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The role of diffusion in the formation of the inverse spinel phase, as opposed to the normal phase which is never
observed, is still not well understood. This is in part due to the difficulty or impossibility to do in situ experiments
to observe how the inverse spinel phase forms, owing to the small reaction/transition times and equipment
sensitivity. Here, we show that diffusion of point defects such as cation interstitials is responsible for the tran-
sition from normal to inverse spinel, which explains why a normal phase is never observed. These mechanisms

are studied computationally using the kinetic activation-relaxation technique (k-ART), an off-lattice kinetic
Monte Carlo algorithm. We find, in particular, how Fe and Ni kinetics both support the Ni interstitial diffusion
with low activation barriers. The inverse spinel structure is analyzed by Mossbauer and XRD ex situ experimental
results which corroborate inverse spinel formation.

1. Introduction

Spinel-ferrite NiFe,O4 is associated with several technological ap-
plications such as steel fabrication, metal corrosion oxidation, spin-
tronics, microwave absorption, gas sensors, photocatalyst in hydrogen
production, fabrication of fusion and fission reactors, etc. [1-4], hence,
its relevant importance.

A spinel is described by the general formula AB204 and is categorized
as normal, inverse or mixed depending on cation distribution in the
tetrahedral and octahedral sites [5]. For nickel-ferrite NiFe;O4, the most
chemically stable structure is the inverse spinel where Fe>* atoms fill all
8 tetrahedral A-sites and Ni%* and Fe3* fill randomly the 16 octahedral
B-sites; the normal is never observed however. This inversion is
explained experimentally by the fact that the energy E necessary for a
Ni2" ion on a B-site to be exchanged with a Fe*>! ion on an A-site is ~0.8
eV, and experiments predict that, at a temperature T, the fraction x of
Ni?* jons on A-sites should follow the relation x = e E/%sT, with x<1,
explaining the inverse spinel [6-8]. Also, due to the polycrystalline
nature as a result of the synthesis process, grain boundaries may play a
relevant role allowing Ni to be found in tetrahedral sites (similar to the
surface on ferrite nanoparticles [9,10]). More recently, the cation
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distribution of a general spinel has also been explained by considering
the ionization energy of the cations, the Pauli repulsion energy, the
magnetic ordering energy and the tendency towards charge density
balance [11,12]. Nevertheless, these theories are not able to explain the
exact dynamics of inverse spinel formation, i.e., it is not well understood
which mechanisms in the synthesis process are responsible for obtaining
an inverse spinel rather than a normal one, and whether diffusion plays a
role in spinel formation. Experimentally, it is known that the nucleation
process is followed by the formation of spinel in an ordered lattice at
temperatures >800°C [13], and during this process diffusion of defects
as interstitials should play a relevant role in the final cation distribution
x (measured in ex situ experiments). However, the mechanisms
responsible for spinel formation after nucleation are still unknown.
From an experimental point of view there are several methods to
identify the type of spinel. One of them is Mossbauer spectroscopy.
However, it is difficult to understand the formation mechanisms of these
types of structures in the synthesis processes (sol-gel, self-combustion,
solid state reaction, mechanical ball milling, physical vapor deposition
- PVD, hydrothermal method, spray pyrolysis, among others) [14]. The
formation mechanisms of the samples in bulk, nanoparticles or nano-
structures have led to changes in morphology, particle sizes, changes in
structural parameters and physical properties, where the temperature,

2589-1529/© 2024 Acta Materialia Inc. Published by Elsevier B.V. All rights reserved.


mailto:ores77@gmail.com
www.sciencedirect.com/science/journal/25891529
https://www.elsevier.com/locate/mtla
https://doi.org/10.1016/j.mtla.2024.102031
https://doi.org/10.1016/j.mtla.2024.102031
https://doi.org/10.1016/j.mtla.2024.102031

O.A. Restrepo et al.

applied high-pressure, cooling process, irradiation with high-energy
electrons, ions or neutrons are usually factors as responsible for the
inversion degree attained by the spinels [15,16]. In order to investigate
the mechanism of spinel formation process, both the rate-controlling
reaction and the activation energy must be determined. In many cases
the actual kinetic equations are rather complicated and the methods
considered by some authors, cannot be applied without modification in
the wide temperature range used in the process [13,17]. Despite all the
experimental efforts to understand these formation mechanisms, a full
understanding has not yet been possible because reactions at the mo-
lecular level occur on a scale inaccessible to these techniques. Due to
these limitations, few studies have attempted to identify the atomic level
processes by which cations diffuse through the spinel structure, but the
mechanisms and related phenomena that lead to inversion type of these
materials are mostly not understood. Nevertheless, in recent years some
theoretical and computational studies have been reported to have a
better understanding of the processes at the atomic level where diffusion
and vacancy processes play an important role in the formation of inverse
spinels [18,19].

