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Abstract

Spin disorder in ferrimagnetic iron oxides critically influences their electronic and magnetic properties,
particularly at the nanoscale. In this work, y-Fe,O; was investigated using several density-functional
approaches (PBE, PBE+U, PBE+D4, SCAN, SCAN-L, SCAN+rVV10, r’SCAN and HSEO06) to identify methods
capable of accurately reproducing its structural, magnetic, and electronic characteristics. The PBE functional
provided the best structural agreement with experiment, while PBE+U and HSEO06 most accurately described
magnetic moments of —4.03/-4.06 pg (Fe'@) and 4.16/4.14 g (Fe°?). HSE06 yielded a band gap of 2.31 eV,
in good agreement with the experimental value. Spin flip energetics revealed that spin realignment at
tetrahedral sites is roughly twice (or more) energetically demanding than at octahedral sites; for example,
under PBE+U, the energy cost is 667 meV for Fetet@ and 364—414 meV for Fe°“a, Density of states showed
that increasing spin disorder induces Fe 3d- and O 2p-derived in-gap states and can reduce the band gap up
to 1.38 eV. To reduce computational cost, the CHGNet machine-learned potential was tested. While it fails to
reproduce magnetic orientations, it substantially accelerates structural optimization. Overall, the results clarify
the link between spin disorder and electronic structure in iron oxides and demonstrate how DFT and machine-
learning methods can be combined to efficiently model complex magnetic behavior for future research.
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1. INTRODUCTION

Iron oxide nanoparticles are a widely studied class of magnetic materials owing to their versatile applications
in biomedicine [1,2] and energy storage [3], where magnetic and electronic properties are strongly influenced
by particle size. Bulk maghemite (y-Fe203) exhibits ferrimagnetic ordering, which arises from the antiparallel
coupling between Fe®* ions occupying tetrahedral (Fet¢t@) and octahedral (Fe©°°®) sites within the inverse spinel
lattice (Figure 1a). However, in ultrasmall iron oxide nanoparticles, the high surface-to-volume ratio leads to
broken superexchange interactions through reduced atomic coordination and bond distortions, resulting in
magnetically disordered layers and a measurable decrease in total magnetization [4]. Notably, such spin
disorder has been associated with enhanced T+ relaxation times in MRI, hinting at functional relevance [5].

Local spin flips - individual reversals of iron magnetic moments - represent the simplest microscopic
manifestation of spin disorder, particularly within computational models constrained to collinear magnetism,
where the magnetic moments cannot freely rotate in the x or y directions. Such disorder is metastable in the
bulk but can become energetically stabilized in nanoparticles [6,7]. This stabilization is influenced by the nature
of possible surface capping, which can modify the effect of dangling bonds on the electronic structure.
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Since magnetism stems from the underlying electronic structure of material, alterations in spin alignment also
manifest as changes in the density of electronic states (DOS), which can be further analyzed to assess the
additional effect of spin disorder. To obtain an accurate description of the electronic states, band gaps and
possible in-gap states, it is necessary to compare different density-functional approaches, as standard semi-
local functionals tend to underestimate the band gap and misrepresent electronic properties in iron oxides [8].
The theoretical (quantum-mechanical) analysis was performed on bulk y-Fe20s3, as the application of advanced
methods is computationally demanding for larger spin-polarized models (nanoparticles).

2, COMPUTATIONAL METHODOLOGY

All quantum-mechanical calculations in this study were performed using Vienna Ab initio Simulation Package
(VASP) [9,10] within the framework of density functional theory (DFT) [11,12]. The projector augmented wave
(PAW) [13,14] pseudopotentials were applied with the 2s and 2p orbitals for oxygen and 3d, 4s and semicore
3p orbitals for iron treated as valence states. A plane-wave cutoff energy was 500 eV. Bulk y-Fe20s3 structures
were relaxed using the 6x6x6 Monkhorst-Pack k-point grid and tetrahedron method with Bléchl correction.

To evaluate the effect of the exchange-correlation contribution, several functional approximations were tested.
The general gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) [15] parametrization served
as the baseline. Dispersion corrections were included via the PBE+D4 scheme [16], which accounts for van
der Waals pairwise interactions. The PBE+U approach of Dudarev et al. [17] was used to correct the self-
interaction error and excessive delocalization of Fe 3d electrons through an on-site Coulomb term, employing
Uer = 4.3 eV. Beyond GGA, several meta-GGA functionals that incorporate the kinetic energy density were
tested. These included strongly constrained and appropriately normed (SCAN) [18] functional, its deorbitalized
version SCAN-L [19], the r2ZSCAN [20] regularized form with higher numerical stability and SCAN+rVV10 [21]
functional including nonlocal van der Waals correlation via the revised rVV10 kernel.

