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Abstract: The aim of the work was to check how the introduction of alkali and cobalt ions
into a manganese structure can affect the structural disorder and, in consequence, lead to the
changes (improvements) of magnetic properties. The high-pressure sintering technique was applied
to check if the external factor can modify the magnetization of manganites. Nanocrystalline
La0.9A0.1Mn0.9Co0.1O3 (where A is Li, K, Na) powders were synthesized by the combustion technique.
The respective powders were used for nanoceramics preparation by the high-pressure sintering
technique. The structure and morphology of the compounds were studied by X-ray powder diffraction,
scanning electron microscopy and energy-dispersive X-ray spectroscopy. Magnetization studies for all
compounds were performed in order to check the changes induced by either codoping or the sintering
pressure. It was found that the type of the dopant ion and sintering pressure produced significant
changes to the magnetic properties of the studied compounds. Alkali ions lead to the stabilization of
Co ions in the +2 oxidation state and the formation of positive exchange interactions Mn3+–Mn4+ and
Co2+–Mn4+ and the subsequent increase in remanent magnetization. High sintering pressure leads to
a decrease in grain size and reduction of long-range ferromagnetic order and lower magnetization.

Keywords: multiferroic; manganites; alkaline ions; transition metal ions; nanoceramics; magnetization

1. Introduction

Multiferroics are compounds which in one phase exhibit more than one primary ferroic order
(ferromagnetism, ferroelectricity or ferroelasticity) [1]; however, in recent years this term has been
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mainly used for magnetoelectric materials. Such materials have both magnetic and ferroelectric
properties simultaneously. To obtain magnetic materials where magnetic moments are not cancelled
out by each other, it is necessary to exclude all ions where outer orbitals are completely filled. This
limits the potential multiferroic materials to systems containing either transition metals with partially
filled 3d shells or lanthanides with partially filled 4f shells. In the case of ferroelectricity, the Jahn–Teller
effect has to be taken into account [2], where oppositely charged ions form a local dipole with a
spatially degenerate electronic ground state. For the purpose of removing this degeneracy in the
structure, a geometrical distortion appears to lead to the lowering of the overall energy of the system.
The mentioned effect and the character of the chemical bonds favor ferroelectricity in such systems.
The research conducted in the last two decades showed that the nature of colossal magnetoresistance
effect (CMR) [3–9] in lanthanum manganates cannot be explained without invoking the mechanism of
the Jahn–Teller distortion of MnO6 octahedra. The effect of distortions on magnetic interactions and
electron transfer can be induced by structural stresses which are lessened by MnO6 array oxidation
and by the doping the structure by ions with different ionic radii [10–12].

The combination and control of simultaneous ferroic orderings is still a challenge for scientists all
around the world. The studies are conducted mainly towards the development of new materials in
which, by changing their chemical composition, morphology or form, it will be possible to intentionally
introduce the desired properties. The possibility of designing unique magnetic properties and
coexistence of Mn3+ and Mn4+ ions allows for the widening of the range of applications for lanthanum
manganates and lanthanum manganates doped with transition metal ions in Li-O2 batteries [6], solid
oxide fuel cells [13–15], alkaline fuel cells [16], magnetic refrigeration [17], and catalysts in oxidation
reaction [8,18,19].

Cobalt doped lanthanum manganite attracts a great deal of attention as catalytic material.
The bifunctional catalytic activity of oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) can be tailored by the substitution of manganese ions by cobalt ions and control the Mn3+/Mn4+

ratio [8,9]. The chemical doping of manganese ions by cobalt ions as well as diamagnetic A-site
substitution with alkali elements can be used as an effective tool to control the magnetic properties of the
LaMnO3-based compounds [7,20]. The Curie temperature, below which material exhibits ferromagnetic
properties, is the highest when the concentration of Mn4+ is in the range of 25–30% [20,21]. It was
reported that point defects, dependent on the oxygen content, strongly influenced the physical
properties of manganites [5,8]. One of the possible ways of inducing defects to the matrix is aliovalent
doping which leads also to the oxidation of Mn-array [5,22]. Kim et al. observed that the effect can also
tune the electrochemical polarization leading to the dopant segregation in the matrix [23].

