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ABSTRACT

Antiferromagnetic Mns0,4 in spinel structure was investigated employing the Density Functional Theory
at different hybrid functionals with default HF exchange percentage. Structural, electronic and magnetic
properties were examined. Structural results were in agreement with experimental and Hartree-Fock
results showing that the octahedral site was distorted by the Jahn-Teller effect, which changed the
electron density distribution. Band-gap results for B3LYP and B3PW hybrid functionals were closer to the
experimental when compared to PBEO. Mulliken Population Analysis revealed magnetic moments very
close to ideal d* and d° electron configurations of Mn>* and Mn?™, respectively. Electron density maps
are useful to determine that oxygen atoms mediate the electron transfer between octahedral and tet-
rahedral clusters. Magnetic properties were investigated from theoretical results for exchange coupling
constants. Intratetrahedral and tetra-octahedral interactions were observed to be antiferromagnetic,
whereas, octahedral sites presented antiferromagnetic interactions in the same layer and ferromagnetic
in adjacent layers. Results showed that only default B3LYP was successful to describe magnetic properties
of antiferromagnetic materials in agreement with experimental results.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Materials with spinel structure have important technological
applications, such as gas sensors, electrical and magnetic materi-
als, and other electronic devices. The spinel structure presents
AB,0, formula where cations A2* and B>* occupy tetrahedral and
octahedral sites, respectively. Such cations (A, B) can be mixed, as
for the ternary spinels (MgAl,0,), or correspond to the same metal
with different valences (2+ and 3+), for instance Mn304 [1-4].
These materials have high scientific and technological interest due
to their structural and magnetic properties, which allow the de-
velopment of theoretical and experimental investigations [5-7]. In
recent years, a lot of theoretical studies have been developed to
investigate the structural, electronic and magnetic properties of
materials with spinel structure such as Co304, Fe304, Fe3S,4, Mn30y,
showing good agreement with experimental results [8-11].

Hausmannite (Mn30,4) is a material with normal spinel struc-
ture that has the tetrahedral sites occupied by the cation Mn?*
and the octahedral sites by Mn3* cations. This structure has lattice
parameters a=b=>5.7474A and ¢=9.457 A in a tetragonal ar-
rangement with space group I41/amd (Fig. 1). This material
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presents the octahedral sites distorted by the Jahn-Teller effect
due to the electronic configuration of the cation Mn>* (d*) which
enables partial occupation of eg and ¢, levels. In recent years, this
material has attracted interest for its technological applications as
insertion in lithium ion batteries, electrochemical processes, su-
percapacitors, catalysts for environmental applications, and others
[12-18].

Antiferromagnetic oxides such as Mns0, have antiparallel
alignment between non-equivalent sublattices occupied by dif-
ferent cations. These couplings are mediated by oxygen atoms that
coordinate with cations of different sites, and the geometric and
electronic distribution of these cations changes the magnitude of
these interactions [19]. In Mn304 material the predominant ex-
changes are Ja4, Jpg and Js43, where A and B are the cations dis-
tributed in tetrahedral and octahedral sites, respectively [20,21]. In
Hausmannite, due to Jahn-Teller effect, the octahedral site is dis-
torted and the exchange coupling constants for this lattice is di-
vided into interactions in and out of plane (Jp_, and Jgz_,p).
Therefore, the exchange coupling in the plane is more intense than
out of the plane (jz_, > Jp_o, ) and these are more intense than
the exchange coupling in tetrahedral lattice [20-24]. These ex-
change couplings provide a lot of the magnetic transitions and
below Ty=41.2 K these materials have Yafet-Kittel ferrimagnetic
structure [25].

