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SUMMARY

Owing to the confined Fe-3d orbitals and self-interaction error of exchange-cor-
relation functionals, approximate DFT fails to describe iron oxides electronic
structure and magnetic properties accurately. Hybrid DFT or DFT + U can solve
these problems, but the former is expensive, and the latter only considers on-
site interactions. Here, we used DFT + U + V, a DFT + U extension including in-
ter-site interactions, to simulate the structural, magnetic, and electronic proper-
ties, along with Fe and O K-edge XAS spectra of a-Fe2O3. Two types of atomic
orbital projectors were studied, orthogonalized and non-orthogonalized. DFT +
U + V improves the description of the structural, magnetic, and electronic prop-
erties of a-Fe2O3 compared to approximate DFT. The accuracy of the correction
depends on the orbital projector used. DFT + U + V with orthogonalized projec-
tors achieves the best experimental agreement at a fraction of hybrid DFT cost.
This work emphasizes the importance of inter-site interactions and the type of
atomic orbital projectors used in the theoretical research of a-Fe2O3.

INTRODUCTION

Hematite, chemically known as a-Fe2O3, has been investigated for decades because it is a relatively inex-

pensive and easily synthesized material, with its utility in a range of technological applications because of

its low toxicity and great chemical stability.1 It is used in catalysts, pollutant adsorbents, magnetic

recording media, lithium-ion batteries, biomedical devices, and as a composite with different polymer

matrices.1–3

Hematite is a small-band-gap semiconductor (1.9–2.6 eV)4–6 with a rhombohedral crystal system and R 3 c

space group. Two formula units are contained in each primitive unit cell (arh = 5.427 Å; a = 55.3�), whereas
the conventional unit cell (a = b = 5.034 Å; c = 13.75 Å) consist of six formula units1 (Figure 1). In the a-Fe2O3

crystal structure, a distorted octahedron of O2� ions surrounds Fe3+ ions, presenting two different Fe–O

distances, a shorter of 1.98 Å and a longer one of 2.09 Å. Here, the electronic configuration of Fe3+ ions

is d5.

From the theoretical point of view, different methods have been utilized to study a-Fe2O3.
7–12 In this sense,

despite being the electronic structuremethod of choice in materials science, the approximate density func-

tional theory (DFT)13–15 faces serious challenges in accurately describing the electronic structure and mag-

netic properties of iron oxides.16 This is because of the confined nature of the Fe-3d orbitals and the strong

self-interaction error (SIE) of Local Density Approximation (LDA) or Generalized Gradient Approximation

(GGA) exchange-correlation functionals.17–19 The majority of the studies focused on correcting for SIE

can be done with DFT + U or hybrid DFT (e.g., PBE020 and HSE068). Hybrid DFT incorporates a fraction

of Hartree-Fock exchange into standard DFT functionals.

Nevertheless, hybrid functionals are highly expensive compared to conventional DFT.21 A more common

choice for treating transition-metal systems is the DFT + U method,22–24 which has enhanced accuracy

compared to typical LDA and GGA functionals and low computational cost. In this method, an additional

Coulomb repulsion term is added to the approximate DFT energy, describing the highly localized d or f

electrons using the Hubbard model, whereas the remaining valence electrons are addressed using the

approximated DFT functionals.25 Even though the DFT + U method provides a more accurate representa-

tion of the physics in strongly correlated systems than conventional DFT, it considers just the on-site
iScience 26, 106033, February 17, 2023 ª 2023 The Author(s).
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Figure 1. Models for the crystal cell structure of the a-Fe2O3

(A) Rhombohedral primitive cell and (B) the conventional unit cell of the a-Fe2O3.
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interactions. Thus, inter-site interactions between an atom and its ligands are excluded. In this context,

DFT + U + V has been developed as an extension of the DFT + U method to incorporate electronic inter-

actions both at on-site U and inter-site V levels, describing the strong inter-site electronic hybridization suc-

cessfully in materials based on transition metal compounds.26,27 Here, the Hubbard parameter V describes

the effective interactions between electrons on nearby sites, which is important for materials that need

orbital hybridization between distinct atoms. Thus, the main reason for using DFT + U + V is its greater flex-

ibility compared to DFT + U. In particular, for systems involving transition metals (where the atomic local-

ization of the electrons is of the d and/or f type) and surrounded by ligands. In fact, in this type of material,

the electronic localization takes place in a hybridized state with constituent elements of nearby atoms. This

behavior hinders the application of DFT + U because it involves only on-site localization, which can result in

a distorted electronic structure for this type of material.28

Hubbard parameters were often established experimentally in the past by fitting to experimental characteristics.

