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Accuracy of metaGGA functionals in describing transition metal fluorides
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Accurate predictions of material properties within the chemical space of transition metal fluorides (TMFs),
using computational frameworks such as density functional theory (DFT), is important for advancing several
technological applications. The state-of-the-art semilocal exchange-correlation functionals within DFT include
the strongly constrained and appropriately normed (SCAN) and the restored regularized SCAN (r?SCAN), both
of which are meta generalized gradient approximation (metaGGA) functionals. Given their semilocal nature,
both SCAN and r>SCAN are susceptible to self-interaction errors (SIEs) while modeling highly correlated
d electrons of transition metals. Hence, in this work, we evaluate the accuracy of both SCAN and r>’SCAN
functionals in estimating several properties of TMFs, including redox enthalpies, lattice geometries, on-site
magnetic moments, and band gaps. Specifically, we consider binary fluorides of Ti, V, Cr, Mn, Fe, Co, Ni, and Cu.
We observe both SCAN and r>SCAN exhibit poor accuracy in estimating fluorination enthalpies among TMFs,
which can be primarily attributed to SIEs among the d electrons, given both functionals bind F, accurately.
Thus, we derive optimal Hubbard U corrections for both functionals based on experimental fluorination (or
oxidation) enthalpies within binary TMFs. Note that our attempts at using the linear response theory to derive U
corrections yielded unphysical values for V, Fe, and Ni fluorides. While adding the fluorination-enthalpy-derived
U corrections to the metaGGA functionals does not significantly affect the lattice volumes and on-site magnetic
moments (and in turn, the accuracy of these property estimations versus experiments), it does cause a significant
increase in calculated band gaps. Note that the U-corrected band gaps in several fluorides deviate to a lesser
extent from band gaps calculated with a hybrid functional compared to the non-U-corrected functionals. Also,
we calculated the average Na intercalation voltage in Mn, Fe, Co, and Ni fluorides, and stabilities of Na-V-F,
Na-Cr-F, Na-Mn-F, and Na-Fe-F ternary compounds as transferability checks of our optimal U values. Overall,
we do recommend the incorporation of the Hubbard U correction to improve predictions of redox enthalpies in
other TMFs. Finally, our study should advance the accuracy of DFT-based screening studies to unearth novel
TMFs, which can be used in various applications, including energy storage, catalysis, and magnetic devices.

DOLI: 10.1103/PhysRevMaterials.8.093801

L. INTRODUCTION

Redox-active 3d transition metal fluorides (TMFs) are
widely studied and have been used in the fields of magnetism
[1,2], catalysis [3-6], electroceramics [7-9], and electro-
chemical energy storage [10-18]. For instance, fluorides
exhibit considerable promise as prospective positive electrode
(cathode) materials for batteries owing to the advantageous in-
ductive effect associated with fluorine [19]. Characterized by
fluorine’s high electronegativity, fluorine addition to a cathode
material typically yields higher voltages and higher energy
densities. Several fluoride-based cathode materials, such as
LiMnF;, NaFeF;, NaMnF;, NaCoF3, and KVO4F, have been
investigated as potential candidates for intercalation-type and
conversion-type rechargeable lithium-ion, sodium-ion, and
potassium-ion batteries [20-24]. Other notable conversion-
based electrodes in the lithium-ion chemical space include
the LiF + FeF, — LiFeFs and LiF-FeO systems, which are
fluoride-based as well [16,25-28].
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Investigating materials for energy storage and other appli-
cations, including identifying new materials and understand-
ing the underlying properties of existing materials, has greatly
benefited from the utilization of quantum mechanical methods
[29-34], such as density functional theory (DFT [35,36]).
Notably, the choice of the exchange-correlation (XC) func-
tional in DFT plays a crucial role in accurately describing the
electronic interactions within a given material, and hence its
resultant properties, such as redox enthalpies and ground state
atomic configurations. Prominent XC functionals include the
local density approximation (LDA [36]), the generalized gra-
dient approximation (GGA [37]), and the meta-generalized
gradient approximation (metaGGA [38—40]), which represent
increasing levels of accuracy, as illustrated using the Jacob’s
ladder analogy [41].

Among metaGGA functionals, the strongly constrained
and appropriately normed (SCAN [38]) functional satisfies
all the 17 known constraints of an XC functional. SCAN
incorporates the orbital kinetic energy density as a parame-
ter in addition to the local electron density and its gradient,
resulting in higher accuracy [42—-45]. However, SCAN suffers
from numerical instability and associated computational con-
vergence difficulties [39]. To address SCAN’s shortcomings,
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the restored regularized SCAN (r>SCAN [40]) functional has
been developed. r>’SCAN combines the numerical accuracy
of SCAN with improved numerical stability [46—48], while
satisfying 16 out of the 17 known constraints for an XC func-
tional. Thus, SCAN and r2SCAN represent the state-of-the-art
metaGGA functionals and have been widely used for both ma-
terials discovery and improving fundamental understanding
[49-55].

Employing metaGGA functionals to predict and investi-
gate correlated electron systems, such as TMFs, can still
provide an erroneous description of the underlying electronic
structure. For example, both SCAN and r2SCAN exhibit
residual self-interaction errors (SIEs [56]) while modeling
transition metal oxides (TMOs), which are also highly cor-
related systems like TMFs. The residual SIEs often result
in incorrect redox enthalpies, ground state polymorphs, lat-
tice parameters, on-site magnetic moments, and electronic
properties [47,57-59]. Typically, functionals suffer from SIEs
owing to an overestimation of electronic delocalization within
contracted and localized d and/or f orbitals. Thus any resid-
ual SIE is likely to influence the accuracy of the metaGGA
functionals in modeling TMFs as well. One potential way
of mitigating SIEs in correlated systems is adding a Hub-
bard U correction [60] (on the d and/or f orbitals) to the
semilocal functionals. Adding the U correction has been
shown to remove several of the spurious predictions by SCAN
and r2SCAN in the TMO chemical space [47,57,58]. Thus,
it is useful to explore the accuracy of such Hubbard U-
corrected metaGGA frameworks, specifically SCAN+U and
r>’SCAN++U, on property predictions within TMFs. However,
the magnitude of the U correction is not known a priori.

Several techniques, with their own sets of pros and cons,
have been used to identify an "optimal" U correction for
a given transition metal (TM) system, including (1) theory-
based approaches, such as linear response theory [61-65],
embedded Hartree-Fock calculations [66,67], constrained
random phase approximation (cRPA) [68], and pseudohy-
brid Agapito-Curtarolo-Buongiorno-Nardelli (ACBNO) [69]
functional, (2)statistics-based approaches, such as machine
learning-based Bayesian optimization [70], and clustering-
validation techniques [71], and (3) using experimental
data, such as oxidation enthalpies [57,58,72-74] and band
gaps [75]. Statistics-based and experimental-data-based ap-
proaches typically provide an averaged U correction for a
given TM, i.e., a U value that can be used across multiple
oxidation states of the TM, while theoretical approaches pro-
vide an oxidation-state-specific (and often structure-specific)
U correction.

Notably, previous studies have utilized experimental oxida-
tion enthalpies to estimate optimal U corrections for different
functionals (e.g., GGA [72], SCAN [57,58], and r’SCAN
[47]) and for several TMs in oxide coordination. In turn, such
U corrections have been used successfully in several materials
screening [32,76] and optimization [77-79] studies. However,
such a widespread identification of optimal U corrections that
can be used with SCAN or r?’SCAN in the TMF chemical
space has not been done, so far.

In this work, we present a comprehensive investigation as-
sessing the accuracy of the SCAN and the r’SCAN metaGGA

functionals, and their Hubbard U corrected frameworks,
in predicting the redox thermodynamics, lattice parame-
ters, magnetic properties, and electronic structures of several
TMFs. We verify that both SCAN and r>’SCAN estimate the
binding energy of F, accurately. We identify an optimal U
correction, if necessary, by considering experimental oxida-
tion (i.e., fluorination) enthalpies of binary 3d TMFs, where
the TMs are Ti, V, Cr, Mn, Fe, Co, Ni, or Cu. For a few com-
pounds, we also use the linear response theory to demonstrate
that the framework does provide unphysical U corrections
compared to the experimental-data-derived values. Overall,
both SCAN and r?SCAN exhibit similar errors in calculating
properties across several TMFs, with their U-corrected ver-
sions exhibiting similar improvements in accuracies compared
to the corresponding "bare" functionals. Wherever possible,
we verified the transferability of our U values by calculating
properties of compounds not used in estimating the U values.
Our work should provide a set of guidelines for computational
screening approaches to more accurately predict properties
within the correlated TMF space for energy storage and other
applications.

