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Abstract

The synthesis, crystal structure and magnetic properties of Ca1�xGdxMnO3 (x¼0.05; 0.1; 0.15; 0.2) perovskite has been investigated.

Powders with nominal compositions Ca0.95Gd0.05MnO3, Ca0.9Gd0.1MnO3, Ca0.85Gd0.15MnO3 and Ca0.8Gd0.2MnO3 were prepared using

a modified glycine nitrate procedure. Obtained powders were calcinated in the temperature interval from 850 1C to 950 1C for 10 min.

All samples where characterized by DTA, XRD and SQUID magnetometry. The possibility of incorporation of Gd ions in the positions

A of the perovskite structure was investigated by X-ray methods. Influence of Gd on unit cell volume of the perovskite compounds,

occupation numbers and distances between atoms were analyzed by Rietveld refinement. Microstructure size–strain analysis was

performed, as well. The results revealed that Gd entered positions A in the structure. Magnetic measurements showed that a Gd3þ

substituted Ca2þ ions changes antiferromagnetic properties of CaMnO3 by introduction of ferromagnetic interaction due to a double

exchange between Mn3þ and Mn4þ ions.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nanoparticles and their assemblies are expected to
have numerous applications in materials science. They
should exhibit a range of physical and chemical properties
that are promising for potential application in a new
generation of optical, electronic, chemical, and biological
devices [1].

Nanoparticles are typically defined as being less than
100 nm in all three dimensions. More often, they are made
to be spherical having diameters on the order of 10 nm or
less. At these length scales, a large fraction of the particle’s
atoms are at or near the surface providing them with
unique properties. In the case of magnetic nanoparticles,
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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crystal symmetry breaking at the surface has profound
ramifications. The specific advantages of the nanopowders
include superior phase homogeneity and lower densifica-
tion temperature. Beyond achieving nanoscaled particles,
the control of other powder characteristics such as particle
distribution, phase purity, and morphology are equally
important in obtaining promising performance [2].
There are numerous reported synthetic methods for the

production of nanoparticles [3]. The challenge is to control
the nanoparticle size, size distribution, morphology, crys-
tallinity, shape, and properties, to assemble the nanopar-
ticles for a given purpose, and to make them from a variety
of materials.
Nanoscaled particles agglomerate easily due to the very

strong van der Waals attraction force between small
particles. The aggregate acts as a single particle and is
difficult to be broken up due to its strong bonding force [4].
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Therefore, chemical processing methods such as modified
glycine nitrate procedure have been studied to prepare
ultrafine, Ca1�xGdxMnO3 (x¼0.05; 0.1; 0.15; 0.2) powders.

The magnetism in oxide systems stems from double-
exchange and/or superexchange interactions, both of which
are very sensitive to the bond angles that form between
cation–anion–cation arrangements. Surface bond-bending in
these cases leads to profound changes in the magnetic
interactions, in some instances changing its behavior from
ferromagnetism to antiferromagnetism or to a spin glass-like
behavior [5].

From the magnetic viewpoint, the nanoparticle manga-
nites usually exhibit qualitatively new properties in respect
to their bulk counterparts, such as changes in magnetic
transition temperatures, the emergence of superparamag-
netism, size dependence of the saturation magnetization
and coercivity, etc. [6–8].

The structure of manganites is governed by the Gold-
schmidts tolerance factor f ¼ ðrAþrOÞ=

ffiffiffi

2
p
ðrBþrOÞ [9].

Goldschmidts tolerance factor for Ca1�xGdxMnO3

(x¼0.05; 0.1; 0.15; 0.2) nanopowders are shown in
Table 1. It is in the range of 1.00637–0.99018, which leads
us to the conclusion that observed nanometric structures
could be stable.

Today, the experimental data on gadolinium-doped
manganites available in the literature are limited and not
conclusive in various aspects. Several papers [10–13], have
been published for the studies of CaMnO3 doped with Gd
and its structure and electrical and magnetic properties
have been investigated in detail. However, all these works
are not related to nanopowders Ca1�xGdxMnO3 (x=0.05;
0.1; 0.15; 0.2), but bulk materials and used Gd as a dopant
in a larger percentage.

