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a  b  s  t  r  a  c  t

Nanocrystalline  Ca1−xSmxMnO3 (0 ≤ x ≤ 0.4)  manganites  were  prepared  by  a  soft  chemical  method
(Pechini  method)  followed  by auto-combustion  and  sintering  in  air at  1073  or  1473  K.  Single-phase  pow-
ders  with  general  composition  Ca1−xSmxMnO3 were  obtained  after  18  h  annealing.  The particle  and  grain
sizes  of  the  substituted  Sm-manganites  did  not  exhibit  variation  with  samarium  content,  but  increase
with  increasing  the  sintering  temperature.  All  manganites  show  two  active  IR  vibrational  modes  near
400  and 600  cm−1 characteristic  of  the  BO6 octahedron  vibrations.

For  the  samples  sintered  at Ts =  1473  K, the partial  substitution  of  calcium  by samarium  in the  CaMnO3
itrate gel method
amarium substituted
ietveld analysis
lectrical properties

phase  induces  a marked  decrease  in  the  electrical  resistivity,  in the  temperature  range  of 300–900  K,
and  at  the  same  time  a metal-to-insulator  transition  occurs;  for Ts =  1073  K all the  samples  present  semi-
conductor  behaviour.  With  the  increase  of the  annealing  temperature  the  grain  size increases  and  a
metal–semiconductor  transition  appears.  The  results  can  be  ascribed  to  the  Mn4+/Mn3+ ratio  and  particle
grain  size.  The  effects  of particle  size  on the  electrical  properties  can be attributed  to  the domain  status,
changes  in  the  Mn–O–Mn  bond  angle  and  Mn–O  bond  length.
. Introduction

Perovskites and related compounds are widely investi-
ated because some of them exhibit fascinating properties like
etal–insulator (MI) transitions, charge ordering and ferromag-

etism. Although the focus of interest has mostly rested in the
ole-doped manganites Ln1−xAxMnO3 (Ln = La-Tb, and A = Ca, Sr,
a, Pb, etc.) due to their potential applications [1–6], many
esearchers have placed emphasis on electron-doped perovskite
anganites with the general formula Ca1−xLnxMnO3 (Ln-rare earth

on) [7–12]. One of these oxides that raised enormous inter-
st is Ca1−xSmxMnO3, where Ca2+ is partially replaced by the
rivalent rare earth cation, Sm3+. Doping with electrons intro-
uces mobile electrons into the eg band and consequently the

nteraction of these carriers via t2g spins induces changes in the
lectrical and magnetic properties. The electron-doped mangan-

tes Ca1−xSmxMnO3 have been recently investigated [13–18] by
lectrical resistivity, thermoelectric power, magnetic susceptibil-
ty, thermal conductivity, X-ray, neutron and electron diffractions

∗ Corresponding author at: Departamento de Química e Bioquímica FCUL, Campo
rande C8, 1749-016 Lisboa, Portugal.

E-mail addresses: mebmj@fc.ul.pt, mdjorge@fc.ul.pt (M.E.Melo Jorge).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.07.032
© 2011 Elsevier B.V. All rights reserved.

and microscopy techniques. Traditionally, the electron-doped per-
ovskite phases Ca1−xSmxMnO3 have been prepared by solid-state
reactions, between the corresponding oxides or carbonates, at high
temperature. This method generally generates inhomogeneous
products. Phase formation often requires heating at temperature, of
the order of 1573 K or above for prolonged periods, leading to pow-
ders with a high grain size and a small surface area. In recent years,
nanomaterials have attracted considerable attention because of
their unique chemical, catalytic, electrochemical, electronic, optical
and mechanical properties. Several techniques, based on solution
chemistry methods, have been employed for the preparation of
highly homogeneous fine powders of these perovskite oxide mate-
rials using low processing temperatures in comparison with the
conventional solid state reaction process [19–27].Gel combustion
method combines the advantages of the chemical sol–gel process
and the low-temperature combustion process. This preparation
method is quite simple and leads to homogeneous, highly reactive
and nanosized powders. Accordingly single-phase perovskite pow-
ders can be produced at low temperature and the product physical
properties can be improved. This preparation route, developed

in recent years, has been tested in different ceramic compounds
and applied to synthesize several materials with perovskite-type
structure [20–27].  It is widely accepted that the performance
of the perovskite oxide materials strongly depends on chemical

dx.doi.org/10.1016/j.jallcom.2011.07.032
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mebmj@fc.ul.pt
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boxyl group of the citric acid were replaced by the metal cations
to form a citrate complex. These absorption bands totally disap-
pear from the calcined product at 1073 and 1473 K, showing that
618 I. Matos et al. / Journal of Alloys a

omogeneity, particle size and morphology of the oxide materi-
ls. Therefore, the challenge of improving the preparation method
nd controlling the grain size still remains.

Some authors [24,25] have shown that the substitution of
alcium by cerium or holmium in the Ca1−xRxMnO3 system, pre-
ared by citrate route in the temperature range 1173–1533 K,

nduces a marked decrease in the electrical resistivity and a
etal–insulator transition at high temperature. More recently,

anocrystalline Ca1−xRxMnO3−ı manganites (R = Ho, Eu) were syn-
hesized as single-phase by a simple and instantaneous solution
uto gel combustion method at low temperature, namely 1073 K
or 18 h. These studies showed that all samples exhibit semicon-
uctor behaviour. Also the resistivity at room temperature and the
ctivation energy for electrical conduction (Ea) display an impor-
ant correlation with the crystal structure and the particle grain
ize [26,27].

In the present work, Ca1−xSmxMnO3−ı (0 ≤ x ≤ 0.4) samples
ere synthesized by the soft chemical method (the Pechini
ethod). This method is known to be effective for the prepara-

ion of fine perovskite powders at low temperature. The reactive
ne powders obtained by the decomposition of the corresponding
olymeric organic metal compounds are expected to be suitable
aw materials for preparing the Sm doped calcium mangan-
tes at low temperatures in air. The effect of particle size and
amarium content on the structure, morphology and electrical
roperties at high temperature of Ca1−xSmxMnO3−ı (0 ≤ x ≤ 0.4)
ere investigated. Furthermore, a detailed structural analysis

t room-temperature was performed, since there are no pub-
ished data on the detailed crystalline structure, namely Rietveld
tructural parameters, bond lengths and bond angles for the Mn
ctahedron (except for Ca0.9Sm0.1MnO3 phase prepared by con-
entional solid-state reaction method at 1623 K [16] and 1773 K
17]). Also, the Ca1−xSmxMnO3 system electrical behaviour at high
emperature range has not been yet explored, excluding the phase
ith x = 0.1 [16]. Therefore the present studies will provide, for the
rst time, results of these important properties.