Theoretical studies on Mn30,4 previously developed report the
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Fig. 1. Unit cell for Mn30,4 material. Blue and green polyhedral represent octahedral [MnOg] and tetrahedral [MnO,] clusters, respectively. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version of this article.)

use of computational methods to describe the structural, electro-
nic and magnetic properties of this material in agreement with
experimental results [26,27]. Chartier and coworkers investigated
the exchange coupling constants for Mn3;0,4 at Hartree-Fock level
and noted that this methodology has a deviation around 40-50%
in comparison to experimental results [26]. Franchini and co-au-
thors performed Density Functional Theory (DFT) calculations
using gradient corrected functionals, as PBE, PBE+U and hybrids
PBEO and HSE to investigate the ground-state properties of mul-
tivalent manganese oxides (MnO, Mn304, @-Mn;03, #-Mn0O,) and
pointed out that hybrid functionals appear to provide a better
description for these properties [27]. However, the obtained the-
oretical predictions for the magnetic properties did not approach
the experimental results due to the use of functionals which
presented severe limitations to describe this behavior making it
necessary to clarify the exchange-correlation functional effect on
the magnetic properties of materials. Recently, a lot of studies have
involved a class of functional, which incorporates a fraction of the
Hartree-Fock exchange to better describe the properties of dif-
ferent materials that have been denominated hybrid functional. A
large number of hybrid functionals are described in the literature
for different types of applications [28,29]. In particular, the B3LYP
functional and B3PW are characterized by presenting a non-local
exchange functional developed by Becke combined with a corre-
lation functional based on gradient of electronic density developed
by Lee et al. and Perdew and Wang, respectively [30-32]. Already
the PBE functional is a parameterization defined by Perdew-
Burke-Ernzerhof for the generalized gradient approximation
(GGA), which was extended into a functional hybrid with a opti-
mum value of 25% for HF exchange termed as PBEO [33-35].
However, several literature reports suggest that this percentage is
not a good choice to represent band-gaps and other ground-state
properties of solid state materials [35-38]. In recent years, these
functionals began to be used for representing the magnetic
properties of different materials [39,40]. Some of these studies
have reported strong dependence of the results in relation to ex-
change coupling constants and the fraction of HF exchange in-
corporated into hybrid functionals. Feng and coworkers [41] con-
firmed the percentage of 35% as optimal for the correct description
of the magnetic property using hybrid B3LYP functional [42]. An-
other work discussed that such dependence can be overcome by
the replacement of these adjusted functionals for Heyd-Scuseria—
Ernzerhof (HSE) hybrid approach or advanced variational pseudo-
self-interaction correction method [43]. Recently, a lot of theore-
tical studies have been developed using DFT+U methodology
mainly for magnetic properties predictions [44-46]. Nevertheless,
the choice of Hubbard parameters is often arbitrary, although it

drastically affects physical properties [47]. Furthermore, the hybrid
functionals have the advantage that the self-interaction correc-
tions are included at the same footing for every orbitals and not as
the multiorbital model for DFT+U enabling to treat non-local ef-
fects through the non-local HartreeFock exact exchange [35].
However, our results prove that, despite the theoretical evidences
of 35% fraction of HF exchange being necessary for a correct de-
scription of the magnetic properties, B3LYP hybrid functional with
default HF percentage (25%) provide an excellent description for
ground-state properties of antiferromagnetic materials.

2. Computational methodology

Computer simulations were performed using the Density
Functional Theory with the hybrid functionals B3LYP, B3PW and
PBEO implemented in software CRYSTALO9 [30,31,48]. The unit
cell, shown in Fig. 1, with space group I41/amd was based on the
experimental lattice parameters a=b=5.7474 A and c=9.457 A
and internal coordinates: Mn?* (0; 0,250; 0,875), Mn>* (0; 0,5;
0,5) and 0%~ (0; 0,484; 0,255) [49]. Mn and O atoms were re-
presented by Mn-86-411d41G and 8411d1 basis sets, respectively
[50]. The Mn30, unit cell presented two Mn?* (d®) and four Mn3*
(d*) cations allowing the representation as a ferromagnetic model
(FEM) in a setting where the cations of the tetrahedral and octa-
hedral sites have electrons in spin up configuration (1111t 1 1).
For this model, the total energy was optimized in relation to the
structural parameters and, later on, compared to experimental
results [49]. The electronic structure was investigated by analysis
of the Density of States and Charge Density Maps, as well as
Mulliken Population Analysis for the electron spins. These results
were obtained from optimized wave function, whereas, the con-
vergence criteria to mono-and bielectronic integrals was truncated
in 10~8 Hartree, with Shrinking factor set to 4 x 4 (Gilat Web)
corresponding to 13 independent k points in the Brillouin zone
according to the Monkhorst-Pack method [51]. The processor used
was an AMD Phenom Quad-Core 64-bits.