II. METHODS

A. Computational methods

All spin-polarized SCAN(+U), and r?SCAN(+U) calcu-
lations were performed using the Vienna ab initio simulation
package (VASP [80,81]), using the frozen-core projector aug-
mented wave (PAW [82,83]) potentials, as listed in Table S1
of the Supplemental Material (SM) [84]. We used the rota-
tionally invariant Hubbard U approach developed by Dudarev
et al. [85] in our calculations. The electronic kinetic energy
was expanded using plane waves up to an energy of 520 eV.
We employed a Gaussian smearing of width 0.05 eV to inte-
grate the Fermi surface. We sampled the irreducible Brillouin
zone with I'-centered Monkhorst-Pack [86] k-point grids of a
minimum density of 48 k points per A (i.e., a real space lattice
vector of 1 A was sampled using 48 subdivisions in the recip-
rocal space). The total energy and atomic force convergence
criteria were set to 10> eV and |0.03|eV/A, respectively,
with no symmetry being preserved during relaxations of the
cell volume, cell shape, and ionic positions within each struc-
ture. To calculate the binding energy of F, gas, we performed
two calculations, one with an isolated F» molecule and another
with an isolated F atom in 18 A x 19A x 20 A asymmetric
cells, and allowed the atomic positions to change in F,.

The initial structures of all compounds were obtained from
the inorganic crystal structure database (ICSD [87]). We uti-
lized the conventional cell for all systems, except CuF and
MnF;. In CuF we used a 2 x 2 x 2 supercell due to con-
vergence difficulties associated with our electronic density of
states (DOS) calculations with the conventional cell. In the
case of MnF3, weused a2 x 2 x 2 supercell to account for the
A-type (171]) antiferromagnetic (AFM) ordering [88]. Unless
specified, we initialised the on-site magnetic moment of a TM
to its corresponding high spin configuration.

For band gap calculation of TMFs, we used the generalized
Kohn-Sham technique [89] and calculated the DOS for all
systems considered. We used the optimized structure and the
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initial charge density from a prior structure relaxation for all
DOS calculations. Subsequently, we introduced a set of zero-
weighted k points, corresponding to a density of 96 k points
per A, with the  points that were used for the structure relax-
ation retained their original weights. Finally, we performed a
single self-consistent-field (SCF) calculation for each struc-
ture, sampling the electronic DOS over an energy range of
—20to0 20 eV atintervals of 0.005 eV. The total energy conver-
gence criterion was set to 10~° eV in all DOS calculations. For
select TMFs, we also performed DOS calculations using the
Heyd-Scuseria-Ernzerhof (HSE06 [90,91]) hybrid functional
for comparison with SCAN(+U) and r’SCAN(+U) calcu-
lations. For HSE06-DOS calculations, we used the relaxed
SCAN+-U structures and sampled the irreducible Brillouin
zone with a density of 16 k points per A.

B. Reaction energies and optimal U

We used experimental oxidation (i.e., fluorination) en-
thalpy per F> (AHS™") among binary TMFs to identify the
optimal Hubbard U correction for each TM. Specifically,
we considered reactions of the type MF, + @Fz = MF,,
where M = Ti, V, Cr, Mn, Fe, Co, Ni, or Cu. We collected
the experimental thermochemical data (at 298 K, 1 atm) from
the tables of the National Institute of Standards and Tech-
nology (NIST)-JANAF [92], Kubaschewski [93], Barin [94],
and Wagman [95]. The experimental enthalpy of formation
(AH;Xpl at 298 K) of each compound considered is compiled

in Table 1. For FeF;, and NiF;, we obtained AH;XPt from
other literature sources [96,97]. Note that we determined the
thermochemical data obtained through bomb calorimetry to
be more reliable for FeF; compared to the values reported in
the NIST-JANAF tables, as detailed in Sec. III. In the absence

of an extrapolated value (from experimental data) of AH;’.XPt

at 0 K, we considered the measured value of AHS™ at 298 K
to be equivalent to 0 K [98]. Wherever possible, we compared
the accuracy of property predictions with optimal U values
derived using both 298 K and 0 K experimental data.

We approximated the theoretical oxidation enthalpy
(AHS‘“), based on calculated 0 K DFT total energies (i.e.,
H ~ E, thus ignoring p —V contributions), as AHS“’O =
EI\]?[ETJ”U — Eﬁl;XTJ”U — @EFDET , where DFT indicates either
SCAN or r>SCAN. U = 0 simply indicates a SCAN or
r?SCAN calculation without any Hubbard U correction. To
find the appropriate U for a given fluorination reaction, we
varied the U value till the AHE® matched the AH;™. In
case of TMs with multiple oxidation states and multiple flu-
orination reactions, such as Mn and Cr, we determined the
optimal U by averaging the appropriate U values obtained for
the individual fluorination reactions (see Fig. S2 of the SM).

For TMFs involving V, Fe, and Ni, we employed the linear
response theory [99] to estimate U corrections as well, to
provide a point of comparison to the experimental-data-based
U values. In linear response theory, the effective interaction
parameter, U, associated with a specific site, /, in a structure
is given as

U="—x (1)

TABLE 1. Experimental enthalpy of formation (AH;XP‘ at
298 K), space group, ICSD collection code, and experimental on-site
magnetic moments of TMFs. The £ sign in the magnetic mo-
ment column indicates an antiferromagnetic configuration. In the
absence of quantitative experimental magnetic moments, only the
configuration-type such as AFM, NM, and FM is given. No exper-
imental information on the magnetic configuration is available for
CI‘F4.

ICSD On-site

AH ' Space  collection  magnetic
Compound  (eV/atom) group code moment (Ug)
TiF; —-3.713 R3cR 16 649 AFM [100]
TiF, —3.414 Pnma 78737 NM
VF; —3.272 R3cR 30624 +2.00 [88]
VF, —2.904 Pi21/nl 65785 +1.00 [101]
CrF, —2.687 Pi21/ml 31827 +3.60 [102]
CrF; —-2.997 R3cR 25828 +3.00 [88]]
CrF4 —2.581 P42/mnm 78778 -
MnF, 2.954 P42/mnm 14142 45.00 [103]
MnF; —2.770 Ci2/cl 19080 +4.00 [88]
MnF, —2.239 I41/a 62068 +3.85 [104]
FeF, —2.479 P42/mnm 9166 +3.75 [105]
FeF3 —2.628 [96] R3cR 41120 +5.00 [88]
CoF, —2.323 P42/mnm 9167 +2.57 [106]
CoF; —2.043 R3cR 16672 +3.21 [107]
NiF, —2.268 P42/mnm 9168 +1.99 [108]
NiF; —2.114 [97] R3R 87944 FM [109]
CuF —0.346 F43m 52273 NM
CuF, —1.834 Pi121/nl 71833 +0.73 [110]

where x and xo are the interacting (or SCF) and noninteract-
ing (or non-self-consistent-field [NSCF]) response functions,
respectively, to an on-site applied perturbation potential (o)
[99]. For our linear response calculations, weuseda2 x 2 x 2
supercell for V fluorides, and the corresponding conventional
cells for Fe and Ni fluorides. We varied «; across —0.2 €V,
—0.1 eV, +0.1eV, and 40.2eV for calculating the response
functions.

C. Crystal structures and magnetic configurations

Figure 1 displays the initial crystal structures of all 3d
TMFs that we examined in this study, as obtained from the
ICSD. The space groups and ICSD collection codes of all
structures are compiled in Table I. Blue spheres/polyhedra in
Fig. 1 indicate the TM/MF¢ octahedra, and orange spheres
indicate F atoms. The antiferromagnetic (AFM) and ferro-
magnetic (FM) configurations of TMFs that were considered
in this work are compiled in Figs. S2 and S3 of the SM [84].
We did not consider any specific magnetic ordering for CuF
and TiF4 owing to their nonmagnetic (NM) d'° and d° elec-
tronic configurations, respectively.