Furthermore, the Hubbard parameters in various materials were derived from first principles using linear-

response theory (based on supercell calculations), removing the ambiguity associated with empirical determina-

tion and establishing the DFT + U + V method as an accurate and versatile approach for materials with vastly

different properties.27 More actually, Timrov has reworked Hubbard U linear response calculation within the

context of density-functional perturbation theory (DFPT).29 This approach is more computationally efficient

than the previous one because it utilizes sums overmonochromatic (wave-vector-specific) perturbations in prim-

itive cells rather than finite differences between supercell computations.30 In addition, it leads to increased nu-

merical stability and convergence, as well as greater automation of the computational procedure. Recently, this

formulation was expanded to include the inter-site V parameters.31

In the present study, we applied DFT + U + V to study a-Fe2O3 and compared it to DFT, DFT + U and PBE0

as a hybrid DFT. First, DFPT is used to compute the on-site U and V inter-site Hubbard parameters self-

consistently from first-principles. Second, the converged U and V Hubbard parameters were used to opti-

mize the structure of a-Fe2O3. Then, by using DFT + U + V, we investigated the structural, magnetic, and

electronic properties of a-Fe2O3. Finally, to provide a deeper insight into the electronic and local structure

of a-Fe2O3, we carried out a theoretical and experimental study of the Fe and O K-edge by simulating the

X-ray fine structure (XAFS) spectra of both uncorrected and corrected Hubbard theories.

RESULTS AND DISCUSSION

Hubbard parameters calculations

In the DFT + U + V method, a correction term is introduced to the approximate DFT energy functional to

improve its accuracy in describing strongly correlated systems26:

EDFT +U +V = EDFT +EU +V (Equation 1)
2 iScience 26, 106033, February 17, 2023
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EDFT denotes the approximate DFT energy, whereas EU+V denotes the Hubbard term, which includes both

the on-site U and inter-site V Hubbard parameters. On one side, the Hubbard U parameter describes the

effective strength of the on-site Coulomb repulsion. On the other side, the Hubbard parameter V describes

the effective interactions between electrons on nearby sites, which is important for materials that need

orbital hybridization between distinct atoms. The extended Hubbard term in the simple rotationally

invariant model24 is written as:

EU +V =
1

2

X

I

X

smm0
UI
�
dmm0 � nIIs

mm0
�
nIIs
m0m � 1

2

X

I

X�

JðJsIÞ

X

smm0
VIJnIJs

mm0nJIs
m0m (Equation 2)

Here, I and J are the atomic site indices,m andm0 are the magnetic quantum numbers linked to a particular

angular momentum, UI and VIJ are the effective on-site and inter-site Hubbard parameters and, nIIsmm0 and

nIJsmm0 are the generalized occupation matrices. It is important to note that the * in the sum indicates that for

each atom I, the index J encompasses all its neighbors up to a specified distance.32

In the context of our research, the on-site U correction is required for the Fe-3d states in a-Fe2O3, whereas

the inter-site V correction is expected to be useful in describing Fe-3d-O-2p interactions. Thus, we calcu-

lated the Hubbard parameters, U and V, for a-Fe2O3 using the self-consistent calculation method devel-

oped by Timrov et al., 202131 for all magnetic configurations (see Table S1 of the supplemental informa-

tion). However, as shown in Figure S1 of the supplemental information, AFM-1 was demonstrated to

be the most energetically favorable magnetic configuration under all studied theories, so we selected it

as the ground state to compare and discuss in detail against experimental data when it is appropriated

in the rest of the paper. Despite this, the main results for the other magnetic configurations (AFM-2,

AFM-3, and FM) will be presented in the appropriate section of the supplemental information.

The evolution of both U and V Hubbard parameters using NAO or OAO projectors for the AFM-1 of the

a-Fe2O3 after each iteration is shown in Figure 2. After successive iterations, the Hubbard parameters

converged within 0.05 and 0.07 eV for DFT + U and DFT + U + V methods, respectively, which is enough

for most post-processing applications. As shown in Figure 2, the converged values of U and V are lower

than the values determined in the first iteration. Also, an enhanced variation for the U and V values using

OAO than NAO projectors is found. In particular, the converged U with OAO projectors is roughly 1 eV

lower than its initial value in the DFT + U + V approach. Hubbard V for the two different combinations of

Fe and O atoms found in a-Fe2O3 exhibits a similar convergence tendency. Moreover, Hubbard V has a

significantly smaller variation of their initial value (0.2–0.6 eV). Such as previously reported for SrTiO3
27

and MnPO4, and LiMnPO4
31, the structural optimization contained in the self-consistent approach is critical

for obtaining the final values of the Hubbard parameters.

As a result of the sensitivity of the Hubbard atoms to their surrounding chemical environment,33 surely

boosts the change of U and V during the self-consistent cycle.31 The converged self-consistent Hubbard

parameters U and V for the AFM-1 of the a-Fe2O3 are summarized in Table 1. The following section will

use these values to discuss the structural properties of a-Fe2O3 (AFM-1) and evaluate the magnetic and

electronic properties.

