/atom),
correctly stabilizing RS MnO over the ZB polymorph, and in
agreement with existing RPA/DMC benchmarks [180,181].
The inclusion of the nonlocal rVV10 correlation systemati-
cally increases AEzp/rs, pushing the r’SCANY @r’SCANX
and r’SCAN + U predictions toward the DMC (RPA)
value. Here, we have used a version of rVV10 adapted for
r>’SCAN [183]. Figure 7 shows that r’SCAN25@r>SCAN,
r’SCAN10@r>SCANS50, and r’SCAN @HF (and their rVV 10
van der Waals analogs) are in excellent quantitative agreement
with DMC and RPA references.

Previous work has demonstrated that GGA+U, meta-
GGA (SCAN), and range-separated hybrids (HSE(06) all
predict the correct polymorphs for FeO and NiO [182].
We further confirm these predictions for the antiferromag-
netic NiO configuration with r?’SCAN and the selected
r?’SCANY @r’SCANX (see Supplemental Fig. 9) [126]. The
relative stability of the nonmagnetic wurtzite ZnO phase to
its RS and ZB polymorphs appears correctly described by
r>’SCAN and r’SCANY @r>SCANX and in better quantitative
agreement with RPA [180] than GGA results (Supplemental
Fig. 10) [126].

III. DISCUSSION

Standard DFAs suffer from significant SIEs, especially
when applied to strongly correlated open-shell transition-
metal oxides (M;O;’s). SIE leads to inaccuracies in predicting
many essential properties of M;0O;’s, including their structural
parameters, electronic and magnetic structures, and thermo-
chemical data.

Hybrid XC functionals mix a fraction of exact HF ex-
change with DFA to improve the accuracy of the electronic
structure, thereby correcting functional-driven errors, particu-
larly the SIE. The amount of HF exchange remains a tunable
parameter. A number of strategies have been proposed to
tune the amount of HF exchange in the DFA [64,67,70—
76,184]. We have shown that M;0;’s oxidation energies gen-
erally improve when climbing the ladder from LSDA to PBE
to r’SCAN, but further improvement is needed.

Unsurprisingly, we have shown that admixing exact HF
exchange with r2SCAN achieves better electronic, magnetic,
and oxidation energies of M;0;’s. For example, r’SCAN10
(with 10% HF exchange) reduced the error in oxidation en-
ergies by ~40% and by ~38% for band gaps of M;0;’s
compared to r’SCAN. r2’SCAN10 also reduces overbinding in
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O,, which is important for the accurate prediction of oxidation
energies of M;0;’s.

A. Electron densities from Hartree-Fock,
hybrids, and DFT+U approaches

HF also provides self-interaction-free, albeit uncorrelated,
electronic charge densities. Electronic charge densities from
HF or hybrid functionals can overcorrect or correct density-
driven errors. We have demonstrated that HF (or hybrid
functional) electronic charge densities can correct r>’SCAN (or
its hybrids) total energies for M;O;’s by proposing a general-
ized r’SCANY @r?SCANX method. We have found optimal
combinations of HF exchange in the charge density and func-
tional definitions, such as r2SCAN10, r2SCAN10@r2SCAN,
?’SCAN@r?SCANS0, and r?SCAN10@r>SCANS0, which
reduce the mean absolute (and relative) errors of predicted
electronic and magnetic properties, and oxidation energies of
Min’S.

We have demonstrated that r?’SCANY @r?SCANX can
match or outperform r?’SCAN + U. In predicting the oxi-
dation energies of M;O;’s, the r’'SCAN10@r>SCANS50 per-
formed best, with a mean absolute error of ~0.43 eV/O,,
lower than the r2’SCAN + U 0.57 eV/O,. This can be ra-
tionalized as independently correcting the functional-driven
error with 10% exact HF exchange and the density-driven
error with 50% HF exchange.