CuF is known to crystallize in a cubic symmetry with the
F43m space group, and we show the 2 x 2 x 2 supercell of
the primitive that we used in our calculations in Fig. 1 [111].
The MF, (M = Mn, Fe, Co, or Ni) compositions crystal-
lize in the well-known tetragonal rutile-type structure in the
P42/mnm space group [112,113], while CrF, and CuF, both
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VF,

MF,

CrF,

FIG. 1. The initial crystal structures of 3d TMFs. M’ in M'F, stands for Cr and Cu, and M in MF; signifies Mn, Fe, Co, or Ni. M in MF;
indicates Ti, V, Cr, Fe, Co, or Ni. The 3d TM and F atoms are represented by blue spheres/polyhedra and orange spheres, respectively. Dashed

black lines signify the cell boundaries.

exhibit a distorted rutile-type arrangement, characterized by
their monoclinic P121/nl space group [114,115]. Most of
the MF; (M = Ti, V, Cr, Fe, and Co) compositions crys-
tallize in a rhombohedral structure within the R3cR space
group [116-120], with NiF; adopting a similar rhombohedral
structure within the R3R space group [109]. MnF3 exhibits a
monoclinic crystal structure within the C/2/cI space group,
with Fig. 1 showing a 2 x 1 x 1 supercell to accommodate
the A-type AFM ordering [121]. MF4 compositions exhibit
diverse crystal structures, such as orthorhombic (Pnma space
group) TiF4 [122], monoclinic (P121/nl) VF4 [123], and
tetragonal (P42/mnm and 141/a) CrF, and MnF, [124,125].

We initialized the magnetic configuration of each structure
according to its known experimental ground state configura-
tion, wherever possible [88,96,97,100-106,108,109], as listed
in Table I and depicted in Fig. S2 [84]. The presence of the
= sign or the AFM notation in Table I indicates antiferromag-
netic configurations. In general, all AFM TMFs examined in
this work have similar (G-type or 1| 1) ordering, with the
exception of MnF3, which exhibits an A-type (]T]]) ordering
[88]. Unlike other MF3, NiFs is usually represented as a
Ni[NiF¢] chemical formula to indicate the presence of Ni in
the II and IV oxidation states. Notably, upon initialising the
structure with both FM and AFM configurations, we obtained
the FM configuration to be the ground state in NiF; with
the SCAN functional, where the Ni atoms exhibited both II
and IV oxidation states, in agreement with experiment [109].
Subsequently, we initialized NiF3 in the FM configuration for
all SCAN+U and r? SCAN(+U) calculations.

The ground state magnetic configurations are not exper-
imentally known for TiF;, CrF4, and MnF4. While TiF; is
known to be AFM [100], the specific configuration of mo-

ments is not known. Therefore, we considered the G-type
AFM ordering for TiFj3 as it is the only possible AFM arrange-
ment within the two-Ti-atom conventional cell. Considering
other complex AFM arrangements in TiF; will require larger
supercells and significant computational expense. In the cases
of CrF4 and MnF,, we considered the FM and all possi-
ble AFM configurations within the conventional cell and
determined the ground state using the SCAN functional.
Specifically, we considered FM + two AFM configurations
and FM + five AFM orderings for CrF4 and MnF,, respec-
tively (see Fig. S3 [84]). Subsequently, we initialized CrF4
and MnF, in the SCAN-calculated ground state magnetic con-
figuration for all SCAN+U and r2SCAN(+U) calculations.

III. RESULTS
A. Fluorine binding

To examine whether F; is under or overbound by SCAN
and/or r>’SCAN, we evaluated the binding energy of the F,
molecule with both functionals. In the case of SCAN, we
calculate a binding energy of —1.57 eV, which is slightly
lower but in close alignment with the experimental value of
—1.64 eV [94], indicating a marginal underestimation (by
3.9%). On the other hand, the r2SCAN-calculated binding
energy (—1.63 eV) is in excellent agreement with the experi-
mental value, indicating no errors arising from the electronic
description of the F, molecule. Thus, our binding energy
calculations suggest that both functionals describe the F,
molecule with sufficient accuracy, and any errors in calculated
fluorination enthalpies within TMFs should predominantly
arise from SIEs caused by delocalized d electrons on the TM
centers.
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FIG. 2. Oxidation (or fluorination) reaction enthalpy (solid line) variation with increasing U within the SCAN+U and r>’SCAN-+U
functionals for (a) Ti, (b) V, (c) Cr, (d) Mn, (e) Fe, and (f) Co fluorides. For systems with multiple possible oxidation states (e.g., Cr and
Mn), each reaction is represented by a different color. Horizontal dotted line of a given color in each panel reflects the experimental oxidation
enthalpy for the reaction considered (at 298 K). Vertical blue and orange dashed lines indicate optimal U (magnitude is annotated as blue and

orange text) for SCAN+U and r>’SCAN+U functional, respectively.

B. Fluorination energetics of TMFs

Figure 2 displays the calculated fluorination (or oxi-
dation) enthalpies of Ti*3/Ti™* (panel a), VT3/V*t* (b),
Crt2/Crt3 /Crt* (c), Mn*? /Mn*3 /Mn** (d), Fe™? /Fe* (e),
and Co™2/Co™3 (f) as a function of U in SCAN+U (solid
circles) and r’SCAN+U (open squares) frameworks. Except
for Mn*?/Mn™3 and Cr*?/Cr*3 (represented by purple lines
and symbols) all fluorination reactions in Fig. 2 are indicated
by green lines and symbols. The horizontal green and purple
dotted lines indicate the experimental fluorination enthalpies
(at 298 K) for the corresponding fluorination reactions. The
optimal U in each panel, which minimizes the error between
the calculated and experimental fluorination enthalpies, is
represented by a vertical dashed blue line for SCAN+U and
vertical dashed orange line for r>’SCAN+U, respectively.

Noticeably, the calculated fluorination enthalpies for most
TMs evaluated using SCAN and r>’SCAN (U = 0 eV) show
significant discrepancies versus the corresponding experi-
mental values. For example, the experimental fluorination
enthalpy of Tit?/Tit* (—4.432 eV/F,) is estimated to be
more negative (i.e., magnitude is overestimated) by both
SCAN (—6.98 eV/F,) and r>SCAN (—6.96 eV/F,). Simi-
larly, the experimental fluorination enthalpies (in eV /F,) of
V3V (=2.20), Cr2/Crt3 (=8.18), Crt3/Crt* (—1.52),
Mn*2/Mn*? (—4.60), Mn*3/Mn** (—0.18), Fe*?/Fe*t?
(—5.88), and Co*?/Co™3 (—2.46) are consistently overesti-
mated by SCAN (—4.46, —9.04, —1.76, —5.44, —3.3, —6.72,

—3.5 eV/F,, respectively) and r’SCAN (—4.62, —8.54,
—1.94, —5.04, —2.90, —6.72, —3.60 eV/F,, respectively).
Thus, both SCAN and r?SCAN overestimate experimental
fluorination enthalpies for all TMs considered, which can be
attributed to residual SIEs and erroneous description of the
ground state electronic structures. Therefore, it is necessary to
use the Hubbard U-corrected SCAN (SCAN+U) or r>’SCAN
(r*SCAN+U) frameworks to obtain more accurate estima-
tions of TMF properties.