This work proposes a new approach to changing the magnetic properties of one of the types of
manganites by introducing aliovalent ions and applying pressure. The paper is a continuation of our
work on changing the magnetic properties of manganites by doping their structure with alkaline metal
ions [24].

2. Materials and Methods

To obtain the La0.9A0.1Mn0.9Co0.1O3 (where A is Li, K, Na) compounds, the combustion method was
applied [25]. Firstly, lanthanum (REacton®, 99.999%, Karlsruhe, Germany), manganese (Puratronic®,
99.995%, Karlsruhe, Germany) and cobalt (ACS, 98.0–102.0%, Washington, DC, USA) nitrates,
and A–precursors (LiNO3-ACS, 99.0% min, NaNO3-ACS, 99.0% min or KNO3 ACS, 99.0% min,
Washington, DC, USA) with the molar ratio of La/A and Mn/Co = 0.9/0.1 were dissolved in distilled
water. Then 10% of molten stearic acid (Calbiochem, San Diego, CA, USA) was added to the solution in
a porcelain reactor. The resulting mixture was continuously stirred and kept at a temperature of 140 ◦C.
After 2 h La-Mn-stearic acid formed a gel. Then, the porcelain crucible reactor was placed in a furnace
and heated up to 500 ◦C. The gel volatilized and auto ignited; with the evolution of a large volume of
gases it produced loose grey powder. The obtained powders were ground in the agate mortar and
additionally calcined at 700 ◦C for 1 h to remove all organic residues. After calcination, all powders
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were grinded and taken for further experiments. Half of the powders were used for ceramics sintering,
using the high pressure sintering technique [26]. For a short duration powders were pressed (200 MPa)
at room temperature to “green body” (GB). The GB was placed into a CaCO3 container with a graphite
heater and the inside was isolated by hexagonal boron nitride. The shape of the container allowed to
keep isostatic pressure during axial pressing. After the application of 8 GPa pressure, the pellets were
sintered at 500 ◦C for 1 min into ceramics. After sintering, the as obtained ceramics were polished and
taken for further studies.

The structure of the powders and ceramics were characterized and analyzed by powder
X-ray diffraction (XRD) using a PANalytical X’Pert diffractometer (Malvern Panalytical, Almelo,
The Netherlands) with Ni-filtered CuKλ radiation, λ = 1.5418 Å with the step of 0.02626 2θ for 1 h.
The powders and ceramics were measured in the reflection mode. In the case of the powder, it was
ground and placed directly in the sample holder, while the ceramics were placed in plasticine so
that the surface of the ceramics would be parallel to the surface of the holder. For SEM imaging,
the powders were ground in an agate mortar and glued to the carbon tape. The excess powder was
removed using compressed air and the prepared material was taken for measurements. In the case of
ceramics, the sample was simply glued to the carbon tape on the holder. Scanning electron microscopy
(SEM) characterization was conducted using a commercial Tescan Vega3 SB microscope (SEM, Brno,
Czech Republic) at 5 kV (acceleration voltage) with 3.5 spot (size of electron beam) and 3.2–3.7 mm
working distance in order to analyze grain size and morphology. The chemical homogeneity of the
powders and ceramics was measured using a scanning electron microscope FESEM FEI Nova NanoSEM
230 equipped with an energy dispersive spectroscopy (EDS) spectrometer (EDAX Genesis) at 18 kV
(acceleration voltage) with 4.0 spot (size of electron beam) and 4.0 mm working distance. The XPS
analysis was carried out with a Kratos Axis Supra spectrometer using monochromatic Al K(alpha)
source (25 mA, 15 kV). The instrument work function was calibrated to give the binding energy (BE)
of 83.96 eV for the Au 4f7/2 line for metallic gold, and the spectrometer dispersion was adjusted to
give a BE of 932.62 eV for the Cu 2p3/2 line of metallic copper. The Kratos charge neutralizer system
was used on all specimens. Survey scan analyses were carried out with an analysis area of 300 × 700
microns and a pass energy of 160 eV. High resolution analyses were carried out with an analysis area
of 300 × 700 microns and a pass energy of 20 eV. The spectra were charge corrected to the main line
of the carbon 1s spectrum (adventitious carbon) set to 284.8 eV. The spectra were analyzed using the
CasaXPS software (version 2.3.23rev11.1R). The magnetic properties of the powders and ceramics were
evaluated, using the Physical Properties Measurement Systems from Cryogenic Ltd. (London, UK) in
magnetic fields up to ±14 T at 5 K.