To evaluate the magnetic interactions between cations of different
sites in the Mn30,4 material, six ferrimagnetic models were designed:
FIMi=(lltt11), FIMa=(titt11), FIMs=(11ll1t1),

FIMg=(t11L11),FIMs=(11ittt)andFIMg=(111L11)
as proposed by Chartier and co-authors [26]. The theoretical Total

Energies obtained for these models are presented in Table 1. In these
calculations the unit cell of FIM configurations correspond to the FEM
optimized geometry. The optimization process was performed only for
FEM model because ferrimagnetic models have low symmetry and,
consequently, higher computational cost. In the Solid State Theory, the
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Table 1
Total Energies (in Hartree) for the ferromagnetic (FEM) and ferrimagnetic (FIM)
models of the Mn30,4 material at different hybrid functionals.

Models B3LYP B3PW PBEO

FEM —7507.90872889 —7508.20302609 —7506.70358883
FIM1 —7507.91270469 —7508.22986121 —7506.69985071
FIM2 —7507.91341374 —7508.21862759 —7506.70348420
FIM3 —7507.90072507 —7508.21634243 —7506.70202282
FIM4 —7507.92182178 —7508.20762781 —7506.69302183
FIM5 —7507.91277741 —7508.20530164 —7506.69838109
FIM6 —7507.92352478 —7508.20310297 —7506.69572080

magnetic interactions are usually described by the Heisenberg Ha-
miltonian; however, in computer simulations such a relationship
cannot be used because the Slater determinant is not an eigenstate of
the Heisenberg Hamiltonian requiring the application of the Ising
model. This model allows to relate the coupling constants | with the
energy difference of the magnetic states since the unpaired electrons
are well defined [41,52]. This model can be described by the equa-
tions:

ﬁ’sing = zll . Sz. sz e))

AErv_pem = — 2 ZZ’]’- S-Sk %)

Egs. (1) and (2) involve the number of neighbors i-j (Z), the
electronic spin of different species (S) and coupling constant be-
tween the species (J). The summation usually extends to first or
second neighbors i—j, where i and j correspond to different mag-
netic sites, without double counting. This proposal can be applied
to the six models previously proposed and the coupling constants
Uaa, Jas, Jpg—p and Jpp_op) can be calculated from the equations
using the Total Energies presented in Table 1:

AE1 = — 48], SaSs 3
AEy = 24],5 Sa S + 8Jan SA 4
AEs = 24,5 SaSp + 16)3 S8 o)
AEq = 24)45 S5 S5 + (8l + 4hpps IS5 (6)
AEs = 12,5 Sa S + (8Jgp; + 4pps )SE @)
AE5 = 8J,0 SZ + 12045 SaSs + (8Jggy + 4hgss )53 ®

3. Results and discussions
3.1. Structural parameters

Theoretical and experimental results for the structural para-
meters of ferromagnetic model for Mn30,4 material are shown in
Table 2. Results obtained from Density Functional Theory (DFT)
simulations with different hybrid functionals were observed to be
in agreement with other theoretical [26] and experimental [49]
results.

Bond length and bond angles (Table 2) show a distorted crys-
talline structure for the Mn30,4. Such distortions are identified at
the octahedral site through different bond lengths, represented by
Mn-0,q and Mn-O4, bond length and the bond angles deviation
from the ideal angle of 90°. In relation to the tetrahedral site, the
four obtained Mn-0O bond lengths are equal; however, the bond

angles were deviated from the ideal angle of 109.47°.These dis-
tortions occur because of the Jahn-Teller effect causing alterations
in the intrasites distance, more specifically, between cation
neighbors localized in the octa- and tetrahedral sites (4.02 and
4.30 A), therefore, the magnetic couplings between these sites are
influenced. Regarding the different methodologies, it was ob-
served that the hybrid functionals employed in this work were
satisfactorily accurate with respect to structural experimental
results.