. Experimental

Single-phase nanocrystalline samples of Ca1−xSmxMnO3 (0 ≤ x ≤ 0.4) were syn-
hesized by the sol–gel process. Appropriate amounts of CaCO3 (Merck), Sm2O3

reviously heated at 1173 K during 8 h (Aldrich) and Mn(NO3)2·4H2O (Riedel-de
aën, p.a.) were separately dissolved in a HNO3 solution (Riedel-de Haën). The solu-

ions  of calcium, samarium and manganese were mixed and an amount of citric
cid  (Riedel-de Haën) equivalent to the total number of moles of metal ions was
dded under moderate heating and stirring conditions. Temperature was raised
o 390–420 K, to promote polymerization and remove the solvents. The solution
ecame more viscous and the colour changed from yellow to brown with the for-
ation of a large amount of gases (nitrogen and carbon oxides). The mixture ignited

nd got on fire resulting in a voluminous combustion product. The self-propagating
ombustion was complete within a few seconds, giving rise to a brownish-black ash
aterial. The decomposition of most of the organic carbon residue was performed

n  a sand bath at 673 K for about 2–3 h and after it was heated at 873 K, for 6 h, in a
urnace. The resin became a black solid mass and the obtained material was pulver-
zed, using an agate mortar and pestle, before further treatment. Thermal treatments

ere performed in air atmosphere at 1073 and 1473 K for 18 h, each heating with
ntermediate grindings in alumina crucibles (Alsint 99.7), to produce samples with
ifferent particle sizes.

Assuming complete combustion, the proposed equation for the formation of the
amples with x = 0.3 is as follows:

.7Ca(NO3)2(aq) + 0.3Sm(NO3)3(aq) + Mn(NO3)2(aq) + C6H8O7(aq) + 1.8O2

→ Ca0.7Sm0.3MnO3(s) + 6CO2(g) + 0.2NO2(g) + 4.1NO(g) + 4H2O(g)

The powders structural characterization was carried out for all samples at
oom temperature by XRD using a Philips PW 1730 X-ray powder diffractometer,
perating with monochromatized Cu-K� radiation in Bragg–Brentano geometry.

ull  profile fitting refinements of the final powder diffraction data in the range
0◦ ≤ 2� ≤ 120◦ with a scan rate of 0.02◦ and a count time of 20 s per step were
erformed using the program FULLPROF [28], based on the Rietveld method.

The average crystallite sizes of the powders were determined by X-ray line
roadening using the Scherrer formula [29].
mpounds 509 (2011) 9617– 9626

FTIR spectra were registered with a Nicolet 6700-FTIR equipment, using KBr as
powder diluent. The spectra were the result of averaging out 64 scans obtained at
room temperature in the 4000–350 cm−1 range.

In  order to determine the oxygen content and the average manganese oxida-
tion  state of the manganite powders, iodometric titrations were performed. Around
50  mg of sample was  accurately weighed in a flask and an excess of solid potas-
sium iodide, KI, (Riedel-de Haën), relatively to the Mn4+ and Mn3+ amounts in the
sample, was added. After that concentrated HCl (Merck) was added to dissolve the
mixture KI-sample and the solution titrated with sodium thiosulfate volumetric
standard (Merck). Near the endpoint 3 drops of starch was added as an indicator. All
samples can be considered stoichiometric within the experimental error (± 0.01).
Consequently, the effects arising from oxygen or cation vacancies must be negligible.

The  morphology and the particle size of the calcined powders were observed by
scanning electron microscope Jeol JSM-5610LV (SEM). Prior to analysis, a thin layer
of  Au was evaporated onto the SEM specimens to increase the surface electrical
conductivity.

The electrical resistivity of all samples was measured by the standard four-
point method from 300 K up to 900 K on sintered pellets prepared under a constant
pressure of 50 mbar.

3. Results and discussion

3.1. Phase formation

Fig. 1 shows representative X-ray diffractograms for
Ca0.6Sm0.4MnO3 phase. The X-ray diffraction pattern of the
sample heated at 873 K indicates that a perovskite phase, with a
slightly amorphous background was formed. As the calcination
temperature is increased up to 1073, the samples crystallinity
improves and a better definition of the XRD peak shape is observed.
This effect is further enhanced with the heat treatment at 1473 K.
The temperature of 873 K is much lower than those that have been
reported for the formation of the perovskite phase employing the
traditional ceramic method [13–18].

Fig. 2 presents the different stages of the Sm-substituted man-
ganites Ca0.6Sm0.4MnO3 formation by means of FTIR analysis. The
very strong and broad band at ca. 1425 cm−1 can be assigned to
the asymmetric and symmetric C–O stretching vibrations of ion-
ized carboxylate [30]. These ions are also responsible for the band
at ca. 876 cm−1. This means that the hydrogen atoms from car-
Fig. 1. X-ray diffraction patterns of Ca0.6Sm0.4MnO3 powders produced by gel-
combustion synthesis after heat treatments at several temperatures.
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Fig. 3. Rietveld refinement results for CaMnO3 (a) and Ca0.6Sm0.4MnO3 (b) prepared
at  1473 K. The experimental data points are shown as dots, and the calculated fit
ig. 2. Infrared spectra of the Ca0.6Sm0.4MnO3 powders produced by gel-combustion
ynthesis after heat treatments at several temperatures.

he citric acid and the citrate complex components are completely
liminated at these stages but not at the first stage of the decompo-
ition. The products resulting from the heat treatments at 1073 and
473 K present much simpler IR spectra with just two strong bands
t ca. 600 and 400 cm−1 characteristics of the perovskite structure
31,32]. These two bands are also visible for the sample heated at
73 K, as expected from X-ray diffractogram.