The goal of the present work is to present structural and
magnetic properties of nanoparticled Ca1�xGdxMnO3 system
which is exploring in our laboratory for several years. We
focus on its chemical synthesis by glycine nitrate method and
present evolution of its antiferromagnetic properties upon
different Gd3þ doping ranging from x=0.05 to x=0.20.
2. Experimental

Starting chemicals used for the synthesis of powders were
aminoacteic acid–glycine (Fischer Scientific, USA), Mn-acetate
(Mn(CH3CO2)2 � 4H2O), Mn-nitrate (Mn(NO3)2 �H2O), Ca-
nitrate (Ca(NO3)2 � 4H2O) and Gd-nitrate (Gd(NO3)3 � 6H2O),
Table 1

A Goldschmidts tolerance factor for Ca1�xGdxMnO3 (x¼0.05; 0.1; 0.15; 0.2)

nanopowders.

Ca1�xGdxMnO3 Goldschmidts tolerance factor f

Ca0.95Gd0.05MnO3 1.00637

Ca0.9Gd0.1MnO3 1.00097

Ca0.85Gd0.15MnO3 0.99557

Ca0.8Gd0.2MnO3 0.99018
supplied by Aldrich, USA. The compositions of reacting
mixtures were calculated according to the principle of propel-
lant chemistry [14]. By convention, the valencies of carbon,
nitrogen, oxygen, hydrogen, gadolinium, calcium and manga-
nese are set as 4þ , 0, 2� , 1þ , 3þ , 2þ , and 2þ , respectively.
Using the valencies of these individual elements, the net
oxidizing valency of Gd(NO3)3, Ca(NO3)2, Mn(NO3)2, and
Mn(CH3CO2)2 works out to be 15� , 10� , 10� , and 16þ ,
respectively, where as the reducing valency of glycine works
out to be 9þ .
Hence, required moles of glycine for producing one mole

of Ca1�xGdxMnO3 (x¼0.05; 0.1; 0.15; 0.2) nanopowders
through the stochiometric reaction are shown in Table 2.
Preparation of Ca1�xGdxMnO3 (x¼0.05; 0.1; 0.15; 0.2)

powders were performed according to reactions:

C2H5NO2þ0.5Mn(CH3CO2)2 � 4H2O
þ0.95Ca(NO3)2 � 4H2Oþ0.5Mn(NO3)2 �H2O
þ0.05Gd(NO3)3 � 6H2Oþ0.975O2-
Ca0,95Gd0,05MnO3þ2CH3COOH
þ4.05NO2mþ6.6H2O (1)

C2H5NO2þ0.5Mn(CH3CO2)2 � 4H2O
þ0.9Ca(NO3)2 � 4H2Oþ0.5Mn(NO3)2 �H2O
þ0.1Gd(NO3)3 � 6H2Oþ0.95O2-
Ca0,9Gd0,1MnO3þ2CH3COOHþ4.1NO2mþ6.7H2O (2)

C2H5NO2þ0.5Mn(CH3CO2)2 � 4H2O
þ0.85Ca(NO3)2 � 4H2Oþ0.5Mn(NO3)2 �H2O
þ0.15Gd(NO3)3 � 6H2Oþ0.925O2-
Ca0,85Gd0,15MnO3þ2CH3COOH
þ4.15NO2mþ6.8H2O (3)

C2H5NO2þ0.5Mn(CH3CO2)2 � 4H2O
þ0.8Ca(NO3)2 � 4H2Oþ0.5Mn(NO3)2 �H2O
þ0.2Gd(NO3)3 � 6H2Oþ0.9O2-
Ca0,8Gd0,2MnO3þ2CH3COOHþ4.2NO2m
þ6.9H2O (4)

On the basis of calculations according to the principle of
propellant chemistry and four reaction models presented
by Eqs.(1–4), four different samples were obtained.
Synthesis was carried out in a stainless steel reactor in

which all reactants dissolved in distilled water were added
according to previously calculated composition of the final
powder. Hence, when dissolved in water, initially it forms a
heterogeneous medium where the reaction takes place at
the interface [15].
Table 2

Required moles of glycine for producing one mole of Ca1�xGdxMnO3

(x¼0.05; 0.1; 0.15; 0.2) nanopowders through the stochiometric reaction.

