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In spinel oxides, the cation distribution plays an important role in determining their technologically important
properties. Herein computational predictions based on the first principles calculations are presented to elucidate
the relation between cation distribution and chemical bonds in spinel NiFeyO4. The variation of physical
properties (such as system energy, lattice parameter, and atomic magnetic moment) with respect to the cation
distribution (i.e., degree of inversion) in spinel NiFe,O4 oxide is discussed. This study further reveals that the

energy of spinel NiFe,O4 oxide is linearly proportional to the number of different types of cation-oxygen-cation
bonds in the spinel structure. The equilibrium degree of inversion in spinel NiFe;O4 at elevated temperatures and
the transformation from an ordered to disordered cation distribution in inverse spinel NiFe;O4 are predicted and
found to be driven by competition between bond enthalpy and entropy of cation site occupancy.

1. Introduction

Spinel ferrites with a general chemical formula of AFe;04 (A = Mn,
Co, Ni, Cu, or Zn) have interesting and technologically relevant mag-
netic and electrical properties [1,2]. In particular, nickel ferrite
(NiFe304) displays properties of high saturation magnetization [3], high
surface reactivity [4], high sensing sensitivity toward gases such as
hydrogen sulfide and acetone [5], outstanding capacity [6], and
impressive electrochemical stability [7]. Hence, NiFe;O4 becomes an
attractive candidate for a wide range of applications such as photo-
catalysts [8,9], catalysts [4], gas sensors [10] and electrodes [11,12].

The crystal structure of spinel NiFe;O4 can be viewed as a super-
lattice consisting of eight (2x2x2) face-centered cubic unit cells with the
lattice sites occupied by oxygen ions. In addition, one eighth of the
tetrahedral and one half of the octahedral sites of the lattice are occupied
by the Ni and Fe cations. In a normal spinel structure, all Ni ions will lie
at the tetrahedral sites whereas all Fe ions at the octahedral sites. By
contrast, half of the Fe ions will lie at the tetrahedral sites, whereas the
octahedral sites are occupied by both Ni and Fe ions in an inverse spinel
structure. Varying from the normal to inverse structures, spinel NiFe,O4
can be expressed in general formula of (Nif! Fe2*) (Ni2*Fe3’ ) O4,
where T and O represent tetrahedral and octahedral cation sites,
respectively. Degree of inversion (denoted as x) of a spinel NiFe;04 can
thus be quantified as the fraction of the tetrahedral sites occupied by Fe
ions and has a value ranging from x = 0.0 for a normal structure to
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x = 1.0 for an inverse structure.

It has been found that cation distribution in the spinel lattice could
affect the structure, morphology, and physical/chemical properties of
NiFe;04 crystal [13-15]. Cveji¢ et al. prepared NiFe,O4 nanopowder
samples using a co-precipitation and subsequent annealing procedure
[16]. They observed that the samples annealed at different temperature
had different degree of cation distribution and the magnetization of
NiFey04 could vary from 12 emu-g™ for a fully inverse spinel structure
to 38 emu-g™! for a partially inverse spinel structure. Moreover, EI-Sayed
et al. synthesized the NiFe,O4 samples using a sol gel method and found
that an increase in annealing temperature would lead to enhanced
migration of nickel ions from the tetrahedral sites to the octahedral sites
of the spinel lattice [17]. This cation distribution change was correlated
with an increase in the magnetization of the NiFe;O4 samples and this
study thus provided for an opportunity to experimentally probe the
dependence of magnetic property on cation distribution.

Many experimental characterization techniques have been applied to
accurately measure the cation distribution in spinel crystal. For
example, Sepeldk et al. demonstrated that the cation distribution in
NiFe304 could be quantified from Mossbauer spectra [14]. In addition,
X-ray photoelectron spectroscopy (XPS) can be used to determine the
degree of the cation distribution in spinel [18]. In comparison, the
computational methods for quantitative prediction of cation distribution
in spinel crystal as a function of temperature have not been well
established yet. Various factors, such as crystal field splitting [19], local
electrostatic effect [20], and pseudopotential orbital radii [21], have
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been adopted to qualitatively explain the tendency of cation distribution
in a spinel crystal. Tang et al. proposed a quantum mechanical approach
for quantitively estimating the degree of cation distribution in spinel
ferrite based on the cation ionization energy, cation-anion distance,
Pauli repulsion energy, magnetic ordering energy, and tendency toward
charge density balance [22]. However, this computational approach
gave a seriously underestimated value of 0.7594, as compared to
experimental value about 1.0 [17,23], for the cation distribution in
NiFey04 after a correction term for ionicity was included [24]. Hence, a
new theoretical framework is needed to correlate degree of cation dis-
tribution with the structural features of spinel crystal.