Structural properties

After calculating the Hubbard parameters, we compare the structural properties of the conventional unit cell of

a-Fe2O3 optimized at the three levels of theory used in this study (DFT, DFT+U, andDFT+U+V). Table 2 shows

the optimized lattice parameters (a and c), as well as the equilibrium volume (V) of the conventional unit cell for

the AFM-1 of the a-Fe2O3 compared to the experimental values. The experimental lattice parameters of the

a-Fe2O3 have been obtained from the entry # 9015964 11 from theCrystallographyOpenDatabase (COD). Alter-

natively, the optimized lattice parameters for the AFM-2, AFM-3 and FM configurations are presented in

Table S2 of the supplemental information. As previously reported for a-Fe2O3,
34 the standard DFT method un-

derestimates the lattice parameters (Daz�2.44% andDcz�1.01%) and volume (DVz�6.01%). On the con-

trary, both Hubbard-correctedDFTmethods (DFT+U andDFT +U+V) significantly improve the fitting with the

experimental lattice parameters and volume. Depending on the used Hubbard-corrected method, the differ-

ence between the calculated and experimental values decreases to 0.4–0.6% for a, 0.2–0.49% for c, and 0.72–

1.37% for V. This improving in the description of the structural properties of a-Fe2O3 has been widely reported

for DFT +U approach (including only the on-site type of correction).7,34 In addition, it is essential to note that the

Hubbard projector type substantially impacts the DFT results obtained with DFT + U and DFT + U + V. In
iScience 26, 106033, February 17, 2023 3



Figure 2. Evolution of U and VHubbard parameters using NAO or OAO projectors for the AFM-1 configuration of

a-Fe2O3 after each iteration of the self-consistent calculations based on DFT + U and DFT + U + V

The blue and red lines in the Hubbard V curves correspond to the Hubbard V parameters related to the shorter and longer

Fe-O distances.
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particular, as shown in Table 2, we find that when using NAO projectors, DFT + U slightly overestimates the lat-

tice parameters (Da z0.5% and Dc z 0.37%) and the equilibrium volume (DV z 1.37%). On the other hand,

DFT + U + V underestimates the lattice parameter a, whereas it overestimates the lattice parameters c and vol-

ume, although it has a better agreement with the experimental one compared to the standard DFT. Then, it is

found that the best agreement with experiments is obtained at the DFT + U level in the case of NAO projectors.

As OAO projectors are used, DFT + U and DFT + U + V slightly overestimate the lattice parameters and

volume. However, these structural properties are more precisely described by DFT + U + V when using

OAO projectors. As a result, we may conclude that when OAO projectors are employed, DFT + U + V is

more consistent with the experimental values than DFT + U alone. On the contrary, it is found that in the

case of NAO projectors, the best agreement with experiments is obtained at the DFT + U level. In this

way, no one scenario agrees with experiments the best when the lattice parameters and volume are

both considered concurrently; however, the most accurate findings are obtained using DFT + U + V(OAO).

In the hematite structure, the anions (O2�) are organized in a hexagonal closed-packed lattice (hcp) with the

cations (Fe3+). Two-thirds of the sites are occupied by Fe3+ ions, which are grouped in a regular pattern,

with two occupied sites followed by one unoccupied site on the (001) plane, generating 6-fold rings.1,37
Table 1. Converged Hubbard parameters for the crystal cell of a-Fe2O3 (AFM-1 configuration) calculated from first

principles using DFPT

Method Hubbard manifolds Hubbard Parameter (eV)

DFT + U NAO U 4.062

OAO U 5.126

DFT + U + V NAO U 4.926

V 1.641/1.110

OAO U 5.425

V 0.861/0.618

4 iScience 26, 106033, February 17, 2023



Table 2. Optimized structural parameters of the conventional unit cell for the AFM-1 configuration of the a-Fe2O3calculated by DFT, DFT + U, and

DFT + U + V theories and their comparison with results obtained from previous studies

Hubbard manifold Method a = b (Å) c (Å) c/a V(Å3) Reference

– Experimental 5.034 13.75 2.73 301.771 Finger and Hazen11

– DFT 5.003 13.870 2.78 347.17 Rollmann et al.35

Not specified DFT + U 5.026 13.750 2.74 347.33 Rollmann et al.35

– DFT 5.007 13.829 2.78 346.70 Rohrbach et al.34

Not specified DFT + U 5.067 13.882 2.74 356.41 Rohrbach et al.34

Not specified DFT + U 5.07 13.88 2.74 356.78 Adelstein et al.36

– DFT 4.914 13.612 2.77 284.650 This study

NAO DFT + U 5.059 13.801 2.73 305.950 This study

DFT + U + V 5.004 13.817 2.76 299.603

OAO DFT + U 5.064 13.778 2.72 305.951 This study

DFT + U + V 5.055 13.793 2.73 305.204

The experimental lattice parameters have been obtained from the COD entry # 9015964.11
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The arrangement of the cations results in pairs of FeO6 octahedra that share edges with three adjacent

octahedra in the same plane and have one face in an adjacent plane in the [001] direction.38 Octahedral

face sharing along the c-axis is what causes the cation sub-lattice to deviate from ideal packing; Fe atoms

in shared octahedra are repelled in the direction normal to [001], causing the cations to shift closer to the

unshared faces.39 It results in three of the Fe-O bonds having a shorter bond length. Then, we analyzed the