So, although the X-ray diffraction patterns for the calcined pow-
er at 873 K confirm the presence of a single phase, the FTIR spectra
llowed us to conclude that the lower calcination temperature to
et the single phase compound without amorphous impurities is
073 K. Therefore our further studies exclude the samples heated
t 873 K and involves only those sintered at Ts = 1073 and 1473 K.
e believe that Ca1−xSmxMnO3−ı phases are formed at a relatively

ow temperature, 1073 K, due to the high reactivity of the homoge-
eously dispersed ultrafine ash and also the rapid release of thermal
nergy during the combustion process that characterizes this syn-
hesis route.

.2. Powder X-ray diffraction and structure

The systematic investigation of the Ca1−xSmxMnO3 oxides using
RD shows that they are single phase with an orthorhombic-
erovskite structure GdFeO3-type cell, i.e., all the Bragg peaks were
ompletely indexed using an orthorhombic unit cell with a ≈ c ≈
p
√

2 and b ≈ 2ap, space group Pnma (#62) at room temperature
ap is the parameter of the cubic perovskite subcell). The structural
arameters were determined by Rietveld refinement method. The
ata were first analyzed with a “whole pattern fitting” algorithm

n order to determine accurately the profile shape function, back-
round and the cell parameters. This preliminary study provided

 good estimation of RWP and �2 that could be reached during the
tructure refinement. In the refinements, the background was fit-
ed with a 6-term polynomial function, the profiles were modelled
sing a pseudo-Voigt profile shape function and two  asymmetry
arameters were used.

The initial positional parameters were taken from previous
eported data of the CaMnO3 phase [24,30]. In order to perform
he structure refinement it was considered that the ions were sta-

istically distributed on the different crystallographic sites and the
ccupancy factors were fixed according to the sample stoichiome-
ry. The isotropic temperature factors were fixed at 0.01 Å2. This
nalysis was also carried out for x = 0 sample. Some results for
and difference curve are shown as solid lines. Tick marks indicate the calculated
reflection positions. The inset shows a zoom in the region between 32–52◦ (2�). (a)
x  = 0.00, (b) x = 0.25.

the phase prepared at 1073 K have been already reported [26,27].
Fig. 3 presents the X-ray diffraction patterns for two representative
members of the series Ca1−xSmxMnO3 with x = 0 and x = 0.4 synthe-
sized at 1473 K, including the observed and calculated diffraction
profiles and the difference between them. The refined structural
parameters are listed in Table 1. The selected bond distances Mn–O
and Mn–O–Mn bond angles, obtained from the refined atomic
positions, together with the MnO6 octahedron distortion for each
sample at room temperature are reported in Table 2. The data
indicate that there are no significant differences in the calculated
structural parameters as a function of synthesis temperature. The
slight decrease in the calculated error observed with the increase
of the synthesis temperature may  be associated with the better
definition of the diffraction peaks obtained for higher heating tem-
peratures.

The Bragg reflections are sharp and symmetric confirming the
excellent composition homogeneity of the samples, namely for
the phases prepared at 1473 K. For both synthesis temperatures
a clear variation is detected in all three cell parameters: a, b/

√
2

and c increase with samarium content (as example see Fig. 4

for the phases synthesized at 1473 K and Table 1). It can read-
ily be observed that the relation b/

√
2 < c < a is valid and the

orthorhombic cell can be referred as O’-type structure [33], which
can be originated by the strong cooperative Jahn–Teller effect due
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Table 1
Refined structural parameters of Ca1−xSmxMnO3 (0 ≤ x ≤ 0.4) at room temperature and the orthorhombicity values (Or). The space group Pnma was used and apical oxygen
O1a  occupy the 4c (x, 1/4, z) site, Mn the 4b (0, 0, 1/2) site and the plane oxygen O1p the general 8d (x, y, z) site.

Ts (K) x 0 0.1 0.2 0.3 0.4

1073 a (Å) 5.2781 (2) 5.3028 (2) 5.3277 (3) 5.3502 (3) 5.3889 (3)
b  (Å) 7.4542 (3) 7.4769 (3) 7.4965 (3) 7.5066 (4) 7.5343 (4)
c  (Å) 5.2758 (2) 5.2871 (2) 5.3068 (3) 5.3221 (3) 5.3450 (2)
V  (Å3) 207.57 (1) 209.62 (2) 211.95 (2) 213.90 (2) 217.02 (2)
Ora (%) 0.022 0.148 0.196 0.263 0.409
Ca/Eu x 0.0302 (1) 0.0310 (1) 0.03318 (1) 0.0318 (1) 0.0360 (1)

z −0.0114 (1) −0.0106 (1) −0.0099 (1) −0.0098 (1) −0.0056 (1)
O1a x  0.4897 (4) 0.4871 (4) 0.4862 (5) 0.4880 (7) 0.4934 (7)

z  0.0647 (4) 0.0558 (4) 0.0554 (5) 0.0602 (7) 0.0638 (7)
O1p x  0.2900 (3) 0.2929 (4) 0.2913 (5) 0.2925 (5) 0.2930 (5)

y  0.0332 (3) 0.0342 (4) 0.0351 (5) 0.0323 (5) 0.0314 (5)
z −0.2894 (3) −0.2913 (4) −0.2911 (5) −0.2910 (5) −0.2889 (5)

RWP (%) 7.07 7.92 10.10 10.7 10.20
RB (%) 1.02 1.53 2.11 3.01 2.80
�2 (%) 1.71 1.90 3.01 6.91 3.15
RF (%) 1.34 2.00 2.75 4.26 2.61

1473 a  (Å) 5.2782 (1) 5.2987 (1) 5.3224 (1) 5.3497 (2) 5.3771 (2)
b  (Å) 7.4562 (2) 7.4763 (1) 7.4990 (2) 7.5168 (2) 7.5305 (3)
c  (Å) 5.2766 (2) 5.2871 (1) 5.3043 (1) 5.3257 (2) 5.3414 (2)
V  (Å3) 207.66 (1) 209.45 (1) 211.71 (1) 214.16 (2) 216.29 (1)
Ora (%) 0.015 0.143 0.170 0.225 0.333
Ca/Eu x  0.0323 (1) 0.0331 (1) 0.0329 (1) 0.0336 (1) 0.0359 (1)

z  −0.0093 (1) −0.0085 (1) −0.0088 (1) −0.0081 (1) −0.0057 (1)
O1a x  0.4932 (4) 0.4871 (4) 0.4903 (4) 0.4915 (5) 0.4909 (7)

z  0.0683 (4) 0.0558 (4) 0.0554 (4) 0.0566 (5) 0.0641 (7)
O1p x 0.2904 (3) 0.2890 (3) 0.2910 (3) 0.2924 (4) 0.2941 (5)

y  0.0302 (3) 0.03393 (3) 0.0366 (3) 0.0354 (4) 0.0355 (5)
z  −0.2890 (3) −0.2912 (3) −0.2895 (3) −0.2905 (4) −0.2908 (5)