3. Results

3.1. Structure and Morphology

The La0.9A0.1Mn0.9Co0.1O3 powders and ceramics were characterized by X-ray diffraction at room
temperature (Figure 1). The crystal structure and the unit cell parameters were calculated using the
Rietveld refinement with the X’pert HighScore Plus software using the pseudo-Voigt profile shape
function, the background profile was fitted by the Lagrangian polynomial of 5th order [27]. This
procedure allowed to attest the phase purity of the compounds and also to determine the crystal
structure and structural parameters. The analysis of the XRD results indicated the rhombohedral
symmetry described by R-3c space group (ICSD 75070) [28], which are similar to the structural
results obtained for the La0.9A0.1MnO3 compounds, previously studied by the authors [24], and other
LaMnO3-based compounds [29]. It should be noted that the crystal structure of undoped compounds is
also characterized by the rhombohedral distortion of the unit cell which implies nominal oxygen excess
in LaMnO3+δ (δ > 1%) compounds [30], leading to nonzero remanent magnetization as compared to
stoichiometric LaMnO3 having an orthorhombic structure [31].
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Figure 1. XRD patterns recorded for La0.9A0.1Mn0.9Co0.1O3 powders and ceramics (a). The right panel
shows enlarged region of the pattern, with shift of the peak and with change of the dopant ionic radius
observed in powders (b) and broadening of the peak observed for ceramics (c).

After the application of pressure, the diffraction peaks became wider, which may indicate a
decrease in grain size associated with the decomposition of particle shells from the crystalline to
amorphous state, such a phenomenon has already been described in our previous study [32]. In addition,
the broadening of reflections is associated with the introduction of additional strains into the structure
induced by high pressure during the sintering process [33]. It should be noted that the introduction
of the bigger ion and the pressure applied during sintering lead to an increase in the strain in the
compounds. It was observed that the introduction of 10 mol.% of alkali ions does not change the
structure but clearly shifts the peaks to the higher 2θ degrees and increases the ionic radii [34]. This
suggests an expansion of the unit cells and an increase in their volumes (Table 1) as confirmed by the
results of the Rietveld refinement analysis. It should be noted that no additional peaks coming from
the secondary phase were observed for the initial powder compounds, while the XRD patterns of the
ceramic compounds contain distinct extra reflection located at ~26.5 2θ deg. The observed reflection is
attributed to h-BN material integrated into tablets during the pressure procedure, which does not affect
the crystal structure and the magnetic properties. In the case of ceramics, the applied pressure leads to
a decrease in the unit cell volume, which has a significant impact on the magnetic properties of the
ceramics as compared to the starting powders [35]. As the XRD measurements were performed in the
reflection mode, the ceramics are small and, in some cases, they do not have parallel surfaces, the XRD
patterns at high 2Θ degrees become noisy and the baseline rises. However, the main peak observed at
lower degrees shows that the structure of the ceramics remains unchanged and is described by the
rhombohedral symmetry.
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Table 1. Average crystallite size and the cell parameters calculated for La0.9A0.1Mn0.9M0.1O3 powders
and ceramics based on the XRD data.