In this study, the first-principles density functional theory (DFT)
calculations have been performed to predict how the material properties
of spinel NiFe;04 would vary with changes in cation distribution (i.e.,
degree of inversion). Moreover, analysis of the type and number of
chemical bonds in spinel NiFe;O4 with different degrees of inversion was
conducted. Furthermore, machine learning techniques were used to
derive the relation between the system energies and chemical bonds of
the crystal and this relation was used to predict the equilibrium cation
distribution in spinel NiFeyOy4. It should be mentioned that Pilania et al.
have implemented a cluster expansion-enabled computational approach
to predict the ordered ground state structure and cation ordering in
double spinel compound MgAlGaO4 [25]. Within the cluster
expansion-based effective Hamiltonian approach, the energy of spinel
crystal is expressed as a linear combination of the contributions from
various cluster configurations. By contrast, a new computational
approach, based on chemical bond analysis, is proposed here to
elegantly elaborate on the relation between cation distribution and the
underlaid chemical bonds and to reliably predict the cation distribution
in spinel NiFeyOy4 crystal.

2. Computational methods
2.1. DFT calculations

The first-principles spin-polarized calculations were performed using
the Vienna Ab initio Simulation Package (VASP) [26]. Plane wave basis
associated with the projector augmented wave approach was employed
[27]. Exchange correlation was treated with generalized gradient
approximation (GGA) in the form of Perdew-Birke-Ernzerhof (PBE)
functional [28]. In all calculations, the plane-wave cut-off energy was
set as 500 eV and the total energy of system was converged within 10
eV. As in GGA+U calculations, effective on-site Coulomb interaction
parameter Uy = 4eV on Fe ions and Uyy = 6.4eV on Ni ions were cho-
sen. The structural optimization calculations used a 4 x4 x4
Monkhorst-Pack k-point mesh [29]. All the structures were fully relaxed
until the force acting on each atom was lower than 0.01 eV/A. The
special quasi-random structures (SQS) method implemented in Alloy
Theoretic Automated Toolkit (ATAT) was used to construct the crystal
structures that mimic the cation distribution in a random oxide [30].

2.2. Machine learning (ML)

Two different machine learning methods, linear regression and
neural network as implemented in scikit learn [31], were employed to
independently find the relation between the system energy and struc-
tural feature (i.e., chemical bonds) of spinel NiFe,O4 crystal with various
cation distributions [32]. The linear regression by ordinary linear
squares assumes linearity between structural features and target prop-
erties, whereas the neural network, in which fifty hidden layers with
each hidden layer containing a hundred neurons were used, assumes a
non-linear approximation for regression. Four-fold cross validation was
applied in this work to evaluate the performance of machine learning
methods. During the cross validation, the training dataset was randomly
divided into four data folds. Three data folds were set as training dataset
to train the machine learning model. The remaining data fold was the
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test dataset and used to examine the reliability of the machine learning
model. The training error and test error were calculated as the root mean
square error (RMSE) between the predicted and actual values of the
training dataset and test dataset, respectively. This cross-validation
procedure was repeated four times to ensure that each fold served as
the test dataset once. The test error and training error of the
cross-validation procedure was evaluated as the average value of the
four test errors and training errors, respectively.