RWP (%) 6.77 7.55 8.83 9.65 9.99
RB (%) 1.00 1.48 2.85 2.74 2.89
�2 (%) 1.51 1.76 2.26 2.67 2.76
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RF (%) 1.04 1.5

a Or (Orthorhomibicity) = (a − c)/(c + a) (%).

o the Mn3+ ion in an octahedral environment. The a axis increases
trongly with increasing Sm content (1.9% from x = 0 up to x = 0.4
or Ts = 1473 K) while the other lattice parameters, b and c, have a
maller increase (1.0% and 1.2%, respectively) as can be observed in
ig. 4. The large differences between a and c lattice parameters can
e the macroscopic mark of the cooperative Jahn–Teller distortion
ue to the Mn3+ ion in an octahedral environment. The cell volume

ncreases linearly with increasing Sm3+ ion content in accordance
ith Vegard’s law (Fig. 4). This variation confirms the achieve-

ent of a solid solution Ca1−xSmxMnO3 (0 ≤ x ≤ 0.4) series and the

ccommodation of Sm3+ ion into the perovskite matrix. The intro-
uction of each Sm3+ ion changes the valence of one Mn4+ ion to

able 2
elected bond distances (Å), angles (◦) and D values determined from Rietveld refinemen

Ts (K) x 0 0.1 

1073 Mn–O1a x2 1.895 (1) 1.897 (3)
Mn–O1p x2 1.908 (2) 1.922 (2)
Mn–O1p x2 1.903 (2) 1.909 (2)
〈Mn–Op〉 1.906 1.916 

〈Mn–Ooct〉  1.902 1.908 

Da 0.994 0.990 

Mn–O1a–Mn 159.71 (2) 159.60 (2) 

Mn–O1p–Mn 158.51 (8) 157.53 (9) 

1473 Mn–O1a  x2 1.896 (1) 1.896 (1)
Mn–O1p x2 1.907 (2) 1.919 (2)
Mn–O1p x2 1.896 (2) 1.904 (2)
〈Mn–Op〉 1.902 1.912 

〈Mn–Ooct〉  1.900 1.906 

Da 0.998 0.992 

Mn–O1a–Mn 159.48 (2) 159.48 (1) 

Mn–O1p–Mn 157.44 (7) 156.28 (7) 

a D = Mn–Oa/〈Mn–Op〉.
2.33 2.79 2.82

the Mn3+ state due to charge compensation. The increase in the cell
parameters values is caused by an expansion of the octahedral site
that overcomes the contraction on the A-site. This can be explained
on the basis of the large difference in the ionic radii [34] between
Mn3+ (0.645 Å) and Mn4+ (0.530 Å) in octahedral coordination with
oxygen, that overcomes the difference between Ca2+ (1.34 Å) and
Sm3+ (1.24 Å). In fact it can be concluded that the decrease of the A
site mean ionic radii (3.0%) is lower than the increase of the B site
mean ionic radii (8.7%) as it can be seen in Table 3.
Moreover, the lattice parameters are observed to increase
with concomitant raise in the orthorhombicity as the Sm content
increases. The system orthorhombicity (Or (%)) has been defined

ts for Ca1−xSmxMnO3 (0 ≤ x ≤ 0.4).

0.2 0.3 0.4

 1.903 (1) 1.906 (1) 1.915 (1)
 1.925 (2) 1.937 (3) 1.958 (3)

 1.922 (2) 1.925 (3) 1.928 (3)
1.924 1.931 1.943
1.915 1.923 1.933
0.989 0.987 0.986

158.51 (2) 158.25 (3) 158.18 (3)
156.57 (9) 156.21 (9) 155.10 (1)

 1.898 (1) 1.904 (1) 1.914 (1)
 1.929 (2) 1.940 (2) 1.952 (3)

 1.916 (2) 1.926 (2) 1.938 (3)
1.924 1.933 1.945
1.915 1.923 1.935
0.986 0.985 0.984

158.90 (2) 158.69 (2) 158.36 (3)
155.46 (8) 155.43 (9) 154.72 (9)
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Table  3
Ionic composition, mean ionic radii of the A and B sites and the tolerance factor (t) for Ca1−xSmxMnO3 (0 ≤ x ≤ 0.4).

x Ca2+
1−x

Sm3+
x Mn4+

1−x
Mn3+

x O3 Mean ionic radii (A site – XII) (Å) Mean ionic radii (B site – VI) (Å) t

0 CaMn4+O3 1.34 0.530 1.004
0.1 Ca0.9Sm0.1Mn4+

0.9Mn3+
0.1O3 1.33 0.542 0.994

0.2  Ca0.8Sm0.2Mn4+
0.8Mn3+

0.2O3 1.32 0.553 0.985
0.3  Ca0.7Sm0.3Mn4+

0.7Mn3+
0.3O3. 1.31 0.564 0.976
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0.4  Ca0.6Sm0.4Mn4+
0.6Mn3+

0.4O3 1.30 

y the expression Or (%) = [(a − c)/(a + c)]×100. It is observed an
ncrease from 0.022 to 0.409% and 0.015 to 0.333% for x = 0 and

 = 0.4 respectively for the synthesis temperatures 1073 K and
473 K (see Table 1). Furthermore, there is a slight decrease in
rthorhombicity with increasing synthesis temperature, which is
nderstandable taking into account that with longer times and
igher synthesis temperatures the crystallinity of the samples is

mproved and a better definition of the XRD peak shape is observed.
he Ca0.6Sm0.4MnO3 phase shows a large distortion indicated by
he large differences between a and c lattice parameters. As referred
efore this is the macroscopic mark of the cooperative Jahn–Teller
istortion due to the Mn3+ ion in an octahedral environment. Both,
he orthorhombic and the octahedron distortions increase with
ncreasing the Sm content (see Fig. 4 and Tables 1 and 2).

