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A detailed study of the structural and magnetic properties of inverse spinel CoFe2O4 nanoparticles and
nanostructured CoFe2O4 microgranules is made by the first-principles calculations. We have estimated the
relative strengths of crystal fields, exchange fields, and magnetic exchange interactions using the electronic
structure calculations and electron density maps. We find that the electron-electron correlation plays a significant
role in obtaining the correct ground-state structure. A significant local structural distortion at the octahedral site
and “inverted” sublattice occupancy in CoFe2O4 affects the magnetic exchange interactions substantially. The
trends in magnetic exchange interactions are analyzed in terms of structural parameters and the features of
their electronic structures and magnetic properties. We find that Fe states in CoFe2O4 are extremely localized,
irrespective of the symmetry of the site. Also, Co and Fe ions prefer their high-spin configurations with higher
spin moments at octahedral sites.
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I. INTRODUCTION

Spinel oxides, AB2O4, have been the subject of continu-
ously evolving scientific research, as they constitute a fasci-
nating class of materials with a plethora of interesting elec-
trical, thermal, and magnetic properties. In addition, spinel
oxides are ideal materials for investigating structure-property
relationships and, subsequently, engineering their functional
properties for device applications. Properties of the spinel
oxide structure are significantly affected by the actual distribu-
tion of the cations A and B. The cation disorder or distribution
is primarily determined by the method of material preparation
[1], heat treatment process, and chemical environment [2–4].
For example, the manganese ferrite bulk material was present
in a mixture of normal and inverse spinel structure with the
range of around 20% between normal and inverse spinel struc-
ture [5]. The cation disorder of 80% in cobalt ferrite structure
has been investigated at high temperatures up to 870 K [6]
and 75% at 1170 K after annealing the powder sample [7].
The degree of cation disorder can be distinctly characterized
by the so-called degree of inversion x, which is defined as
the fraction of divalent metal cations in octahedral sites as
[A1−xBx]Tet{AxB2−x}OctO4 where x can take values between 0
and 1. The “normal spinel” compounds are those with x = 0
when the A cations in AB2O4 occupy the tetrahedral sites and
the B cations occupy the octahedral sites. The “inverse spinel”
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compounds are those with x = 1, where the tetrahedral sites
are completely occupied by the B cations, while the octahedral
sites are occupied by the equal amounts of A and B cations.

A fundamental, scientific understanding of the degree of
cation disorder and the interplay between the cation distribu-
tion and fundamental properties is very important in spinel
compounds. It has been established, based on the numerous
studies on a variety of spinels, that the electronic [8] and
thermal [9,10] properties can be controlled by manipulating
the degree of cation disorder. Recently, magnetic spinels with
different magnetic constituents at A and B sublattices have
gained prominence as they widen the scope of functionalities
of spinel oxides due to the presence of different magnetic
interactions. Moreover, magnetism offers greater perspectives
regarding coupling between various degrees of freedom, such
as the lattice and the magnetic ones [11,12]. Here, the spe-
cific spinel oxide of our interest is cobalt ferrite (CoFe2O4,
CFO), which is quite important for numerous scientific and
technological applications due to its high bulk anisotropy
constant and reasonably large magnetization values [13–15].
Surface characteristics affect nanoscale CFO integration into
applications because the magnetic behavior of CFO deviates
from bulk properties due to surface spin disorder effects [16],
surface anisotropy [17], and exchange biasing [18]. For the
bulk lattice, CFO possesses an inverse cation distribution as
[Fe3+]T{Co2+Fe3+}OO4, with Fe+3 cations occupying the A
sites and Co+2 occupying B site. The accepted value for the
cubic lattice parameter is 8.39 Å, although it varies slightly
with the stoichiometry and method of preparation [19]. The
deformation of oxygen lattice by displacements along a local
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(111) direction is represented by the deviation of oxygen
position parameter u from the value (⅜) which is appropriate
for cubic close packing. The Fe+3 (3d5; t2g

3e2
g) has S = 5/2

and a spin moment of 5μB. Moreover, high-spin Co+2 (3d7;
t2g

5eg
2) has S = 3/2 and a spin moment of 3 μB, but at the B

site the cobalt can also have a significant unquenched orbital
moment of ∼0.6 μB [20,21], which is responsible for strong
cubic anisotropy Kc1 ≈ 290 kJ m−3 along the (100) easy di-
rections. Although the magnetic moment of an isolated Co+2

aligns along a local (111) trigonal axis [19], the resultant bulk
anisotropy lies along the (100) plane [22]. The net magnetic
moment of CFO is about 3.6 μB per formula, and the mag-
netization of the bulk sample is 455 kA m−1 or 86 A m2 kg−1

(86 emu/g), based on the x-ray density of 5290 kg m−3. Since
the ferrimagnetic Néel temperature of CFO is ∼790 K, the
ground-state, T = 0, values are slightly higher.