Fe-Fe interatomic distance and Fe-O bond lengths. The optimized and experimental values of the Fe-Fe

interatomic distance and Fe-O bond lengths for the AFM-1 configuration of the a-Fe2O3 are illustrated

in Figure 3. In the conventional unit cell of a-Fe2O3, there are both two types of Fe-Fe interatomic distances

(2.88 Å and 3.98 Å, Figure 3A) and Fe-O bond lengths (1.9 Å and 2.06 Å, Figure 3B) observed experimen-

tally.40 As shown in Figure 3A, DFT + U + V(OAO), DFT + U(OAO), and DFT + U(NAO) provide the best

agreement for the Fe-Fe interatomic distance with the experimental reported value. DFT + U + V(NAO)

method slightly overestimates the Fe-Fe interatomic distance. In the case of the Fe-O bond lengths,

although the difference between these two values is small, it still possible to resolve them precisely in cal-

culations. Again, DFT + U + V(OAO), DFT + U(OAO) and DFT + U(NAO) provide the best agreement for the

Fe-O bond lengths with these two experimental distances (Figure 3B).

Magnetic properties

The magnetic properties of a-Fe2O3 are strongly influenced by the temperature and the particle size.41

a-Fe2O3 is slightly ferromagnetic at room temperature but becomes paramagnetic at 956 K (Tc). At

263 K, it experiences a magnetic phase transition from magnetic to antiferromagnetic. This lower temper-

ature transition is referred to as the Morin temperature (TM), below which the two magnetic sub-lattices are

perfectly antiparallel and aligned along the rhombohedral [111] axis. In our study, we take into account the

AFM-1 spin configuration (++ –), which is known to be themore energetically stable (see Figure S1). Figure 4

shows the magnetic moments on Fe atoms in a-Fe2O3. Likewise, the magnetic moments for the AFM-2,

AFM-3 and FM configurations are shown in Table S3 of the supplemental information. The experimental

value of the magnetic moment for a-Fe2O3 has been reported between 4.0 and 4.6 mB/Fe atom.10,42,43

The magnetic moment calculated by DFT was about 0.9–1.5 mB/Fe atom lower than the experimental value.

Although the Hubbard corrections underestimate the magnetic moment, it improves the estimation for all

situations. The closest agreement with the experimental value on average is obtained when using DFT + U

and OAO (0.1–0.7 mB/Fe atom lower than the experimental value). In contrast, the most significant

underestimation from the experimental value on average is obtained when using DFT + U + V and NAO

(0.4–1.0 mB/Fe atom lower than the experimental value).

Electronic properties

Various experimental techniques have been used to examine the electronic structure of a-Fe2O3. A

substantial hybridization between O-2p and Fe-3d levels has been shown in the valence band, whereas

Fe-3d states dominate the conduction band of a-Fe2O3.
44–46 Thus, a-Fe2O3 has been classified as a

charge-transfer or intermediate insulator.44 The band structure and projected density of state (PDOS)
iScience 26, 106033, February 17, 2023 5



Figure 3. Optimized interatomic distances in the crystal cell of a-Fe2O3 (AFM-1 configuration) calculated by DFT,

DFT + U, and DFT + U + V theories

(A) Fe-Fe interatomic distances, (B) Fe-O bond lengths and (C) their schematic representation in the a-Fe2O3 conventional

unit cell. Dash lines correspond to the experimental values.40
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for the AFM-1 of the a-Fe2O3 by using standard DFT are shown in Figure 5. As shown in the band structure

of Figure 5, there is a huge discrepancy between DFT estimates and the actual reported experimental band

gap value. DFT underestimates the band gap, resulting in a value of 0.2 eV compared to the experimental

band gap value of 2.6 eV reported by Zimmermann.6 The pDOS and total DOS at the DFT level show that

the conduction bands minimum in the DFT situation is predominantly Fe-3d, whereas the valence bands

maximum is mixed, exhibiting a substantial hybridization between the Fe-3d and O-2p states. Overall,

because of high hybridization with O-2p states, Fe-3d states are over-delocalized owing to SIE inherent

to the standard DFT.