1 mol Ca1�xGdxMnO3 Required moles of glycine

Ca0.95Gd0.05MnO3 0.8056

Ca0.9Gd0.1MnO3 0.8333

Ca0.85Gd0.15MnO3 0.8611

Ca0.8Gd0.2MnO3 0.8889



Fig. 1. DTA diagrams of synthesized Ca1�xGdxMnO3 (x¼0.05; 0.1;

0.15; 0.2) powders: (a) Ca0.95Gd0.05MnO3; (b) Ca0.9Gd0.1MnO3; (c)

Ca0.85Gd0.15MnO3; (d) Ca0.8Gd0.2MnO3.

M. Rosić et al. / Ceramics International 39 (2013) 1853–1861 1855
Thermal properties have been investigated using the
modernized furnace, Chevenard Joimer Instrument
A.D.A.M.E.L [16] equipped with Pt-PtRh thermocouples
together with the digital data acquisition computer system.
The t and Dt voltages were collected over the 16-bit USB-
2523 AD converter with 1 Hz sampling rate. The heating
rate was 8 1C/min. Consequently in the temperature range
of 20 1C–1000 1C around 7350 points were read. The
reference material used was a-Al2O3. Simultaneous DTA
of each reaction was carried out to study the decomposi-
tion behavior and nature of the combustion reaction. On
the basis of DTA analysis it is found that the resulting
amorphous powders crystallize in the temperature range
from 880 1C to 955 1C. In this manner, it was established
calcination temperature (Nabertherm furnaces).

The phases of samples were identified using X-ray
powder diffraction (XRPD) on a SiemensD500 diffract-
ometer with a Ni filter using Cu Ka radiation and the step-
scan mode (2y-range: 101–801 in a continuous scan mode
with a step width of 0.021 and 0.5 s/step). To derive the
relevant structural parameters, the experimental data for
Rietveld refinement were taken afterwards over an angular
range 101–1051 2y, with a step width of 0.031 and 14 s/step.
Structural analysis was carried out using Rietveld refine-
ment and the program FullProf [17–19].

Magnetic properties were measured by the Quantum
Design SQUID magnetometer MPMS XL-5. Temperature
dependence of magnetization M(T) was measured in both
zero-field cooled (ZFC) and field cooled (FC) regime, in
two different magnetic fields of 100 Oe and 1000 Oe.
Magnetization dependence on magnetic field strength
M(H) was measured at temperatures below and above
phase transition temperatures. AC magnetic susceptibility
was recorded at two frequencies (10 Hz and 1000 Hz), with
4 Oe driving amplitude, in the temperature range encom-
passing spin-glass (SG) and antiferromagnetic–paramagnetic
(AF–P) phase transitions.

3. Results and discussion

3.1. DTA

Fig. 1 shows the DTA curves for the synthesized powder
of Ca1�xGdxMnO3 (x¼0.05; 0.1; 0.15; 0.2). The thermal
decompositions are described by the existence of three
main degradation stages (endotherm, exotherm and
endotherm, respectively). As shown in Fig. 1 the first
one, starts from 87 1C to 144 1C corresponding to the
elimination of absorbed water in the powder. This decom-
position stage consists in an initial very weak endothermic
effect (�140 1C, shoulder) representing water evolving,
followed by a fast and intensive exothermic process
(second stage), consisting in simultaneous evolving of
NO3

� and glycine. Simultaneously, glycine is oxidized by
nitrate anions [20]. Sharp exothermic peaks were found in
two cases (curves (c) and (d) on Fig. 1), which indicates the
occurrence of combustion reaction. The exothermal peaks
at 262 1C and 285 1C indicate the decomposition and
decarbonization of the residue organic compounds in the
powder, respectively [21]. The endothermic DTA peak
observed around 478 1C and 514 1C can be attributed to
the chemical change from MnO2 to Mn2O3 in this
structural change [22]. Therefore, the second decomposi-
tion stage, accompanied by a medium exothermic effect,
represents the burn up of the remainder carbonaceous
residue and interaction due to a double exchange between
Mn3þ and Mn4þ ions [23]. The exothermic peak asso-
ciated with the anion decomposition reaction was
67573 1C, confirming that nitrate breakdown occurred
in a melt [24]. The third stage shows an initial weak
endothermic effect (910 1C–960 1C) representing the onset
of crystallization.
Based on the DTA results the powders prepared by

glycine route have been calcined at temperature range from
900 1C to 960 1C for 10 min. The results indicate that
intimate mixing on the atomic level of the oxidant and the
fuel in the form of a stable gel is necessary for the
propagation of combustion reaction.
3.2. Powder XRD