Kulik and collaborators demonstrated that the ability of
DFT+U to localize electrons on transition metals can vary
significantly from that of hybrid functionals; these latter tend
to localize the minority spin density (of the transition metal)
away from the metal, and towards oxygen atoms in transition
metal complexes [185,186]. We observe the same behavior
in M;Oy’s. In agreement with Kulik et al. [185,186], we also
show that a higher fraction of HF exchange in the XC func-
tional increases the on-site magnetic moments on transition
metals in M;O;’s, which is rationalized by the rise of majority
spin in the d manifolds. Considering these observations, we
can qualitatively state that an increasing amount of HF in
the DFA increases the ionic character of M;O;’s. We quan-
tify these behaviors for Fe,O3 in Supplemental Fig. 11 by
a change in minority- and majority-spin electron numbers
[126]. In addition, Supplemental Fig. 12 shows a progressive
increase in the electron number on the oxygen sites with
increasing X in r’SCANX [126]. This is preceded by a similar
increase from LSDA to PBE to r?’SCAN. The electron number
at the transition-atom site decreases with increasing values of
X. Exceptions to this trend are the M;O;’s where strong charge
disproportionation of the transition metal is favored, for exam-
ple, Fe;04 (Fe** and Fe?t), Mn;04 (Mn* and Mn?™).

In addition, in transition-metal complexes, Ref. [186]
concluded that DFT+U charge densities might differ sub-
stantially from hybrid functionals. To test this observation,
we compare r’SCAN@r?SCAN + U M;O;’s band gaps and
oxidation energies (Supplemental Fig. 13) to r?’SCAN and
r?’SCAN10@r2SCANS50 results [126]. We demonstrate that
r’SCAN@1?SCAN + U oxidation energies and band gaps are
comparable to r’SCAN.

In contrast, when using HF densities with r2SCAN,
as in r2SCAN@HF, we have shown that M;0O; oxidation

energies worsen compared to r’SCAN. MAEs increased from
1.09eV/0, at r2SCAN to 1.59 eV/0O, at r’SCAN@HF.
But, we demonstrated that the MAE in M;O; oxidation en-
ergies can be halved (with respect to r?SCAN@HF) to
~0.75 eV /O, when implementing hybrid electronic charge
densities of r’SCAN admixed with 50% HF exchange as in
r’SCAN @r’SCANS50.

B. Sources of uncertainty and error

The widely accepted standard for representing uncer-
tainties in experimentally obtained oxidation enthalpies and
other thermochemical data requires estimates of the 95%
confidence intervals, which all thermochemical tables uni-
versally follow [127,128,187]. Ruscic argued that the MAE
of calculated formation energies relative to experimen-
tal ones underestimates the error of the calculated values
[188]. For this reason, when benchmarking the accuracy of
r>’SCANY @r’SCANX (Fig. 3), we also used the root mean
square error.

Reproducing errorless O, binding energies is important
for accurate predictions of oxidation energies of M;0O;’s.
LSDA and PBE drastically overbind the O, molecule with
large negative binding energies [30,168,169], ~—2.2eV/O,
and ~—1eV/0,, respectively, resulting in a systematic
shift in predicted oxidation energies. With r?SCAN, this
negative error drops in magnitude to a sizable value of
~—0.3eV/O,. Applying a constant shift (of -0.3 eV/O,)
to correct the spurious O, overbinding in r?SCAN would
further underestimate M;O; oxidation energies [see Fig. 2(a)],
further exacerbating the error in r?’SCAN predictions. Pre-
viously, similar corrections have been applied to PBE O,
and M;O; formation energies [30,31]. Notably, we have
demonstrated that r’SCAN10@r?SCAN, r’SCAN10, and
?’SCAN10@r?SCANS50 decrease the error in the O, binding
energy to values <0.03 eV/O, in magnitude, and without
requiring any fitting procedures [30,31].

Since the errors of O, binding energy are minimal with
r2SCANY @r2SCANX methods, errors in the oxidation en-
ergies of M;O;’s must reside in the prediction of the reduced
and oxidized oxides. This is a bimodal distribution of r>’SCAN
oxidation energies [Fig. 2(b)], consisting of a low (near-zero)
peak for early transition-metal (Ti, V, Cr) reactions, and higher
errors for late transition-metals (Mn, Fe, Co) reaction. Early
transition metals (Ti, V, and Cr) with a small number of d
electrons in their electronic configurations probably reduce
correlation effects, which are more prominent for the late
transition metals (Mn, Fe, and Co) with more d electrons. Fur-
thermore, redox reactions involving transition metals’ d-shell
changes, such as Ti**(d°) — Ti** (d'), or Cu* (d'%) — Cu?*
(d®), appear to be in better agreement with experimental data.
Milder correlation effects in closed-shell transition metals
make r>SCAN sufficient to describe the electronic structure
of their oxides (TiO,, V,0s, efc.).