Figure 6 shows the total DOS and pDOS calculated for the AFM-1 of the a-Fe2O3 by comparing the stan-

dard DFT used in this study (PBEsol) against the PBE0 hybrid DFT functional. Here, the PBE0 exchange

functional is tested with different exchange fractions. Also, it is important to note that the DOS and

pDOS for the PBE0 functional were obtained by doing an SCF calculation on the previously obtained

DFT-PBEsol optimized structure. On the one hand, PBE0 at 25% of the exchange fraction largely overesti-

mates the band gap, resulting in a value of 4.23 eV. On the other hand, PBE0 at 14% of the exchange frac-

tion results in an excellent agreement with the experimental band gap value of 2.6 eV.

Moreover, the use of PBE0 improves the localization of the Fe states. However, despite showing an excellent

result, the utilization of hybrid functionals, such as PBE0, is significantly more expensive than DFT and Hub-

bard-corrected DFTmethods.21 Indeed, under our hardware and configuration system, an SCF PBE0 calculation

takes approximately 70 times more CPU time than the DFT + U + V(OAO) calculation. Another disadvantage of

hybrid calculations is that they are not totally computed from first-principles. In fact, the exchange fraction in a

hybrid calculation is known tobe amaterial-dependent quantity typically calculated by fitting experimental data.

In contrast, the DFT + U + V approach relies onHubbard U and V parameters that are simultaneously computed

from first principles and with a self-consistent procedure, not relying on any empirical parameters.27

Figure 7 shows the band structure and pDOS for the AFM-1 of the a-Fe2O3 by using Hubbard-corrected

approaches. In addition, the pDOS for the AFM-2, AFM-3 and FM configurations are presented in
6 iScience 26, 106033, February 17, 2023



Figure 4. Magnetic moment of Fe in the unit crystal cell for the AFM-1 of the a-Fe2O3 calculated by DFT, DFT + U,

and DFT + U + V theories

The zone between dashed lines corresponds to the range of the experimental magnetic moment values between

4.0-4.6 mB/Fe atom.10,42,43
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Figures S2–S4, respectively, of the supplemental information. In general, we found that a-Fe2O3 has both a

direct and indirect gap, which is consistent with previous theoretical investigations.8 Of interest, compared

to standard DFT, Hubbard corrections increase the band gap value to 1.6–2.5 eV, depending on the

method and the used Hubbard projector type. On the one hand, the AFM-1 configuration showed that

at the DFT + U level, NAO strongly underestimates the band gap value (1.6 eV) compared to OAO

(2.18 eV). On the other hand, DFT + U + V improves the band gap estimation using NAO (2.18 eV) and

OAO (2.48 eV) projectors. Conversely, the pDOS and total DOS at the DFT + U and DFT + U + V levels

show the on-site Hubbard U correction for the Fe-3d states and the inter-site Hubbard V correction for

the Fe-3d and O-2p states can be used to correct SIE. As seen in Figures 7A and 7B, applying the Hubbard

U correction to Fe-3d states renders them significantly more localized than in standard DFT. The spectral

weight of occupied Fe-3d states is moved to lower energies with slight variations depending on the Hub-

bard correction type. The empty Fe-3d states are shifted to higher energies and have a higher intensity,

which is a sign of enhanced localization. The top of the valence bands clearly has an O-2p character,

whereas the lowest conduction bands have a strong mixed character, highlighting the Fe-3d-O-2p hybrid-

ization. The Fe-3d character dominates the higher energy empty states, with peaks ranging from 2 to 4 eV

depending on the Hubbard correction.
Fe and O K-edge spectra simulation

X-ray absorption fine structure (XAFS) spectroscopy is a very powerful element-specific technique that pro-

vides both electronic and local probes. In general, the XAFS signal may be divided into two regions: near-

edge (XANES: X-ray absorption near-edge structure) and extended (EXAFS: extended X-ray absorption

fine structure). Each region includes information that is distinct and complementary. The XANES area be-

gins with the absorption signal being elevated and extends up to 100–150 eV above the edge. The XANES

characteristics are derived from the details of the density of empty states at the Fermi level and huge mul-

tiple scattering processes; hence, the XANES area contains information about the electronic properties

and local geometry around the absorber. The fine structure in the EXAFS region is primarily owing to single

scattering events, which yields a relatively simple formula (standard EXAFS formula) that is easily
iScience 26, 106033, February 17, 2023 7



Figure 5. Band structure and partial density of states (pDOS) for the AFM-1 of the a-Fe2O3 bulk crystal calculated

by standard DFT
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interpretable in terms of local structure parameters: coordination numbers, distances, and disorder of

neighboring shells.47

For the reasons discussed above, we obtained the experimental and calculated Fe and O K-edge XANES

spectra of the a-Fe2O3 by using both uncorrected and corrected Hubbard approaches (Figure 8). Herein,

we used the conventional unit cell of the AFM-1 spin configuration again because it is more stable energet-

ically (see Figure S1). Figure 8A compares the experimental Fe K-edge XANES spectra of the a-Fe2O3 and

the simulated ones by the different theories used in this study. First, it is essential tomention that previously

reported observations48,49 and our present experimental spectrum are in excellent agreement. Secondly,

in general, the shape of simulated spectra is quite similar to the experimental one. Remarkably, standard

DFT theory results in a quite well spectrum. However, major differences appear in the pre-edge region. The

simulated spectra present a displacement toward higher energy.