After combustion reaction the XRD patterns of the
obtained powders (not shown) were found to be amor-
phous in nature possibly due to insufficient heat generated
during auto-ignition. The completion of the reaction and
the phase purity of the samples were confirmed by powder
X-ray diffraction methods. The XRD patterns reflected the
presence of a mono-phasic Ca1�xGdxMnO3 (x¼0.05; 0.1;
0.15; 0.2) perovskite. The best fits between calculated and
observed X-ray diffraction patterns for samples
Ca1�xGdxMnO3 (x¼0.05; 0.1; 0.15; 0.2) are given in
Fig. 2. All allowed Bragg reflections are shown by vertical
bars. According to X-ray measurements, the XRD pat-
terns of all powders looked similar to each other, despite
the different amount of dopant. However, a slight differ-
ence of peak widths as well as the shifting the peaks toward



Fig. 2. XRD patterns of Ca1�xGdxMnO3 (x¼0.05; 0.1; 0.15; 0.2)

powders:. (a) Ca0.95Gd0.05MnO3; (b) Ca0.9Gd0.1MnO3; (c) Ca0.85Gd0.15
MnO3; (d) Ca0.8Gd0.2MnO3.

Fig. 3. Crystal structure of Ca1�xGdxMnO3.
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lower angles with increasing dopant amounts were
observed. By inspecting difference between the experimen-
tal and calculated profiles, good agreement can be
observed. All peaks are broad and with low intensities
indicating nano-crystalline nature of the powders.

From the refinement of the structure analysis by the
Rietveld method using powder X-ray diffraction data, it
was derived that all the samples are assigned to be single-
phase of the orthorhombic-perovskite structure described
by Pnma space group and its structure is given in Figs. 3
and 4. Tables 3 and 4 present results of the Rietveld
analysis, i.e., unit cell parameters, unit cell volume, micro-
structure parameters and atomic positions.

The structure was described with (Ca, Gd) atoms located
at 4c positions, Mn atoms at 4b, and oxygen atoms at 4c

and 8d positions. The results of Rietveld refinement clearly
demonstrated that in the case of Gd doped solid solutions
the cations occupied A site. The data from Ref. [25] were
used as the starting model for refinement that indicated the
presence of dopants in the structure. This Gd3þ presence
in the structure, causes the reduction of Mn4þ into Mn3þ ,
because substituting the Ca site with a trivalent cation
Gd3þ induces Mn3þ cation in Mn4þ matrix, whose ionic
radius is larger than that of Mn4þ (0.645 Å for Mn3þ and
0.530 Å for Mn4þ , respectively) and cause the increase of
unit cell volume. The Table 3 shows that it increases
concentrations of gadolinium in the structure, and to
increase their unit cell volume.
Line-broadening analysis was performed using the Rietveld

method in conjunction with Warren–Averbach procedure in
order to get crystallite size and lattice microstrain parameters.
In the present approach, the grain size broadening was
represented by a Lorentzian function, and micro-strain broad-
ening by a Gaussian function. The convolution of these
functions is a pseudo-Voigt function which is approximated
by a modified Thompson–Cox–Hastings pseudo-Voigt [26]. In
addition, all obtained powders show that crystallite sizes are in
nanometric range, about 26 nm–35 nm.
Table 4 presents beside atomic positions, the variation in

average Mn–O bond length as a function of average A-site
ionic radii and suggests the structural distortions because
of presence of Gd3þ and Mn3þ in the structure.

3.3. Magnetic properties

Temperature dependence of magnetization, for all Gd
concentrations, recorded in the magnetic field of 100 Oe,
and in the temperature range from 5 K to 300 K, is
depicted in Fig. 5. All M(T) curves show very slow increase
of magnetization when temperature decreases from 300 K
to about 130 K and then, an abrupt increase of magnetiza-
tion is appreciable. Similar increase is noticed in all
manganites where Ca2þ molar fraction x40.5 and it
can be assigned to AF–P phase transition [21,27]. Néel
temperature TN about 110 K, which is almost independent
on Gd concentration, was determined from dM/dT deri-
vate (not shown). Below TN very high irreversibility,
between ZFC and FC branches (empty and full symbols,
respectively) is visible.
FC branches, for all Gd concentrations, continually