From these observations, we expect that the electron
density by r>’SCAN may be too delocalized to capture lo-
calization effects in late transition metals, i.e., Mn, Fe, Co,
with a larger number of d electrons. Better electronic charge
densities as provided by r?’SCAN@r?>SCANS50, correct the
electron number in the d manifolds, recovering a unimodal
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distribution [Fig. 2(b)], with a substantial decrease of ox-
idation energies errors for M;O;’s with M = Mn, Fe, and
Co. In addition, due to the functional-driven error, the
average error of r’SCAN@r’SCANS50 is nonzero, result-
ing in an offset distribution around the zero-error line. In
r2SCAN10@r2SCANS50 the functional-driven error reduces,
and the unimodal distribution centers near the zero-error line.

Magnetic moments are also typically impacted by SIE
and are underestimated due to the overdelocalization of d(f)
electrons on transition metals by GGA and meta-GGA func-
tionals. As we climb the Jacob’s ladder [189] of the XC
functionals from LSDA (PW91) to GGA, and to meta-GGAs,
the error in magnetic moments decreases accordingly, as
shown by the functional MAE distributions of Figs. 5(a) and
5(b). We observed that the error in magnetic moments drops
slowly as the percentage of HF exchange in the orbital in-
creases. Compared to r2SCAN, for r2SCANS50, the error in
magnetic moment reduces by ~29%, and for HF, the error
reduces by ~34%. In contrast, r2SCAN + U minimizes the
error in magnetic moments only by ~17%. Note that the
variance in experimentally reported magnetic moments can be
as high as +1.00up. For example, magnetic moments in V3*
in V,03 are reported to vary between 1.2ug and 2.37ug (Ta-
ble 1) [131,132], which corresponds to variations larger than
100%. Note, we have neglected the orbital component of the
magnetic moment and considered only the spin component. It
has been shown that the orbital component can be substantial
in specific cases. For example, 0.6—1up for FeO [60,190—
192], 1-1.6ug for CoO [60,190-199], 0.3-0.45up for NiO
[190,191,195,198,200], but can have negligible contributions
in other oxides [201]. Despite this considerable uncertainty
in experimentally reported magnetic moments and neglected
orbital components, we observed a noticeable decrease in
MAE of M;Oy’s predicted magnetic moments from r*SCAN
to r2’SCANS0.

Band gaps of M;O;’s are typically underestimated by stan-
dard DFT predictions, with absolute errors rapidly decreas-
ing as LSDA (PW92)>GGA (PBE)>»meta-GGAs (r>SCAN
and LAK)>hybrid meta-GGA (r’SCANX) [see Figs. 6(c)
and 6(d)]. Using r’SCANY @r’SCANX, we demonstrated
that errors in band gaps are minimized with approximately
7%—-11% exact exchange in the functional and the orbital
definitions, which differs from the optimal HF fractions min-
imizing oxidation energy errors of M;O;’s. We have shown
that band gaps predicted by r?SCAN10@r?SCAN are more
accurate than r2SCAN + U, with MAEs of 0.55 eV /O, and
0.74 eV /O,, respectively.

C. r’SCANY @r?SCANX as a generalization
of single-shot and density-corrected approaches

The r’SCANY @r?’SCANX approach resembles single-
shot hybrid schemes, which serve as cost-effective proxies
for fully self-consistent hybrid calculations in large-scale
solid-state simulations with supercells containing hundreds
or thousands of atoms. Single-shot hybrid approaches start
with a self-consistent calculation using an inexpensive
(semi)local DFA to get initial charge density and orbitals, then
perform a one-shot non-self-consistent evaluation with a

superior DFA, often a hybrid functional, based on those initial
orbitals [202-214].

Single-shot approaches have been proven to produce
band-gap-corrected single-particle and quasiparticle energies
approaching the quality of hybrid DFAs or even GW quality
for semiconductor alloys [202,203,205-210], transition-metal
oxides [203,204], disordered phases [211], point defects
[212], and interfaces [213,214].