Crystallite Size a, b c V Strain

nm Å Å Å3 %

Powders

La0.9Li0.1Mn0.9Co0.1O3
Rwp = 2.897;
Rexp = 1.991;
GOF = 2.119

22 5.5073(3) 13.3145(3) 349.73(4)
(58.29) 0.008

La0.9Na0.1Mn0.9Co0.1O3
Rwp = 3.216;
Rexp = 1.993;
GOF = 3.113

26 5.5041(1) 13.3375(4) 349.92(9)
(58.32) 0.045

La0.9K0.1Mn0.9Co0.1O3
Rwp = 4.285;
Rexp = 2.012;
GOF = 4.899

33 5.5127(1) 13.3567(3) 351.52(8)
(58.59) 0.054

Ceramics

La0.9Li0.1Mn0.9Co0.1O3
Rwp = 11.004;
Rexp = 8.322;
GOF = 9.849

9 5.5060(8) 13.3123(7) 348.64(3)
(58.11) 0.063

La0.9Na0.1Mn0.9Co0.1O3
Rwp = 13.415;
Rexp = 9.071;
GOF = 10.185

11 5.5080(3) 13.3198(7) 349.47(6)
(58.25) 0.065

La0.9K0.1Mn0.9Co0.1O3
Rwp = 17.080;
Rexp = 12.096;
GOF = 14.003

12 5.5058(7) 13.3755(8) 351.15(2)
(58.55) 0.077

Rwp—Weighted Profile Rietveld R-factor, Rexp—Expected Rietveld R-factor, GOF—goodness of fit.

The SEM images show that the combustion synthesis significantly affects grain morphology
(Figure 2). Short synthesis time allows one to obtain nanosized crystallites and later calcination leads
to their agglomeration. The high temperature generated during self-combustion (above 1500 ◦C) and
relatively short calcination time causes broad grain size distribution and the crystallization of bigger
grains [36]. However, even after the calcination of the powder for one hour, it can be seen that bigger
aggregates are composed of smaller grains.

For powders and ceramics codoped with different alkali ions, the energy dispersive spectroscopy
(EDS) maps were prepared to check the elements distribution and confirm that there is no segregation
of particular ions on grain boundaries (Figure 3). The EDS analysis reveals that the concentration of
the sodium and potassium is 10 mol% of La, as was assumed at the preparation stage, also cobalt
ions substitute about 10% of manganese ions. For the powders and ceramics codoped with lithium,
it was impossible to register signal from the dopant alkali ions as these ions are too light to be reliably
registered by the analyzer. It can also be concluded that oxygen content in ceramics is about 10%
lower than in powders, which was also confirmed in the EDS maps (Figure 3). It should be noted
that the assessment of oxygen content by the EDS method has a rather qualitative character; however,
at the same time the obtained results can allow one to estimate the evolution in the oxygen content
as a function of the dopant ions and to determine a difference in the oxygen content in powder and
ceramic samples.
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Figure 2. SEM images and particle size distribution of La0.9A0.1Mn0.9Co0.1O3 (A: Li, Na, K) powders.

Figure 3. Energy dispersive spectroscopy (EDS) maps of La0.9A0.1Mn0.9Co0.1O3 powders (left) and
ceramics (right).
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3.2. Determination of Oxidation States of Mn and Co Ions

The high-resolution Mn 2p and Co 2p XPS spectra of La0.9A0.1Mn0.9Co0.1O3 (A: Li, K, Na) ceramics
are shown in Figure 4. It can be seen that the Mn 2p spectrum consists of two asymmetric peaks
located at 641.8 (Mn 2p3/2) and 653.3 eV (Mn 2p1/2). Both of these peaks can be deconvoluted into two
peaks centered at 641.5 and 643.1 eV, and at 653.1 and 654.3 eV, respectively. The peaks located at 641.5
and 653.1 eV correspond to Mn3+ ions, while the peaks located at 643.1 and 654.3 eV are assigned to
Mn4+ ions [37–39]. The absence of a satellite peak at +5 eV from Mn 2p3/2 indicates that no Mn2+ is
present [40]. The Co 2p XPS spectrum exhibited two main peaks, corresponding to the 2p3/2 and 2p1/2

levels, and shake-up satellite peaks centered at around 790.0 and 796.9 eV. Similarly as in the case
of Mn, the asymmetric peaks of Co 2p1/2 and Co 2p3/2 can be resolved into components. The results
indicate that Co ions exist in the Co2+ and Co3+ oxidation state. The peaks at lower BE were attributed
to Co3+ oxidation state, whereas the peaks at higher BE to Co2+ [41]. The atomic ratio of Mn3+/Mn4+

and Co2+/Co3+ is summarized in Table 2.