Given that the magnitude of U is not known a priori, we
determine the optimal U for all 3d TMs based on the cor-
responding fluorination energies among the binary fluorides.
For example, in Ti, we estimate an optimal U of 4.5 eV
for both SCAN and r>SCAN [Fig. 2(a)], which minimizes
the error between experimental and calculated oxidation en-
thalpies for the Ti*3/Ti** reaction. Similarly, we obtain an
optimal U of 4.2, 1.5, 3.8, 5.6, and 4.0 eV for V, Cr, Mn, Fe,
and Co, respectively, with SCAN, while the corresponding
U values with r>2SCAN are 4.5, 0.9, 3.1, 5.4, and 4.9 eV
Figs. 2(b)-2(f)]. In the case of Mn, the optimal U of 3.8 eV
with SCAN and 3.1 eV with r?SCAN are obtained by aver-
aging U for MnF, — MnF; (1.9 eV with SCAN, 1.0 eV
with r2SCAN) and MnF; — MnF, (5.6 eV, 5.1 eV) reac-
tions (Fig. S1 [84]). Analogous averaging of U values for
the CrF, — CrF; and CrF3 — CrF, reactions is used
to determine the optimal U for Cr with both SCAN and
r’SCAN.
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Notably, the optimal U values obtained in the TMF chem-
ical space are larger than the corresponding TMO chemical
space [47], consistent with the higher degree of ionic bonding
in fluorides than oxides, thereby requiring better electronic
localization within the contracted 3d orbitals. Note that higher
degree of ionic bonding can also cause a larger degree of
contraction of d orbitals, resulting in higher SIEs with semilo-
cal functionals and a higher required U correction. Also, the
nonmonotonic variation of optimal U, across the 3d series, in
r2SCAN is similar to SCAN, indicating that the differences
between these two functionals are marginal with respect to
their accuracy in calculating redox enthalpies.

In the case of Ni and Cu fluorides, both metaGGA
functionals underestimate and overestimate, respectively, the
fluorination enthalpy compared to experimental values for
the Ni*2/Ni™ and Cu™/Cu™ reactions (see Fig. S4 [84]).
The overestimation of fluorination enthalpy for the Cu™/Cu™?
reaction by both SCAN and r?SCAN is similar to our ob-
servation in the CuO/Cu,0 system as well [47]. Moreover,
the addition of U to both SCAN and r>?SCAN worsens the
disparity between the calculated and experimental fluorina-
tion enthalpies for both Ni and Cu (Fig. S4 [84]), unlike the
behavior of other TMs in Fig. 2.

We also explored adding a negative U parameter to the
SCAN functional in Ni and Cu fluorides to see whether we can
match the experimental fluorination enthalpy. Adding nega-
tive U is equivalent adding just a J parameter, which may
facilitate electron delocalization, compared to the effect of
adding a U that promotes electron localization. Notably, for
Ni fluorides a U value of —2.7 eV reproduces the experi-
mental fluorination enthalpy as shown in Fig. S4(c) [84], but
this value may lead to errors in other property predictions. In
Cu fluorides, despite exploring a wide range of U from —15
to 6 eV, the calculated values never match the experimental
enthalpy, as depicted in Fig. S4(d) [84], suggesting broader
limitations in the applicability of the DFT4U framework in
Cu systems. Although we have explored adding negative U
corrections to the SCAN functional in Ni and Cu fluorides,
we expect similar trends to hold when such corrections are
added to the r>’SCAN functional as well.

Note that in systems where a positive U correction does not
yield better estimations of known properties, a shift towards
the DFT+U+V [126] framework, where the V parameter rep-
resents intersite interactions, may help. For example, instead
of using a negative U value to open a band gap in InAs [70],
the DFT+U+V framework with a positive U as well as pos-
itive V can be used [127]. Using a positive U ensures that
the physical purpose of the U parameter remains intact, i.e.,
localization of electrons. Thus, the DFT4+U+V framework
may offer better accuracy in property predictions for Cu and
Ni systems than the DFT+U method. Until the DFT+U+V
framework and suitable V values are widely available, we
propose that the bare SCAN and r>SCAN functionals be used
in Ni and Cu fluorides.

C. Linear response theory calculations

Note that the optimal U calculated using experimental
enthalpies at 0 K (see Table S2 [84]) and 298 K, are similar
(<0.5eV) or identical for Ti, Cr, Mn, and Co fluorides with

SCAN and r>SCAN. Specifically, using 0 K experimental
enthalpy data, the optimal U with SCAN (r>SCAN) are 4.5,
1.7, 3.9, and 3.7 eV (4.5, 1.1, 3.2, and 5.2 eV) for Ti, Cr,
Mn and Co, respectively (Table S2). These values are fairly
similar to the corresponding optimal U derived using 298 K
enthalpy data with SCAN (r’SCAN), namely, 4.5, 1.5, 3.8,
and 4.0 eV (4.5, 0.9, 3.1, and 4.9 eV; Fig. 2) for Ti, Cr, Mn,
and Co, respectively.

However, the optimal U for V- and Fe-fluorides can be
significantly different (>1¢eV), depending on whether 0 K or
298 K experimental enthalpies are considered. For instance,
we obtain a U value of 3.0 eV with experimental data at
0 K and 4.2 eV with data at 298 K for V fluorides using
SCAN, while the corresponding U values with r?SCAN are
3.3 (0K) and 4.5 eV (298 K). Similarly, using 0 K and 298 K
experimental data yield U values of 3.6 (3.5) and 5.6 (5.4) eV,
respectively, with SCAN (r2SCAN) for Fe fluorides.

Given this ambiguity over experimental enthalpies in V and
Fe fluorides, we use the linear response theory to obtain a U
that is theory-derived and to provide a point of comparison
to the experimental-derived U values. Additionally, we used
linear response theory in Ni fluorides to verify the need for
a U correction, since experimental data indicate that a U
correction is not necessary for Ni, in contrast to observations
in Ni oxides [47]. The NSCF or bare response and the SCF
or interacting response with an applied potential («) and the
SCAN functional, for VF3, VF,, FeF,, FeF3, NiF,, and NiF3
are plotted in Fig. 3. The NSCF and SCF responses are quan-
tified as the number of electrons in the d orbitals (N).

While the linear-response-theory-derived U for VF; (with
SCAN) is 8.7 eV [Fig. 3(a)], which is higher than that
either of the experimental-derived U values (3.0-4.2 eV),
the theory-derived U for VF, is 4.2 eV [Fig. 3(b)], which
matches the experimental-derived U using data at 298 K.
Thus, the theory-derived U value increases significantly (by
~4.5eV) with lowering the oxidation state of V from +4 to
+3.

Similarly, the theory-derived U of Fe in FeF, and FeF; are
16 eV and 6.1 eV [Figs. 3(c) and 3(d)], respectively, where
the latter is similar to the experimental-derived U (5.6 eV),
with the data at 298 K. As in V, the theory-derived U in Fe
also increases significantly (by ~9.9eV) with a reduction in
Fe oxidation state. In the case of Ni, theory yields U of 9.4 eV
and 8.1 eV in NiF, and NiF; [Figs. 3(e) and 3(f)], respectively,
significantly higher than the experimental-derived U of 0 eV.
The variation in theory-derived U in Ni with reduction in Ni
oxidation state is lower in Ni (~1.3eV) compared to Fe and
V, possibly because of the pairing of d electrons in several
orbitals resulting in lower differences in the SIEs incurred
between Ni*? and Ni*?. Nevertheless, the significant dispar-
ity between the experimental- and theory-derived U for Ni
may be emblematic of general challenges within the DFT+U
framework itself.

To check whether the range of « values explored in Fig-
ure 3 is too large to ensure a linear response, we considered a
smaller range of «, i.e., between —0.05 to 0.05 eV, in FeF, and
VF; systems. As depicted in Fig. S17 [84], narrowing the o
range reduced the U value from 16 to 11.2 eV for FeF,, while
the U value increased from 8.7 to 9.3 eV for VF;. However,
the U values calculated over a narrower « range for both FeF,
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FIG. 3. Determination of Hubbard U using linear response theory and SCAN for (a) VF3, (b) VF4, (c) FeF,, (d) FeF;, (e) NiF,, and (f)
NiF;. Each panel depicts the variation in the number of electrons (N,) in d orbitals of a single TM site as a function of the applied perturbation
potential (« in eV). The blue line represents data obtained from non-self-consistent field (NSCF) or “bare” calculations, while the orange line
corresponds to SCF or “interacting” calculations. The magnitude of U is indicated as a text annotation in each panel.

and VFj3 remain significantly higher (and unphysical) than
the fitted U values of 5.6 and 4.2 eV for Fe and V fluorides,
respectively.

Additionally, we computed a Hund’s J [63,128] param-
eter for VF; to examine if adding an explicit / makes a
tangible difference in the U correction estimated by linear
response, following the procedure of Himmetoglu et al. [128].
Specifically, we calculated a J of 1.4 eV for VF3, as shown
in Fig. S18 [84]. However, the resultant effective Hubbard
Uer =U —J =9.3eV — 1.4eV =7.9eV) does remain sig-
nificantly higher than the U, obtained using the experimental
formation enthalpy (4.2 eV). Although we have performed
linear response calculations with the SCAN functional, given
the similarities in performance between SCAN and r>SCAN,
we believe that similar trends in theory-derived U values will
be encountered with r’SCAN as well.