Single-shot approaches can significantly improve predic-
tion accuracy for errors in the DFA, such as inaccuracies in
predicting orbital energies. Using a single non-self-consistent
hybrid (or more advanced) evaluation based on a semilocal
density functional can produce better orbital energies at much
lower computational cost than a fully self-consistent hybrid
calculation. This resembles the “single-shot” GoW, variant of
GW, employing a more accurate self-energy operator noniter-
atively on orbitals from inexpensive DFT calculations.

We generalized these approaches by replacing the single-
shot hybrid type with parametrized global hybrid r>’SCANY
and r?SCANX for density, yielding r?’SCANY @r?’SCANX
that addresses both functional- and density-driven inaccura-
cies.

It is worth noting that r?’SCANY @r’SCANX is also a
more general form of the density-corrected DFT, also known
as DFA@HEF, previously proposed in the literature [77-83].

D. False metals and structure symmetry breaking

Materials exhibit many degrees of freedom in their crystal
structures. Deformation of cation polyhedra, polyhedra tilting,
and Jahn-Teller distortions all decrease the crystal symmetry
in materials [25,172]. Specific magnetic orderings of transi-
tion metals in M;O;’s, accessible by neutron scattering and
magnetic spectroscopies, further reduce crystal symmetries.
On the one hand, standard structural techniques, such as X-
ray and neutron diffraction, generally show less sensitivity
to such distortions and defects. As such, the reported crystal
structures may be inherently more symmetric than the actual
structures. On the other hand, band-gap measurements are
sensitive to symmetry-breaking motifs, defects in materials,
and charge and magnetic orderings. Zunger and collaborators
demonstrated that DFT of overly symmetrized M;0O;’s and
other materials tends to close band gaps, predicting “false
metals” [25,170-172,215].

Starting from the highly symmetrized experimental struc-
tures, further optimized with r?SCAN, our r>?SCAN band-gap
predictions of Ti,O3 [103], V,03 [105], and Fe;O4 [116] is
~0.0 eV (Table I). Upon removing all possible symmetry
layers (perturbing atomic positions from high-symmetry sites
of large supercell models, imposing ground-state magnetic
orderings, removing intrinsic symmetry of wave functions,
orbitals, and time reversal), Ti, O3, V,03, and Fe;04 remain
metallic. However, the experimentally reported band gaps
for Ti; O3, V03, and Fe;04 are smaller than or equal to
~0.2 eV (Table I), which makes band-gap opening unlikely,
even with substantial symmetry breaking as demonstrated
here. We found no structure symmetry breaking for Ti; O3 and
V,03, but observed it for Fe;0y4.

There can be multiple symmetry breakings [25,170], and
we may not have found the lowest-energy one. However,
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Supplemental Table 4 shows that (without structure symmetry
breaking) nonzero gaps in these materials arise in the self-
consistent hybrid r?SCAN10 [126].

E. Computational efficiency considerations
of r’SCANY @r’>SCANX approaches

We comment on the computational costs of
r’SCANY @r2SCANX. With VAsp, the self-consistent
(SCF) global hybrids, such as r?SCAN10, are ~10-100
times more expensive than typical SCF r>SCAN calculations.
However, using the r’SCAN10@r>SCAN, which gives
similar accuracy as SCF r2SCAN10, the cost can be as low
as ~2-5 times that of SCF r?SCAN, since it only requires
one non-self-consistent evaluation of r>SCAN10. Methods
such as r’SCAN@r?SCANS50 and r>’SCAN10@r>SCANS50
have a similar computational cost as global hybrids, as
they require SCF r?’SCANS50 orbitals but provide improved
accuracy over a SCF r?’SCAN10. The qualitative trend in the
computational cost required for r’'SCANY @r>’SCANX is as
follows: r?SCAN < r’SCANY @r’SCAN « 1r’SCANX =
r’SCAN@r’SCANX ~ r’SCANY @r>SCANX.