increase showing plateau below 30 K, but for the lowest
temperatures additional increase in both, FC and ZFC
curves, is observed. This magnetization increase below TN

accompanied with plateau at low temperatures is charac-
teristic for ferromagnetics. It is well known that FM
component in mixed valence manganite arise from double
exchange interactions between Mn3þ and Mn4þ ions [28].
Mixed valence of manganese ions appear after Gd3þ

doping (electron doping), as a consequence of electroneu-
trality preservation. Gd3þ ions replace Ca2þ at A site
position, but their fraction is too low to build long range
magnetic order. Instead of this, due to Mn3þ–Mn4þ

exchange interactions, short range ordering occurs, form-
ing FM clusters in the AF matrix. FM order in clusters
and AF interaction in background is main reason of
frustration which is occurring in this system. It can be
also noticed that at low temperatures magnetization



Fig. 4. Results of Rietveld refinement of the samples: (a) Ca0.95Gd0.05MnO3; (b) Ca0.9Gd0.1MnO3; (c) Ca0.85Gd0.15MnO3; (d) Ca0.8Gd0.2MnO3.

Table 3

Results of Rietveld refinement.

Sample

Ca0.95Gd0.05MnO3 Ca0.9Gd0.1MnO3 Ca0.85Gd0.15MnO3 Ca0.8Gd0.2MnO3

Unit cell parameters (Å ) a¼5.2834(5), a¼5.304(1), a¼5.3152(9), a¼5.3186(5),

b¼7.4665(6), b¼7.475(1), b¼7.4795(8), b¼7.4792(7),

c¼5.2994(4) c¼5.293(1) c¼5.303(1) c¼5.3003(7)

Volume (Å3) V¼209.03(3) V¼209.84(7) V¼210.81(6) V¼210.84(7)

Microcrystalline size (Å) 259.3(2) 303.6(1) 254.2(5) 354.0(5)

Microstrain 0.01538 0.03431 0.03129 0.04157
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increases with Gd concentration reaching maximum for
0.15, and then decreases for x¼0.20.

On the other hand, ZFC branches show the decrease of
magnetization with additional maximums at TSGE55 K
(Fig. 4. inset). These peaks are typical for spin-glasses and
occur as a consequence of frustration between short
range—ferromagnetic and long range—antiferromagnetic
interactions. With the increase of concentration x, these
maximums become more pronounced and reach maximal
intensity, like in FC branches, for x¼0.15.

Increase of magnetization which is visible in both ZFC
and FC branches for To10 K can be assign to the large
contribution of Gd3þ paramagnetic moments (mGd

3þ
¼7.94

mB [29]) which is particularly pronounced at low tempera-
tures. This contribution can be calculated according to the
Langevin theory, where magnetization per mol of
Ca1�xGdxMnO3 can be expressed as

M ¼ xNAJgJmBBJ Zð Þ ð5Þ
BJ Zð Þ ¼ ð2Jþ1Þ=2J coth½ð2Jþ1ÞZ=2J��1=2J cothðZ=2JÞ

Z¼ JgJmBB=kBT

BJ(Z) is Brillouin function, NA is Avogadro’s number,
gJ¼2 is Landé factor, and J¼7/2 is quantum number of
angular moment. The contribution of Gd3þ ions to the
magnetization of Ca0.8Gd0.2MnO3 is depicted in the Fig. 6.
(open squares), while corrected M(T) values (after sub-
traction of Gd3þ paramagnetic contribution) is repre-
sented by the solid line. It is visible that Gd3þ

contribution is especially pronounced at low temperatures
where it can change the flow of M(T) curve.
The M(T) plateau at low temperatures is characteristic

for FM interaction, but the decrease of magnetization,
which is appeared after subtraction of Gd3þ paramagnetic
contribution, shows that still AF interaction is present,
what is the main reason for frustration of interactions and
the arising of spin-glass state.



Table 4

Refined atomic parameters results.