On the other hand, the application of Hubbard corrections to both DFT + U and DFT + U + V results in

important changes in the spectra, mainly located in the pre-edge region. There is an additional shift toward

higher energy in the peak position, and one of the pre-edge peaks is loose. This likely happens because of

the highly localized states. According to previous research, the K pre-edge characteristics are attributed to

electronic transitions of quadrupole nature between 1s and 3d orbitals and/or to the dipole transition be-

tween 1s and 4p hybridized with 3d orbitals.50,51 Two quadrupole transitions for octahedral compounds

with centrosymmetric sites are predicted theoretically: 1s-3d (t2g) and 1s-3d (eg). However, experimentally

one to three more components are readily visible in hematite.51,52

In oxygen K-edge X-ray absorption, an X-ray with 530 eV energy excites the initial state of the system to a

final state. The simulations of the O 1s K-edge XANES of a-Fe2O3 are shown in Figure 8B. The simulations

are compared to the experimental O 1s K-edge XANES of a-Fe2O3 reported by Wu et al., 1997.53 The

experimental spectra of Ferrites (Fe2O3) have a 3d5 ground state andmay be found in various crystal forms,

with the a-Fe2O3 structure being the most prevalent.53,54 Characteristic splits between 530.8 and 532.2 eV

related to the spin-down t2g and eg states are observed. Remarkably, the simulated results by DFT theory

confirmed a close agreement with those obtained from experimental spectra. In the pre-edge region, the

expected outcome of splitting is presented. In contrast, the splitting related to t2g-eg symmetry bands
8 iScience 26, 106033, February 17, 2023



Figure 6. Partial density of states (pDOS) for the AFM-1 of the a-Fe2O3 bulk crystal calculated by DFT and the

hybrid functional PBE0
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expected in the pre-edge region is lost when the Hubbard corrections of both DFT + U and DFT + U + V are

applied. To further explore these results, we compare the experimental and calculatedO K-edge XANES of

a-Fe2O3 with the unoccupied states of the pDOS for the AFM-1 configuration (Figure S5 of the supple-

mental information). More specifically, the first two peaks in XANES from DFT originate from the hybridi-

zation with Fe-3d minority spin states. The position of the two peaks is 1.25 eV and 2.55 eV, whereas the

experimental ones are found at 2.25 and 3.78 eV, respectively. Also, the splitting between these two peaks

is in fairly good agreement with the experiments (1.30 eV and 1.53 eV). The application of the Hubbard U

correction to Fe-3d states significantly alters the XANES spectrum, because of the blueshift in the energy of

the Fe-3d states. The Hubbard correction does not improve in every aspect of the results, because now the

splitting between the t2g and eg states is much smaller than in DFT, and consequently the distance in en-

ergy between the two peaks drastically reduces, leading to these two features to merge (Figure S5). How-

ever, the change in the Fe-3d density of state produces a better agreement in the energy position concern-

ing the simple DFT case. In this regard, we can conclude that the Hubbard corrections do not improve in

every aspect of the XANES spectra of a-Fe2O3, and maybe a different theory is necessary to explain these

spectra better.

Finally, we tested the validity of each model by checking the likelihood of the obtained structures with

respect to the experimental EXAFS data at the Fe K edge. A quantitative comparison is thus achieved

considering the statistical meaning of each fit in terms of c2. The experimental data and best-fit curves

by EXAFS signal are shown in Figure 9 and Table S4 of the supplemental information. In all the cases,
iScience 26, 106033, February 17, 2023 9



Figure 7. Band structures and partial density of states (pDOS) for the AFM-1 of the a-Fe2O3 bulk crystal

calculated by DFT, DFT + U and DFT + U + V

(A) DFT + U using NAO projectors.

(B) DFT + U using OAO projectors.

(C) DFT + U + V using NAO projectors.