2.3. Monte Carlo simulation

The Monte Carlo (MC) simulation method based on the Metropolis
algorithm was implemented to predict the cation distribution in spinel
NiFe;04 at thermodynamic equilibrium condition. Starting from a given
initial structure containing eight formula of NiFe;O4, an attempt to swap
the positions of a pair of randomly selected Ni and Fe ions is tried at each
iteration. The energy associated with the structural change was calcu-
lated with the machine learning methods. A Boltzmann distribution-
based probability (p) was used to determine the acceptance or rejec-
tion of the attempted structural change. Specifically, probability p =

min [l,exp(fé—?> ], where AE is the energy caused by the structural

change, kg is the Boltzmann constant and T is system temperature. The
equilibrium degree of inversion of spinel NiFe;O4 was evaluated as the
value averaged over 500 equilibrium structures sampled every 100 MC
iterations during the last 50,000 iterations of the MC simulations at
1523 K and 1640 K. The ordering parameter of an inverse spinel
NiFe;04 was recorded every 100 MC iterations during the last 10,000
iterations of the MC simulations at the temperature range from 100 K to
230 K.

3. Results
3.1. DFT predicted properties of spinel NiFesO4

The ground state magnetic ordering in the normal (x = 0.0) and in-
verse (x = 1.0) spinel NiFe;O4 has been determined in the previous
computational studies [33-36]. However, the reports on the ground spin
arrangement in spinel NiFe,O4 with a degree of inversion between these
two cases (i.e., 0.0 < x < 1.0) are currently missing in the literature. In
this work, the system energies of all kinds of spinel NiFe;O4 with several
possible spin arrangements were predicted and compared. The calcu-
lation results, as presented in Table 1, show clearly the ground state
magnetic ordering to be one in which all the cations at the octahedral
sites are of majority spin whereas all the cations at the tetrahedral sites
are of minority spin in spinel NiFe;O4 with any degree of inversion (x). It
should be mentioned that the predicted ground state magnetic orderings
in NiFeyOy4 are the same as the previous computational results for spinel
COF8204 [37].

In Table 2, the predicted lattice parameters of spinel NiFe;O4 with
different degree of inversion are presented. These results show the lat-
tice parameter decreases slightly from the normal to the inverse struc-
tures by about 0.94%, agreeing with previous computational results
[38]. The calculation also predicts the lattice parameter of the inverse
NiFe;O4 to be 8.41 [o\, close to experimental values [16,17]. Moreover,
the formation enthalpy of a spinel NiFeoO4 crystal with a given degree of
inversion was calculated as the energy difference relative to that of the
normal spinel NiFe;O4. The predicted formation enthalpy of spinel
NiFe304 as a function of degree of inversion is plotted in Fig. 1. The DFT
results exhibit a nearly linear relation between the calculated formation
enthalpies and degree of inversion of spinel NiFe;O4. More importantly,
the DFT energy calculation results show that a normal spinel NiFe;04
(x = 0.00) would have system energy about 0.60 eV per formula unit (f.
u.) higher than that of an inverse structure (x = 1.00), predicting that it
is energetically favorable for the Ni ions to occupy the octahedral sites.
The calculated energy difference is consistent with the previous
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Table 1
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Different possible spin arrangement, the resultant system energy and total magnetic moment in spinel NiFe,O4 with various degrees of inversion. Symbols 1 and |
denote majority spin and minority spin, respectively. The system energies are given as the relative values with reference to the energy of NiFe,O4 with the ground

magnetic ordering at a specified degree of inversion.

Degree of Inversion (x) ~ Ni at Tetrahedral Site ~ Ni at Octahedral Site  Fe at Tetrahedral Site  Fe at Octahedral Site ~ Energy (eV/f.u.)  Total Magnetic Moment (pp/f.u.)
0.00 1 - - 1 1.518 12
0.00 T - - T 0.005 2
0.00 | - - 1 0.000 8
0.25 T 1 1 1 0.473 12
0.25 1 1 1 1 0.235 8
0.25 1 1 1 1T 0.076 2
0.25 l 1 1 1 0.000 6.5
0.50 1 1 1 1 0.407 12
0.50 1 1 1 1 0.286 8
0.50 T 1 1 T 0.098 2
0.50 l 1 1 1 0.000 5
0.75 1 1 1 1 0.643 12
0.75 1 l i ) 0.358 8
0.75 1 1 1 11 0.139 2
0.75 1 1 1 1 0.000 3.5
1.00 - 1 1 1 0.615 12
1.00 - 1 1 1 0.407 8
1.00 - ) | 1 0.000 2

Table 2 for the Fe ions at the octahedral sites are very close to the previous DFT
able

Predicted lattice parameters of spinel NiFe;O4 with various degree of inversion.