Theoretical studies [23–26] focused on the ideal inverse
and normal spinels of CFO by the local spin density approxi-
mation (LSDA) [23] and beyond, for example, by invoking the
on-site Coulomb repulsion energy (U ) through the LSDA + U
[24] and GGA + U (generalized gradient approximation + U )
approaches [25] or using the self-interaction corrected (SIC)-
LSDA method [26,27]. The LSDA approach usually describes
these materials to be half-metallic or metallic, if no distortions
are included. The transition-metal (TM) d states are poorly
described by the conventional local density approximation
(LDA) or generalized gradient approximations (GGA) based
standard band theory, which resulted in bringing the states
close to Fermi energy [28]. The strongly correlated d bands
are correctly described using extended density functional
theory with a Hubbard U parameter for on-site Coulomb
interaction. CFO has been identified as nonmetallic within the
DFT+U approach [28,29]. Although self-interaction correc-
tions also provide a better description to the strongly corre-
lated d electrons, the methods are computationally expensive
[30]. Besides the theoretical studies for bulk normal and
inverse spinel CFO structures [23,29], Fritsch and Ederer [31]
and Hou et al. [28] have investigated the cation distribution
in CFO at certain degrees of inversion. Recently, a few
combined experimental and theoretical attempts were made
to investigate CFO in its thin-film form or in powder form
[13,21,32–38]. The experimental efforts were directed mostly
on the synthesis, characterization, and applications of CFO in
biomedical, magnetostrictive, and spintronics [39–44]. The-
oretical investigations by Caffrey et al. predicted CFO as
a suitable barrier for spin filtering applications in devices
[27]. In nanoscale and bulk form, superparamagnetism, sur-
face anisotropy, and noncollinear (canted) spin structures are
the most relevant effects associated with CFO nanoparticles
(NPs) [39–44]. Some of the studies reported diverse mag-
netic behavior of CFO NPs—bulk and thin/thick films with
respect to size, shape, composition, and synthesis methods
[45–48]. However, detailed theoretical insights into the effects
of surface characteristics on the magnetic properties of CFO
requires further study.

In the present work, we have made an attempt to elucidate
the fundamental aspects of electronic structure and magnetism
of CFO with variable size, specifically, CFO NPs (denoted
as CF1) and nanostructured CFO microgranules (denoted as
CF2). The primary objective of the study is elucidating the

effect of size on structural parameters, electronic structure,
magnetic properties, and the crystal and exchange field split-
ting. We have performed calculations based on the density
functional theory (DFT) with a GGA+U approach and in-
vestigated the electronic and magnetic properties of CFO
with various degrees of inversion. Our results indicate that
with the variation of degree of inversion in CFO, the crystal-
field splitting as well as exchange splitting at tetrahedral and
octahedral sites are affected. Our results show that the Co
ions strongly prefer octahedral sites. The presence of Co ions
at tetrahedral sites, due to temperature effects, like to be far
away from the Co at octahedral sites. Also, the Co and Fe
ions always prefer the high-spin configurations in the studied
normal, inverse, and partial inverse spinel CFO.

II. COMPUTATIONAL DETAILS

The electronic structure calculations were performed for
inverse spinel CFO structures using DFT as implemented in
the Vienna Ab Initio Simulation Package (VASP) [49]. To deter-
mine the ground-state energy, we considered the ferrimagnetic
as well as antiferromagnetic magnetic structures, where the
spins at A and B sublattices are aligned in a parallel and

FIG. 1. The crystal structure of CF1 (a), where octahedral, tetra-
hedral, and oxygen atoms are shaded in pink, brown, and red,
respectively, and the crystal structure of CF2 (b), where octahedral,
tetrahedral, and oxygen atoms are shaded in sky blue, blue, and red,
respectively.
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FIG. 2. The neighborhood around the tetrahedral and octahedral sites in CF1 (a) and CF2 (b) along with bond angles and bond lengths.
The calculated bond lengths and bond angles obtained from first-principles calculations are shown for (c) CF1 and (d) CF2 structures.

antiparallel manner, respectively. The plane-wave cutoff for
the basis functions was set to 550 eV. The interaction between
ions and valence electrons was described by the projector
augmented wave method (PAW) [50]. We have considered the
GGA in the parametrization of Perdew, Burke, and Ernzerhof
(PBE) [51] for the description of the exchange correlation
function. Since the standard band theory (GGA) cannot de-
scribe strongly correlated d electrons with sufficient accuracy,
we have considered the contribution of Hubbard parameter U
as GGA+U to correctly describe the strong on-site Coulomb
interaction of localized electrons. The implementation of
GGA+U was achieved according to Dudarev’s approach [52],
where the on-site Coulomb interaction and exchange are con-
sidered through an effective parameter Ueff = U–J , where U
represents the Coulomb interaction and J is Hund’s coupling.
In our calculations, we have selected values of U and J from
the calculations of Das et al. [29,53] obtained for the inverse
spinel cobalt ferrite structure, viz., U = 4.22 eV and J =
0.80 eV are used for Fe, and U = 4.08 eV and J = 0.79 eV for
Co, for normal and inverse spinel cobalt ferrite structures [54].

