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Abstract

The CaMnO;_, (x =0 and 0.02) mixed oxide was synthesized from both thermal treatment of the [CaMn(C3H>04),(H,0)4]
metallo-organic precursor and ceramic method. In the case of the latter method, temperatures of 1350 °C and 50 h were necessary;
however, lower temperatures, 800 °C, and shorter reaction times, 15h, were utilized in the attainment of the mixed oxide from the
precursor. As a consequence, the morphology of the different products is clearly different. The samples exhibit three-dimensional
antiferromagnetic ordering with Ty near 120K, and a low-dimensional antiferromagnetic ordering at high temperatures. The
presence of a ferromagnetic component above 7T was also observed in both compounds, it is slightly stronger in the phase prepared

by the ceramic route.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The study of perovskite-related mixed oxides was
prompted by the discovery of high-temperature super-
conductors and magnetoresistive oxides [1,2], with
presence of mixed valence transition metals. In non-
stoichiometric ABO;_, oxides with perovskite-type
structure, when a transition ion such as manganese is
incorporated into a crystal lattice along with cations
such as calcium, the higher-valence states are easily
stabilized giving rise to the Ca(Mn’"/Mn*")0O;_,
mixed oxides which exhibit interesting electric and
magnetic properties [3—-5]. The CaMnO;_, (0<x<0.5)
phases exhibit structures related to the perovskite with
oxygen vacancies which affect, in a significant way, the
magnetic and electronic properties [6]. The stoichio-
metric oxide, CaMnOs3, has an orthorhombic perovskite
structure (/2dc,2d., +/2a;) and is a G-type antiferro-
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magnetic insulator, with a Néel temperature of 120 K
[4]. This oxide also exhibits weak ferromagnetism below
Néel temperature, attributed to a canted spin structure
[3]. With decreasing the oxygen content, the CaMnO;_,
phases show stronger ferromagnetic interactions with a
slight increase in the Tyge [6] and an increase in the
conductivity, becoming n-type semiconductors [5]. Both
effects are explained by the incorporation of Mn®™"
cations when the oxides are reduced, which induces
Mn®*-O-Mn*" ferromagnetic double-exchange inter-
actions [7] and conduction by electron hopping [5].
Furthermore, some authors have recently related both
effects and have found magnetoresistive properties in
these phases [8]. More recently, important works have
been published concerning the effect of doping the
manganese sites by pentavalent or hexavalent cations
such as Re, Ru, Nb, Ta, W or Mo, in order to introduce
Mn®" in a low concentration [9-12]. The resulting
properties observed in these CaMn;_.M,O;_s; phases
are similar to those obtained in the non-stoichiometric
CaMnO;_, phases, attributable to the presence of some
Mn?* cations.
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The synthesis of these CaMnQO;_, oxides described in
the literature was usually performed by conventional
solid-state reactions involving high temperatures and
long reaction times, obtaining samples with large
particle size. In this way, the CaMnO;_, oxides have
been synthesized at temperatures above 1100 °C, and at
lower temperatures, near 900°C, by using carbonate
precursors [13], or using the Pechini citrate gel process
[14,15].

The thermal decomposition of metallo-organic pre-
cursors allowed us to prepare metastable or stable
phases at lower temperatures containing smaller grain
sizes than those obtained from the ceramic method
[16,17]. By this method, the diffusion distances are
remarkably reduced and, as a consequence, the reaction
times and temperatures. The obtained product presents
more quality, being highly homogeneous and the grain
size considerably smaller [18]. Although different
ligands can be used in the synthesis of these compounds,
the carboxylate ligands have often been used to complex
the transition metal ions [19-21]. In this way, malonate
is a good bridging ligand extensively used due to the
facility to form polynuclear complexes [22,23].

In this paper, we present the synthesis and
characterization of the CaMnO;_, oxides obtained by
thermal treatments from the previously characterized
[CaMn(C3H,04)>(H,0),4] precursor [24], together with
the ceramic method, with the aim of studying the
influence of the synthesis method on the properties. The
samples have been identified by X-ray powder diffrac-
tion and their morphological and magnetic properties
have been investigated.