For higher-level calculations of the electronic structure, the HSEQ06 [22] screened hybrid functional was used,
combining 25 % short-range Hartree-Fock exchange with PBE correlation. Static HSE06 calculations were
carried out using the '-point-only setup due to the computational limitations with denser k-meshes. A Gaussian
smearing scheme was used with a width of 0.05 eV to obtain the DOS with high accuracy.

Finally, a pretrained universal neural network potential for charge-informed atomistic modelling (CHGNet) [23]
was used to compare the predicted structural and magnetic properties with DFT reference data, evaluating its
ability to capture spin-related complexities.

Figure 1 (a) Ferrimagnetic structure of bulk y-Fe203 and (b) highlighted Fe atoms indicating the sites where
individual spin flips were introduced, see the text below.



2025
NANOCO N ’ October 15 - 17, 2025, Brno, Czech Republic, EU

3. RESULTS

Before analyzing the influence of spin flips, it was necessary to identify a computational approach capable of
reproducing structural and electronic properties consistent with experiment. The results obtained using various
exchange-correlation functionals are summarized in Table 1. The PBE functional shows the best structural
match, deviating only 0.18% in the lattice parameter. All functionals used for structural relaxation (except
HSEOQG6) predict a slight contraction of the unit cell, except for PBE+U, which yields expansion. The SCAN,
SCAN-L and SCAN+rVV10 functionals lost the cubic symmetry, with the ¢ parameter deviating from the ideal
cubic arrangement by about 0.10-0.13 %. PBE+U and HSEQ6 best reproduce the magnetic moments, while
other methods fail to capture their correct magnitudes. Nevertheless, their relative spin alignments were
consistent, resulting in nearly identical total magnetizations across all approaches. PBE and PBE+D4 fail to
reproduce the semiconducting character of maghemite, showing states at the Fermi level. Meta-GGA
functionals and PBE+U perform moderately better in this aspect, whereas HSEO6 gives a band gap of 2.31
eV closely matching the experimental optical value 2.2 eV. Since HSE06 functional is computationally
demanding, only a static single-point calculation was performed on the PBE-relaxed structure, which already
showed the best structural agreement with experiment.

Table 1 Calculated properties of bulk cubic y-Fe203 obtained using different functionals. The table lists the
optimized lattice parameter (a), its deviation from the experiment (a/aexp), magnetic moments of Fe
atoms at tetrahedral (Fe'*'™@) and octahedral (Fe°t?) sites, magnetic moments of oxygen atoms and the
total magnetic moment per conventional cell. The reported band gap values correspond to the indirect
fundamental gap.

magnetic moment (us)
Functional a(A) alaexp (%) Eofetra Foteta o cell band gap (eV)

PBE 8.3317 -0.18 -3.35 3.66 0.09 23.7 0

PBE+D4 8.2629 -1.01 -3.29 3.63 0.09 23.7 0
PBE+U 8.4392 1.10 -4.06 4.16 0.07 23.7 1.66
SCAN 8.2870 -0.72 -3.79 3.95 0.09 23.8 0.85
SCAN-L 8.2561 -1.09 -3.40 3.69 0.09 23.8 0.85
R?SCAN 8.3028 -0.53 -3.79 3.95 0.09 23.8 0.87
SCAN+rvVV10 8.2700 -0.92 -3.79 3.95 0.09 23.8 0.83
HSE06 - - -4.03 4.14 0.07 23.9 2.31

To further investigate the magnetic stability, the energetics of single spin flips were analyzed using PBE,
PBE+U and r2ZSCAN, which proved to be the most reliable functionals in the previous step. For each functional,
five configurations with an individual spin flip were fully relaxed, with the flipped Fe sites indicated in Figure 1b.
This approach allowed us to evaluate whether the energetic cost of a spin flip depends on its position within
the lattice. Table 2 shows that a spin flip in the tetrahedral sublattice is significantly more energetically
demanding than in the octahedral sublattice across all tested methods. This trend corresponds well with
experimental observations [24], where Mdssbauer spectroscopy revealed that octahedral positions are more
susceptible to spin canting than the tetrahedral ones. Furthermore, our calculations show that the spin flip
energy varies among octahedral Fe sites, which arises from the structural non-equivalence caused by
disordered octahedral vacancies (since cubic y-Fe203 is derived from FesOa4 by partial removal of Fe ions from
the octahedral sites). Structural analysis of the spin-flipped models also revealed a deformation of the cubic
lattice, likely caused by repulsive interactions introduced by the newly formed antiparallel spin pairs.
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Table 2 Calculated energies per single spin flip (Enip) for selected Fe sites in bulk y-Fe203 using different
exchange-correlation functionals. Each configuration contains one flipped spin in the entire unit cell,
located either in the tetrahedral (T) or octahedral (O) sublattice.

