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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 NiFe2O4 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 NiFe2O4 to be around 98 K [45]. In the MC 
simulations, the perfect NiFe2O4 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 NiFe2O4 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 NiFe2O4 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 NiFe2O4 decreases with the degree of inversion, 
varying from 8.0 μB in the normal structure to 2.0 μB in the inverse 
structure. Consequently, the calculation results indicate a clear corre
lation between the physical properties and degree of inversion in spinel 
NiFe2O4, which is consistent with prior experimental investigations. 
Furthermore, the bond analysis on spinel NiFe2O4 crystal was per
formed. It is found the number of distinct types of M1-O-M2 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 
M1-O-M2 bonds is found to vary with degree of inversion. As indicated in 
Table 4, the number of Fe-O-Fe-79o bonds strictly increases whereas that 
of Fe-O-Fe-125o(b) bonds strictly decreases with increasing degree of 
inversion. 

Moreover, the relation between the system energy and chemical 
bonds of spinel NiFe2O4 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 M1-O-M2 bonds. Taking advantage of this linear relation, an ML 
method could be used to accurately predict the energy of different 
structures of spinel NiFe2O4 crystal. The efficient ML method for energy 
prediction enables sampling a large amount of equilibrium structures of 
spinel NiFe2O4 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 
NiFe2O4 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 NiFe2O4. 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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