Fritsch et al. investigated different possible cation distri-
butions on the spinel B-site sublattice for cobalt and nickel

ferrite [55,56]. It was demonstrated that the specific cation
distribution on the sublattices leads to an artificially lowered
symmetry [55,56]. Hence for CF1, the unit cell we con-
sidered includes eight formula unit cells, i.e., 56 atoms, to
preserve the highest possible symmetry. The structure con-
sists of the cubic system of space group Fd3m (227). The
oxygen atoms occupy 32e positions, tetrahedral Fe occupies
the 8a position, and the octahedral Co and octahedral Fe
atoms are distributed equally on 16d positions. The unit cell
consists of 24 magnetic atoms. For a CF2 structure, we used a
2 × 1 × 1 supercell of CF1 structure leading to 112 atoms
system. Within the ideal inverse spinel distribution, it can
be expressed as (Fe16)Tet (Co16Fe16)OctO64. The cation dis-
tribution we considered is a fraction of metal cations at the
octahedral sites: [(Co1−xFex )16]Tet[(CoxFe2−x )16]OctO64. For
CF2 structure, we considered x = 0.00, 0.3125, 0.375, 0.44,
0.50, 0.56, and 1.00. In selecting the cation distribution, the
atomic sites achieved maximum possible equal/homogeneous
distribution so as to avoid system distortions that may oc-
cur due to clustering or segregation. The values of U and
J are unchanged for Fe and Co atoms in CF1 and CF2
structure.
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FIG. 3. The electron density (ED) plots in the yz plane taken at the x = 0 intercept for both CF1 (b, c) and CF2 (e, f) along with a
corresponding section of the unit cell for CF1 (a) and CF2 (d).

The inverse spinel CFO structure was carefully converged
for number of k points and a 7 × 7 × 7 mesh of k points
centered at the � point using a Monkhorst-Pack scheme [57],
which was found suitable for normal as well as inverse, spinel
unit-cell structure. We performed full geometry optimization
with conserving the cell shape from first-principles calcu-
lations for CF1 and CF2 structures to find the equilibrium
lattice parameters. The atomic relaxations were achieved self-
consistently, with energy convergence of 10−7 eV, and the
forces on individual atoms were reduced below 10−4 eV/Å. In
all calculations, the magnetic moments were initiated accord-
ing to the Néel configuration between the tetrahedral and oc-
tahedral sites. To compute the magnetic exchange parameters,
we have calculated the total energies for ferrimagnetic and
antiferromagnetic configurations, and different configurations
with antiparallel moments at A and B sublattices, respectively.
The magnetic inter- and intrasublattice exchange parameters
are described using the classical Heisenberg Hamiltonian:

Heff = −
∑

i, j

J̃i j �Si · �S j = −
∑

i, j

Ji, j êi · ê j (1)

where Ji j is the magnetic exchange parameter, and êi and
ê j denote the normalized spins. To calculate all the nearest-
neighbor exchange constants between sublattices A and B, the
total energies of seven different spin structures for CF1 and
eleven different spin configurations of CF2 structures were
considered. The atom-wise nearest-neighbor information in
CF1 and CF2 for ferrimagnetic (FM) and various antifer-
romagnetic (AFM) configurations is listed in Tables S1.1,
S1.1a, S1.2, and S1.2a, respectively [58]. Their total energy

differences in terms of exchange constants are indicated in
Tables S1.3 and S1.4 of the Supplemental Material [58].

According to the interacting sites, the magnetic exchange
interactions are classified into: JAA (between A sublattices),
JAB (between A and B sublattices), and JBB (between B
sublattices). While solving simultaneous equations for Ji j’s as
given in Tables S1.3 and S1.4 [58], we have used SFe3+ = 5/2,
SCo2+ = 3/2. Furthermore, the magnetic transition tempera-
ture TC has been calculated from these magnetic exchange
parameters onto the mean-field approximation (MFA) for
multisublattice materials by solving a system of coupled
equations [59–61]:

〈eμ〉 = 2

3kBTC

∑

ν

Jμν〈eμ〉 (2)

where 〈eμ〉 is the average z component of S, and the above
equation (2) can be represented in the form of an eigenvalue
matrix problem as

(� − TCI) S = 0 (3)

where �μν = (2/3kB)Jμν , I is unit matrix, and S is a vector
set of 〈eμ〉. The largest eigenvalue of matrix � gives the value
of transition temperature TC.