(D) DFT + U + V using OAO projectors.
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the same number of parameters has been adopted: the first peak located around 1–2 Å (which mimics the

Fe-O octahedra) has been modeled by two distances of Fe-O and a unique Debye-Waller factor (i.e., one

order parameter), whereas the doublet around 2 and 4 Å (which mimics Fe-Fe interactions) contains three

paths corresponding to 3 distance and 2 Debye-Waller factors. The total amplitude parameter was fixed to

0.85 for all the models (after preliminary adjustment on Fe foil), whereas correction to the energy scale has

been set free to vary. In general, the results of simulations were in close agreement with experimental spec-

trum data. Of interest, from a statistical point of view, a discrepancy between observed values and the

values expected under the model used was evidenced (see Figure S6 and Table S5 of the supplemental

information). The best-simulated curve adjustment to the experimental data was by DFT + U (NAO and

OAO projectors) method, while on the contrary, DFT + U + V(NAO) presented the worst adjustment to

the experimental data. Although DFT + U + V(OAO) does not result in the best curve adjustment, the dif-

ference between this theory and DFT + U theories is only marginal, which suggests that DFT + U + V(OAO)

theory is also a good choice for simulating XAFS spectra.

Conclusion

In this work, the structural, magnetic, and electronic characteristics of a-Fe2O3 have been investigated by a

fully first-principles approach. By using the DFT + U + V method with on-site U and inter-site V Hubbard

parameters derived from DFPT, we have compared the results against DFT, DFT + U, and PBE0 as a hybrid

functional. In addition, two types of Hubbard projectors based on NAO and OAO projectors have been

used. First, based on the orientation of the local spin density around the Fe atoms of a-Fe2O3, we found

that the AFM-1 (++ –) is the most energetically favorable magnetic configuration under all studied theories.

More interestingly, we discovered that the expected outcomes vary significantly depending on whether

only U or both U and V corrections are used, as well as the Hubbard projector type. The best overall
10 iScience 26, 106033, February 17, 2023



Figure 8. Experimental and simulated Fe and O K-edge XANES the a-Fe2O3 bulk crystal (AFM-1 configuration)

calculated by DFT, DFT + U and DFT + U + V

(A) Fe K-edge and O (B) K-edge XANES of the a-Fe2O3 bulk crystal (AFM-1 configuration) calculated by the different

theories.
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agreement is found when using DFT + U + V with OAO projectors. Here, the on-site U parameter is impor-

tant for describing the confined nature of Fe-3d states, whereas the inter-site V parameter is relevant for

describing the strong hybridization between Fe-3d and O-2p states. The extended Hubbard functional
iScience 26, 106033, February 17, 2023 11



Figure 9. The Fourier Transformed (FT) of the experimental and simulated Fe K-edge EXAFS for the AFM-1 of the

a-Fe2O3 bulk crystal

(A) Real and (B) imaginary part of fits (lines) of the FT signal from k2-weighted EXAFS signals (dots) calculated by DFT,

DFT + U, and DFT + U + V theories.
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improved the description of the structural, magnetic, and electronic properties of a-Fe2O3 compared to

standard DFT.

Moreover, compared to hybrid functional, DFT + U + V gives a similar picture without excessive computing

resources. We are confident that DFT + U + V with OAO projectors can be critical in improving spectra

simulation in materials science, particularly for a-Fe2O3. Thus, this work highlights the importance of taking

into account the inter-site interactions as well as the necessity to consider the type of atomic orbital pro-

jectors to use in future theoretical research of a-Fe2O3. The present study also suggests the need for the

inter-site V parameter for other binary oxide systems, which involve transition metals and hybridized elec-

tronic states with constituent elements of nearby atoms. Nevertheless, we emphasize the need for ongoing

research to unclear the extension of DFT + U + V to other binary oxides. Similarly, another significant chal-

lenge for future research will be determining the potential impact of the DFT + U + V theory on the surface

engineering of a-Fe2O3 and other systems. Thus, promising opportunities are open for DFT + U + V theory

in computational materials science.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Quantum ESPRESSO Quantum ESPRESSO Foundation. https://www.quantum-espresso.org/

VESTA software package JP-Minerals https://jp-minerals.org/vesta/en/

Gnuplot Gnuplot http://www.gnuplot.info/

SSSP Precision Library v1.2 Materials Cloud https://www.materialscloud.org/discover/

sssp/table/precision

ATHENA/ARTEMIS DEMETER https://bruceravel.github.io/demeter/

a-Fe2O3 CIF entry # 9015964 Crystallography Open Database (COD) http://www.crystallography.net/cod/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to the lead contact, Nelson Naveas

(nelson.naveas@estudiante.uam.es).
Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This paper does not report

original code.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Our study does not use experimental models typical in the life sciences.
METHOD DETAILS

DFT calculations were carried out using the plane-wave (PW) pseudopotential approach implemented in

the Quantum ESPRESSO computational package.55 PBEsol Pseudopotentials were obtained from the

SSSP Precision Library v1.2.56 We investigated different magnetic configurations based on the orientation

of the local spin density around the Fe atoms of the structures depicted in Figure 1. These magnetic con-

figurations were denoted as AFM-1 (++ –), AFM-2 (+- +-) and AFM-3 (+- - +) for the antiferromagnetic spin

ordering, as well as FM (++ + +) for the ferromagnetic spin ordering. The rhombohedral primitive and the

conventional unit cell comprising 10 and 30 atoms, respectively, were used.