IV. CONCLUSIONS

We have found that prediction accuracy for M;O;
improves as more exact constraints and suitable non-
bonded norms are met by approximating the density func-
tional for exchange-correlation energy. We have developed
r?’SCANY @r’SCANX to mitigate the self-interaction error of
exchange and correlation functionals for the accurate simula-
tions of electronic, magnetic, and thermochemical properties
of transition-metal oxides. r’SCANY @r’SCANX uses dif-
ferent fractions of exact exchange to define energy and
density simultaneously: X affects the electronic density, and
Y changes the density functional approximation of the total
energy, addressing density- and functional-driven errors of the
energy. While Y = 10 and X = 50 are fitted or optimized
for the oxidation energies of the transition-metal oxides, they
are also the values expected from experience with s-p-bonded
systems, as at the end of Sec. I.

In r’SCANY @r’SCANX, we found a dependence of
the X and Y optimal percentages of exact Hartree-Fock
exchange justified by their performance on the M;O; ox-
idation energies, their magnetic moments, and band gaps.
Predicted uncertainties are minimized for M;O;’s oxidation
energies by r’SCAN10@r>SCANS0, and band gaps with
r?’SCAN10@r>SCAN. These properties improve from LSDA
to PBE to r>SCAN to r’SCAN10@r’>SCAN. Replacing a
small part of r’SCAN with the same amount of Hartree-Fock
exchange is likely to have minimal impact on satisfying DFA
constraints.

r?’SCANY @r’SCANX improves predictions, outperform-
ing the DFT(+?*SCAN)+U commonly used for strongly cor-
related materials. r’SCAN10@r>SCAN is computationally
more affordable than hybrid functionals while maintain-
ing comparable accuracy for oxidation energies and band
gaps. Further studies should investigate the transferability
of ’SCANY @r’SCANX to other correlated systems, such
as ionically bound transition-metal fluorides or polyanion

systems (e.g., phosphates and silicates) with strong covalent
character.

Self-consistent r2SCAN10, already reduces the MAE of
the oxidation energies to ~0.66 eV eV/O,. r?’SCAN10
improves upon r’SCAN, for transition-metal oxides and
for sp-bonded systems [216]. r?SCAN10 even gives ox-
ide band gaps slightly better than r>’SCAN + U. For the
prototype Mott insulator NiO, r’SCAN10@r>SCANX gives
a remarkably accurate band gap for X = 0 or 10.
To reduce the MAE of oxidation energies in M;O;’s to
~0.43 eV/0,, r’SCAN10@r>SCANS50 is needed, which
lowers the density-driven error of r>’SCAN and r>SCAN10.
The r?’SCAN10@r?SCAN is nearly as accurate as the self-
consistent r’SCAN10 hybrid for oxidation energies.

This and recent works [83,85,86,93,95,216] suggest that,
in many cases with main-group and transition-metal elements,
the functional-driven errors of r’SCAN energy differences can
far exceed small density-driven errors. This allows significant
improvements in r>’SCAN energy differences by performing
the costly self-consistent iteration and geometry optimization
with the efficient r’SCAN (with van der Waals correction),
then applying a more expensive nonlocal functional (e.g.,
a hybrid) in a single post-self-consistent calculation, as in
r’SCAN10@r*SCAN.

Standard GGA global hybrids require approximately 25%
of exact exchange. SCAN and r’SCAN meta-GGAs have
less self-interaction error than GGAs, with the most accu-
rate self-consistent SCAN hybrid for main-group molecules
using 10% exact exchange [217], aligning with r?SCANI10
to reduce functional-driven errors in transition-metal oxides.
The functional-driven error dominates the density-driven [87]
error of the energy in main-group molecules [83,85,86]. The
density-driven error is smaller and less sensitive to many
density features, as expected from the variational principle for
DFA energy, but more sensitive to long-range charge-transfer
errors than other density errors [86]. 50% of exact exchange
reduces the density-driven errors of the energy in transition-
metal oxides, as in main-group molecules [83,85,86].