III. RESULTS AND DISCUSSION

A. Crystal structure

The unit-cell model [Figs. 1(a) and 1(b)] for CF1 and
CF2 were designed using the VESTA software package. It is
noticeable that the CF1 [Fig. 1(a)] exhibits an ideal inverse
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FIG. 4. The electron density (ED) plots in the yz plane taken at the x intercept of x = 0.125 (a), x = 0.375 (b), x = 0.625 (c), and x = 0.875
(d) for CF1.

cation distribution as [Fe+3]Tet{Co+2Fe+3}OctO−2
4, and CF2

[Fig. 1(b)] shows a deviation from the ideal inverse cation dis-
tribution by transferring some Co+2 cations to the tetrahedral
A site, i.e., [Co+2

(1−x)Fe+3
(x)]Tet{Co+2

(x)Fe+3
(2−x)}OctO−2

4.
Both samples are made up of a cubic close-packed array of
oxygen anions occupying the 32e position. However, CF1
shows a deviation from their ideal positions, i.e., (0.25, 0.25,
0.25). The cations (Fe+3, Co+2, denoted as Fe1 and Co1)
occupying the octahedral 16c site {B site}, with a special
Wyckoff position of octahedral (Oh) symmetries at (0,0,0),
exhibits trigonal 3m point symmetry. The cations (Fe+3, Co+2

denoted as Fe2 and Co2) occupying tetrahedral 8b sites [A
sites], with special Wyckoff position of tetrahedral (Td ) sym-
metries at (5/8,5/8,5/8), exhibits cubic 43m point symmetry.

The bond lengths and bond angles obtained after full struc-
tural relaxation using DFT+U for CF1 and CF2 structures
are shown in Fig. 2. The calculated lattice parameters for
CF1 and CF2 structures are 8.42 and 8.48 Å, respectively.
The slight local distortions at Co and Fe octahedral sites
of CF1 are noted. Similarly, Fe atoms at tetrahedral sites
also exhibit slight distortions, reducing the internal symmetry
of the system. The calculated Fe-O and Co-O bond lengths
at octahedral sites are underestimated by ∼0.2 Å, whereas

the Fe-O bond length at tetrahedral sites is overestimated
by ∼0.4 Å. The bond lengths and bond angles for the CF1
structure, however, agree well with the reported theoretical
studies [29]. The calculated bond lengths (∼2.04 Å) at oc-
tahedral sites of CF2 structures are also distorted. The bond
lengths at tetrahedral sites are calculated with an overesti-
mation of ∼0.1 Å. Although the bond angles O-Fe-O for
CF1 and CF2 at tetrahedral sites exhibit distortion; the value
is close to 109◦, ideal for spinel structures. The calculated
FeT-O-FeO angle in CF1 is ∼122◦, which is underestimated
from the ideal spinel value of 125◦, and this result agrees
well with the previous theoretical results by Das et al. [29].
The FeT-O-FeO angle is also calculated to be 122° for the
CF2 structure. The O-Fe-O angle calculated at the octahedral
sites measures large deviation up to 3◦ in CF1, whereas it is
up to 4.8◦ in the CF2 structure, rather than the ideal spinel
value of 90◦.

The distortion observed due to the particle-size reduction
is further explained using the electron density (ED) maps.
For the sake of simplicity, only the yz plane of interest with
various appropriate intercepts are plotted as shown in Fig. 3
for CF1 and CF2. The ED maps play a significant role in
understanding the interactions at the atomic level. The first
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FIG. 5. The unit cell of CF1 in the yz plane, taken at an x intercept of x = 0.125 (a), x = 0.375 (b), x = 0.625 (c), and x = 0.875 (d) for
clarification.

row in Fig. 3 shows the ED on the yz plane, taken at the y
intercept of zero for CF1, and similar data is shown for the
CF2 sample in the second row. In the present study, for CF1
and CF2, different sublattice occupancy may be due to the
“inverted” structure that introduces the qualitative differences
of the electron density map at both the tetrahedral (A) and
octahedral (B) sites. In the left column of Figs. 3(a) and 3(d),
the corresponding section of the unit cell is shown. In row 1,
the sections are taken such that the electron density in the yz
plane of FeO6 and CoO6 octahedra is evident. The interactions
between the cation, i.e., Co1, Fe1, and O−2 anions within a
octahedral site are evident in the yz plane at x = 0. In this
plane, the Co1–O bonds are visible and appear to form a
cube comprised of Co1 or Fe1 atom at the center and oxygen
atoms at the vertices (red and yellow solid cubic drawn as a
guide to eye). Here, electron clouds of d orbital cations are
higher than the anion (O−2) cloud due to the higher atomic
number of cations compared to oxygen. Importantly, in the yz
plane, a diagonally arranged perfect cube of oxygen does not
deviate from a perfect cube as the particle size is reduced to
≈20 nm (CF1), although the Co1–O bond length increases as
discussed above. However, a small electron density anisotropy
is seen for CF1 compared to CF2 as the O–Co–O bond angle
deviates from the ideal value of CF1. It is evident from the
electron density map that CF2 slightly deviates from the ideal
inverse spinel structure as the electron cloud density observed
at the octahedral site for CF1 is slightly high compared to