The crystal structures were optimized using the BFGS quasi-newton algorithm by DFT, DFT + U, and DFT +

U + V methods. We specified a convergence threshold of 13 10�6 Ry for total energy, 13 10�5 Ry/Bohr for

forces, and 0.5 kbar for pressure. On one side, DFT + U calculations were carried out using the simplified

rotational-invariant formulation adopted by Cococcioni and de Gironcoli57 by using a Hubbard U correc-

tion on Fe-3d states. On the other side, DFT + U + V calculations were performed using the simplified

version of Campo Jr and Cococcioni26 by correcting the inter-site interaction between the Fe-3d and

O-2p states using the Hubbard V parameter. The Hubbard parameters were calculated using the HP

code by DFPT and using uniform G-centered k and q point meshes.29 At this stage, we used the primitive

cells with a 4 3 4 3 4 k points mesh and the 2 3 2 3 2 q points mesh. In DFPT calculations, we used a ki-

netic-energy cutoff of 65 Ry for the wave function and 780 Ry for the charge density (detailed information

about the SCF and HP calculation input files can be seen in the Data S1 and Data S2, respectively, of the

Supplemental Data file). All parameters used in our calculations were previously evaluated and chosen

according to their proper convergence tests. We employed the self-consistent technique to calculate

U and V, which entails cycling calculations, including structural optimizations and Hubbard parameters
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re-computing for each new optimized crystal geometry.31 The crystal structures were visualized using the

VESTA software package.58

For the DFT + U and DFT + U + V calculations, two different types of Hubbard projectors, non-orthogonal-

ized atomic orbitals (NAO) and orthogonalized atomic orbitals (OAO) were utilized.31 We employed the

Marzari-Vanderbilt (MV) smearing method59 with a broadening parameter of 1 3 10�3 Ry.

Structural optimizations, magnetic moments, band gaps, and the projected and total density of states

(DOS) were made using a uniform G-centered k points mesh of size 83 838. We used a kinetic-energy cut-

off of 90 Ry for the wave function and 1080 Ry for the charge density.

Experimental X-ray absorption spectroscopy (XAS) measurements were performed at room temperature

under vacuum conditions. The K-edge of Fe (�7124 eV) was performed in continuous mode at the CLÆSS

beamline of the ALBA CELLS synchrotron (Spain) using a double-crystal Si (311) monochromator. Energy

calibration has been checked for each collected spectrum by aligning the first derivative maximum

(7112 eV) of the XAS reference spectrum of a Fe foil, acquired simultaneously with the sample. The absorp-

tion data were collected in transmission mode using three ionization chambers properly gas-filled at this

energy. In the XANES region, all the spectra have been sampled with an energy resolution of 0.3 eV.

The spectra have been treated according to the standard procedure: pre-edge background subtraction

and XANES normalization were carried out by fitting a linear polynomial to the pre-edge region and a cubic

polynomial to the post-edge region of the absorption spectrum. Spectra have been divided by absorption

jump. The data processing was performed using the software ATHENA, part of the package IFEFFIT.

Simulations of Fe and O K-edge XANES spectra were conducted by computing the dipole part using the

Lanczos recursive procedure inside the XSpectra code of Quantum Espresso Distribution.60–62 We ap-

proached the calculations by ignoring both the quadrupole part and the core-hole in the final state. The

convolution of the XANES spectra was made using a Lorentzian smearing arctangentlike function with

an energy-dependent broadening.63

The EXAFS signal of a-Fe2O3 has been extracted by subtracting a smooth post-edge background function.

Corresponding Fourier Transforms have been performed over the k range 2.6–14 Å�1 after being multi-

plied by k2 to enhance the signal in the higher k-region.64 EXAFS oscillations have been modeled by using

the structures obtained after relaxation within the different ab-initio approximations. Theoretical ampli-

tudes and phases of the different paths used in the analysis have been calculated by the FEFF-6 code65

and then adjusted to the experimental data (in R space) using the ARTEMIS program of the DEMETER

suite.66 All plots were generated using GNUplot V5.2 program.67
QUANTIFICATION AND STATISTICAL ANALYSIS

In the experimental XAS measurements, several scans were collected to ensure reproducibility and

improve the signal-to-noise ratio. The raw data has been treated by pre-edge background subtraction,

and XANES normalization was carried out by fitting a linear polynomial to the pre-edge region and a cubic

polynomial to the post-edge region of the absorption spectrum. The EXAFS signal has been extracted and

modeled by the standard theory equations. The normalized sum of square residuals was used as a measure

of the discrepancy between the unknown data and the fit model.
ADDITIONAL RESOURCES

We have no relevant additional resources.
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