2. Experimental
2.1. Synthesis

The oxides were synthesized by thermal decomposi-
tion of a metallo-organic precursor and ceramic method.
The metallo-organic precursor [CaMn(C3H»04),(H,0)4]
was obtained by mixing stoichiometric quantities of
calcium chloride and manganese (II) nitrate, with
malonic acid neutralized with sodium carbonate, as
previously described [24]. Calcium chloride, manganese
(IT) nitrate, and malonic acid were purchased from
Aldrich Co. and sodium carbonate from Merck. Then,
the malonate precursor was fired in a tubular furnace at
400 °C for 12h to remove the organic part, followed by
treatments at 800°C in air and in oxygen. The
conventional ceramic process was also used. Stoichio-
metric quantities of calcium and manganese carbonates
were mixed in an agate mortar and heated at 1350 °C
during 50 h in air to obtain the pure phase CaMnOj;_,.
Manganese (II) carbonate was purchased from Aldrich

Co. and calcium carbonate from Merck. All the
reactants were used without further purification.

2.2. Physical measurements

Analytical measurements were carried out in an ARL
3410+ ICP with Minitorch equipment. Thermogravi-
metric measurements were performed in a TA instru-
ments-STD 2960 thermobalance. Approximately
15-20 mg of sample were placed on an alumina crucible
and heated to 900 °C at 5°C/min, in synthetic air and
nitrogen atmosphere in the case of the precursors and at
5°C/min in flowing 5% H,/Ar for the oxides. Scanning
electron microscopic (SEM) and transmission electron
microscopic (TEM) photographs were taken in order to
get some indication of the compactness of the oxide,
using a JEOL JSM-6400 and a Philips CM200,
respectively. The powder X-ray diffraction (XRD)
patterns were taken using a Philips X-PERT diffract-
ometer with Cuka; radiation. Data were collected by
scanning in the range 10°<20<100° with increments of
0.03° (20) during 15-165s. ESR spectra were recorded on
a Bruker ESP 300 spectrometer, equipped with a
standard Oxford low-temperature device operating at
X and Q bands. The magnetic field was measured with a
Bruker BNM 200 gaussmeter, and the frequency was
determined with an HPS5352B-microwave frequency
counter. Magnetic and resistance measurements were
performed in the temperature range 4.2-300K using a
QUANTUM DESIGN MPMS-7 SQUID magnet-
ometer. The magnetic measurements were performed
at magnetic fields up to 7T.

3. Results and discussion
3.1. Thermal analysis of the precursors

Thermal data of the [CaMn(C5sH-04)>(H,0)4] com-
pound were obtained from their TG curves in air and
nitrogen atmospheres that are shown in Fig. la.
Decomposition occurs following three consecutive
processes, dehydration, ligand pyrolysis and inorganic
residue formation.

The first process takes place in the 145-245°C
temperature range for both atmospheres and corre-
sponds to the loss of the four water molecules present in
the complex. This process occurs in only one step,
suggesting that all the water molecules are similar as was
deduced from the crystallographic data of the
[CaMn(C5H»04),(H,0)4] compound [24]. After that,
the decarboxylation of the ligand comes as a sharp mass
loss in the 350450 °C temperature range. This process
takes places more progressively in N, atmosphere. The
weight loss agrees with the decarboxylation of the
malonate ligand to yield CaCOj; and the corresponding
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Fig. 1. (a) TG curves in air and nitrogen, and (b) XRD pattern of the phases obtained at different temperatures from the [CaM(C3H,04),(H>0)4]

precursor.

transition metal oxides. These oxides mainly depend on
the applied atmosphere. In this way, oxides with higher
MnO, and lower MnO oxidation states were formed in
air and nitrogen atmospheres, respectively.

In the 600-800°C range, the evolution of the
inorganic residue shows a gradual mass loss, due to
the decomposition of the carbonate and the formation
of the mixed oxides, and finishes in an interval of
stability. The resulting residues were analyzed by XRD,
indicating the presence of the CaMnO;_, [25] phase in
both air and nitrogen atmospheres. That is, the last
weight-constant plateau corresponds to the formation of
a stable CaMnOs;_, oxide.