the electron cloud density observed for CF2 at the octahedral
site. Furthermore, it is evident from Fig. 3 that the octahedral
and tetrahedral sites have slightly different electron density
distributions for CF1 and CF2, as marked by the red circle in
Figs. 3(b), 3(c), 3(e), and 3(f). Further insights into electron
density distributions are derived by means of the ED maps
are shown in Figs. 4–6. In order to get a deeper insight into
the ED within a tetrahedral site, the ED maps in the yz plane,
taken at an x intercepts of 0.125, 0.375, 0.625, and 0.875 for
CF1 and CF2, are illustrated in Figs. 4 and 6, respectively. The
corresponding section of the unit cell is shown in Figs. 5 and
7 for CF1 and CF2, respectively. This further supports our
prediction about the ideal and deviated inverse spinel cation
distribution for CF1 and CF2, respectively. From Figs. 3(c)
and 3(f), we have observed that the bond angles Co1–O–Fe2
and Fe1–O–Fe2 are 131.64°, and for CF1 there is a larger
deviation from the ideal spinel value of 125°. It is also noted,
for CF1, that the shape of the electron density around Fe1 or
Co1 is slightly anisotropic. This investigation of two different
particle sizes of CFO further adds to our understanding of
the observed changes in magnetic properties of CF1 and CF2.
This result can indirectly explain why composition variation
in CFO tends to show different physicochemical properties
despite the similar structural arrangement. Furthermore, the
difference in the band structure can be envisioned for different
CFO compositions, indicating its intrinsic correlation with
magnetism in these materials.

035446-6



FIRST-PRINCIPLES CALCULATIONS OF THE ELECTRONIC … PHYSICAL REVIEW B 102, 035446 (2020)

FIG. 6. The electron density (ED) plots in the yz plane taken at the x intercept of x = 0.125 (a), x = 0.375 (b), x = 0.625 (c), and x = 0.875
(d) for CF2.

B. Electronic structure and magnetic moments

It is well known that the configurations of d elec-
trons at different cation sites play the most important role
in determining the electronic and magnetic properties of
spinel oxides. According to crystal-field theory [62], the
electronic configuration depends on the relative strengths
of the crystal-field (CF) and intra-atomic exchange field
(EX). In this section, we attempt to understand the rela-
tion between structural distortions and electronic structures
in CF1 and CF2 by investigating the relative strengths of
CF splitting and EX splitting through an analysis of the
densities of states (DOS). Consequently, this would lead
to the understanding of electronic and magnetic properties
of CF1 and CF2 appropriately. The spin configurations of
inverse [Co+2

(1−x)Fe+3
(x)]Tet{Co+2

(x)Fe+3
(2−x)}OctO−2 spinel

structures with x = 0.31, 0.38, 0.44, 0.50, 0.56, and 1.00
are considered and investigated to illustrate the nature of
magnetic properties of CF1 and CF2 samples. The Fe+3(d5)
and Co+2(d7) cations possess different local symmetries at
different lattice sites. According to the CF theory, the eg levels

are lower than the t2g levels in a tetrahedral CF due to the direct
electrostatic repulsion between the dxy, dyz, and dzx orbitals
and surrounding anion orbitals, while the order is reversed
in the octahedral environment as the dz

2 and dx2−y2 orbitals
are repelled directly. The electronic configuration depends on
the relative strength of CF and EX values, which results in
possible high-spin (CF<EX) or low-spin (CF>EX) configu-
rations [62]. In the present study, the schematic representation
of electrons in d levels based upon crystal-field theory for CF1
and CF2 is shown in Fig. S1 (Supplemental Material [58]).