For structural energy differences in M;O;’s, RPA is the
accepted standard [180,218], capturing the correct long-range
physics. RPA yields realistic van der Waals interactions
and accurate long-range electron transfer in ionic materials,
including transition-metal oxides, and corrects energy differ-
ences between polymorphs. RPA includes exact exchange and
nearly exact long-range nonlocal correlation, but it is inaccu-
rate at short distances. It is known that RPA provides very
accurate electron densities for molecules [219,220], surpass-
ing r’SCAN and Hartree-Fock when compared to CCSD(T).
The reason for that is unclear, but the RPA error for short-
range correlation does not affect the density. RPA is similar
to coupled-cluster double excitations, which keep the short-
range or exchangelike correction to the correlation energy
that RPA ignores. RPA, CCD, CCSD, and CCSD(T) are all
accurate for the density, with accuracy likely improving in that
order. The same correct long-range physics should be found in
CCSD and CCSD(T). Our r’SCAN10@r>SCANS50+rVV10
appears to capture the same physics in a different way. While
r?’SCANS50 strongly improves electron transfer relative to
r2SCAN, it is expected to be less accurate than r2SCAN for
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other features of the electron density to which the density-
driven error of the energy is insensitive.

We believe that r?SCAN10@r?SCANS50 may accurately
predict total energies and band gaps for many non-metallic
solids with s, p, or d electrons, and may be similarly accu-
rate for molecules. r’SCAN is already reasonably accurate
for many molecular and material geometries. It exhibits
intermediate-range van der Waals interactions but requires
a long-range correction, particularly for layered geometries.
r’SCAN10@r’SCANX+rVV10 could be accurate for total
and single-electron energies in many non-metallic or weakly
metallic systems with s, p, and d valence electrons.

V. FIRST-PRINCIPLES CALCULATION DETAILS

All calculations presented here are performed using the
DFT formalism, as implemented in the Vienna Ab initio
Simulation Package (VASP) [221-223]. The PAW potentials
describe the core electrons [224,225]. The electrons from
3s, 3p, 3d, and 4s orbitals are explicitly considered for the
transition-metal atoms. Using a PAW set that treats fewer
valence electrons explicitly (3p, 3d, and 4s) significantly im-
pacts M;O; oxidation energies and band gaps (Supplemental
Fig. 14) [126]. The kinetic energy cutoff for the plane waves
was set to 700 eV, and the total energy was converged to
1076 eV per cell. Various DFT exchange and correlation
functionals were used in their collinear spin-polarized imple-
mentation. These are the LSDA-PW92 [18], the PBE [19],
the r?SCAN [101], and LAK [23]. Global hybrid r’SCANX
[78] calculations were performed with percentages X of
Hartree-Fock exchange as discussed in the results. Ground-
state magnetic orderings reported experimentally (Table I),
often derived from neutron diffraction experiments, were im-
posed in all simulations of M;O;’s.

Geometries (coordinates, volumes, and cell shapes) con-
verged when the forces on all atoms were lower than 0.01
eV/A. All properties were calculated with r2ZSCAN geome-
tries unless explicitly mentioned. All calculations in this work
use a ['-centered Monkhorst-Pack [226] grid. For structure
relaxation, a k grid with a density of 48 k points per A~ is
used for all systems. All other calculations used a k grid with
a density of approximately 700 k points per reciprocal atom.

The global hybrid r’SCANX orbitals were evaluated at
the following percentages of exact Hartree-Fock exchange,
with X = 0%, 10%, 25%, 50%, 75%, and 100%, re-
spectively. The non-self-consistent field r’SCANY energies
were assessed with a fine grid of Y values, from 0% to
100%, with 5% intervals. In r’SCANY @r?SCANX calcula-
tions, we started from self-consistently converged r>’SCANX
orbitals (WAVECAR in VASP), which are used for a non-self-
consistent single electronic step (ALGO = EIGENVAL) with

the r’SCANY functional. A linear interpolation scheme was
employed to obtain the energies, band gaps, and magnetic
moments at intermediate fractions of exact HF exchange, not
explicitly calculated.

Due to the high computational costs of global hybrids
used in this work, all DFT calculations are performed using
unit cells that can accommodate the expected experimental
magnetic ordering for each transition-metal oxide. On-site
magnetic moments of each transition-metal atom were ob-
tained by integrating the spin density within the projection
radius of the PAW potentials. Changes of such radii have a
negligible influence on the numerical values of the magnetic
moment.

For estimating band gaps with r’SCANY @r’SCANX, we
utilize the orbitals obtained self-consistently with r2’SCANX,
subsequently, and apply the r>’SCANY functional non-self-
consistently on the same orbitals to obtain the one-electron
eigenenergies. These one-electron eigenenergies are then used
to calculate the band gap.
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