Figure 4. Mn 2p and Co 2p XPS spectra of La0.9Li0.1Mn0.9Co0.1O3 (a,b), La0.9Na0.1Mn0.9Co0.1O3

(c,d) La0.9K0.1Mn0.9Co0.1O3 (e,f) ceramics.
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Table 2. Oxidation state of Mn and Co ions in synthesized powders and ceramics.

Mn Oxidation State (%) Co Oxidation State (%)

3+ 4+ 2+ 3+

Powders

La0.9Li0.1Mn0.9Co0.1O3 73.2 26.8 61.1 38.9
La0.9Na0.1Mn0.9Co0.1O3 75.2 24.8 42.9 57.1
La0.9K0.1Mn0.9Co0.1O3 67.2 32.8 39.9 60.1

Ceramics

La0.9Li0.1Mn0.9Co0.1O3 75.8 24.2 60.2 39.8
La0.9Na0.1Mn0.9Co0.1O3 65.1 34.9 41.7 58.3
La0.9K0.1Mn0.9Co0.1O3 66.3 33.7 37.0 63.0

3.3. Magnetic Properties

The results of magnetization measurements clarified the modifications which occurred in the
magnetic structure of lanthanum manganates driven by chemical codoping by alkali elements and
cobalt ions (Figure 5). The results of magnetization measurements obtained for the undoped compound
indicate the inhomogeneous magnetic state with a strong ferromagnetic component which is observed
for the compounds regardless the preparation procedure. The complex magnetic structure of the initial
LaMnO3 compound is associated with a lack in the cation content and thus the nominal excess of oxygen
content leading to the formation of competing positive (Mn3+–O–Mn4+) and negative (Mn3+–O–Mn3+;
Mn4+–O–Mn4+) exchange interactions associated with ferromagnetic and antiferromagnetic orders,
respectively. The competing antiferromagnetic and ferromagnetic phases lead to the formation of
a mixed magnetic state, which is characteristic for LnMnO3-based systems [24,42–45]. Chemical
substitution with alkali elements and cobalt ions leads to an increase in the magnetization of the
compounds which is caused by the higher number of manganese ions having +4 oxidation state and
thus leading to the strengthening of positive exchange interactions Mn3+–Mn4+. Certain deviations
from the above mentioned tendency were ascribed to the modification in the oxidation during the
synthesis process [24] and thus to variations in the exchange interactions formed between Co and
Mn ions.

The powder samples codoped with sodium and cobalt ions possess the maximal value of
magnetization among the compounds of both series. The difference in the magnetization at the
magnetic field of 14 T of the doped compound as compared to the initial LaMnO3 is about 30%
(Figure 5). The observed increase in magnetization is most probably associated with the increase
in the amount of Mn4+ ions and the stabilization of Co ions in +2 oxidation state. The rise in the
amount of Mn4+ strengthens ferromagnetism in the compounds, due to positive exchange interactions
Mn3+–Mn4+. Simultaneously, the presence of Co2+ ions causes the formation of new positive interactions
Co2+–Mn4+. The stabilization of the cobalt ions in +2 oxidation state is in accordance with the notable
increase in magnetic anisotropy observed for the doped compound (HC ~ 0.2 T for the compound
La0.9Li0.1Mn0.9Co0.1O3 as compared to HC ~ 0.02 T of the initial compound). It should be noted that
the ionic radius of the Co2+ ions (0.53Å for ion in high spin state and octahedral coordination) nearly
coincides with the radius of Mn4+ ions with the same coordination, which facilitates the occupation of
B- position of the perovskite lattice. The stabilization of +2 oxidation state of the cobalt ions is also in
accordance with the structural data showing a gradual increase in the unit cell volume with chemical
doping. One can conclude about the optimal concentration of the amount of Mn3+ and Mn4+ ions in
the compounds codoped with sodium (potassium) and cobalt ions which show maximal magnetization
due to the dominance of strongly positive exchange interactions Mn3+–Mn4+.
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Figure 5. Isothermal magnetization curves measured for the initial LaMnO3 and codoped
La0.9A0.1Mn0.9Co0.1O3 (A: Li, Na, K) powders (left) and ceramics (right) at T = 5 K (the graphs
presented using the same scales).