Considering the substantial variation in theory-derived U
across different oxidation states in V, Fe, and Ni, and the
large unphysical values of U that we obtain for some oxi-
dation states (>8eV), we can conclude that linear response
theory is currently not suitable for obtaining reliable U values
for TMFs. Note that linear response theory has been known
to provide larger-than-necessary U corrections in the TMO
chemical space as well [62,73,129]. Given the unreliabil-
ity of linear response theory, it does not provide a robust
point of comparison for experimental-derived U values, par-
ticularly for the cases of V and Fe fluorides.

Nevertheless, we can use the following points to identify
which experimental-derived U value is better for V and Fe:
(1) Both SCAN and r>SCAN exhibit the highest optimal U for

Fe in TMOs given that Fe has the largest number of unpaired
electrons in its +3 oxidation state, which is also quite stable
compared to its 42 state [47,57,58]. Also, both functionals
display a lower optimal U in V and Cr compared to Ti in
TMOs [47]. Given that fluorides are also ionically bonded
compounds like oxides, we should expect similar trends to
hold and the optimal U to hit its maximum for Fe. (2) We
expect better localization of d electrons in fluorides compared
to oxides since F~ leads to more ionic bonds than O*~.
Hence, optimal U values in fluorides should be larger than
oxides. (3) The calculated lattice parameters, on-site magnetic
moments, and band gaps should have good agreement with
experiments (see subsections below, Tables S5 and S6, and
Figs. S13 and S14 [84]). Thus, given the above considera-
tions, we utilize the U calculated using thermochemical data
at 298 K for all further calculations, and we believe that
this U value is more reliable than the one calculated using
extrapolated thermochemical data at 0 K.

D. Lattice volumes

The SCAN(+U) and r?SCAN(+U) calculated lattice
parameters for all TMFs considered are compiled in Ta-
ble S3 [84]. Figure 4 displays a violin plot of the percentage
difference in calculated and experimental lattice volumes, for
all four frameworks. Positive (negative) differences between
the calculated and experimental lattice volume indicate that
the calculation underestimates (overestimates) with respect
to the experiment. The embedded inner boxes within each
violin encompass values ranging from the lower to the upper
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FIG. 4. Violin plot presenting the percentage error in the devi-
ation of SCAN (light blue), SCAN+U (dark blue), r2’SCAN (light
green), and r’SCAN+-U (dark green) calculated lattice volumes with
respect to the corresponding experimental volumes for different
TMFs. Positive (negative) values on the y axis indicate that the
calculated volume is lower (higher) than the experimental value. The
embedded inner boxes signify the lower to upper quartile range.
Within each inner box, the mean and the median deviations are
represented by the empty circle and the horizontal line, respectively.
Black diamonds are outliers.

quartiles, with the black diamonds indicating outliers. Mean
and median of the percentage error is shown as the empty
circle and the horizontal black line, respectively, within the
embedded inner box for each functional.

Overall, SCAN underestimates lattice volumes compared
to experimental values, on average, with errors in the range
of 0.3% to 4.3%, while the mean and median errors are
2.0% and 2.4%, respectively. The exception with SCAN
is CuF, where SCAN overestimates the lattice volume by
2.1%. Compared to SCAN, r>’SCAN provides lower lattice
volume deviations, on average, with the calculated volumes
underestimating experiments in the range of 0.9-2.4%, with
corresponding mean and median of 0.9% and 1.3%, respec-
tively. Thus, r?’SCAN’s lattice volume predictions are on
average better than SCAN in TMFs, consistent with trends
observed by Kingsbury et al. [46]. Note that there are sev-
eral structures where r’SCAN does overestimate experimental
volumes, such as CrF; (0.1%), FeF5 (0.5%), and CuF (1.2%),
compared to only CuF with SCAN.

For several TMFs, adding the U correction with both
SCAN and r>SCAN enhances the calculated lattice vol-
umes, thereby reducing the extent to which volumes are
underestimated by the noncorrected functionals, resulting
in lower mean and median errors. For instance, SCAN+U
(r*SCAN+U) exhibits mean and median errors of 0.8%
(—0.2%) and 1.1% (—0.5%), respectively, which are lower
than the mean and median errors exhibited by SCAN
(r>’SCAN). However, the range of errors observed in lattice
volume calculations upon adding U corrections also increases
for both functionals, due to the presence of outliers. For ex-
ample, the errors in calculated volumes range from —2.3%
to 3.3% with SCAN+U, and —0.9% to 2.5% for r’SCAN+U,

which are higher than the range of errors observed with SCAN
(0.3 to 4.3%) and r2SCAN (0.9 to 2.4%), respectively.
Notably, r’SCAN+U exhibits a smaller range of errors and
lower (in magnitude) mean and median errors than SCAN+-U,
similar to the comparison between r?SCAN and SCAN. In
terms of outliers, CoF; (error of 4.4%) is a significant outlier
with SCAN—+U, while CrFs (2.8%), TiF; (—2.9%), and VF;
(—3.7%) are the primary outliers with r>’SCAN+-U. Thus, the
addition of Hubbard U to both SCAN and r>*SCAN leads to in-
consistent improvements in the lattice parameter estimations
compared to the noncorrected functionals. Nevertheless, the
absolute magnitude of errors made by all functionals against
experimental values are quite reasonable (<5% deviations),
and the accuracy of one functional over another is marginal.

E. On-site magnetic moments

Figure 5 depicts the experimental [88,101-108,110] and
calculated on-site magnetic moments of the 3d TMs in the
TMFs considered in this study, with the corresponding val-
ues also listed in Table S3 [84]. The magnetic moments in
Fig. 5 are over a range of 0 pg (dark blue) to 5 pg (red). For
fluorides without any experimental magnetic moment data,
such as TiF5, CrF4, and NiF3, and for Ni and Cu fluorides
that don’t require a U correction, the lack of an experimental
and/or calculated on-site magnetic moment is indicated by
the hatched boxes in Fig. 5. Given the d° and d'° electronic
configurations on the Ti and Cu ions in TiF, and CuF, respec-
tively, we have assigned the experimental on-site magnetic
moments for these compounds to be 0. Note that the plotted
on-site magnetic moments are averaged over all TMs present
in a given structure. For AFM structures, we took the average
of the absolute on-site magnetic moments on individual TMs.

Interestingly, the calculated on-site magnetic moments
vary quite marginally across all functionals used within each
TME. For instance, the calculated on-site magnetic moments
of TiF3 (0.9 ug), TiF4 (0.0 ug), VF4 (1.0 pg), CrFy (3.7 ug),
CrFs (2.8 ug), CrF4 (2.0 ug), NiFy (1.7 ug), NiF3 (1.6 ug),
CuF (0.1 ug), and CuF; (0.8 ug) are identical for all XC
frameworks. There are also structures where the calculated
moments are identical or similar for SCAN and r2SCAN,
and/or for SCAN—+U and r2SCAN+U. For example, SCAN
and r>’SCAN calculated magnetic moments of VF3 (1.8 ug),
MnF; (4.6 ug), FeF, (3.7 ug), FeF3 (4.2 ug), CoF, (2.7 ug),
and CoF; (3.1 pg) are identical, while for MnF3 and MnF,, the
difference is marginal (by ~0.1 pg). Similarly, SCAN4-U and
r>’SCAN+U calculated on-site magnetic moments are identi-
cal for VF3 (1.9 ug), MnF, (4.7 ug), MnF; (3.8 ug), MnF,4
(2.9 up), FeF, (3.8 up), and FeF; (4.5 wg), with a marginal
difference of 0.1 u, in CoF3 (~3.4 ).