3.2. Formation of the mixed oxide

Following this study and in order to obtain pure
phases of mixed oxides, thermal treatments in tubular
furnaces were carried out. After firing the CaMn
malonate precursor at 400°C, treatments at higher

temperatures during 2h were performed. The resulting
products in each stage were characterizated by X-ray
powder diffraction (see Fig. 1b). The thermal decom-
position of [CaMn(C3H,04)>(H,0),] at 600 and 700 °C
gave rise to the formation of mixed oxides such as
Ca,Mn;0g [26] and Ca,MnOy [27]. Finally, the CaMnO;
[25] oxide was obtained as pure phase at 800 °C.

Taking into account these results, two syntheses in
different atmospheres, air and oxygen, have been
performed at 800 °C for 15h, with the aim of varying
the oxygen content in CaMnQOj;_,. This phase was also
obtained by the ceramic method for comparison, at
higher temperatures (1350 °C) during 2 days.

The oxygen stoichiometry of the three samples was
determined by thermogravimetric analysis, the oxides
were heated to 900°C in flowing 5% H,/Ar [28]. The
samples were reduced to CaMnO, and the weight losses
observed agreed with the CaMnOj; stoichiometric phase
for the samples obtained from the precursor in air and in
oxygen, and with CaMnO» o5 (CaMng 6sMng §405 o5) for
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Fig. 2. SEM photographs of CaMnO;_, oxides obtained (a) in air ( x 13000), (b) in oxygen ( x 13000), and (c) in air by the ceramic method

(x 1000). (d) TEM photographs of CaMnO; oxide obtained in oxygen.

that prepared by the ceramic synthesis. In these phases,
the oxygen stoichiometry is directly affected by the
synthesis method, especially by the temperature of
synthesis. Therefore, the advantage of the precursor
route is that it allows both lower temperatures and times
of reaction, giving rise to more oxidized oxides, in good
agreement with other studies [14]. In this case, an
oxidant atmosphere has not been necessary in order to
obtain the more oxidized CaMnOj stoichiometric phase.

The morphology of the samples was analyzed by SEM
and TEM (Fig. 2). The polycrystalline powders of the
CaMnO; oxides obtained from the metallo-organic
precursors at 800°C are formed by small, 100-200 nm,
and highly homogeneous particles, which tend to form
conglomerates. This morphology of small homogeneous
particles, near nanoscale, is very reactive and sensitive
for compaction and it is also a consequence of the soft
synthesis routes, low temperatures and short reaction
times. The grain size of the sample obtained by the
ceramic method at 1350°C is 100 times higher,
10-30 um, being quite homogeneous. In general, the
more the temperature increases the higher the size of the
particles.

The XRD patterns of the three phases were analyzed
by the FULLPROF program [29] on the basis of the
orthorhombic unit cell, Pnma, and using the initial
atomic positions proposed by Taguchi [30] (Fig. 3). The
refined parameters and some bonds and angles are
summarized in Tables 1 and 2. Unfortunately, the
accuracy of the data is not very good. The deviations of
the bond distances and angles are not small and the

Rprags and Ry reliability factors are larger for the sample
obtained by the ceramic route in relation to the
compounds obtained by the precursor route, so these
results must be taken cautiously. As can be seen, the
six Mn—-O distances are quite similar in the three
phases. However, in the phase obtained by the
ceramic synthesis the Mn—-O-Mn angles are more
different from each other. Therefore, it seems that the
more distorted structure is exhibited by the CaMnO, o5
phase obtained by the ceramic synthesis, which is
consistent with the presence of some oxygen vacancies
(6 =0.02) by the reduction of Mn*" to Mn®". The
small increment of the cell volume would be also in
agreement with the increase of Mn®" content and the
increased Shannon effective ionic radii [31] of Mn®"
(0.645A) relative to that of Mn*" (0.53A), and the
degree of distortion with the deviation of the tolerance
factor ¢ = (rca + 10)/~2(rmn + 70).