Our data is in agreement with the reported behaviour for the
attice parameters variation with the x value in the Ca1−xSmxMnO3
eries (0 ≤ x ≤ 0.4) [14–16,24–27,30]. The calculated lattice param-
ters values for the CaMnO3 phase also agree well with the data
eported in the literature [24–27,30].  In what concerns substituted
amples, our data are in agreement with the ones reported earlier
or the same phases prepared by high temperature ceramic route
near 1573–1873 K) [14–16].  However, it is important to point out
hat the heat treatments used in this work are distinct from the
ublished ones.

The tolerance factor, t = (rA + rO)/
√

2(rB + rO) (where rA, rB, rO
re the radius of ions A, B and O, respectively), which is a quantita-
ive measure of the structural perfection of the ABO3 perovskites,
as calculated using average values for rA and rB and are also
resented in Table 3. The t values reflect the effects of replacement
f Ca2+ for Sm3+ ions in the Ca1−xSmxMnO3 series. Decreasing the

m content the tolerance factor approaches the ideal value (t → 1)
nd the tilting of the (MnO6) octahedra are significantly lower than
hose observed in the phases containing high concentration of

ig. 4. Evolution of the cell parameters of the Pnma-type orthorhombic cell, at room
emperature, vs. Sm content (0 ≤ x ≤ 0.4) (Ts = 1473 K). Inset: evolution of the cell
olume vs. x for Ca1−xSmxMnO3 manganites.
0.576 0.966

samarium. As mentioned before with the increase in Sm content,
the average ion size A site, 〈rA〉, decreases by 3.0% and the 〈rB〉
increases by 8.7%. Both effects result in a decrease of the tolerance
factor by 3.8%. A decrease in t value leads to a significant lowering
in the Mn–O–Mn bond angle from 180◦. The major effect on t, and
therefore in the Mn–O–Mn bond angle, is the increase in the MnO6
polyhedron size as it can be seen from the average bond lengths
of 〈Mn–O(oct)〉  octahedra included in Table 2. From this table it
can be also detected a systematic change in the values of the bond
length and the bond angle with Sm content. The increase in the
Mn3+ concentration with samarium content increases the average
Mn–O distance (〈Mn–Ooct〉) in the lattice and also affects the bond
angles between neighbouring octahedra. For the CaMnO3 phase
(x = 0) the Mn–O distances and bond angles are comparable to the
corresponding values reported for the same phase [24–26].  For
the substituted samples (x /= 0) it is observed that the Mn–O bond
lengths show a gradual increase with Sm content, which is con-
sistent with the increase of all cell lattice parameters. This effect
is more clearly seen along the a–c basal plane, namely changes
in Mn–O1p bonds lengths. The change in the apical-bond length
Mn–O1a is much smaller than the a–c basal plane (see Fig. 5). In
general, for the unsubstituted sample the octahedral coordina-
tion of manganese with oxygen is almost undistorted, with six
approximately equal Mn–O distances. For the substituted samples
the four Mn–O1p distances, in the a–c plane, become longer than
the two  Mn–O1a distances along the b axis, since in this case the
Jahn–Teller distortion which is due to the Mn3+ content mainly
affects the equatorial Mn–O1p bonds. As expected the bonds
distances variation with the samarium content is very similar to
the cell parameters variation. These results clearly demonstrate
that there is a close link between the lattice parameters and the
presence of the Jahn–Teller distorted Mn3+O6 octahedra with
the dz2 orbital oriented in the a–c plane. The increase in the
structure distortion with Sm content is also well visible by the
systematic decrease of the octahedral distortion parameter values
D, D = 〈Mn–Oa〉/〈Mn–Op〉 (Table 2). Moreover, as samarium content
increases, the values of Mn–O1a–Mn and Mn–O1p–Mn angles
indicate a higher distortion. In fact, for CaMnO3 both angles present
similar values, close to 160◦, while in the structures where Ca is
substituted by Sm,  the same angles become significantly different
from each other and smaller than 160◦.

3.3. Particle size and morphology

The average crystallite size, Dh k l, of the samples prepared at
1073 and 1473 ◦C was  calculated from the main reflection of the
orthorhombic unit cell using the Debye–Scherrer equation [29],
Dh k l = 0.9�/B cos �, where � is the wavelength of Cu K� radiation,
� the Bragg diffraction angle of the line and B the difference in
profile widths of broadened and standard samples (in this study, a
silicon standard was  used): B2 = B2

M − B2
S where BM and BS are the
measured widths, at half maximum intensity, of the lines from the
sample and the standard, respectively. The crystallite size values
for all Ca1−xSmxMnO3 samples show great differences between
the unsubstituted and substituted calcium manganites for both
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Fig. 5. (a) Average 〈Mn–O〉 bond length and (b) 〈Mn–O–Mn〉 bond angles as a func-
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This shift is more pronounced for T = 1473 K and results from the
ion of tolerance factor for Ca1−xSmxMnO3 (0 ≤ x ≤ 0.4). Open symbols correspond
o  Ts = 1473 K and fill symbols to Ts = 1073 K.

ynthesis temperatures, i.e., 85 nm for x = 0 [26,27] and 42 nm for
 ≥ 0.1 for the samples prepared at 1073 K. For the phases synthe-
ized at 1473 K the crystallite sizes increase to the value of 103 nm
or x = 0 and 85 nm for x ≥ 0.1. As expected, the mean crystallite
ize increases with the increase in annealing temperature. It can
e further observed that the samples containing samarium present
rystallite sizes smaller than those of the unsubstituted calcium
anganites. Moreover, for the substituted calcium manganites

he samarium content does not influence the crystallite size
ecause the obtained Dh k l values are equal for the different phases
ynthesized at each synthesis temperature.