Lattice parameter (A)

Degree of inversion GGA+U GGA+U Experiment
(this work) (Ref. [38])
0.00 8.49 8.53
0.25 8.47 -
0.50 8.44 8.47
0.75 8.42 8.45
1.00 8.41 8.43 8.34 [16], 8.37 [17]

—&— DFT prediction
===-ideal solution prediction

AH (eV/fu.)
|

0.0 0.2 0.4 0.6

degree of inversion

0.8

Fig. 1. Variation of formation enthalpy of spinel NiFe,O4 crystal as a function
of degree of inversion.

computational prediction of 0.75 eV/f.u. [38] and 0.74 eV/f.u. [39],
and also consistent with the reported experimental observation that
NiFe;04 shows an approximately inverse structure at equilibrium. For
example, EI-Sayed et al. observed that synthesized NiFe,O4 has an in-
verse spinel structure using both Mdssbauer spectra analysis and the
Bertaut method [17].

In Table 3, the calculated magnetic moments of the cations in spinel
NiFe,;04 with various degrees of inversion are reported. For the inverse
NiFe304, the predicted values of 1.728 pp for the Ni ions at the octa-
hedral sites, 4.099 p for the Fe ions at the tetrahedral sites, and 4.195 pg

calculation results (1.8 pp for the Ni ions at the octahedral sites, 4.11 pp
for the Fe ions at the tetrahedral sites and 4.2 pp for the Fe ions at the
octahedral sites [34]). Moreover, the results in Table 3 show that the
total magnetic moment per formula of spinel NiFe;04 decreases with the
degree of inversion, varying from 8.0 pp in the normal structure to 2.0 pp
in the inverse structure. Consequently, DFT reesults demonstrate that
both the formation enthalpy and magnetic moment of spinel NiFe;O4
decrease linearly with an increase in the degree of inversion of the
crystal.

3.2. Analysis of chemical bonds in spinel NiFe;04

To understand the relation between the system energy and degree of
inversion, the types and numbers of different cation-oxygen-cation (i.e.,
M;-O-M3) bonds in spinel NiFe;O4 were further examined. It is
conventionally believed that the magnetic moment interaction between
two metal ions is determined by the length and angle of the M;-O-My
bond formed by two metal ions linked through an oxygen ion [40]. For
clarity, the different types of M;-O-My bonds in spinel crystal are
distinguished in form of M;-O-Ms-angle in which Mj is closer to O than
M. To find all M;-O-M> bonds in a spinel crystal, all cations near an
oxygen ion to form single M-O bonds are first listed. It was found, in an
unrelaxed normal spinel NiFe;O4 that the single M-O bonds had four
possible lengths, namely, around 1.84 A, 2.12 A, 3.54 A, and 3.68 A.
Furthermore, two single M-O bonds linking to the same oxygen ion are
combined into a M;-O-M; bond whose bond angle is determined by the
directional vectors from O to M; and from O to M,. In an unrelaxed
normal spinel NiFeyOy, six distinct types of M;-O-Ms bonds, namely,
Ni-O-Fe-125°®, Fe-0-Ni-154°, Ni-O-Fe-180°, Ni-O-Ni-79°, Fe-O-Fe-90°,
and Fe-O-Fe-125°®, are identified as shown in Fig. 2. It should be noted
that there are two distinct types of M;-O-M; bonds with the same bond
angle of 125°. They are distinguished by using superscripts (a) and (b).
In an M;-0-M3-125 °® bond, the bond lengths are 1.84 A for M;-O and
2.12 A for My-O. In an M;-O-M-125 °® bond, the bond lengths are
2.12 A for M;-O and 3.68 A for M,-O.

With an increase in degree of inversion from the normal structure,
some Fe ions will occupy the tetrahedral sites and some Ni ions are
relocated at the octahedral sites of spinel NiFeyO4. This structural
change induces new types of M;-O-My bonds in the spinel crystal. For
example, all Ni ions will occupy the octahedral sites whereas the Fe ions
could be at either the tetrahedral or octahedral sites in an inverse spinel
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Number and calculated magnetic moment of each type of cations at the tetrahedral (T) and octahedral (O) sites, as well as predicted total magnetic moment in a spinel
superlattice containing eight NiFe,O, formula and having different degree of inversion. The sign (positive or negative) of the magnetic moment of cations correspond

to spin ordering (1 or |) given in Table 1.