3.3. Spectroscopic and magnetic properties of the
CaMnO;_, oxides

The ESR spectra were recorded at X band and at
different temperatures between 4.2 and 290K for the
three samples. Very similar results were observed in the
three cases. In Fig. 4 it is shown that the thermal
evolution of the ESR normalized signals until 100 K of
the sample CaMnOj; synthesized in air from the
precursor, together with the evolution of the intensity
and linewidth. An isotropic signal centered at Landé
factor g ~ 2 with a peak-to-peak linewidth AH,, value
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Fig. 3. X-ray powder diffraction data and Rietveld refinement profile
for CaMnO;_, oxide obtained in (a) air, and (b) oxygen from the
metallo-organic precursor. (¢) The diffractogram of the compound
obtained by the ceramic method.

of 1240 G appears at room temperature. The g value
remains unchanged with decreasing temperature,
whereas the linewidth gradually increases, except in
the 160-130 K temperature range, where it unexpectedly

Table 1
Refined cell parameters (A) and reliability factors

CaMnOs; in air  CaMnO; in O, CaMnO, o3 ceramic

a 5.2827(5) 5.2812(8) 5.2715(1)
b 7.4576(8) 7.457(1) 7.4619(2)
¢ 5.2735(5) 5.2753(8) 5.2859(1)
14 207.76(4) 207.75(5) 207.92(1)
2 (A?) 1.78 1.82 1.51
Rpragy (A 4.04 4.04 8.47

R (A?) 3.86 432 8.20

decreases. The increase of the linewidth is related to the
presence of spin couplings, and considering the slow
increase, a gradual coupling (or short-range coupling)
may be proposed from room temperature to 100K.
The intensity of the signal slightly increases when
lowering the temperature up to 130K; at this point,
it abruptly falls, making ESR silent below 100K.
The intensity is related to the quantity of parallel
or antiparallel oriented magnetic moments. Therefore,
the fall of the intensity below 130 K can be explained as
due to the presence of antiferromagnetic couplings
below this temperature as main interactions. Conse-
quently, the antiparallel ordering of the spins should
originate the disappearance of the signal at low
temperatures.

Magnetic measurements of the CaMnO;_, samples
were carried out in the 4.2-300 K temperature range.
The field cooled FC and zero field cooled ZFC
magnetization curves are shown in Fig. 5. It is worth
mentioning the sudden increase observed at 120K in all
ZFC curves. This increase and the differences observed
between the two FC and ZFC curves suggest the
existence of a magnetic transition at this temperature.
At room temperature, the values of the calculated
magnetic moments (uy = +/8ymT), 2.66-2.75 ug, are
slightly lower than that expected for an Mn*" system.
This fact, together with the slow initial decrease of the
magnetic moment, can be indicative of the existence of
short-range antiferromagnetic interactions. Moreover,
the inverse of the susceptibility does not fit the
Curie-Weiss behavior, confirming the presence of
magnetic interactions in all the range of temperatures
studied, in good agreement with the ESR data. After
that, the rapid increase of the magnetic moments at
120K, followed by the hysteresis between the ZFC and
FC curves, indicates the presence of a ferromagnetic
component simultaneous to the establishment of a
whole antiferromagnetic ordering. The Néel tempera-
ture, near 120K, is the same for the three samples in
good agreement with the data reported in the literature
[3,4,6]. The M/H curves measured at different fields
show that the magnetization is highly dependent on the
applied field, this dependency being clearer in the case of
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Refined atomic positional parameters and selected distances Mn—O (A) and Mn—O-Mn angles (deg)
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Fig. 4. (a) X band ESR spectra at different temperatures, and (b)
thermal evolution of the peak-to-peak linewidth (AH,,) (@) and the
intensity of the signals (O) for the CaMnOj; oxide obtained in air. The
other samples showed very similar curves.

the oxide obtained from the ceramic synthesis. At
stronger fields the ferromagnetic component diminishes,
so this component comes into being as a result of the
antiferromagnetic ordering. Anyway, the values reached
at 4.2 K are very low, suggesting a weak nature for the
ferromagnetic interaction. Finally, the local maximum
observed at low temperature in the FC curves of the
sample prepared by the ceramic route suggests a possible
frustration effect induced by a competition from
different magnetic interactions. This fact could be
consistent with the presence of some Mn®"-O-Mn*"
ferromagnetic clusters as some authors had previously
described [9,16].