We have investigated the effect of change in sublattice
occupancy, in the inverted structure, on the electronic density
of states (DOS) at both the tetrahedral and octahedral sites
as shown in Figs. 8(a) and 8(b). The upper panel of either
plots indicate the total density of states calculated in the unit
cell. The electronic structure calculated without consideration
of strong correlation exhibit metallic behavior (not shown
here). The application of Hubbard U, as explained in the
computational details, introduces large EX splitting leading
to the semiconducting nature. In the CF1 structure [Fig. 8(a)],
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FIG. 7. The unit cell of CF2 in the yz plane, taken at the x intercept of x = 0.125 (a), x = 0.375 (b), x = 0.625 (c), and x = 0.875 (d) for
clarification.

the tetrahedral sites are occupied by Fe+3 ions, which exhibit
strongly localized eg and t2g states. The e↑

g and t↑
2g states of

Fe+3 ions at sublattice A are completely empty and lie around
2 eV above the Fermi energy. The e↓

g and t↓
2g Fe states at

sublattice A are situated deep below the Fermi energy (−5 to
−6 eV). The octahedral sites are occupied by both the Fe+3

and Co+2 ions. The eg and t2g states for Fe+3 at the octahedral
site show a completely opposite nature than that for the tetra-
hedral site. The unoccupied e↓

g states of Fe+3 at octahedral
sites are situated at higher energy than t2g states, whereas this
order is reversed at the tetrahedral sites. However, the eg and
t2g states of Fe+3 show highly localized character irrespective
of sublattice occupancy. In comparison with Fe+3 states, Co+2

states are relatively delocalized, especially for majority spin
states. The spin minority dxz and dyz states of Co+2 contribute
near the Fermi energy at around −0.5 eV. The eg degeneracy
is not broken completely at sublattice B due to the absence
of e↓

g states. The O-2p states are seen to hybridize with the
delocalized t2g states of Co+2. The magnetic moments for Fe
atoms at tetrahedral sites are observed to be 3.98 μB, whereas
the magnetic moments for Fe and Co at octahedral sites are
4.09 and 2.60 μB, respectively. The ground-state magnetic
structure of CF1 lattice is of ferromagnetic Néel type, where
the magnetic moments at sublattices A and B align in opposite
directions. Thus, the total magnetic moment is calculated to
be 3.0 μB/F.U. for CF1, which is in agreement with those
reported in the literature [28,29].

Unlike the CF1 structure, CF2 has Fe as well as Co atoms
at the tetrahedral site. This is due to some of the Co+2 ions

moving from the octahedral to tetrahedral site. This movement
of ions changes the total magnetic moment of the unit cell.
We performed the calculations for various x values, x = 0.0,
0.3125, 0.38, 0.44, 0.50, 0.56, and 1.00 (see Table I). To gain
further insights and to probe the magnetic properties, we have
investigated the detailed electronic structure and calculations
made (x = 0.3125) [63]. The electronic DOS is plotted and
shown in Fig. 8(b). In the CF2 structure, Co atoms break
t2g degeneracy at octahedral as well as tetrahedral sites. In
particular, the e↓

g and t↓
2g states of Co at tetrahedral sites

are completely occupied and located well below the Fermi
energy. The Fe-d minority spin states are delocalized and
hybridize with O-2p states along with Co t2g states. The
majority spin states of Fe and Co are highly localized, with
Co eg states being completely filled. At octahedral sites, the
states near the Fermi energy are mainly due to eg and t2g states
of Co atoms. The e↑

g and t↑
2g states are completely filled

at A and B sublattices. The t↓
2g for Co atoms appears near

the Fermi energy at around −1 eV, whereas all Fe d states
are unfilled. A comparative study of the electronic structure
reveals that the Co states are delocalized irrespective of the
crystal environment, whereas Fe states are localized in CF1
and CF2. This influences the magnetic exchange interaction
that is explicitly discussed in the present work. The calculated
magnetic moment of Fe and Co atoms at tetrahedral sites are
3.95 and 2.47μB, respectively. These values are also retained
for other higher x values. At octahedral sites, the calculated
magnetic moments for Fe and Co atoms are 4.12 and 2.67 μB,
respectively. As the degree of inversion parameter x is
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FIG. 8. The site-projected density of states for CF1 (a) and CF2
(b), where identified tetrahedral and octahedral density of states are
shown in the middle and bottom panel, whereas the upper panel
indicates the total density of states.

increased from 0.31 to 0.56, the magnetic moment of Co is
slightly reduced from 2.67 to 2.63 μB, whereas the moment
on Fe atoms remain unaffected. The calculated total magnetic
moment for the CF2 structure is 5.73 μB/F.U.

Table II represents the exchange field splitting (�EX) calcu-
lated for CF1 and CF2 along with various values of x. Table III
presents the crystal-field splitting (�CF) calculated for CF1

TABLE I. The calculated magnetic moments in a Bohr magneton
for A (μA), B (μB) cations and the total magnetic moment (μT ) per
formula unit, where the (+/−) signs are according to the global spin
axis of the inverse spinel structure.