The importance of closing this knowledge gap regarding the struc-
tural and kinetic properties of this ferrite has motivated us to implement
computational tools and methods that allow us to contribute to the
understanding of these processes at the atomic scale.

More specifically, in this work we combine experimental evidence on
the formation of the inverse spinel of NiFe;O4 with a computational
study of atomistic diffusion using the k-ART algorithm to understand the
mechanisms responsible for the transition from normal to inverse spinel.

2. Experimental and computational procedure
2.1. Synthesis and characterization of NiFe;04 inverse spinel

NiFey04 ferrite was synthetized by solid state reaction. The initial
oxides a-FepO3 and NiO were premixed manually in an agate mortar for
30 min in order to homogenize. Then a mechanical mixing was carried
out in a Fritsch Pulverisette 5 planetary ball mill. The resulting mixture
was calcined in air at 11500C for 12h. Then the samples were highly
densified by a sintering process at 1300 °C for 24 h. The structural
analysis of the samples was performed by X-ray diffraction (XRD), using
a Panalytical Empyrean series 2 (CuKa 1.5405 A). In addition, >’Fe
Mossbauer spectra were recorded on a conventional spectrometer using
a °’Co(Rh) radioactive source at room temperature in transmission ge-
ometry, and their hyperfine parameters (hyperfine field, quadrupole and
isomeric shift values) were obtained using the Recoil program. Finally,
all spectra were fitted using the standard o-Fe absorber as a calibration.

2.2. Computational procedure

For simplicity in this study, we have only considered the analysis of
diffusion in a normal spinel box of 2x2x 2 unitary cells, for a total of 448
atoms, where Ni?* and Fe3" fill A and B sites respectively, required to
account for the effects produced by the stress associated with defects.
Other properties of a perfect spinel crystal such as geometry, elastic
constants, shear modulus, cohesive and vacancy formation energies
were previously discussed in ref. [20].

Diffusion coefficients and migration energies are usually investigated
with molecular dynamics (MD). By plotting diffusion over a range of
temperatures, it is possible to extract effective diffusion energy barriers
using Arrhenius plots. Further analysis is required, however, with this
approach to extract atomistic mechanisms. Moreover, because of the
time scale limits of this method, it is not always possible to access all
relevant mechanisms of diffusion, especially when barriers are high with
respect to the temperature available to MD. To overcome these limita-
tions, we use kinetic Monte-Carlo (KMC) code k-ART, an off-lattice on-
the-fly algorithm with topological classification which has been devel-
oped to explore the energy landscape and long-time kinetics of complex

Materialia 33 (2024) 102031

—o— Exp 3
—Fit o s
= 8
— 7]
— ) £
=) g .
« s Bl
SN— fE\t Data
- Xp.
:‘a‘ 10 __-5 0 5 10
c Q  v(mmis)
) 3
-—
c o

20 30 40 50 60 70 80 90
2theta

Fig. 1. XRD pattern for bulk NiFe,O,4 sample prepared by solid state reaction.
Continuous line is the fit by Rietveld refinement and solid sphere are experi-
mental data. Inset: experimental and fitted room temperature Mossbauer
spectra for NiFe,0y4.

systems at the atomic scale. K-ART fully includes long-range elastic
events and disordered environments [21-23], providing detailed atomic
description of activated events. These events represent the main states in
the transition from one local energy minimum to another minimum in
the configurational space that is connected by a single transition state.
Thus, an event can be reduced to three atomic configurations: initial
minimum, final minimum and the connecting saddle point. To simplify
storage (3N atoms per event), k-ART uses a topological characterization
of the local environment surrounding each atom to classify these con-
figurations. K-ART also uses the basin-auto constructing mean rate
method (bac-MRM) to address the critical slowing down of kinetic
Monte Carlo simulations caused by flickering states, states of similar
energy separated by low-energy barriers that can slow system evolution
to a halt [23,24].

The square displacement is computed according to SD(t,) =
S (i) — x;(0))?, where N is the number of particles and x;(t,) is the
position of atom i at KMC step n and time t,. The diffusion coefficient
over a total of M steps is computed using Einstein’s formula D =

(%) fo: 1SD(t,) Atn, where a time average is considered according to
M

the ergodic hypothesis. We use the k-ART coupled with the Buckingham
potentials [25]. The implementation is done by constructing tabulated
potentials for the LAMMPS library package [26,27], which is used as the
force-calculation engine and which is linked to our k-ART code. The
potential correctly predicts the geometry at zero pressure, with a lattice
constant of 8.606 A, whereas the experimental value is 8.339 A. The
predicted bulk modulus is 164.57 GPa while the experimental value is
198.2 GPa [25,28].