In order to study this ferromagnetic component,
magnetization vs. magnetic field measurements were
carried out at different temperatures. The magnetization
hysteresis loops measured at SK are represented in
Fig. 6. The dependence with the magnetic field is linear
at room temperature, corroborating the antiferromag-
netic character of the samples at this temperature. At
120K, a small hysteresis loop appears which remains
with decreasing temperature. The coercive field and the
saturation magnetization values measured at 120K for
the oxide obtained from the precursor, 1500 O¢ and
0.008 (in Nf units), increase with decreasing tempera-
ture, until H, = 8500 Oe and M = 0.025 (in Nf units)
values at 5K. In the case of the ceramic case, the
hysteresis loop obtained at 5K is quite surprising,
characteristic of materials with soft magnetic properties.
The coercive field is very small, near 700 Oe, and the
saturation magnetization value is higher, 0.03 (in Nfj
units). This narrow cycle is in accordance with the
absence of the antiferromagnetic peak in the ZFC data
at Ty and indicates that the anisotropy energy holding
the spins along the preferred direction must have a low
barrier for spin canting away from this direction in this
phase. Anyway, taking into account the values of the
saturation magnetization as well as the susceptibility
data, the magnitude of the parallel alignment will be
very small.
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The existence of this ferromagnetic component can be
mainly interpreted as due to the presence of a field-
induced spin canting originated in the antiferromagnetic
phase by a misalignment of the spins, as a consequence
of the O-Mn—O (below 160°) distorted angle [3], more
distorted in the CaMnO, o3 case. Furthermore, in this
phase, some localized Mn® *~O-Mn** double-exchange
ferromagnetic interactions could also contribute to the
ferromagnetic component, similar to those found in
magnetorresistant perovskites [32].

Finally, the method of preparation used to obtain
these materials and the final morphology of the products
have been found to be important factors in order to
explain the properties. In this sense, homogeneous
products have been obtained in the three cases, not
only morphologically but also compositionally homo-
geneous, as the immediate responses in the magnetiza-
tion curves indicate. On the other hand, considering
both the intergrain and intragrain transmission of the
magnetic properties, the higher grain size in the ceramic
sample leads to higher magnetic moments inside each
grain and to higher net magnetic moments; therefore, it
seems that the alignment of the spins takes place more
easily inside each small particle than through grain
boundary transmission. Moreover, the soft magnetic
properties found in this sample can also be related to
the grain size. The higher the grain, the better the
co-operation between the different magnetic dominions
and the quicker the response of the sample to a change
in the applied magnetic field.

4. Conclusion

The method of synthesis plays an important role in
the oxygen stoichiometry of the CaMnO;_, phases,
especially the temperature of synthesis. In this sense, the
precursor route has been shown as convenient route to
obtain the most oxidized oxide, the stoichiometric
CaMnOs, as a very fine and homogeneous powder, at
low temperatures and short reaction times. The ceramic
process gives rise to the attainment of the non-
stoichiometric CaMnQO, ¢ oxide with more distorted
structure and a grain size 100 times higher. In both
cases, the products obtained are highly homogeneous.

At the same time, the oxygen stoichiometry and
morphology of the different samples affect the magnetic
properties. Although the samples obtained from the
precursor and the ceramic method show similar
magnetic properties, low-dimensional antiferromagnetic
interactions at high temperatures followed by a three-
dimensional antiferromagnetic ordering with a Tyge
near 120K and weak ferromagnetism due to spin
canting at lower temperatures, this latter component is
stronger in the ceramic case. This variation is mainly
related to the more distorted structure found in the non-

stoichiometric oxide and secondly, to the presence of
some Mn®*"—O-Mn*" ferromagnetic clusters.
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