Efiip (meV)
Functional
T T6 011 016 019
PBE 1372 1372 260 260 325
PBE+U 667 667 364 364 415
R2SCAN 949 949 523 523 591

Table 2 shows that the energies of individual spin flips vary across different functionals, while maintaining the
same general trends: Etip (T) > Esip (O) and Exip (O19) > Exip (O11/016). To further examine how collective spin
flips influence the energy, configurations with simultaneous spin flips were generated and relaxed using the
PBE and PBE+U functionals, while static HSEO6 calculations were performed on the PBE-relaxed structures.
Two models were constructed per functional: SP1, SP2 (PBE) and SP1Y, SP2Y (PBE+U), each including spin
flips in both the tetrahedral and octahedral sublattices in ratios 2:4 and 2:5, respectively. Configurations SP1
and SP1Y involve only the change in orientation of the magnetic moment (e.g., from -4.1 us to 4.1 us), while
SP2 and SP2V include a change in both orientation and magnitude (e.g., from 4.1 us to -2.2 us). This spin
disorder results in a reduction of the total magnetization per unit cell by approximately 75-99% compared to
the ferrimagnetic ground state. The corresponding energies per spin flip are 518 meV (SP1), 407 meV (SP2),
456 meV (SP1Y) and 490 meV (SP2Y). These results show that the energetic cost per flip is more consistent
between functionals when multiple spins are reversed simultaneously. The energies of SP1 and SP2
configurations were previously presented in our earlier work [7] for comparison with nanoparticle models.

The electronic structure and band gap of the SP1 and SP2 configurations were analyzed by the density of
states (DOS) (Figure 2) using HSEO06, which proved to yield the most accurate bandgap. SP1 preserves a
2.55 eV band gap, which is slightly larger than in the ferrimagnetic bulk, with an in-gap state primarily
originating from O orbitals and partially from the Fe°cta d orbitals. More differences appear in SP2, which exhi-
bits the emergence of in-gap states that narrow the gap to 1.38 eV and increase the DOS asymmetry between
the spin channels. In the case of SP2, these states mainly originate from Fe°ta d orbitals. The formation of in-
gap states arises from the disruption of Fe 3d-O 2p hybridization caused by spin misalignment, while the
additional change in Fe magnetic moment magnitude further shifts the 3d Fe states towards the Fermi level.

SP1 - HSE06 SP2 - HSE06

60 R 0.25

I 0.20

DOS

suo1123f04d |BUGIO JIWOoIY

0.05

T T T T T T T T T T T T 0.00
-8 —6 —4 -2 0 2 4 -8 -6 —4 -2 ] 2 4
Energy - E¢ (eV) Energy - Ef (eV)
Figure 2 Spin polarized DOS of the SP1 and SP2 configurations calculated using the HSEOQ6 functional on
the PBE-relaxed structures. The colour scale represents the atomic orbital projections corresponding to

oxygen atoms, highlighting their contribution to the valence and conduction bands.
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We also tested a machine-learned interatomic potential on the Fess0116 nanoparticle and its pseudo-
hydrogenated form FessO1epsHes from a previous study [7]. CHGNet was selected because it employs a
charge-informed universal potential capable of predicting magnetic moments. However, our results revealed
that it cannot capture magnetic moment orientations, making it unsuitable for systems with ferrimagnetic or
spin-disordered character. Instead, we explored its applicability for pre-relaxation of spin-disordered structures,
where it proved to be efficient for non-functionalized nanoparticles, achieving interatomic distances closer to
the PBE results within a few seconds (Figure 3a). This pre-relaxation, followed by DFT refinement, could
potentially reduce the overall computational time. The pseudohydrogenated model showed larger deviations
(Figure 3b), likely because CHGNet does not account for the effective charge introduced by pseudohydrogen.

Fe-O (initial) 350 4 Fe-0 (initial)
2001 (a) Feys0446 — Fe-O (PBE-relaxed) (b) Fe50115PsHys —— Fe-O (PBE-relaxed)
—— Fe-O (CHGNet) 300 —— Fe-O (CHGNet)
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Figure 3 Radial distribution function (RDF) g for Fe-O in (a) FessO116 and (b) FessO11epsHoe. The function g
represents the probability density of finding a particle at the distance r from a reference particle.

4, CONCLUSION

This study systematically compared several density functional approaches to describe ferrimagnetic y-Fe20s.
The PBE functional provided the best structural agreement, while PBE+U and HSE06 most accurately
reproduced magnetic moments. The HSE06 functional also yielded a band gap of 2.31 eV, which is closest to
the experimental value. Spin flip energetics revealed that tetrahedral Fe sites require roughly twice (or more)
energy for spin realignment compared to octahedral sites. Multiple spin flips reduced the total magnetization
by over 75 % and introduced in-gap states associated with disrupted Fe 3d-O 2p hybridization. The CHGNet
model was evaluated as a fast pre-relaxation tool; however, due to its inability to capture spin orientation, it is
not suitable for the accurate analysis of ferrimagnetic or spin-disordered systems.
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