Sample

Ca0.95Gd0.05MnO3 Ca0.9Gd0.1MnO3 Ca0.85Gd0.15MnO3 Ca0.8Gd0.2MnO3

Ca (Gd)

x 0.0305(7) 0.0253(9) 0.0300(8) 0.0298(7)

y 0.25 0.25 0.25 0.25

z �0.01(1) �0.01(2) �0.011(1) �0.01(1)

Occ (%)

Ca 0.464(1) 0.442(2) 0.431(2) 0.441(2)

Gd 0.036(1) 0.058(2) 0.069(2) 0.059(2)

Mn site

x 0.5 0.5 0.5 0.5

y 0 0 0 0

z 0 0 0 0

O1 site

x 0.490(3) 0.482(4) 0.488(4) 0.493(3)

y 0.25 0.25 0.25 0.25

z 0.061(2) 0.076(3) 0.071(4) 0.054(3)

O2 site

x 0.298(3) 0.304(2) 0.295(3) 0.305(3)

y 0.028(2) 0.025(2) 0.017(3) 0.021(3)

z �0.289(2) �0.286(3) �0.289(3) �0.295(3)

Mn–O 1.8978(10) 1.84859(5) 1.90684(3) 1.88364(4)

1.9335(9) 1.97726(6) 1.91820(3) 1.96677(4)

1.8978(10) 1.84859(5) 1.90684(3) 1.88364(4)

1.9335(9) 1.97726(6) 1.91820(3) 1.96677(4)

1.8994(7) 1.91378(5) 1.90151(2) 1.91264(3)

1.8994(7) 1.91378(5) 1.90151(2) 1.91264(3)

Fig. 5. Temperature dependence of ZFC (open symbols) and FC

magnetization (full symbols) of Ca1�xGdxMnO3 in the magnetic field of

100 Oe. Inset: Details of ZFC magnetization; spin-glass transition and

Néel temperature are denoted by arrows.

Fig. 6. Temperature dependence Ca0.8Gd0.2MnO3 magnetization (open

circles), calculated paramagnetic contribution of Gd3þ ion (open

squares), M(T) after subtracting Gd3þ contribution (solid line). Inset:

Details of M(T) at higher temperatures.
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The paramagnetic Gd3þ contribution at higher tem-
peratures is presented in the inset of the same figure (open
squares), where corrected values of magnetization are
depicted by the solid line. This contribution is important
to account when high temperature magnetic susceptibility
data are fitted by using the Curie–Weiss law. In this way
obtained effective magnetic moments meff and paramag-
netic Curie–Weiss temperature y are depicted in Fig. 7.
It can be noticed that meff increases with concentration of

Gd3þ ion x, following linear dependence meff(x)¼0.82xþ3.88



Fig. 7. Concentration dependence of effective magnetic moment meff and
Curie–Weiss temperature y for Ca1�xGdxMnO3 (y values for x¼0 are

taken from [28]).
Fig. 8. Hysteresis curves of Ca1�xGdxMnO3 at 5K. Insets: below-details

for x¼0.05 and x¼0.20; above-coercitivity vs. concentration.
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(solid line in Fig. 6.). Values of 3.88 mB and 4.70 mB obtained
by extrapolation for x¼0 and 1 are in accordance with spin-
only values 3.87 mB and 4.90 mB for Mn4þ and Mn3þ ions,
respectively. If we write chemical formula for this compound
as Ca1�xGdxMn3þ1�yMn4þy O3, then contributions to the meff of
both Mn ions with different valence states can be estimated
from:

m2eff ¼ ym2
Mn3þ
þ 1�yð Þm2

Mn4þ :
ð6Þ

The y values, obtained from the expression (6) shows
that Mn4þ/Mn3þ ratio is close to Ca2þ/Gd3þ one,
speaking in favor of a good stoichiometry with the possible
excess of oxygen not higher then d¼0.04.

The same figure shows that Curie–Weiss temperature
starts from negative y value, which is characteristic for
antiferromagnetic CaMnO3 (x¼0) and reaches positive
value for x40.05. Similar y(x) dependence has been found
in polycrystalline YxCa1�xMnO3 and LaxCa1�xMnO3

