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In the present work, we have carried out experimental analysis along with first-principles density func-
tional theory (DFT) calculations to understand the magnetic ground state of Fe doped Mn,03, The analysis of
structural properties show that the orthorhombic type of crystal structure with space group Pcab is pre-
served, but the unit cell volume decreases with an increase in Fe concentration. Magnetic susceptibility
measurements show that two antiferromagnetic transitions (Ty; = 25 K, Ty> = 80 K) for undoped Mn;03
Keywords: merged into one at around 35 K with increasing concentration of Fe doping (Mn,_4Fe,Os; x = 0; 0.20; 0.50;
DFT 0.75). M-H curve at 5 K exhibits small hysteresis around the origin. The magnitude of magnetization in-
creases with the increasing concentration of Fe. M-H curve at 100 K shows the linear behavior of M con-

Magnetism
Fe-doping cerning H for x = 0.20 and x = 0.50, indicating the paramagnetic state of the sample. As a complement to the
Mn,05 experimental analysis, first-principles calculations using DFT were carried out. Fe doping was simulated by

Experimental the corresponding substitution of Mn atoms to reproduce stoichiometric features of Mn,_.Fe,O3 The
agreement between the two approaches suggests that the magnetic ground state of Fe doped Mn;0s is
tunable with Fe concentration.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction exciting effects on various structural, magnetic, and dielectric

properties of Mn,03 [9,10]. Keeping these attractive prospects in

In the recent past, manganese oxides have received significant
attention due to its applications in diverse fields such as catalysts in
various environmental applications, electrodes in batteries, fuel
cells, supercapacitors, electrochemical sensors, molecular adsorp-
tion, etc. [1-3]. Manganese oxides are found to have multifaceted
functionality as it exhibits different structures and phases having
different oxidation states (+2, +3, +4) due to various experimental
conditions and with changing compositions [4,5]. Undoped Mn;03
crystallizes into the orthorhombic structure with space group Pcab
at room temperature [6] and undergoes orthorhombic to cubic
transition at around 308 K [7,8]. The effect of substitution has many
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mind, we investigate the structural and magnetic properties of the
Mn,_4Fe,O3 (x = 0.0; 0.20; 0.50; 0.75) materials from the experi-
mental and theoretical viewpoints.

2. Methodologies
2.1. Experimental details

2.1.1. Sample preparation

Polycrystalline samples of Mn,_4Fe,O3 (x = 0; 0.20; 0.50; 0.75)
were prepared by following the mechanochemical synthesis method
[11,12]. Stoichiometric quantities of starting materials, MnO, and
Fe,03 (both with purities better than 99.9%) were taken in tungsten
carbide (WC) jars along with 10 mm WC balls (in 1 g to 10 balls ratio)
and ball milled for a total of 18 h at 400 rpm (main disk) speed. The
samples were homogenized by heating in air at 825 °C for 72 h.
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Finally, the resultant powder was cold pressed into pellets of 10 mm
diameter and sintered again for 24 h at 825 °C.

2.1.2. Sample characterization

Samples were characterized for phase formation and structural
properties by analyzing the X-ray diffraction patterns recorded at
room temperature. Magnetic properties were measured as a func-
tion of temperature (susceptibility) and field (magnetization) on a
commercial vibrating sample magnetometer (VSM) coupled to a
physical property measurement system (M/s. Quantum Design-
PPMS-VSM, USA).