3.2. Electronic structure

Electronic properties were investigated using DOS, Mulliken
Population Analysis and Charge Density Maps obtained from op-
timized wave function. From total and atom-resolved DOS pro-
jected, as shown in Fig. 2, the valence band (VB) was observed to
be composed mostly of atomic states from oxygen (2p) and the Mn
(3d) in the octahedral site. In relation to the conduction band (CB)
composition, a predominant contribution of Mn (3d) of octa- and
tetrahedral sites was observed. Thus, it is possible to assume that
an electron transfer inside band-gap region should occur between
the 2p orbitals of the oxygen atom and 3d orbitals of the Mn atom
in the octahedral site, which presented d* configuration. From DOS
results the band-gap was calculated as 3.02, 2.69 and 2.61 eV for
PBEO, B3PW and B3LYP hybrid functionals, respectively, indicating
the B3LYP hybrid functional as the best representation for optical
property and it is in good agreement with experimental results
(2.30-2.50 eV) [53]. This behavior was also observed for other
materials [29]. For hybrid functionals, the HF exchange energy is
mixed into the total energy functional of GGA and the weights of
correlation, local exchange and non-local HF exchange energies
can be determined by a fitting of theoretical thermochemical
properties (atomization energies, ionization potentials, proton af-
finities and total atomic energy) from experimental results [27,30].
In band-gap calculations, this process is essential to achieve better
results especially because the ionization potential is related to the
electron orbital energies; however, PBEO is a hybrid functional
with a predefined amount of the exact exchange. For this reason
the band-gaps calculated from B3PW and B3LYP hybrid functionals
were in better agreement with experimental results. In compar-
ison to the band-gap calculated by Franchini and co-workers [27]
using PBEO hybrid functional (2.4 eV), it was observed that Gaus-
sian basis set jointly PBEO hybrid functional, used in this work,
induces an overestimation of band-gap in relation to plane-waves/
PBEO combination.

To analyze the electronic distribution in the molecular struc-
ture of Mn304 Mulliken Population Analysis applied to atomic
charge and spin state was used, as shown in Table 3. Nevertheless,
such theoretical results depend on the atomic basis set; then, the
discussion about charge net will be performed through a qualita-
tive viewpoint. The calculated charge for the Mn atom in tetra-
hedral site was observed to be in accordance with the formal
charge Mn?* and the remaining values did not approach the for-
mal values of +3 and —2 for the octahedral manganese and
oxygen atoms, respectively. Regarding spin distribution, the total
values resembled the d* and d® electronic configurations for Mn?+
and Mn3* atoms, respectively, confirming the ferromagnetic state
(FEM model) for Mn;0, material. Nevertheless, for each Mn?*
atom (tetrahedral site), the spin occupation in 3d orbital corre-
sponded to approximately one electron unpaired in agreement
with d° electronic configuration; whereas, for Mn>* (octahedral
site) were observed 3dxy, 3d,,, 3dyz, 3d,2, orbitals with spin oc-
cupation of approximately one electron were observed, as a 3d*
and 3d,2,2 orbital had spin occupation close to zero. This difference
between spin distributions on Mn atoms shows a shortening of the
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Table 2

169

Theoretical and experimental results for lattice parameters (in A) of the Mn30,4 material. Mn-O,4 and Mn-O,, correspond to equatorial and axial bond distances between
manganese and oxygen atoms for different sites. The angles « and p refer to O,-Mn-0O,q and O.,,-Mn-O,, angles in the octahedral site. y and & represent the angles for

tetrahedral site angles.