Degree of inversion Number of ions on

Magnetic Moment (g /ion) on

Total Magnetic Moment (pg /f.u.)

) T site Ni O site Ni T site Fe O site Fe T site Ni O site Ni T site Fe O site Fe

0.00 8 0 0 16 -1.757 - - 4.264 8.0
0.25 6 2 2 14 -1.752 1.769 -4.087 4.246 6.5
0.50 4 4 4 12 -1.762 1.763 -4.080 4.227 5.0
0.75 2 6 6 10 -1.768 1.743 -4.088 4.210 3.5
1.00 0 8 8 8 - 1.728 -4.099 4.192 2.0

[ 12590

O Ni
900" _ | YOFe
o O

€ L 7

Fig. 2. Schematics showing six distinct types of M;-O-M, bonds in the atomistic structure of a normal spinel NiFe;O4.

NiFe,04. As a result, all the Ni-O-Ni-79° bonds in a normal structure
would turn into new Fe-O-Fe-79° bonds in an inverse structure with only
Fe ions at the tetrahedral sites. In another example, only one type of Fe-
0-Fe-90° bond exists in the normal structure whereas three variations of
Fe-0O-Fe-90°, Ni-O-Fe-90°, Ni-O-Ni-90° emerge in the inverse structure.
The analysis reveals that there are fourteen distinct types of M;-O-My
bonds in an inverse spinel NiFe;O4. Among these bonds, twelve new
types of bonds, namely, Fe-O-Fe-79° Ni-O-Fe-90°, Ni-O-Ni-90°, Fe-O-Ni-
125 °®, Fe-0-Fe-125°®, Fe-0-Ni-125°®), Ni-0-Fe-125°®), Ni-0-Ni-125°
®) Fe-0-Fe-154°, Ni-O-Fe-154°, Fe-O-Fe-180°, and Fe-O-Ni-180°,
appear in the inverse structure but do not exist in the normal structure of
NiFe204.

Table 4 summarizes the calculated average numbers of various M;-O-
M, bonds in spinel NiFe;O4 with different degree of inversion (x). It
should be noted that the numbers of bonds in Table 4 are the values
averaged over 5000 randomly generated configurations of a superlattice
containing eight-formula NiFe;04. In the structure with 0.0 < x < 1.0,
there exist five new types of bonds (i.e., Fe-O-Ni-79°, Ni-O-Fe-79°, Ni-O-
Ni-125°@, Ni-0-Ni-154°, and Ni-O-Ni-180°) which do not appear in
either the normal or inverse structures. The emergence of Fe-O-Ni-79°
and Ni-O-Fe-79° bonds occurs because both Fe and Ni ions occupy the
tetrahedral sites. The occurrence of Ni-O-Ni-125°®, Ni-0-Ni-154°, and
Ni-O-Ni-180° bonds is because the Ni ions occupy both the tetrahedral
and octahedral sites. The number of bonds also varies with degree of
inversion. For example, the number of Fe-O-Fe-79° bonds strictly in-
creases whereas that of Fe-O-Fe-125°®™ bonds strictly decreases with
increasing degree of inversion. Consequently, the bond analysis reveals
the type and number of the M;-O-M5 bonds in spinel NiFe;O4 will vary
as a function of degree of inversion which underlies the predicted
variation of materials properties reported in Section 3.1.

3.3. Relation between system energy and chemical bonds

In this study, machine learning techniques were applied to derive the

relation between the system energy and M;-O-M; chemical bonds of
spinel NiFe;O4. As depicted in Fig. 3, a dataset containing the infor-
mation of the numbers of different types of the M;-O-M; bonds and the
DFT calculated system energies of forty-nine spinel NiFe,O4 crystal were
first constructed. Specifically, there is one spinel structure with
x = 0.00, one structure with x = 0.25, fifteen distinct structures with
x = 0.50, fifteen distinct structures with x = 0.75, and seventeen
distinct structures with x = 1.00 in the dataset. In this study, the type
and number of the M;-O-M, bonds in spinel NiFe,O4 are selected as the
structural features and the system energy of the crystal as the target
variable for machine learning (Fig. 3). Thus, a 23-dimensional vector
was used to represent a spinel NiFe;O4 crystal and the magnitude of each
dimension to represent the number of a specific type of M;-O-M; bonds
in the crystal.