2.2. Computational details

Aiming to disclose the structural, magnetic and electronic
properties of Fe-doped Mn,_4Fe,O5 oxides (x = 0; 0.25; 0.50; 0.75),
first-principles calculations in the framework of the Density
Functional Theory were carried out using PBEO exchange-correlation
functional implemented in CRYSTAL17 code [13,14]. At room tem-
perature, pure Mn,03 crystallizes in the cubic (Ia3) bixbyite-type
structure named «-Mn;0s3. However, other phases can be obtained
depending on pressure and temperature conditions, such as or-
thorhombic B-Mn,0s3 (Pbca), spinel-like y-Mn,03 (I4;/amd), Calr-
Os-type phase 8-Mn,03;, corundum-type e-Mn,O3 (R-3c), and
perovskite-type structure of {--Mn,O3 (P-1) [15]. Here, orthorhombic
B-Mn,05 (Pbca) was confirmed as the stable polymorph for pure and
Fe-doped samples. In this case, five non-equivalent Mn (Mn1-5)
atoms centering [MnOg] clusters, as depicted in Fig. 1a, can describe
the crystalline structure, being the multiplicity of Mn(1,2) equals to
4, while Mn(3-5) sites exhibit multiplicity of 8, resulting in 32 Mn
atoms at the conventional unit cell. Therefore, the Fe doping was
modelled considering the substitution of 4 (x = 0.25), 8 (x = 0.5),
(x =0.75), and 12 Mn atoms in order to reproduce the experimental
Mn,_,Fe,O3 oxides (x = 0; 0.25; 0.50 and 0.75) stoichiometry, as
presented in the Fig. 1b-d. Similar approaches were used in previous
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theoretical studies involving solid solutions showing a good agree-
ment with experimental results [16].

The convergence criteria for mono- and bielectronic integrals
were both set to 1078 Hartree, while the RMS gradient, RMS dis-
placement, maximum gradient, and maximum displacement were
set to 3x107°, 1.2x10™, 4.5x10™> and 1.8 x10™ a.u., respectively.
Regarding the density matrix diagonalization, the reciprocal space
net was described by a shrinking factor set to 4 x 4x4, corresponding
to 27 k-points following the Monkhorst-Pack method [17]. The ac-
curacy in evaluating the Coulomb and exchange series was con-
trolled by five thresholds, for which adopted values are 1078, 1078,
1078,107® and 1076, In all calculations, Mn atoms were described by
effective-core pseudopotentials, while all-electron 86-411d41G and
8-411 basis set described Fe and O atoms [18,19].

Regarding the magnetic ground state, we consider two collinear
magnetic configurations (FEM and AFM) using the optimized unit
cell for Mn,_4Fe,O5 oxides. In this case, the AFM model proposed for
Mn,05 by Cockayne and co-authors [20]. The magnetic ground state
was defined as considered the energy difference between the
models (AE =Eary - Epgm). This approach has reached good perfor-
mance in magnetic oxides previously investigated [9,21,22]. Besides,
the electronic properties were evaluated through Density of States
(DOS), Band Structure profiles, and charge analysis tools im-
plemented in the CRYSTAL17 code [13].

3. Results and discussions
3.1. X-ray diffraction

Fig. 2 shows the X-ray diffraction (XRD) patterns for the three
synthesized compounds. For comparative purpose, XRD data for the
a-Mn,03 sample, simulated from the ICSD database (ICSD # 9090), is
plotted along with the experimental data of Mn,_4Fe O3 (x=0.20,
0.50, and 0.75) samples. All the samples were indexed in the or-
thorhombic structure, Pbca space group.
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Fig. 1. Pbca conventional unit cell for (a) Mn,03, (b) Feg25Mn; 7503, (¢) FepsoMny 5003 and (d) Feg75Mn; 2503 materials.
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Fig. 2. X-ray diffraction patterns for Mn,_4Fe,O; samples recorded at room tem-
perature. The top inset shows the Rietveld refinement of the XRD data for
Mn gFeg,05. The raw data (black data points) and the simulated pattern (continuous
red line) are shown with their difference pattern (continuous blue line) and expected
Bragg peak positions (green colored vertical tick lines).(For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Theoretical and experimental lattice parameters (in A) and unit cell volume (in A%) in
Pbca group for Mn,_sFe 03 (x=0; 0.20; 0.50; 0.75) materials.