3. Results and discussion

The crystal structure of bulk NiFesOy4 is revealed by XRD analysis.
Structure parameters are determined by Rietveld refinement (JCSD
reference code: 98-004-0040) on data diffraction patterns. The experi-
mental XRD pattern and theoretical XRD curve, as obtained after Riet-
veld refinement for NiFe,O4 are presented in Supplementary Figure S1.
The result indicates a single phase corresponding to NiFe;O4 with a
lattice parameter of 8.3385(3) A (see Supplementary Table 1) with Fd-
3m symmetry in agreement with Ref. [14]. Each observed reflection is
indexed as shown in Fig. 1. To gain further insight into the iron distri-
bution in the spinel structure, a Mossbauer study was performed on the
NiFe,O4 sample at room temperature. The inset in Fig. 1 shows the
Mossbauer spectra (MS) with the corresponding fitting model used for



O.A. Restrepo et al.

a) Normal

c) 2.00
— O6F
1.75 A O Emin
o X Esagae
1.50 A
—~1.25¢ , ‘ ®
— 1.00 A
w
©0.75 1
0.50 -
0.25 A
T
0.00 v v v v .
128 130 132 134 136 138
KMC step

Materialia 33 (2024) 102031

b) Inve

d)
= 800
T
c
£
£ 600
O
&
@400
o]
®
=200
=]
g

0

0 5 10 15 20
Time (us)

Fig. 2. Normal (a) and inverse (b) phases of an ideal spinel; dotted squares are 16c interstitial sites and arrows indicate jump directions. In (c) the triggering energies
involved for Ni ion diffusion. Insets: the interstitial Fe takes the Ni place stabilizing at the tetrahedral site and Ni starts diffusing. In (d) squared displacement SD of Fe,

Ni and O ions.

the experimental data, which is in agreement with the results of Ref. [7].
The spectra are well fitted by two magnetic sextets associated to site A
(light gray) and B (dark gray) of the iron of the nickel-ferrite compound.
In accordance with hyperfine parameter values for NiFe,O4 sample
relative to the a-Fe, the first component is related to Fe3* cations in
tetrahedral sites with hyperfine parameters values of isomer shifts (IS) of
0.25 mm/s, quadrupole splitting (QS) of 0.01mm/s, hyperfine magnetic
field (Heff) of 49.1 Tesla and normalized site population (A%) of 51.1 %.
The second component corresponds to Fe®' cations in octahedral sites
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with IS = 0.36mm/s, QS = 0.0 mm/s, Heff = 52.4 Tesla and B% = 48.9
%. The ratio of the spectrum areas corresponding to A and B sites in the
NiFey04 structure is A/B = 1.02, which corresponds to an inverse spinel.
The above results suggest that a nickel ferrite inverse spinel can be
obtained by a solid state reaction. However, since these experimental
techniques can only identify the spinel type and the location of the iron
ions in the A and B sites, they are not sufficient to describe how this
process occurs during synthesis. For this, simulations are necessary.
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Fig. 3. Ni-interstitial diffusion mechanism. In a), unit cell 3D (displaced by half lattice in each direction) and top view along the (100)-direction. The red, blue and
yellow spheres correspond to Ni, Fe and O atoms, respectively. The red spheres numbered 1 and 2 represent the diffusing Nil and Ni2 ions. In b) the change in energy
SE when jumping from one minimum to another via saddle point as shown in the Insets.
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3.1. Interstitial diffusion mechanisms of cations

For simplicity, all simulations start with a normal spinel system
relaxed to zero pressure prior to the KMC steps. A normal spinel can be
represented as an fcc cubic cell with eight cubic octants of type (a) and
(b) as shown in Fig. 2a. The possible symmetric interstitial points
involved in diffusion in a normal spinel cell are also shown in the inset of
Fig. 2a, they are: tetrahedral 8a, octahedral 16c and 16d. Points 16d
belong to cornets of (a) octants and points 16¢ belong to corners of (b)
octants. The 16c octahedral site shares faces with the 8a tetrahedral site
and the 48f tetrahedral site (not shown because it does not participate in
diffusion here, but the 48f site shares faces with the 16¢ and 16d sites)
[5]. Then, an interstitial Ni/Fe ion is initially randomly located, but after
relaxation it occupies a 16c¢ site. For comparison, Fig. 2b shows an ideal
inverse spinel unit cell.