Assuming a linear relation between the bond numbers and crystal
energy, the linear regression approach was employed to determine the
corresponding energy of each type of the M;-O-M; bonds. The training
and test RMSE of the linear regression were found to be 0.00035 eV/
atom and 0.00256 eV/atom, respectively. The data points in Fig. 4a
show only slight scattering around the reference line, indicating the
good performance of the linear regression approach for the prediction of
spinel NiFe;O4 energy. In a further test, the DFT-calculated and ML-
predicted energies of another ten randomly picked NiFeyO4 crystal
structures were compared. The averaged difference between the DFT
and ML predicted energies was found to be just 0.00066 eV/atom and
the maximum energy difference among the ten structures was
0.00118 eV/atom. The small difference between the DFT-calculated and
ML-predicted energies demonstrates the reliability of the derived
structure-energy relation and the representativeness of the structure
database employed.

To examine the reliability of the linear relation approximation, a
neural network approach was further applied to the same database. The
neural network approach assumes a nonlinear relation between the
bond numbers and crystal energy and consists of the input layer, hidden
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Table 4

Summary of the types, numbers, and bond lengths of M;-O-M, bonds in spinel
NiFe,04 at different degree of inversion (x) ranging from 0.00 to 1.00. The
lengths of M;-O and M,-O bonds are given in terms of the lattice parameter a of
spinel NiFe;O4.

0.00 0.25 0.50 0.75 1.00 M;-0O M,-O

Fe-O-Fe-79° - 3 21 51 96 V3 Vi1
Kk g °
Fe-O-Ni-79° - 21 27 21 - V3 Vil
8 g °
Ni-O-Fe-79° - 21 27 21 - NG Vil
—a ——a
8
Ni-O-Ni-79° 9 51 21 3 - V3 Vil
—a ——a
8
Ni-O-Fe-90° - 22 38 48 52 L 1
Fe-O-Fe-90° 96 73 53 36 22 1 1
Ni-O-Ni-90° - 1 4 12 22 1 1
4 4
Ni-O-Fe-125°® 96 63 36 15 - V3 1
A =
Fe-O-Ni-125°®  _ 3 12 27 48 /3 L
V3, =
4
Fe-O-Fe-125°® - 21 36 45 48 3 1a
Vs, =
4
Ni-O-Ni-125°@  _ 9 12 9 - V3 1
87 4
Fe-O-Ni-125°®  _ 22 38 48 51 1 V3
7 —a
4
Ni-O-Fe-125°®  _ 22 38 48 51 1 /3
s —a
4
Fe-O-Fe-125°® 192 146 106 72 45 1 V3
4 %2
Ni-O-Ni-125°® - 2 10 24 45 IR V3
7 ——a
4
Fe-O-Ni-154° 96 63 36 15 - 1 Vil
2 —a
8
Fe-O-Fe-154° - 21 36 45 48 1a A1
s ——a
8
Ni-O-Fe-154° - 3 12 27 48 a Vit
7 —a
8
Ni-O-Ni-154° - 9 12 9 - 1 NGEY
4 8 a
Ni-O-Fe-180° 32 21 12 5 - V3 V3
—<a —a
Fe-O-Fe-180° - 7 12 15 16 NG V3
—a —a
Fe-O-Ni-180° - 1 4 9 16 NG NG
—a —a
4
Ni-O-Ni-180° - 3 4 3 - V3 V3
—a —a
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layers, and output layer with a series of neurons in each layer. During
the training process, each neuron in the hidden layers transforms the
values from the previous layer by a weighted linear summation followed
by a non-linear activation function. As shown in Fig. 4b, the training and
test error of the neural network approach were found to be 0.00045 eV/
atom and 0.00234 eV/atom, respectively. Hence, the difference in the
errors of the linear regression and neural network models is very small
and merely 0.00022 eV/atom, indicating that the linear relation
approximation for the bond numbers and system energy is quite reliable
for spinel NiFeoOy4.