These values were further confirmed with the SEM images pre-
ented in Fig. 6. As it can be seen there is a significant difference
etween the grain size of the unsubstituted and substituted sam-
les. The CaMnO3 sample presents particles almost spherical in
hape and a size in the range 0.3–0.6 �m [26,27] for Ts = 1073 K and
–2 �m for Ts = 1473 K. For the substituted manganite samples the
orphology is quite similar but the particles size is much smaller

∼0.1 �m for Ts = 1073 K and 0.5−1 �m for Ts = 1473 K) than that of
he CaMnO3 particles and does not depend on the amount of samar-
um introduced in the phase. The reduction in particle size with the
ncrease in samarium content leads to an increase in surface area.

From the SEM micrographs of Fig. 6 it is also clear that with the
ncrease of the sintering temperature the grain size increases and

he grains become more densely packed, leading to a narrowing
f the grain boundary regions. Higher sintering temperatures are
xpected to yield larger crystallite sizes and reduce strain as com-
mpounds 509 (2011) 9617– 9626

pared to the small sized grains. Thus, this strain relaxation with
increasing grain size can lead to a reduction in the orthorhombic-
ity of the system as it is observed from the decrease on the Or

values with enhance of Ts presented in Table 1. Moreover, when
the grain size becomes larger, the grain-boundary effects will also
decrease because of the decrease of grain boundaries. Therefore,
the grain-boundary effect should increase from CaMnO3 samples to
Sm-substituted phases due to the increase of the width and amount
of grain boundaries.

Since all these samples were prepared at the same condi-
tions, it can be concluded that the difference in the crystallite and
grain sizes between unsubstituted and substituted samples results
mainly from the samarium influence on the grain growth. So, the
microstructure indicates that the grain growth decreases, as the
Ca is substituted by Sm in the CaMnO3 phase, which leads to an
increase of the number of open pores, i.e., porosity. The CaMnO3
phase becomes denser than the Sm-substituted phases and loses
porosity.

There are several factors that may  be responsible for the nano-
size of the resulting powders. In this study, the relatively low
formation temperature (1073 K) of Ca1−xSmxMnO3 phases as a
consequence of the synthesis method should be the greatest con-
tribution to the nanosize powders. In fact, since the reactants are
uniformly mixed in solution at atomic or molecular level dur-
ing combustion, the nucleation process can occur through the
rearrangement and short-distance diffusion of nearby atoms and
molecules. Moreover, the large volume of the gases developed dur-
ing the combustion reactions limits the inter-particle contact. i.e.,
the explosive nature of the combustion leads to the rapid evolution
of a large quantity of gaseous products which helps the disintegra-
tion of the ashes. Additionally, the combustion process rate is so
fast that there is not enough energy and time available for long dis-
tance diffusion of the atoms or molecules which would result in
crystallites growth. Consequently, the initial powders nanosize is
retained after the combustion reaction.

3.4. Fourier transform infrared spectroscopy

Fig. 7 shows the infrared spectra of nanocrystalline
Ca1−xSmxMnO3 (0.1 ≤ x ≤ 0.4) prepared at the synthesis tem-
peratures of 1073 and 1473 K. The near-ideal MnO6 octahedron
has the symmetry of the point group, which has six vibrating
modes, but only two of them are IR active, i.e., the B cations in
the octahedral site of the perovskite structure usually exhibit
two IR active modes. The band around 600 cm−1 corresponds
to the stretching mode, which involves the internal motion of
a change in length of the O–Mn–O or Mn–O bonds [31,32]. The
band around 400 cm−1 is due to the bending mode, which is
sensitive to O–Mn–O bond angle. These two bands are related to
the surrounding environment of the MnO6 octahedra. All spectra in
Fig. 7 exhibit both absorption bands, although they are less visible
for the synthesis temperature of 1473 K. This may  be related to the
electrical behaviour exhibited by the Ca1−xSmxMnO3 (0.1 ≤ x ≤ 0.4)
series since, according to Ganguly et al. [35], in compounds with
metallic character, may  arise decrease in the polarity of the Mn–O
bonds, as a result of electronic delocalization in these bonds
and, for very small values of electrical resistivity, a change can
occur or even the disappearance of the vibration modes of MnO6
octahedra.

From the spectra in Fig. 7 it can be further noticed that the com-
pounds containing samarium show a shift of the higher frequency
band from ∼570 to ∼585 cm−1 for both sintering temperatures.
s

reduction of the Mn4+ to Mn3+ ions in the samples with increasing
samarium content. It can also be detected that the lower frequency
band, corresponding to the bending mode, did not change.
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Fig. 6. Scanning electron micrographs of Ca1−xSmxMn

.5. High temperature resistivity measurements

The temperature dependence of electrical resistivity from
00 K up to 900 K for Ca1−xSmxMnO3 samples is depicted in
ig. 8. The analysis of this figure clearly shows that, for both
ynthesis temperatures, the partial substitution of calcium by
amarium rapidly lowers the electrical resistivity by several orders
f magnitude in comparison with CaMnO3. The huge differ-
nce in the electrical resistivity between the parent CaMnO3 and
a1−xSmxMnO3 (0.1 ≤ x ≤ 0.4) samples can be attributed to the
hanges of Mn4+/Mn3+ ratio. The pure compound CaMnO3 con-
ains only Mn4+ ions and has no eg electrons. By doping electrons
ith trivalent rare-earth ions, eg levels become occupied as the
n3+ ions are created. So the electron hopping between Mn3+ and
n4+ can be responsible for the relatively low electrical resistivity

xhibited by the substituted phases. The presence of an appreciable
oncentration of Mn3+ introduces a large number of charge carriers
electrons) and facilitates the movement of those charge carriers by
opping mechanism. Moreover, similar variation can be observed

n the room temperature resistivity (�300 K) values (Table 4 and
ig. 8), i.e., the substituted samples show � much smaller than
300 K
he unsubstituted phase.

Also, for the phases prepared at Ts = 1073 K, the electrical resis-
ivity decreases with increase in temperature, indicating that all

able 4
etal–insulator transition temperature (TMI), room temperature resistivity (�300 K), activa

x Mnx+ Ts = 1073 K 

�300 K (� cm)  Wr  Temperature range used
for obtaining Ea (K)

Ea (meV) 

0 4.0 5.453 1 300–600 51 

625–900  394
0.1  3.9 0.269 0.9853 300–900 102 

0.2  3.8 0.291 0.9658 300–900 104 

0.3  3.7 0.366 0.9497 300–900 116 

0.4  3.6 0.420 0.9285 300–900 130 
anganites: (a and c) TS = 1073 K; (b and d) TS = 1473 K.

the samples present a semiconducting nature, i.e., exhibit a classical
semiconducting behaviour with a negative temperature coefficient
of resistivity (d�/dT < 0) for the temperature range investigated.
Comparable results are reported by other authors for Ca1−xRxMnO3
system (R = Ho, Eu, 0 ≤ x ≤ 0.4) [26,27,30].