System a b C \Y
Mn,03 Exp. 9.415 9.423 9.404  834.451
DFT/PBEO 9.431 9.468  9.391 838.599
Mn, goFep2003  Exp. 9.414 9.410 9.411 833.665
DFT/PBEO (x=0.25)  9.435 9488  9.360 837.934
MnsoFeps003  Exp. 9.411 9.410 9.411 833.491
DFT/PBEO 9.432 9434 9410 837.325
Mn 55Feq 7503 Exp. 9.408 9.407  9.395 833.601
DFT/PBEO 9.458 9480  9.336 837120

The main panel of Fig. 2 exhibits the powder diffraction data
plotted on the same scale (vertically lifted for the sake of clarity).
The vertical tick marks below the pattern indicate the Bragg peak
positions, while the first inset corresponds to the Rietveld refine-
ment for the Mn, gFeg ;03 sample. On the other hand, in the second
inset, the modification of unit cell parameter with respect to in-
creasing Fe content is shown. Increasing Fe reduces the cell volume,
indicating that Mn>" (ionic radii=0.58 A) is replaced by Fe>* (ionic
radii=0.55A). In Table 1, structural parameters obtained from the
Rietveld refinement are given. The structural model used for the
Rietveld analysis of the powder diffraction data is in good agreement
with the model used for the theoretical calculations.

3.2. Magnetic properties

Earlier studies showed that Mn,05 exhibits an antiferromagnetic
ordering (AFM) around 80K and 25K [23]. In Fig. 3, the magnetic
susceptibility (x) for Mn,_4Fe,O3 samples was measured applying
a dc field of 1000e while warming after the sample was first
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Fig. 3. Magnetic susceptibility (x = M/H) as a function of temperature for Mn,_xFex03
(x=0.2, 0.5, and 0.75) measured while warming in the applied field of 100 Oe after
cooling the sample in zero-field and in-field. In the right panels, the straight line is
extended to show the 6, values obtained from the fit to the Curie-Weiss law.

zero-field cooled (ZFC) and then field-cooled (FC) in this field. It is
interesting to note here that none of the three samples with Fe
substitution shows ordering around 80 K. However, the magnetic
ordering observed in these samples is in the 30 - 34K range. It
appears as if the lower Ty (~ 25K) and the upper Ty (~ 80K) ob-
served in the pristine Mn,03 have merged into one Ty ~ 34 K. These
observations are consistent with the observations made for lower Fe
doped orthorhombic Mn,03 [23]. In this case, the magnetic ordering
and its transition temperature is associated with the amount of
distortion associated with the Fe-doping. Therefore, a magneto-
structural effect is observed for doped Mn,0s, as described in the
section containing the DFT calculations. With decreasing tempera-
ture, x it increases and reaches a maximum around Ty and then falls
with a further decrease in temperature. The fall is sharper in the ZFC
state, and the difference between ZFC and FC starts appearing
around Ty. The magnitude of susceptibility (in emu/mol) increased
from Fe amount. For x=0.20 and x=0.75 samples, the ordering
temperature (Ty) is around 34 K; and the x = 0.50 shows an ordering
temperature lower 30 K. Similar trend is observed in the case of the
paramagnetic Curie temperature (6p), which has been calculated
using the Curie-Weiss law in the paramagnetic (linear) region of the
inverse susceptibility. The frustration parameter given as f=[6,/Tn|,
shows increase from 4.8 for x =0.20-5.5 for x =0.75. Along with the
values of 0, and Ty it is seen that the Fe increase causes a magnetic
frustration in the system.

Fig. 4 shows the measured magnetization for Mn;,_4Fe,O3
(x=0.20, 0.50 and 0.75) samples at T=5K and 100 K. The M(H) for
x = 0.0 sample exhibits an increase non-linear in M increasing H, and
a small hysteresis in the magnetization. This result is connected to
magnetic susceptibility, i.e., the magnitude of magnetization in-
creases with an increase in Fe content is shown in the top panel of
Fig. 4 (T=5K).
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Fig. 4. Magnetization as a function of the applied magnetic field for Mn,_<Fe 03
(x=0.20, 0.50 and 0.75) samples at T=5K (top panel) and 100 K (bottom panel). The
arrow in the top panel indicates the (0 - 90 kOe - 0) direction.