3.4. Equilibrium cation distribution in spinel NiFe;O4

Taking advantage of the machine-learning derived linear relation
between system energy and chemical bonds, a Monte Carlo simulation
method has been further applied to predict the cation distribution of
spinel NiFeyO4 equilibrated as a function of temperature. Here, the
linear regression ML model was used to predict the energy change
associated with structural evolution during the MC simulation, and the
MC simulation was used to sample the possible structural configurations
in an equilibrium ensemble at a given temperature. The MC simulations
were performed in a model cell containing eight formula of NiFeyO4 (i.
e., 56 ions in total).

Using the MC simulations, the equilibrium degree of inversion of
NiFe;O4 could be predicted at elevated temperatures. The normal
structure (x = 0.0) of NiFe;O4 was chosen as the initial structure in the
MC simulations. The equilibrium degree of inversion was evaluated as
the value averaged over 500 equilibrium structures sampled every 100
MC iterations during the last 50,000 iterations of the MC simulations at
1523 K and 1640 K. As shown in Fig. 5a, the degree of inversion of
NiFe;O4 would increase whereas the energy of the crystal would
decrease in the initial stage of the MC simulations. After 50,000 MC
steps, the modeled system reached the thermodynamically equilibrium
states with both degree of inversion and energy of NiFe;O4 fluctuating
around equilibrium values, as shown in Fig. 5b. From the MC simula-
tions at 1523 K, the equilibrium value for the degree of inversion of
NiFe;O4 was calculated to be 0.996. In comparison, EI-Sayed et al. re-
ported an experimental value of 1.0 in Ref [17] for NiFe;O4 annealed at
1523 K. From the MC simulations at 1640 K, the equilibrium value for
the degree of inversion of NiFe,O4 was calculated to be 0.991, agreeing
well with the experimental value of 0.992 [39]. In comparison, the
thermodynamic model by Navrotsky et al. gave an underestimated value
of 0.988 for the equilibrium degree of inversion at 1640 K [39]. It should
be pointed out that the presented computational approach neglects the

et x = 0.00

( Training Set: 75% \

) x = 0.25

y: DFT Predicted
Energy

Neural Network

Spinel
NiFe,0,

A 4

x = 0.50

Linear Regression

\ 4

y=f&w)

X: Numbers of
M,-O-M, Bonds

\ — x=1.00) k

] Criteria: RMSE

K Test Set: 25% j

Dataset

Feature Engineering

Model Training

Fig. 3. Schematics of machine learning approach.
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Fig. 5. Evolution of degree of inversion and system energy in (a) the first 1000 iterations and (b) the last 50,000 iterations of the MC simulation at 1640 K.

influence of vibrational entropy on the cation distribution. This
assumption can yield some discrepancy between prediction and mea-
surement, especially at high temperatures. However prior experimental
studies [39] have concluded that configurational entropy is dominant as
it relates to cation site occupation when determining interchange
enthalpy of spinel oxides and so the assumptions are consistent with
experimental results reported.

For the inverse spinel crystal, there is another transition which turns
an ordered cation distribution into a disordered one through the position
exchange of different cations at the octahedral sites only [41,42]. Raman
spectra measurement [43] revealed that the single crystal of inverse
spinel NiFe;O4 exhibited a symmetry with tetragonal P4;22 space group
in which the Fe and Ni ions should alternatively occupy the octahedral
sites along the [1 1 0] and [1 1 0] directions in an ordered fashion. In
addition, the first-principles calculations predicted that such an ordered
structure had the lowest system energy and was thus the preferred
structure of the inverse spinel NiFe;O4 at low temperature [38,44]. By
contrast, the inverse spinel NiFe,O4 could exhibit a cubic Fd3m sym-
metry, in which the Fe and Ni ions randomly occupy the octahedral sites
at high temperature. Distinguishing these two types of inverse spinel
NiFe304, an ordering parameter is defined to be the occupancies of Fe
ions at the octahedral Fe sites as in the P4,22 ordered inverse NiFe;0y.
Hence, the value of the ordering parameter changes from 1.0 for an
ordered cation distribution in the P4122 inverse structure to 0.50 for a
disordered cation distribution in the Fd3m inverse structure. In this
study, the Monte Carlo simulation method was further applied to predict
this order-disorder transition in the inverse structure of spinel NiFe;O4.