Sample A site μA B site μB μT

CF1 FeT −3.98 FeO 4.09 3.0
x = 1.0 CoO 2.60
CF2 FeT −3.95 FeO 4.12 5.73
x = 0.3125 CoT −2.47 CoO 2.67
CF2 FeT −3.97 FeO 4.13 5.44
x = 0.375 CoT −2.47 CoO 2.64
CF2 FeT −3.97 FeO 4.13 5.13
x = 0.44 CoT −2.47 CoO 2.66
CF2 FeT −3.97 FeO 4.13 5.00
x = 0.50 CoT −2.47 CoO 2.63
CF2 FeT −3.94 FeO 4.12 4.73
x = 0.56 CoT −2.47 CoO 2.63

and CF2. For the EX splitting as well the CF splitting, the
calculations were performed without considering the electron
correlations, i.e., Ueff = 0 is set in all the respective calcula-
tions. It can be observed from Table II that the magnitudes of
EX splitting for eg and t2g states are competitive, irrespective
of the crystal environment in CF1 and all CF2 structures. The
Fe+3 occupying tetrahedral sites in CF1 has two electrons less
than that of Co+2, making the e↑

g state completely empty. At
the tetrahedral site, both the e↑

g and t↑
2g states are empty;

however, the t↑
2g states are higher in energy compared to

e↑
g. Due to two extra electrons for Co+2, the t↑

2g states at
octahedral sites are completely filled and located at −2.5 eV
below the Fermi energy. The e↓

g states of Co+2 at octahedral
sites are completely filled, whereas the t↓

2g are empty. In
general, the EX splitting for Fe is larger than Co irrespective
of the crystal environment due to the fact that Fe has one spin
channel completely full, whereas due to more electrons in Co
than Fe, the another spin channel in Co is also partly occupied,
leading to reduced spin imbalance than Fe atoms. Unlike in
CF1 structure, tetrahedral sites in the CF2 structure are partly
occupied by Co atoms. The magnitude of EX splitting for

TABLE II. Exchange splitting (�EX) results for CF1 and CF2.

At tetrahedral site At octahedral site

Sample Ion �
eg
EX �

t2g
EX Ion �

eg
EX �

t2g
EX

CF1 Fe3+ 3.3 3.13 Fe3+ 3.5 3.36
Co2+ 3.04 2.31

CF2 Fe3+ 3.51 3.17 Fe3+ 3.55 3.49
x = 0.3125 Co2+ 2.74 2.70 Co2+ 3.03 2.23
CF2 Fe3+ 3.51 3.13 Fe3+ 3.53 3.32
x = 0.375 Co2+ 2.64 2.71 Co2+ 2.89 2.15
CF2 Fe3+ 3.52 3.12 Fe3+ 3.37 3.39
x = 0.44 Co2+ 2.68 2.70 Co2+ 2.64 2.25
CF2 Fe3+ 3.31 3.13 Fe3+ 3.29 3.40
x = 0.50 Co2+ 2.61 2.75 Co2+ 2.33 2.80
CF2 Fe3+ 3.32 3.41 Fe3+ 3.47 3.44
x = 0.56 Co2+ 2.60 2.70 Co2+ 0.30 0.40
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TABLE III. Crystal-field splitting (�CF) results for CF1 and CF2.

At tetrahedral site At octahedral site

Sample Ion �
↑
CF �

↓
CF Ion �

↑
CF �

↓
CF

CF1 Fe3+ 0.70 1.07 Fe3+ 1.92 1.60
Co2+ 1.80 1.94

CF2 x = 0.3125 Fe3+ 0.63 0.76 Fe3+ 1.52 1.47
Co2+ 0.90 0.57 Co2+ 0.87 1.92

Fe atoms is hardly affected for all other CF2 structures and
is independent of the crystal environment. However, the EX
splitting is more reduced for Co atoms at the tetrahedral site
of the CF2 structure than that for the octahedral site. This is
due to the change in hybridization with the oxygen atoms in
the tetrahedral ambience.

The CF splitting values (Table III) are significantly smaller
in magnitude than the EX splitting (Table II) for Fe as well
as Co atoms in all the structures. Overall, the CF splitting
at tetrahedral sites is lower than that for octahedral sites,
irrespective of the spin channel and choice of the chemical
element. At the tetrahedral site, the CF splitting is smaller for
majority states than the minority states, whereas this scenario
is opposite for atoms at the octahedral site. With the increase
of Co+2 content at the tetrahedral site, the CF is reduced
significantly irrespective of the spin type and sublattice A
or B. The origin behind the reduced CF splitting lies in the
electronic configuration of eg and t2g states for Fe+3 and Co+2

cations at A and B sites. Due to the competition of CF splitting
and EX splitting, the ground-state properties of CF1 and CF2
structures are strongly influenced. The weaker CF splitting in
comparison with EX splitting results in reducing the band gap.
From the Tables II and III, it can be revealed that as the degree
of inversion x is increased in CF2 structure, the EX splitting
is barely affected, but the CF splitting is significantly reduced.
This results in a more decreased band gap in the CF2 structure
up to 0.3 eV than that of 0.8 eV for the CF1 structure. The EX
for Co+2 t2g states at tetrahedral sites remains unaffected, and
the values are around 2.70 eV.