[30], where paramagnetic Curie–Weiss temperature
changes negative sign to positive above certain concentra-
tion x. Such behavior of Curie–Weiss temperatures can be
explained by the evolution of magnetic structure upon
electron doping. Neutron diffraction experiments on elec-
tron doped manganites showed an evolution of magnetic
structure [31]. The ‘‘pure’’ CaMnO3 has magnetic structure
of an antiferromagnetic of G-type [32], where magnetic
moments on every neighboring Mn4þ cations are aligned
oppositely to each other. In order to preserve electroneu-
trality, doping of Gd3þ at A crystallographic sites causes
creation of Mn3þ ions at B sites generating the mixed
valence manganites. By increasing concentration x, G-type
magnetic structure is gradually changing to an antiferro-
magnetic phase of C-type. This type of magnetic structure
is characterized by the one-dimensional chains of parallel
ordered Mn moments (FM interaction), but neighboring
chains are antiparallely oriented (AF interaction) [32]. The
FM exchange interaction along the chains is short-range
and arises from double exchange mechanism between
Mn3þ and Mn4þ . On the other hand, AF superexchange
interaction which acts between the chains is the long range
one. By increasing concentration x, number of Mn3þ ions
is increasing and consequently increases probability for
forming FM clusters which are dispersed in the AF matrix.
Consequences of this process are increase of effective
magnetic moment meff and positive values of Curie–Weiss
temperature y.
Hysteresis curves of Ca1�xGdxMnO3 at T¼5 K, after

subtraction of paramagnetic Gd3þ contribution according
to Eq. (5), are depicted in the Fig. 8. It can be seen that for
T¼5 K magnetization does not saturate even for 50 kOe
due to the existence of antiferromagnetic interactions.
Starting from lower concentration x magnetization at 5 K
abruptly increases reaching maximum for xmax¼0.15 and
then slightly decreases for 0.20 (inset above). On the other
hand coercitivity reaches the highest value of Hc¼2300 Oe
for x¼0.10, and then drops to 750 Oe for x¼0.20. Similar
M(x) and Hc(x) dependence behavior is reported in several
manganites. For example, systematic study performed at
polycrystalline LnxCa1�xMnO3 (Ln¼La, Nd, Gd, Y), in
the wide range of x¼0.02–0.25, showed that all substances
showed similar dependence of magnetic moments vs. con-
centration x with xmax¼0.08 for La and Nd, 0.10 for Gd,
and 0.15 for Y [33]. Above concentration xmax an abrupt
decrease of magnetic moments were detected. To our best
knowledge in nanoparticled counterparts, similar behavior
was described only in nanocrystalline LaxCa1�xMnO3,
where instead of sharp maximum at certain concentration
xmax magnetization displays broad maximum in the con-
centration range from 0.10 to 0.18 [34].
Hysteresis loops were also measured in polycrystalline

LaxCa1�xMnO3 in the concentration region xo0.10 [33].
It was found, like in our case, that the samples with the
lower lanthanum concentration (xr0.06) showed signifi-
cantly higher coercitivity then the sample with x¼0.08.
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This M(x) and Hc(x) dependence confirm broadly
accepted presupposition about existence of ferromagnetic
ordered clusters in antiferromagnetic matrix. It is assumed
that when the system is exposed to a magnetization
reversal process, the interfacial spins between AFM and
FM regions rotate but with an increased rotational drag
due to interaction with AF matrix, resulting to broadening
of hysteresis loop [33] i.e. to the increase of Hc. When
concentration x increases, number and size of FM clusters
increases leading to the magnetization increase, but in the
same time, rotational drag is reducing causing decrease of
coercitivity (Fig. 8, insets).

4. Conclusion

Innovative materials processing techniques, such as the
modified combustion process described here, seem to hold
much promise for the preparation of technologically
important perovskite Ca1�xGdxMnO3, with ‘‘x’’ ranging
from 0.05 to 0.20, owing to the control over stoichiometry,
homogeneity and purity.

A major breakthrough in the investigation of this family
of oxides has resulted from improved structural descrip-
tions, such as the composite structure model,
Ca1�xGdxMnO3 and the application of the space group
approach towards structure determination.

The Rietveld refinement showed that the obtained
powders exhibit a precise stoichiometry compared to the
tailored composition. It was found that the crystallite size
lies in the nanometric range (26 nm–35 nm). The calculated
and measured lattice parameters and average bond dis-
tances increase with higher dopant concentration.

Magnetic measurements showed that when concentra-
tion x increases, magnetization also increases due to the
formation of ferromagnetic ordered clusters in antiferro-
magnetic CaMnO3 matrix.
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