For Ts = 1473 K, the behaviour of the Sm-substituted phases is
much different. The �(T) curves show a metal–insulator transition
for all substituted phases (0.1 ≤ x ≤ 0.4) marked by the presence
of a broad peak in the resistivity curves since the signal of d�/dT
changes from negative to positive in the temperature range of
300–900 K. Above the transition temperature, TMI, the electrical
resistivity of Ca1−xSmxMnO3 (0.1 ≤ x ≤ 0.4) has a slight positive
temperature coefficient as evidenced in Fig. 8b revealing a metallic
behaviour. It can be observed that, with the increase in Sm content
TMI, determined from the inflection point, increases from 430 K for
x = 0.1 up to 629 K for x = 0.4 (see Fig. 8b and Table 4). The samples
with x = 0.4 and 0.3 show a slope change at the metal–insulator
transition, exhibiting a broad peak transition, while the phases
with x = 0.1 and 0.2 display a significantly smaller increase in the
resistivity upon cooling below the transition. However it is observ-
able a trend to reach a semimetallic state below 400–450 K. Thus,

it can be concluded that all substituted samples exhibit metal-
lic behaviour by cooling from 900 K reaching a temperature (that
depends on the substitution level) where the resistivity begins to

tion energie (Ea) and valence state of Mnx+ ions for Ca1−xSmxMnO3 (0 ≤ x ≤ 0.4).

Ts = 1473 K

�300 K(� cm)  Wr  TMI (K) Temperature range used
for obtaining Ea (K)

Ea (meV)

2.12 1 – 300–900 127

0.017 0.9850 430 300–430 36
0.017 0.9641 498 300–498 49
0.030 0.9492 618 300–618 69
0.090 0.9252 629 300–629 79
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affected by structural distortions, has been calculated from
ig. 7. Infrared spectra of Ca1−xSmxMnO3 (0 ≤ x ≤ 0.4) samples: (a) Ts = 1073 K and
b)  Ts = 1473 K.

ncrease. Below TMI the samples exhibit semiconductor behaviour.
he trends followed by the present data for the high temperature
esistivity of Ca1−xSmxMnO3, namely the observation of TMI, are
nalogous to previous reports on (Ln1−xCaxMnO3) (Ln = La, Nd, Ga,
b, Ho, Y) [36–39] and Ca1−xRxMnO3 system (R = Ce, Ho) [24,25].
hese manganites exhibit a metal–insulator transition at high tem-
erature which was explained by the energy band scheme for the
erovskite-type structure proposed by Goodenough [40]. Accord-

ngly the increase in Mn–O distance enhances the magnitude of the
lectrostatic field and consequently the transition temperature is
aised. In this work this variation is entirely observed with increas-
ng Mn–O distance. The Ca0.9Sm0.1MnO3 phase exhibits identical
ehaviour to the published recently by Wang et al. [16] for the
ame phase prepared by traditional solid-state reaction method
t 1623 K, although they have obtained a TMI value slightly lower
TMI = 365 K) than the one obtained in the present work. Below TMI
he samples present semiconductor behaviour; this is in agreement
ith the studies reported by other authors [13–15,17,18,41] for the

lectron-doped Ca1−xSmxMnO3 (x ≤ 0.4) samples for temperatures
ower than 300 K.
According to the literature [7,12,41–45] the MI  transition can be
ttributed to the charge-ordering phenomena (CO), i.e., the order-
ng of the Mn3+ and Mn4+ species over the manganese lattice. In
Fig. 8. Temperature dependence of the electrical resistivity for Ca1−xSmxMnO3

(0 ≤ x ≤ 0.4) prepared at (a) 1073 K and (b) 1473 K. The inset shows the � vs. T of
CaMnO3.

this case, the onset of the CO is coincident with an increase on the
electrical resistivity and is typical of many types of CO systems.

As mentioned before, for the electron-substituted samples
prepared at 1073 K it is observed the disappearance of the MI  tran-
sition. This can be due to the grain size variation as a consequence
of the difference in heat treatments of the samples where shorter
times and lower temperature were used. These shorter treatments
promote the short range ordering of the Mn3+ and Mn4+ species.
So, decreasing significantly the synthesis temperature this charge-
ordering phenomenon can disappear and also the MI  transition.

Moreover, the substituted samples show � values at room
temperature (�300 K) much smaller than those of the unsubsti-
tuted sample. It is known that the electrical conductivity depends
on the microstructure of the specimen and on the Mn4+/Mn3+

ratio. Consequently this change can be due to the increase in the
Mn3+concentration with calcium substitution which overcomes
the effect of the decrease in the grain size of the substituted sample.
On the other hand, the �300 K values slightly increase with Sm con-
tent. The highest electrical conductivity occurs for Ca0.6Sm0.4MnO3
sample and this can be justified by the decrease in the valence state
of Mn  with calcium substitution (from Mn3.9+ for x = 0.1 to Mn3.6+

for x = 0.4). The (�300 K) values obtained for the Sm-substituted sam-
ples prepared at Ts = 1473 K agree with the ones reported in the
literature for similar samples [15–18,41],  although slightly higher
values have been obtained for the room temperature resistivity.

For Ca1−xSmxMnO3 (0 ≤ x ≤ 0.4) with the same composition and
prepared at two distinct sintering temperatures the sensitivity of
electrical resistivity to grain boundaries is strong and it is nearly
one order of magnitude lower for samples synthesized at 1473 K
than for samples prepared at 1073 K.