For x=0.50 and 0.75 at 5 K (Fig. 4), the M increases linearly with
H, and then there is a non-linearly around 10 kQe. These features are
not traced when the field is reduced to zero, existing a huge hys-
teresis around the origin. None sample presented saturations sig-
nature up to 90kOe. M(H) measured at 100K shows a linear
behavior for x=0.20 and 0.50, indicating a paramagnetic state. In the
case of x=0.75, M initially is linear with H (40 kOe); posteriorly,
there is a spin-flop as a transition point. Then, the increases non-
linearly with an increase in H (90 kOe). In M vs. H occurred a small
loop for x = 0.75 between 40 kOe and 80 kOe. The down curve of the
M(H) loop for x = 0.75 sample shows a non-linear behavior of M with
H, indicating a possible induced magnetic field at short-range in-
teraction or magnetic inhomogeneity in the sample.

3.3. DFT calculations

Here, it is essential to point out the main targets of the theoretical
calculations were describing the Fe-doping role on the structural,
magnetic, and electronic properties of the Mn,_,Fe,O3; materials, i.e., a
direct comparison between experimental and theoretical results.
DFT/PBEO simulations for Mn,-4Fe,O3 (x =0, 0.25, 0.50, 075) materials
exhibited a reasonable agreement with experimental data for lattice
parameters, being the use of effective-core pseudopotentials one of the
possible reasons for the deviations (Table 1).

As regards the Fe-doping, theoretical results match with ex-
perimental evidence indicating a contraction of the unit cell volume
for Mn,-4Fe,O; materials moving from x=0.0 to x=0.75. This fact
can be discussed using the ionic radii of Mn3* and Fe3* cations, as
well as the computed theoretical bond distances presented in the
Supplementary Information (Table S1). In the six-fold coordination
site, both Mn>* and Fe®" cations in low-spin configuration show ionic
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radii of 58 pm and 55 pm, respectively, justifying the minimal dif-
ference in the refined lattice parameters. Also, the electronic con-
figurations associated with trivalent Mn>* (d*) and Fe3* (d°) cations
show a singular spin distribution along the t,g and e, orbitals, i.e.,
the Fe®* cations show t,,°e,? distribution while Mn®* cations present
tyg €' occupations. The odd number of electrons located at e, or-
bital for Mn induces a Jahn-Teller disorder along the [MnOg] clusters
in comparison to [FeOg] clusters. In this case, the doping of Fe on the
Mn,05 matrix induces shrinkage of neighboring Mn-O bonds be-
cause of the most regular character of [FeOg]| clusters, resulting in a
slight unit cell contraction. These results can be associated with the
merging of Ty temperatures through a magneto-structural behavior
for Fe-doped Mn,03 samples.

In order to obtain the magnetic ground state for Mn,_xFe,O3
(x=0; 0.25; 0.50; 0.75) materials, collinear FEM and AFM models
were considered based on the theoretical study developed by
Cockayne and co-authors [20]. For pristine Mn,05, calculated energy
difference (AE=Eary — Epgm) indicates that AFM configuration is
4,05 meV/f.u. most stable in relation to FEM.

For Mn,_4Fe,O3 (x=0.25, 0.50, 0.75) materials the AFM model
becomes a Ferrimagnetic (FIM) due to the different spin occupation
of 3d orbitals for Mn3* and Fe*" centers. Further, doping with Fe, the
calculated energy differences indicate that FIM ground state be-
comes more stable in comparison to the FEM configuration, once the
relative energies were calculated as 21.97 meV/f.u., 36.85 meV/f.u.
and 90.84 meV/f.u. for x=0.25, x=0.50 and x = 0.75, respectively. In
all Mn,_xFe,O3 (x=0.25; 0.50; 075) materials, the obtained ground
state can be dissected in tree super-exchange paths: Mn-O-Mn, Fe-
O-Fe, and Fe-O-Mn. In this case, the calculated coupling constant
shows that Mn-Mn and Fe-Mn magnetic interactions are AFM, while
Fe-Fe remains FEM, following the Goodenough-Kanamori-Anderson
(GKA) rules. Here, it is important to point out that increasing the Fe
amount the energy difference between magnetic structure becomes
larger, which can be associated with the odd number of electrons
located at eg orbital for Mn that induces a Jahn-Teller disorder along
the [MnOg] clusters in comparison to [FeOg] clusters, resulting in
singular magnetic behaviors.