Lattice parameters Octahedral Tetrahedral
a=b c Mn-0,q Mn-0,y a B Mn-0O 7 B
PBEO 5.794 9.470 1.935 2.299 95.35 97.11 2.049 104.17 11218
B3PW 5.803 9.498 1.938 2.311 95.67 97.22 2.049 104.21 112.25
B3LYP 5.901 9.394 1.959 2.307 95.24 97.16 2.065 104.14 112.20
HEF [26] 5.919 9.311 1.956 2.247 96.54 98.53 2.098 106.65 110.90
Exp. [49] 5.747 9.457 1.945 2.288 94.68 95.60 2,011 102.75 112.93
E,=3.024eV PBEO
e
“_“: 1 1 1 1
0 B3PW 2
8 é\\é; g E_=2692eV Mn
© gap 34+
b T o Mn
s — 0"
2 Total
g 1 s 1 s 1 s 1 s 1 s 1 s
o B3LYP
o E_=2612eV
gap
T T T T T T T T T T T T
9 8 7 6 5 -4 3 2 A 0 1 2 3 4
Energy (eV)
Fig. 2. Total and atom-resolved Density of States for Mn;0,4 material which PBEO, B3PW and B3LYP hybrid functional.
equatorial bond distances in the octahedron site due to the in-
fluence on e, level characterizing a JahnTeller distortion. The re-
sults obtained are very similar to other theoretical predictions of [l +0.0000 )
ferrites with spinel structure [54]. Furthermore, no significant E :g'ggg‘l’ Connection
change was noted between hybrid functionals and Mulliken Po- =l P —
pulation results. W +0.0442
The Charge Density Maps analysis in [111] direction (Fig. 3) W +11406
provided relevant information in relation to charge connection
between [MnOg] and [MnOg4]clusters and such direction was
chosen because it made possible to analyze both clusters si-
multaneously. It was observed that the electronic distribution
around the [MnOg] cluster had approximately cylindrical structure
failure because the 3d,,2 orbital was not filled providing the
elongation of Mn-O bond distance in the axial plane; conse-
quently, there was a decrease in electronic overlap of this bond. a i
For the [MnOy4] cluster, the charge distribution presented distor- Mn
tion in the z direction, which was efficient to connect this cluster y c Mn3+
to [MnOg] cluster. Thus, the antiferromagnetic property in the X

Mn30,4 material originated from the charge connection described
between [MnOg] and [MnO4] clusters determined the modification
in the spin coupling.

3.3. Exchange coupling

As described in Section 2, in general, the information on the
signal and magnitude of the magnetic coupling (J) among octa-
and octahedral sites, tetra and tetrahedral sites and octa- and
tetrahedral sites can be extracted performing simulations with
unpaired electrons localized on Mn atoms to compute the ferri-
magnetic structure total energy (Table 1). The Mn30, material
exhibits a noncollinear ferrimagnetic ground state, but due to the
high computational cost required for these propose we only con-
sider collinear models. In relation to the Total Energies of FEM and

Fig. 3. Electron Density Map in [111] direction for Mn3;O, material. The charge
connection between [MnOg] and [MnO4] clusters is indicated for double narrow.

FIM models, it was observed that for B3LYP and B3PW hybrid
functionals the ferrimagnetic configurations were more stable
than the ferromagnetic model. However, the most stable config-
uration was different at these functionals with FIM6 and FIM1
corresponding to the ground-state at B3LYP and B3PW, respec-
tively. This difference can be attributed to the different Hamilto-
nian proposed in these functionals, i.e. the different treatment of
correlation energy by Perdew-Wang (B3PW) and Lee-Yang-Parr
(B3LYP) expressions affects the stabilization of different magnetic
states of solid materials. The PBEO ferromagnetic phase was ob-
served to be the most stable configuration Mns0O4 unlike
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Table 3

Theoretical results of the Mulliken Population Analysis for charge net (in lel) and spin net of Mn3;04 material performed on different hybrid functional.

Mn2+ Mn3+ 0

B3LYP B3PW PBEO B3LYP B3PW PBEO B3LYP B3PW PBEO
3d,, 0.964 0.965 0.968 0.872 0.874 0.879 - - -
3dy, 0.917 0.919 0.925 0.937 0.945 0.942 - - -
3dy, 0.917 0.919 0.925 0.944 0.938 0.949 - - -
3dz2 0.935 0.937 0.942 0.925 0.926 0.930 - - -
3dx2y2 0.965 0.955 0.970 0.195 0.204 0.201 - - -
Spin net 4,726 4738 4.760 3.898 3.920 3.930 0.119 0.106 0.095
Charge net 1.709 1.722 1.856 1.856 1.862 1.889 —1.355 —-1.362 —1.378

Table 4
Exchange coupling constants (K) of Mn304 material for different hybrid functional.

B3LYP B3PW PBEO HF [26] Exp. [21]
Ian ~5.73 ~38.02 526 413 —49
s ~20.01 ~15.36 ~12.79 ~3.11 ~6.8
b-op 50.35 0.52 ~1.49 495 -

. ~162.27 90.06 87.02 ~29.7 -

s ~20.52 30.37 28.01 ~6.57 ~19.9

experimental observations of a noncollinear ferrimagnetic beha-
vior and PBEO calculations developed by Franchini and coworkers
[27]. In comparison to these theoretical results, it was seen that
the atomic orbitals basis set based on Gaussian description com-
bined with the PBEO hybrid functional used in this work is not a
good choice to the treatment of magnetic materials because it
reproduces erroneously the equilibrium state of these materials.