Simulations are done at 300 K. The Fe-interstitial diffusion is not
observed, rather we find one of the most surprising mechanisms in spinel
diffusion: it is the one by which a Fe-interstitial triggers Ni diffusion.
More precisely, after the Fe-interstitial relaxing to an octahedral 16c
site, by series of steps it jumps to a tetrahedral 8a site occupied by Ni,
thus displacing Ni ion to an interstitial 16c octahedral site and triggering
Ni diffusion. Fig. 2¢ describes this activation mechanism which occurs
with a barrier of 0.34 eV at step 130 (activation of migration of Fe
interstitial from octahedral to tetrahedral sites and migration of Ni to
16c site) and Ni diffusion after step 134 with barriers 0.18 and 0.35 eV.
A total effective inverse barrier of ~1.5 eV, separates the initial and final
states from steps 130 to 134. Also, is interesting to note that DFT cal-
culations predict an energy preference of 1.5 eV for the inverse structure
[19]; in our case, the difference between the minima at 130 and 134 is
~1.2 eV. This makes very difficult for the Ni ion to return to the tetra-
hedral site 8a as it is more energetically stable with Fe, thus trans-
forming the normal to inverse spinel. Therefore, this mechanism
explains how Fe-interstitials help to form inverse spinels, the most
common NiFe;0y4 spinel structure and why the normal spinel is never
observed. The plots of the square displacement SD for the three ion types
are shown in Fig. 2d, where it is observed that only Ni diffuses, as we will
explain in the following paragraph.

In more detail, Fig. 3 describes the Ni-interstitial diffusion mecha-
nism, which occurs in five steps involving two Ni ions, labeled as Nil
and Ni2 shown in Fig. 3a. After the Nil interstitial relaxes to an octa-
hedral site 16c, diffusion starts by the octahedral Nil displacing the Ni2
at the tetrahedral site 8a to an octahedral site 16¢ and taking its site, the
cycle is repeated by the displaced Ni2 at the new 16c by displacing
another Ni ion. The diffusion coefficient is ~ 6.4 x 10714 m2/s with
barrier energies of 0.18, 0.35 eV and 0.47 eV. The two minima and
saddle positions with respect to tetrahedral and octahedral sites are
shown in Fig. 3b. It is also interesting to note the similarity of the
diffusion mechanism of Ni with respect to that of Fe, as Ni at site 16¢
takes the place of a neighboring Ni ion at site 8a, a mechanism not ex-
pected by normal intuition and in contrast to intuitive mechanisms such
as a jump from 16c to 16¢ via a tetrahedral site 48f, which is not chosen
as the preferred path here. Comparing Figs. 2 and 3, we can conclude
that the jumps are essentially the same for Ni and Fe ions, involving two
ions per jump, but after the first jump only Ni diffuses, so Fe actually
prefers to be at octahedral sites 8a.

These mechanisms clearly show the role of interstitial cation diffu-
sion in the formation of the inverse spinel phase, since after nucleation,
Fe and Ni interstitial diffusion mechanisms are fundamental for the final
formation of the inverse spinel as predicted by our computational KMC
studies here. Although, as explained above, several works have studied
the distribution of transition metal ions between octahedral and tetra-
hedral sites in this type of spinel [6-8], none of them provides a satis-
factory explanation of the inverse phase formation from an atomic point
of view. The usual computational procedure to explain diffusion is to
intuitively propose the initial and final minima states and then use DFT
or classical empirical potentials to obtain the energy barrier separating
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these states [29,30,19]. However, this approach does not allow the
elucidation of the mechanisms underlying the inverse and normal phase
relations and the role of diffusion on them. Moreover, the elucidation of
inverse spinel formation is not easily compressible from the experi-
mental point of view, because spinel ferrites can be synthesized by
different experimental methods and the physicochemical reactions are
strongly dependent on them [31-36], thus the role of cation diffusion is
hidden. However, the use of KMC simulations, as done here, has allowed
us to understand how Fe interstitials do not allow normal spinel for-
mation due to their preference for tetrahedral 8a sites and the low
barrier required to jump onto them, removing Ni ions from these sites.

Although for simplicity we have assumed that the initial structure
after nucleation is a normal spinel structure, this is not actually the
experimental case. At high temperatures one would expect the spinel to
tend towards a random cation arrangement rather than a normal one, i.
e., it would be more likely that the spinel structure would be quenched
to form an inverse spinel arrangement rather than a normal one. How-
ever, using a normal spinel has allowed us to understand why the inverse
spinel, which is predicted to be stable, cannot form in the presence of
interstitials.

In summary, it is shown that interstitial Fe ions can play a relevant
role in the formation of inverse spinel, as opposed to normal spinel, after
nucleation processes have occurred or during synthesis processes at
some temperature, where Fe ions take the place of Ni ions thus trig-
gering Ni diffusion and inverse spinel formation. Once the Fe ion dis-
places the Ni ion a large barrier of 1.50 eV is required for Fe diffusion, in
contrast to the 0.35 eV barrier energy required for Ni diffusion. It was
also found that the Ni diffusion path requires the exchange of two ions
per step. Experimentally, the inverse spinel was corroborated by ex situ
XRD and Mossbauer and measurements confirming the formation of an
inverse spinel as expected.
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