The initial structure in the MC simulations was chosen to be the inverse
spinel NiFe;O4 with the ordered P4;22 symmetry. During the MC sim-
ulations with 100,000 iterations, the positions of a pair of randomly
selected Ni and Fe ions at the octahedral sites were attempted to ex-
change. The MC simulations were performed at the temperature range
from 100 K to 230 K. The values of the ordering parameter were eval-
uated every 100 MC steps during the last 10,000 steps of the MC
simulation at each temperature. As shown in Fig. 6, the average value of

e o e
2 o =)

Ordering parameter

o
oN

o
n

100 120 140 160 180 200 220
T (K)

Fig. 6. Predicted variation of ordering parameter as a function of temperature
in inverse spinel NiFe;0,4 from MC simulations.
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the ordering parameter changes from 1.0 to 0.5 at around 165 K. Thus,
the transition temperature from an ordered to disordered cation distri-
bution in the inverse structure of spinel NiFe,O4 is predicted to be about
165 K. It should be mentioned that Dey et al. used synchrotron diffrac-
tion technique and determined this order-disorder transition tempera-
ture of the inverse spinel NiFe;O4 to be around 98 K [45]. In the MC
simulations, the perfect NiFe,O4 single crystal without any structural
defects such as the vacancies at the octahedral sites were considered.
This may explain the discrepancy between the computational and
experimental values.

4. Conclusion

In this study, relevant physical properties (i.e., system energy, lattice
parameter, and atomic magnetic moment) of spinel NiFepsO4 crystal
varying as a function of its cation distribution (i.e., degree of inversion x)
were predicted using the first-principles DFT calculations. The DFT re-
sults show that NiFepO4 crystal would have the lowest system energy in
an inverse spinel structure (x = 1.0) whereas the highest energy in a
normal structure (x = 0.0). Moreover, the total magnetic moment per
formula of spinel NiFe;O4 decreases with the degree of inversion,
varying from 8.0 pp in the normal structure to 2.0 pp in the inverse
structure. Consequently, the calculation results indicate a clear corre-
lation between the physical properties and degree of inversion in spinel
NiFe;04, which is consistent with prior experimental investigations.
Furthermore, the bond analysis on spinel NiFe;O4 crystal was per-
formed. It is found the number of distinct types of M;-O-M; bonds is six
in a normal structure, fourteen in an inverse structure, and twenty-three
in the structures with 0 < x < 1. Moreover, the number of each type of
M;-0O-M; bonds is found to vary with degree of inversion. As indicated in
Table 4, the number of Fe-O-Fe-79° bonds strictly increases whereas that
of Fe-O-Fe-125°® bonds strictly decreases with increasing degree of
inversion.

Moreover, the relation between the system energy and chemical
bonds of spinel NiFe;O4 was deduced using both linear regression and
neural network machine learning methods. It is found that there is a
linear relation between the system energy and the number of each type
of M;-O-M; bonds. Taking advantage of this linear relation, an ML
method could be used to accurately predict the energy of different
structures of spinel NiFe;Oy4 crystal. The efficient ML method for energy
prediction enables sampling a large amount of equilibrium structures of
spinel NiFey04 using the Monte Carlo simulations. Specifically, this DFT
data informed, machine learning enabled Monte Carlo simulation
method was applied to predict the value of degree of inversion of spinel
NiFe304 in thermodynamically equilibrium states at 1523 K and 1640 K,
and the transition temperature for an ordered to disordered cation dis-
tribution in the inverse structure of spinel NiFe;04. The computational
predictions are found to agree well with experimental results, validating
the reliability of the proposed computational approach.

Therefore, the developed bond analysis method and efficient ma-
chine learning enabled Monte Carlo simulation would be critical
computational tools for future studies which seek to predict how equi-
librium cation distribution in other complex spinel crystal would vary
appreciably as a function of annealing temperature.
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