C. Magnetic exchange interactions

The magnetic exchange interactions are computed in terms
of the classical Heisenberg Hamiltonian [Eq. (1)] for intra-
and intersublattices A and B, respectively. The calculated val-
ues are listed in Table IV. The calculations were performed by
considering only the nearest-neighbor sublattice interactions,

as the contribution of higher-order neighboring sites in the
total magnetic exchange energy is negligible. It can be seen
from Table IV that, for CF1 structure, JAB/JAA = 11.05 and
JAB/JBB = 2.20–9.98, indicating that the interlattice A − B
interactions are dominant over intrasublattice interactions (AA
and BB). This favors collinear alignment of spins in CFO,
within the ferromagnetic Néel configuration, due to the sign
and strength of the dominant exchange JAB. The reason behind
this strong antiferromagnetic A-B interaction is that the A-site
t2g orbitals and B-site eg orbitals (for both Fe and Co at the B
site) are half-filled. The dominant JAB interaction over JAA

and JBB is qualitatively in good agreement with the previ-
ous results [29]. We extended the treatment to compute the
magnetic exchange parameters to the partially inverse spinel
structure. It can be observed from Table IV that, similar to
the CF1 structure, the CF2 structure also exhibits a dominant
interlattice exchange interaction JAB. Due to the accessibility
of tetrahedral sites for a few Co atoms (i.e., because of change
in the inversion parameter x), different types of JAB exchange
interactions are introduced, as shown in Table IV. The Fe
atoms at the tetrahedral sites do not have the nearest-neighbor
Fe atoms, since all neighboring sites are occupied by Co
atoms during the inversion of x. Hence compared with CF1,
the magnetic exchange interactions in CF2 structure show
enhanced magnitude. Interestingly, JCo−Co exhibits dominant
exchange interaction in the CF2 structure; however, overall
JAB > JBB > JAA, indicating collinear magnetic stability. Our
calculated value of the magnetic transition temperature, using
the mean-field approximation according to Eq. (3), for CF1 is
480 K. The estimated value of magnetic transition temperature
in CF2 structure is smaller (226 K) than the ideal inverse
spinel CF1 structure.

IV. SUMMARY AND CONCLUSIONS

We have performed a systematic investigation of the struc-
tural and magnetic properties for inverse spinel CFO nanopar-
ticles and nanostructured CFO microgranules using first-
principles density functional theory and the electron density
maps. The understanding of properties of these compounds
is performed by quantifying the relative strengths of the CF
effect and the exchange effect through an analysis of their
electronic structure. We conclude that the electron–electron
interactions of the magnetic cations play a very important
role, and without the incorporation of this, the correct ground-
state structures cannot be obtained. The electronic structures
of these compounds are significantly different, as the cation

TABLE IV. The magnetic exchange parameters (Ji j in meV) and the ferrimagnetic transition temperatures (Tc in K) for CF1 and CF2.

Sample Type of AA pair JAA Type of BB pair JBB Type of AB pair JAB TC (K)

CF1 FeT–FeT −0.65 CoO–CoO −3.27 FeT–CoO −7.18 480
x = 1 FeO–FeO −1.93 FeT–FeO −6.60

FeO–CoO 0.72 − −
CF2 FeT–FeT 0.00 CoO–CoO −13.40 FeT–CoO −8.27 226
x = 0.3125 CoT–CoT −0.44 FeO–FeO −1.26 FeT–FeO −6.09

FeT–CoT −1.51 FeO–CoO −0.06 CoT–CoO −4.01
− − − − CoT–FeO −6.07
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distribution changes among the tetrahedral and octahedral
sites, and also the crystallite size is changed. This, in turn,
affects the interatomic magnetic exchange interactions con-
siderably and is responsible for different spin structures of
these systems. In this work, understanding of the trends in the
magnetic properties are attempted through proper quantifica-
tion of the associated quantities and by providing necessary
explanations from the trends in the local structural parameters
and the electronic structures. Our results show that both the
CFO nanoparticles and nanostructured CFO microgranules
energetically favor inverse spinel structure, and in each case
Fe and Co always prefer a high-spin configuration, no matter
whether they are in octahedral or tetrahedral sites in the partial
inverse spinels. As the degree of inversion (x) increases, the
total magnetic moment of CFO increases. The lattice param-
eter of the spinel increases slightly with increasing inversion
parameter x. The Co ions in the partial inverse spinel favor

being far away from each other, allowing a reasonable study
of the system with relatively small unit cells.
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