In terms of comparison to experimental data, the calculated
on-site magnetic moments of most TMFs is in good agreement
with experimental values, across the four XC frameworks,
with computed values marginally underestimating experi-
ments. As an exception, the calculated moments of MnF,
(2.6-2.9 up) and CoF4 (3.1-3.4 up) are significantly less than
the experimental value of 3.9 u; and 4.4 g, respectively,
suggesting that all four XC frameworks favor a different
spin configuration of Mn and Co as the electronic ground
states compared to the experimental observations. Overall,
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FIG. 5. On-site magnetic moments (in units of wg) of 3d TM in fluoride frameworks. Top (or first) row is experimental data, while
second to fifth rows are calculated data, using SCAN (second), SCAN+-U (third), r’SCAN (fourth), and r>’SCAN+-U (fifth). Hatched squares
in the first row indicate absence of experimental data, while those in third and fifth rows indicate absence of SCAN+U and r>’SCAN+U values,

since a U correction is not required for Ni and Cu fluorides.

the predictions of on-site magnetic moments do not change
significantly (<0.3 up) across the four XC frameworks for all
the TMFs considered, highlighting similar levels of accuracy
in predicting magnetic moments by all four XC frameworks
compared to experiments.

F. Band gaps

To check the performance of the XC frameworks in pre-
dicting electronic properties, we calculated the electronic
DOS for all the TMFs considered. All calculated band gaps
are compiled in Figs. S5-S12 [84], with the corresponding
band gap values listed in Table S3 [84]. Note that experimental
measurements of band gaps, either via optical or photoemis-
sion/inverse photoemission spectroscopy, in binary TMFs are
quite scarce. However, the colors of the powdered samples
of all considered TMFs have been documented in literature
[130-132]. Given the relationship between band gap and the
color of a given compound [133], we approximated the exper-
imental band gaps of all TMFs and used these for a qualitative
comparison with the calculated band gaps.

The approximate experimental band gaps of TMFs are in-
dicated by purple diamonds in Fig. 6(a), while the background
indicates the visual spectrum (1.6-3.2 eV). We assumed all
black (white) powder colored samples to exhibit low (high)
band gap, ie., <1.6 eV (>3.2 eV) eV, and specifically
assigned a band gap value of 1 (3.5) eV. Note that all TMFs
considered, except NiF3, TiF4, FeF,, CuF, and CuF,, should
have a band gap in the 1.6-3.2 eV range, given their observed
powder colors. Thus, except NiF; (which is a black powder),
all TMFs considered are expected to be semiconductors or in-
sulators. The literature data on the colors and our numerically
approximated band gaps are tabulated in Table S4 [84].

The calculated band gaps of the TMFs, using SCAN
(blue circles), SCAN+U (green crosses), r>’SCAN (orange
squares), and r>SCAN+U (purple pluses), are displayed in
Fig. 6(b). The band gap of SCAN+U and r>’SCAN+U for
Ni and Cu fluorides are not included, as the addition of U is
not required. Importantly, the SCAN and r>*SCAN calculated
band gaps are quite similar for several TMFs (<1.1 eV devia-
tion), and are in the range of ~0-2.8 eV, except for TiF, with
a significantly higher band gap of ~4.4eV.

The band gaps of all TMFs, calculated using SCAN+U
(r>’SCAN+U) lie within a range of ~2.2-4.7 eV (~1.8—
4.7 eV), except the low band gap of CrFs (~0.3eV with
SCAN+U and ~0.4eV with r?’SCAN+U). The trends in
band gap estimates are quite similar among SCAN—+U and
r2SCAN+U, with deviations <1.3 eV, similar to the observed
trends among SCAN and r>’SCAN calculations. Notably, upon
U addition, the calculated band gaps of TMFs significantly
increased compared to the corresponding non-U-corrected
versions, consistent with observations in other chemistries
[47,57,58,134-136].

Clearly, the estimated empirical band gap of most TMFs
tend to fall within the range between the (underestimated)
predictions of SCAN/r?SCAN and the (overestimated) pre-
dictions of SCAN+U /rZSCAN—i-U, as illustrated in Fig. 6.
We have also plotted a heatmap of the difference between
experimental and calculated band gaps in Fig. S15 [84].
Specifically, we find that both SCAN and r>SCAN underesti-
mate the gap of several compounds, namely, TiF3, VF3, VF,,
CrF4, FeF,, CuF, and CuF,, with deviations from empirical
estimates exceeding ~1.0eV. MnF, is an exception to this
trend, as its band gap is overestimated (by ~1.0eV) by both
SCAN and r2SCAN. In some TMFs, both SCAN and r2SCAN
yield accurate gaps (with marginal underestimation), as in
TiF4, CrF3, MI’IF3, MI’IF4, FCF3, COFQ, Nin, and NiF3, with
deviations <0.6 eV from empirical estimates.

In several structures, the band gap calculated with the U-
corrected framework is significantly higher than the empirical
estimates, which is unusual for a ground state DFT+U theory.
For example, both SCAN+U and r?SCAN+U overestimate
the gap (by ~1.3eV) in VF3, VF,, MnF,, FeFs, CoF,, and
CoFj. CrFy is an exception in both U corrected frameworks,
given the significantly underestimated gap (by ~1.9¢eV). In
some structures, both SCAN+U and r’SCAN+U demon-
strate reasonable accuracy, with marginal overestimation, in
predicting gaps, including TiF3, TiF4, CrF,, CrFs;, MnFs3,
MnF,, and FeF,, where deviations from empirical values are
<~ 0.6eV.

Given the scarcity of experimentally measured band gaps
in TMFs, it remains challenging to definitively declare one
functional as more accurate than the other, emphasizing the
need for additional experimental data for a comprehensive
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FIG. 6. (a) The estimated experimental band gap (purple diamond symbol) of various transition metal fluorides, based on their observed
powder colors. The visible light spectrum (1.6-3.2 eV) is highlighted. A material with black (white) powder color is categorized as having a
low band gap or metallic (high band gap or insulating) character, with band gap of <1.6 eV (>3.2 eV). (b) Schematic showing the calculated
band gaps of TMFs using SCAN (blue symbols), SCAN+U (green), r’SCAN (orange), and r>SCAN+U (purple) frameworks.

assessment. Nevertheless, we compare the band gap calcu-
lated using SCAN(+-U) and r’SCAN(+U) frameworks with
values from the HSEO6 hybrid functional, given that hybrid
functionals typically yield more accurate band gap predictions
compared to DFT/DFT+U methods. While we calculated the
HSEO06 band gap of a few TMFs (TiF3, FeF,, and CoF,, DOS
plots compiled in Fig. S19 [84]), we also used the reported
HSEO06 gaps by Mattsson and Paulus [137] in several TMFs
for our comparison (see Table S6 [84]). Importantly, we find
DFT+-U band gaps to be in better alignment with HSE06 gaps
compared to the non-U-corrected functionals. For instance,
SCAN+U (r>’SCAN+U) gaps of 3.71 eV (3.68 eV) in TiF3,
3.57 (3.54) in FeF,, and 4.58 (4.92) in CoF, are closer to the
corresponding HSEQ6 gaps of 2.54, 3.23, and 4.48, compared
to SCAN (r’SCAN) values of 0.19 (0.19), 0.88 (0.94), and
1.59 (1.44). We observe similar trends among the other TMFs
listed in Table S6 [84]. Thus, we find the U correction to yield
better band gap predictions with reference to HSE06 gaps
compared to the bare functional, and we recommend the usage
of U-corrected functionals for further band gap predictions in
TMFs.

G. Transferability check

It is important to verify the transferability of the optimal
U determined using experimental data in binary systems to
other binary or higher-component fluorides that were not
taken into account during the determination of the optimal
U. However, the lack of reliable experimental data in higher-
component fluorides, except the case of Fe fluorides, provides
a significant challenge in our efforts to investigate the trans-
ferability of U values. Consequently, we primarily focus on
checking the transferability of the optimal U for Fe in Fe

fluorides. We utilize the experimentally measured topotac-
tic Na (de)intercalation voltage (~3.2V vs Na [138]) from
NaFeF;, i.e., for the full extraction of Na, or NaFeF; — Na +
FeF3, as a point of comparison with calculated values. Struc-
ture of NaFeFj is displayed in Fig. S16 [84]. A description of
calculating the average voltage from experimental enthalpies
is given in the SM.