It should be noted that the magnitude of magnetization observed for the compound codoped
with Li and Co ions is notably lower than the magnetization observed for other doped compounds in
the powder form. The coercivity of the compound codoped with Li and Co ions is about 40% larger
than the values observed for other doped compounds, which indicates a larger amount of the cobalt
ions in +2 oxidation state as confirmed by XPS measurements. Examining isothermal magnetization
dependences, one can assume that the magnetic state of the Li- and Co- codoped compounds is
determined by the coexistence of positive exchange interactions formed between Co2+–Mn4+ ions and
negative interactions Mn3+–Mn3+ and Co2+–Mn3+.

The ceramic compounds are characterized by a lower value of magnetization as compared to the
related powder samples, which is caused by a reduced amount of oxygen content occurring during the
high pressure procedure, as indirectly confirmed by the EDS and XPS data. The smaller amount of
oxygen content results in the increase in the number of structural defects, which frustrates exchange
interactions thus leading to the mixed magnetic state. As in the case of the compounds in the powder
form, chemical doping leads to the stabilization of +2 oxidation state of the cobalt ions, which leads to
an increase in the value of coercivity. The stabilization of cobalt ions in +2 oxidation state leads to an
increase in the magnetization of the compounds doped with sodium (lithium) and cobalt ions, which
can be caused by the formation of positive exchange interactions Co2+–Mn4+ ions. Magnetization
estimated for the potassium and cobalt codoped compound is notably lower in comparison to the
other codoped compounds, especially in the low field region, which can be explained by a more
distinct reduction in oxygen content that occurred in these compounds during the high pressure
procedure. The deficit in the oxygen content frustrates the dominant long-range ferromagnetic order,
thus reducing spontaneous magnetization; moreover, an increase in the amount of oxygen vacancies
provides negative Mn3+–Mn3+ and Co2+–Mn3+ interactions and thus fosters the stabilization of the
mixed magnetic state characteristic of the initial LaMnO3 compound (Figure 5). The nonsystematic
evolution of magnetization observed for the ceramic compounds can be explained by the absorption of
oxygen by a sample holder during high pressure treatment. The formation of nanoscale crystallites
with an average size of a few tens of nanometers, due to the application of high pressure, causes
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a reduction in magnetization for all ceramic compounds as compared to powders because of the
disturbance of the long range magnetic order associated with ferromagnetism.

4. Discussion and Conclusions

The combustion method may be applied for fast and effective manganese powders production,
also with a different type of codopants. The analysis of the structure and morphology of the manganites
doped with cobalt ions and codoped with alkali ions shows the expansion of the unit cell with an
increase in the alkali metal ion radius. It does not have an impact on the crystallization in the proper
structure although it shows a great influence on the magnetic properties of the powders. It may
also be concluded that applying high pressure during the sintering leads to a decrease in grains size,
amorphization of grain shells and changes in the magnetic properties of the ceramics. The results of
magnetization measurements point at the mixed magnetic state of the undoped compounds LaMnO3,
regardless of the preparation procedure which is caused by the nominal excess of oxygen content
and thus the formation of competing positive Mn3+–O–Mn4+ exchange interactions and negative
Mn3+–O–Mn3+; Mn4+–O–Mn4+ interactions. Chemical doping with alkali and cobalt ions leads to the
stabilization of Co ions in +2 oxidation state thus leading to the formation of positive Mn3+–Mn4+

and Co2+–Mn4+ exchange interactions and an increase in remanent magnetization. The difference
in the magnetization values observed for the compounds in the powder form is caused by a certain
deviation in the oxygen content formed during the preparation process. Ceramic compounds are
characterized by lower magnetization as compared to the compounds in the powder form having
the same chemical compositions, which is caused by a more intense reduction in oxygen content that
occurred in the surface layer of the samples near the sample-hBN interface in the high pressure matrix
and the nanometer size of the crystallites causing a reduction in the long range ferromagnetic order.
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