Aiming to explore the electronic structure of Mn,_4Fe,O3 (x=0;
0.25; 0.50; 0.75) materials, Density of States and Band Structure
profiles were investigated. The electronic structure for pure Mn,0s3 is
presented in Fig. 5, indicating that the Valence Band (VB) is com-
posed of Mn (3d) orbitals hybridized with O (2p) states, while empty
states of Mn mainly compose the Conduction Band (CB). Besides, a
direct band-gap of 2.96 eV was calculated between I'-I" points for the
spin-beta channel, while the spin-up shows a higher energy
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Fig. 5. Band Structure and orbital-resolved Density of States profiles for Mn,03 ma-
terial.
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Fig. 6. Band structure and orbital-resolved Density of States profiles for (a)
Fep.25Mny.7503, (b) Fegs0Mny 5003, and (c) Feg 75Mn; 2503 materials.

excitation energy (3.35eV), confirming the semiconductor behavior
of Mn203.

Let us now briefly discuss the role of Fe-doping on the electronic
structure of Mn,-yFe,O5 (x =0.25; 0.50; 0.75) materials, as presented
in Fig. 6.

In this case, it was noted that the composition of VB and CB was
modified due to the insertion of Fe energy levels. For x=0.20
(Fig. 6a), the obtained profiles indicate the inclusion of Fe (t,¢) en-
ergy levels mainly for the CB, reducing the band-gap to 2.87 eV be-
tween I'-T" points for the spin-beta channel, while the spin-up shows
reduced band-gap energy (3.28 eV) in comparison to pure Mn,0s.
For x=0.50 (Fig. 6b), the obtained profiles indicate a major con-
tribution of t,, levels of Fe in both the lower part of VB and CB
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accompanied by a reduced direct (I'-I") band-gap of 2.95 eV for the
spin-up channel, while the opposite spin direction shows a large
direct (I-I') band-gap of 3.69 eV in comparison to pure Mn,0s3. Last
but not least, for x = 0.75 (Fig. 6¢), the inclusion of Fe orbitals in both
VB and CB acts as intermediary energy levels in the band-gap region,
reducing the band-gap to 2.91 eV for the spin-down channel, while
the spin-up channel shows a large band-gap of 3.49 eV, both direct
between I'-I" points. Therefore, the calculated band-gap order in beta
channel indicates that Feg,sMn;;503 (2.87 eV)<Feg75Mnq2503
(2.91 eV)<Fegs50Mny5003 (2.95eV)<Mn,03 (2.96 eV) The obtained
results for Fe-doped models showed a smaller band-gap reduction in
comparison to pure Mn,05 due to the contribution of the t,z orbitals
of Fe from a structural disorder along with the crystalline structure
that shrinkage the band-gap energy. Therefore, due to the few
structural and electronic modifications, as well as magnetic ordering
fluctuations, the change on Ty from Mn,05 to Fe-doped samples can
be associated with the existence of new Fe-O vibrational modes.

4. Conclusions

The Mn,_4Fe,O3 (x=0; 0.25; 0.50; 0.75) samples were synthe-
sized in Pcab orthorhombic space group. Magnetic susceptibility
measurements showed that Fe-doping samples have anti-
ferromagnetic transitions around 35K. M-H curves show that the
magnetization magnitude increased from Fe-doping. The agreement
between the two results suggests that the magnetic ground state for
Fe-doped Mn,0s is antiferromagnetic. The applied collinear DFT/
PBEO approach predicted with good performance the role of Fe-
doping on the structural parameters of Mn,03 due to the similarity
of Mn®* and Fe3* ionic radii. The calculated band-gap results in the
spin-down channel are near showing a low modification on elec-
tronic structure from Fe-doping. In particular, the theoretical cal-
culations extend our understanding of the complex magnetic
ordering for Mn,_4Fe,O3 combining fundamental analysis based on
the orbital occupation and crystalline structure arrangement in a
magneto-structural viewpoint.
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