Importantly, the calculated enthalpy for the Na + FeF; —
NaFeF; with both SCAN and r2SCAN is —2.8 eV. This reac-
tion enthalpy is equivalent to an average Na (de)intercalation
voltage of 2.8 V vs Na, which is ~13% lower than the exper-
imental value. Remarkably, the average Na (de)intercalation
voltage calculated with SCAN+U /r?SCAN+U, with our op-
timal U values, is 3.1 V, in excellent agreement with the
experimental voltage. Thus, we believe that our optimal U
value, especially in the case of Fe, should be suitable in
modeling redox reactions across other Fe fluorides.

Demov et al. [138] measured voltages for partial extraction
of Na (from x = 1) in Na,MnF3;, Na,CoF3, and Na,NiF3,
all of which adopt structures similar to NaFeF5. Partial des-
odiation in the Mn, Co, and Ni fluorides also caused the
formation of some impurity phases. Since modeling partial
Na extraction will require considering various Na-vacancy
configurations, and modeling impurities is not a trivial
task computationally, we are unable to rigorously validate
the measured partial desodiation voltages from experiment.
However, we have calculated the average (de)intercalation
voltage of Na, over the entire Na composition range (i.e.,
0 <x < 1), and over a partial composition range (0.75 <
x < 1) in the Mn, Co, and Ni fluorides with all four
XC frameworks. The calculated voltages are compiled in
Table II.
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TABLE II. Calculated average voltages using SCAN, SCAN+U,
r?SCAN, and r’SCAN+U in Mn, Fe, Co, and Ni fluorides. Expt.
indicates the experimental voltage measured in the Na,FeF; system
(0 < x < 1) [138]. V' denotes the voltage calculated at a compo-
sition between Naj7;5sMF; and NaMF; (M = Mn, Co, and Ni), or
for partial Na extraction. V” represents voltage calculated between
compositions of MF; and NaMF; (M = Mn, Fe, Co, and Ni), or for
full Na extraction.

Compositions Voltage (V)
(Space group) Source \% v
Na,MnF; SCAN 2.8 32
(Pnma) SCAN+U 4.0 4.1
r’SCAN 2.3 2.7
r2’SCAN+U 33 35
Na,FeF; Expt. 3.2
(Pnma) SCAN 2.8
SCAN+U 3.1
r?’SCAN 2.8
r’SCAN+U 3.1
Na,CoF; SCAN 4.1 4.5
(Pnma) SCAN+U 5.0 5.0
r’SCAN 32 3.8
r’SCAN+U 43 4.3
Na,NiF; SCAN 4.9 5.1
(Pnma) r’SCAN 4.2 4.5

From the calculated trends in voltages, we suspect that
r?’SCAN+U can yield better accuracy than the other XC
frameworks for the following reasons. First, SCAN+U, and
also SCAN to an extent, has been shown to overestimate in-
tercalation voltages in oxides [59], and we can expect similar
behavior to hold for fluorides. Second, while intercalation
voltages, across the entire Na content, are expected to increase
from Fe to Co, a ~2V increase predicted by SCAN(4-U) is
likely not physical.

Although there are no tabulated/reported experimental
thermochemical data for benchmarking, we computed 0 K
convex hulls (or 0 K phase diagrams) for select ternary flu-
oride systems as additional benchmarking. Specifically, we
calculated the energy above the convex hull (E™") to assess
the role of U in predicting the stability (or instability) of
compounds that were not considered in determining the op-
timal U correction. Thus, we calculated the convex hulls for
Na-V-F, Na-Cr-F, Na-Mn-F, and Na-Fe-F ternary chemical
spaces using SCAN and compared them to the corresponding
SCAN-+U hulls. Our calculated E™! values are presented as
bar charts in Fig. 7 and the 0 K convex hulls are depicted in
Figs. S22 and S23 [84]. Although we haven’t computed the
r?’SCAN(+4U) hulls for the above ternary chemical spaces, we
expect the trends to be similar to SCAN(+U) calculations.

In ternary Na-V-F [Fig. 7(a)], SCAN predicts Na3;VF¢ and
NaVF, to lie on the convex hull (i.e., E™! = 0 meV/atom)
indicating their thermodynamic stability, while NaVF3 lies
above the hull (E™! = 92 meV/atom). SCAN+U exhibits
similar trends as SCAN, predicting both Na3; VFg and NaVF,
to be stable, and NaVF; to be unstable with a slightly higher
EM! = 108 meV/atom than SCAN. The comparison between

SCAN and SCAN+-U is fairly similar in the Na-Cr-F chem-
ical space as well [Fig. 7(b)]. For example, both SCAN and
SCAN+-U predict Na3;CrFg, NaCrF,4, and NaCrFg to be sta-
ble, and NaCrF; and NasCr3;F4 to be unstable/metastable,
with SCAN+U EM™! values of the unstable/metastable com-
pounds being marginally lower than SCAN values.

We observe minor qualitative differences in stability es-
timations between SCAN and SCAN+U in the Na-Mn-F
and Na-Fe-F chemical spaces. For example, SCAN+-U pre-
dicts NaMn3F;y to be metastable (E™' = 5 meV/atom),
while SCAN predicts the compound to be stable. Simi-
larly, SCAN+U predicts Na,Fe,F; to metastable (E™!" = 19
meV/atom), in contrast to SCAN’s prediction of the frame-
work to be stable. Note that in both NaMn3F, and Na,Fe,F;
instances, the EM! predictions of SCAN+U lie within the typ-
ical stability threshold of 50 meV/atom that is used to estimate
synthesizability of compounds [139]. Thus, the predictions of
SCAN++U of metastability of NaMn3F;o and Na,Fe,F; are
still consistent with experiments, since these compounds have
been successfully synthesized [12,140].

On the other hand, SCAN’s estimated EM" in NaFeF;
(76 meV/atom) is well above the stability threshold of 50
meV/atom, while SCAN+U predicts a significantly lower
EM! of 26 meV/atom. Given that NaFeF; is a well-known
perovskite that can be synthesized using low-temperature wet-
chemistry techniques [141] the expectation is that NaFeF;
is either on the hull (stable) or marginally off the hull
(metastable). Thus, SCAN+U’s calculated E™! is in bet-
ter agreement with experimental observation in NaFeF; than
SCAN. In summary, we observe SCAN and SCAN-+U to
provide similar O K stability estimations across ternary flu-
orides, with SCAN+U being marginally in better agreement
with experimental observations of synthesizable phases than
SCAN.

IV. DISCUSSION

In this work, we have evaluated the accuracy of metaGGA
(i.e., SCAN and r?SCAN) functionals in describing the re-
dox thermodynamics, lattice parameters, on-site magnetic
moments, and band gaps of TMFs. While both SCAN and
r>’SCAN don’t exhibit a significant error in the binding of
F, molecule, we found both functionals to exhibit signifi-
cant errors in fluorination reaction enthalpies compared to
experiments (Fig. 2). Such errors in fluorination (i.e., oxida-
tion) enthalpies can be attributed to SIEs of the 3d electrons,
necessitating the addition of U corrections to both function-
als. Subsequently, we determined optimal U values based
on experimental fluorination enthalpies for both SCAN and
r>SCAN. Importantly, we found marginal changes in lattice
parameter and on-site magnetic moment predictions, while
band gaps increased significantly upon adding the U cor-
rection to both SCAN and r2SCAN (Figs. 4, 5, and 6 and
Table S3 [84]). Finally, we looked at predictions of average
Na intercalation voltages in ternary fluorides as transferability
checks of our optimal U values in Mn, Fe, Co, and Ni systems
(Table II).

Based on experimental enthalpies, we obtained an optimal
U of 4.5 (Ti), 4.2 (V), 1.5 (Cr), 3.8 (Mn), 5.6 (Fe), 4.0 eV (Co)
with SCAN+U, and 4.5 (Ti), 4.5 (V), 0.9 (Cr), 3.1 (Mn), 5.4
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FIG. 7. Calculated E™" for (a) Na-V-F, (b) Na-Cr-F, (c) Na-Mn-F, and (d) Na-Fe-F ternary fluorides. Blue and green bars represent SCAN
and SCAN+-U calculated values, which are presented as text annotations.