The effective eg bandwidth W,  determined by the over-
lapping between Mn  3d and O 2p orbitals, which is strongly
XRD refinement data. For the orthorhombic perovskites,
within the tight-binding approximation, W is represented by
W ≈ cos[180◦ − 〈Mn–O–Mn〉]/2d3.5

Mn–O [46]. The values of relative
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andwidth Wr(= WCa1−xSmxMnO3 /WCaMnO3 ) are listed in Table 4.
a0.9Sm0.1MnO3 exhibits the maximum Wr  due to the small-
st 〈dMn–O〉 and moderate 〈Mn–O–Mn〉. Since the conduction is
overned by eg electrons, the enhancement of the effective eg

andwidth leads to a decrease on the system electrical resistivity.
herefore, one can find that the variation of �300 K with Sm3+ dop-
ng is approximately reverse to Wr;  Ca0.9Sm0.1MnO3 exhibits the
owest resistivity, corresponding to its largest eg bandwidth. Addi-
ionally, the slight difference in bandwidth induced by structural
istortions gives rise to the different resistivities of the samples,
ven though they have almost equal electron carrier concentration.

In the present study was also found that the polycrystalline com-
ounds synthesized at 1473 K exhibit very low electrical resistivity
alues compared with the ones corresponding to the samples pre-
ared at 1073 K. This large variation in the electrical behaviour
ould be due to the different annealing treatments which induce
n important change in the crystallite and grain sizes, as evidenced
y SEM and the comparison of the Dh k l values (see Fig. 6). It can
e considered that the increase of � with the reduction of grain
ize is mainly related to the increase of both the height and width
f tunneling barriers. Evidently, with the grain size decreasing
he number of pores and consequently, the porosity increase. The
ncrease of � with the grain size decrease is a result of carriers
ampling and more grain boundary material. The large volume of
rain boundary material produces a greater electrical conductiv-
ty change. In these cases, the influence on the electrical transport
roperties of the mixed valence manganese ions is less impor-
ant. In fact, it was found [47–49] that for fine-particle perovskite

anganites, an increase in resistivity occurs as the particle size
ecreases and the grain boundary contribution increases due to
he broken Mn–O–Mn bonds at the surface of the smaller particles
hat impede the conduction. This is a typical behaviour in the case
f nanoparticles of the manganite system [47,50].

In addition, it is well known that the mechanism of electrical
onduction in (Ca,R)MnO3 (R = Ce, Ho, Eu, Sm) is by hopping of
olarons [12,16,24–27,30]. For conduction to occur, Mn3+and Mn4+

hould be the nearest neighbours and the electron jumps from Mn3+

o Mn4+must be via O2− (i.e. Mn3+–O–Mn4+ bonding). As a conse-
uence the activation energy of total conduction can be evaluated
sing the Arrhenius equation

 =
(

A

T

)
exp

(−Ea

kT

)
(1)

here � is the conductivity, A the pre-exponential factor, k the
oltzmann’s constant, T the absolute temperature and Ea the acti-
ation energy of conduction. Using Eq. (1) the activation energy
f conduction values were estimated from the slope of the linear
ortion of log(�T) vs. 1/T  (see Fig. 9) and are shown in Table 4.
he activation energies obtained for Ca1−xSmxMnO3−ı (0 ≤ x ≤ 0.4)
eries are fairly low and for substituted samples increase monotoni-
ally with Sm content (Table 3) for both sintering temperatures. The
ubstitution of Ca2+for Sm3+ leads to a higher Mn3+ content and, as

 consequence, the lowering of the energy barrier for polaron hop-
ing, which lowers the activation energy for conduction from x = 0
o 0.1 ≤ x ≤ 0.4. As mentioned earlier [20,51], some authors verified
hat the activation energy values increase with decreasing grain
ize. In fact, increasing grain size the interconnectivity between
rains increases, which enhances the possibility of conduction elec-
rons to hop to the neighboring sites, thereby decreasing the Ea
alue. Furthermore, for the Sm-substituted samples the activa-
ion energy increases slightly with samarium content, which can
e linked to the increase of structural distortions, owing to the
nhancement of energy barrier for polaron hopping.
Fig. 9. Plot of log(�T) vs. 1000/T for Ca1−xSmxMnO3 (0 ≤ x ≤ 0.4) prepared at (a)
1073 K and (b) 1473 K. The inset shows the � vs. T of CaMnO3.

4. Conclusions

Nanopowders of CaMnO3 and Sm-substituted (Ca,Sm)MnO3
with different samarium content were prepared by Pechini method,
via auto-combustion, at low temperature (1073 K) and shorter
heating treatments when compared to the conventional ceramic
route. The process was  reproducible for the generation of powder
particles with nearly uniform shape, size and composition. XRD
and SEM analyses of calcined powders confirmed the nanometric
size and phase purity. By changing the sintering temperature, it
was possible to change the growth of grain size. However, it was
revealed that the samarium content has no effect on grain growth.
The determination of the Mn–O–Mn bond angles and Mn–O bond
lengths for the samples with different particle sizes, from Rietveld
analysis, enabled to explain such contrasting behaviour.

Infrared spectroscopy revealed that both unsubstituted and Sm-
substituted calcium manganites show two IR active vibrational
modes near 400 and 600 cm−1 corresponding to the O–Mn–O bend-
ing and Mn–O stretching mode. The profile bands are slightly
influenced by the sintering temperature and the differences may be
related to the electrical behaviour exhibited by the Ca1−xSmxMnO3
(0.1 ≤ x ≤ 0.4) series.

Concerning the electrical transport properties of partially sub-
stituted CaMnO3-based perovskite-type oxides all samples for
Ts = 1073 K exhibit a semiconducting nature and the substitution of
Ca2+ by Sm3+ causes a marked increase in the electrical conductiv-
ity when compared with CaMnO3. This tendency can be attributed,
at least partly, to an increase on the carrier concentration caused by

the substitution effect of the higher valence cations, which induces
changes in the Mn3+ to Mn4+ ratio.

For Ts = 1473 K the samples show much lower electrical resis-
tivity values and, for Sm containing samples, a MI  transition
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emperature was  observed. By decreasing the grain size the elec-
rical resistivity increases and the MI  transition disappears.

Moreover, the A-site substitution systematically studied in this
ork has brought out the importance of the carrier density (n)

nd structural effects, quantified by the average Mn–O bond length
〈Mn–O〉) and the average Mn–O–Mn bond angle, in controlling the
hysical properties of the manganites.
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