Theoretical and experimental results for exchange coupling
constant for Mn304 are shown in Table 4. In relation to inter-
pretation, theoretical results with negative signal indicated an
antiferromagnetic coupling, whereas, positive signal evidenced a
ferromagnetic coupling between atoms. Thus, from these theore-
tical results it was observed that B3LYP hybrid functional showed a
better agreement with experimental results, where the magnetic
interactions in the same site (Jas and Jgg) were better described
than exchange constants for atoms in different sites (Jap). Fur-
thermore, the B3LYP hybrid functional also described better
magnetic behavior for complex oxides compared to B3PW, PBEO
and Hartree-Fock results. The nature of the exchange coupling
constants for B3LYP functional indicated an antiferromagnetic in-
teraction between tetra-tetrahedral manganese (J44) and tetra-
octahedral manganese (J4p). In the octahedral site, manganese
atoms with different bond length were noticed (Table 2) due to
Jahn-Teller distortions causing distorted [MnOg] clusters; how-
ever, for the neighbor atoms located at short distances (fz_, ) in
the octahedral plane there was antiferromagnetic interaction,
whereas, for octahedral out-plane neighbors (f5_,, ) ferromagnetic
interaction was observed. Therefore, the octahedral sites have
antiparallel spin alignment in the same layer, whereas, for ad-
jacent layers the spins are aligned in parallel.

UHF underestimation arising as a consequence of correlation
effects are not included in the theoretical formalism, leading to
large on-site Coulomb interactions and small magnetic coupling
constant, making hybrid functionals formalism the best candidates
for the electronic behavior of magnetic material description. Fur-
thermore, Franchini and coworkers suggest that the default per-
centage of HF exchange used in hybrid functionals is not an opti-
mum parameter for studying magnetic properties of materials
[27]. However, the theoretical results shown in Table 4 indicated
that default B3LYP hybrid functional used in this work (20% HF

exchange) reproduced efficiently magnetic coupling constant for
Mn30,4 material, while B3PW and PBEO functionals exhibited lar-
ger discrepancies at the same parameters. Furthermore, hybrid
functionals might need adjustment at HF exchange term to better
reproduce exchange coupling results in antiferromagnetic semi-
conductors. Our results showed that B3LYP functional is a suc-
cessful hybrid functional to describe magnetic properties of anti-
ferromagnetic materials due to self-interaction reduction caused
by percentage used at HF exchange term, whereas, for B3PW and
PBEO functionals different percentage of HF exchange might be
required.

4. Conclusions

This study showed that hybrid Density Functional Theory ap-
plied to antiferromagnetic Mn304 in spinel structure is a suitable
tool to investigate material structural, electronic and magnetic
properties. For structural properties the lattice parameters and
bond distances calculated were in agreement to experimental re-
sults. These results indicated that the octahedral site was distorted
by the Jahn-Teller effect. Results for electronic properties in-
dicated that B3LYP hybrid functional provided the best description
of band-gap for Mns0,4 as for other kinds of materials [55,56].
Mulliken Population Analysis and Electron Density Maps revealed
that Mn?* had a spherical structure distorted in z direction for
electron density and Mn®* had a cylindrical structure due the
partial filling of 3d orbitals which led to Jahn-Teller effect. Fur-
thermore, it could be seen that these clusters were connected by
oxygen atoms that mediated the electron transfer. Regarding
magnetic properties, the calculated coupling constants were ob-
served to indicate that the octahedral site had antiparallel spin
alignment in the same layer and parallel spin alignment in ad-
jacent layers and that for tetrahedral site the spin alignment was
antiparallel as proved in the literature. From these theoretical re-
sults, it was observed that Density Functional Theory allied to
hybrid functional provided the best description for exchange
parameters in relation the Hartree-Fock level due to incorporation
of correlation effects. However, when comparing B3LYP, B3PW and
PBEO hybrid functionals, only B3LYP produced theoretical results
close to experimental, confirming that this functional can describe
antiferromagnetic materials successfully with a default percentage
of HF exchange.
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