(Fe), 4.9 eV (Co) with r’SCAN+U. Also, we determined that
the U correction is not required for Ni and Cu fluorides, based
on the (dis)agreement with experimental enthalpies. Notably,
we did not obtain physically reasonable U values, particularly
for the lower oxidation states, in V, Fe, and Ni fluorides using
linear response theory (Fig. 3). Such unphysical U values
indicate potential limitations in the applicability of the linear
response theory with metaGGA functionals. Note that there
are other ways of reducing SIEs in semilocal functionals,
such as the DFT+U+V framework [70,127,142—-144], which
require more tunable parameters that are not known a priori
compared to the DFT+U framework.

Optimal U values in this work are nominally higher than
the reported values derived from oxidation enthalpies for ox-
ides [47,57,58]. This is expected given that fluorides are more
ionic than oxides, resulting in more localized d electrons,
thus making fluorides more susceptible to SIEs. However,
the exception to this trend is Ni, where we do not observe
the need for a U correction using redox enthalpies (Fig. S4).
One reason could be the low band gap of NiF; (black powder
color experimentally), giving rise to an electronic ground state
that has delocalized d electrons, which is better described by
SCAN and r?SCAN. Another possibility is a one-off can-
cellation of SIEs for both SCAN and r?’SCAN while taking
energy differences between NiF, and NiF;. Nevertheless,

more experimental data, both thermochemical and electronic,
are required to fully understand the source of this discrepancy.
For lattice volume and on-site magnetic moment predic-
tions, there is practically no difference between Hubbard U
corrected and noncorrected functionals, with both frameworks
demonstrating good agreement with available experimental
data. On the surface, this may give an indication that the
residual SIEs don’t really impact property predictions in the
noncorrected functionals. However, the significant variation
in the redox enthalpies indicates that even marginal changes
in the electronic structure or geometry can have a significant
impact in the redox behavior, in the TMF chemical space.
With respect to magnetic moments, MnF, is an exception,
where the experimental magnetic moment of 3.85 g signifi-
cantly deviates from our computed on-site magnetic moments,
in the range of 2.6-2.9 ug, as presented in Fig. 5. The ob-
served discrepancy may arise from uncertainties in the crystal
structure of MnF,, with our ground state structure poten-
tially differing from the experimentally reported amorphous
phase [104]. Given that Mn™* theoretically has a maximum of
three unpaired d electrons in its high spin state, corresponding
to an ideal magnetic moment of ~3 yg, it is unlikely for Mn™*
to exhibit an on-site magnetic moment exceeding 3 p, unless
significant reduction of Mn** occurs in a given structure.
The lack of reliable experimental data (and/or higher-order
computational data), specifically thermochemical data, makes
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comparisons with theoretical predictions difficult. For exam-
ple, a cursory usage of thermochemical data given by Aykol
and Wolverton [98] and tabulated in JANAF [92] or Barin [94]
tables can give rise to dramatically different U values. This
is at least the case for V and Fe fluorides, where we obtain
significantly different U based on thermochemical data at 0 K
and 298 K (Table S2 [84]). The discrepancies observed in the
experimental data between 0 K and 298 K may be attributed
to erroneous measurement at 298 K, spurious extrapolation
of data to 0 K, and/or the occurrence of an unreported phase
transitions in the bulk fluorides.

Similarly, it is hard to benchmark the band gaps in TMFs
since robust measurements are not available. Note that colors
of powdered samples can also be influenced by defects present
in the sample—hence any band gap estimate can represent a
significant approximation. This may be a source of error for
cases where experimental band gaps (based on colors) do not
even align qualitatively with computed band gaps (e.g., CuF,
CuF,, and CrF,). Thus, more experimental data are required
to increase confidence in theoretical predictions. While our
DFT calculations provide a qualitative assessment of band
gaps, it is important to recognize that DFT, even at the hy-
brid functional level, is not inherently designed to accurately
predict band gaps, since band gaps are an excited-state prop-
erty and DFT is a ground state theory. An alternative is to
employ computationally expensive but accurate techniques,
such as GW calculations [68,145,146], to get an estimate
of band gaps and examine their comparison with DFT+U
values.

To obtain a qualitative understanding of the change in the
ground state electronic structure with U addition, we com-
puted the difference in charge densities between SCAN and
SCAN+-U calculations for FeF,, as depicted in Fig. S20 [84].
We used the SCAN relaxed structure of FeF, to calculate
the charge density difference. Notably, the presence of a
"negative" charge density difference (depicted by the yellow
isosurface in Fig. S20) surrounding the TM indicates a larger
localization of electrons around the TM in the SCAN+U
calculation compared to SCAN. Thus, adding the U correction
is indeed effective in forcing electron localization around the
TM in TMFs.

Furthermore, fluorides are expected to exhibit a higher
degree of electron localization around the TM centers than
their oxide counterparts, due to the higher electronegativity
of F~ and the associated higher ionicity of the bonds that are
formed. The higher degree of localization should be captured
by SCAN+U to validate the use of the U correction. To
examine this, we calculated the charge density difference in
select TMF-TMO pairs, i.e., TiF4 — TiO, and MnF4; — MnO,,
where the TMs exhibit identical (+4) oxidation states. Specif-
ically, we subtracted the charge density of SCAN+U from
SCAN to evaluate the degree of electron localization within
the TMFs and compared this to the analogous degree of local-
ization (from charge density differences) in the corresponding
oxides, as illustrated in Fig. S21 [84]. Remarkably, the elec-
tron density localization is much pronounced in TiF; and
MnF, compared to TiO, and MnQO,, respectively, in line with
chemical intuition. This indicates the efficacy of U correction
in describing the underlying electronic structure of TMFs,
which leads to better material property predictions.

Finally, we note that the optimal U corrections obtained
for TMFs in this work are indeed different from those
for TMOs, using both SCAN and r’SCAN [47], which is
inline with previous studies that have reported U values
that are dependent on the local coordination environment
of TMs [98]. While the requirement of different U values
for oxides and fluorides is unfortunate, the corresponding
optimal U values are indeed required for robust property
predictions. Thus, to develop a unified theoretical framework
to model systems that have mixed anionic coordination en-
vironment (e.g., oxyfluorides, where both TM-O and TM-F
bonds are present), correction/mixing schemes that facilitate
the comparison of energies calculated using different U values
need to be developed. Note that correction/mixing schemes
have been developed for GGA/GGA+U functionals [73]
and in combining r?SCAN EM! with GGA/GGA+U cal-
culated values, [147], which provide qualitative direction to
develop similar schemes with either SCAN/SCAN+U or
r’SCAN/r?SCAN+U.

V. CONCLUSION

TMFs, which have a wide range of applications includ-
ing energy storage, catalysis, and magnetic devices, are
highly correlated electronic systems, which are susceptible to
SIEs when described using semilocal metaGGA functionals,
such as SCAN and r>’SCAN. Hence, we have systematically
examined the accuracy of SCAN and r?SCAN functionals
in estimating the redox enthalpies, lattice parameters, on-site
magnetic moments, and band gaps of binary TMFs. Impor-
tantly, we revealed that metaGGA functionals do overestimate
(i.e., more negative) fluorination enthalpies among binary
TMFs, which can be primarily attributed to the SIEs among
d electrons since both SCAN and r>SCAN bind F, pre-
cisely. Given that SIEs can be mitigated by the addition of
a Hubbard U correction, we subsequently derived optimal U
values for different TMs based on experimental fluorination
enthalpies. While the U-corrected frameworks increased the
calculated band gaps significantly compared to the non-U-
corrected functionals (resulting in better alignment with band
gaps calculated using a hybrid functional), the lattice param-
eters and on-site magnetic moments were only marginally
different. Also, we examined the transferability of the opti-
mal U values determined in this work via 0 K convex hull
calculation of tenary fluorides (Na-M-F, M =V, Cr, Mn, and
Fe) and comparison with available Na-intercalation voltages
in ternary TMFs (i.e., Mn, Fe, Co, and Ni systems). Addi-
tionally, we observed that the linear response theory, when
used in conjunction with metaGGA functionals, can give rise
to unphysical U corrections, particularly for TMs with low
oxidation states. Overall, our study signifies the importance of
adding an optimal U correction to both SCAN and r?SCAN
functionals to enhance the accuracy of predicting redox be-
havior in TMFs. We hope that our study will spur screening
studies with higher accuracy in the chemical space of TMFs,
which can result in the identification of novel materials for
various applications.

All computed data that has been presented in this work are
available to the public in our GitHub repository [148].
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