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bstract

he spin dynamics and thermodynamic properties of micro- and nanostructured lanthanum manganites La0.67Ca0.33Mn1−xMexO3 (Me = Al;
= 0–0.05) have been studied in order to evidence new features related to the effect of different compositional variables on the thermodynamic
nd magnetic behaviour. By electron paramagnetic resonance (EPR) spectroscopy, the influence of the grain size and the Mn substitution effects
n the spin dynamics were investigated. A solid state electrochemical method was used to obtain the relative partial molar free energies, enthalpies

nd entropies of oxygen dissolution in the perovskite phase, as well as the equilibrium partial pressures of oxygen. The influence of the oxygen
toichiometry change on the thermodynamic properties has been investigated. The results were correlated with the average Mn valence values as
etermined by redox titration. In this paper an alternative method is proposed to estimate the contribution made by oxygen vacancies in balancing
he local charge in CMR manganites.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The perovskite-type compounds based on substituted lan-
hanum manganites are receiving considerable attention due to
heir wide-ranging electrical, magnetic and catalytic properties.
o investigate and to improve these properties, a great amount of
ork was performed involving the preparation, structural stud-

es, and physical properties and their relationships. However,
here has been only limited information on the thermodynamic
ehaviour of the colossal magnetoresistive (CMR) manganites,
s well as on the correlation existing between the magnetic and
hermodynamic characteristics. The properties of the rare-earth
anganites are strongly affected by the A- and B-site substitu-

ion and by the oxygen nonstoichiometry. Despite the exhaustive
tudy of the effects of the rare-earth replacement in these man-

anites, the influence of the substitution at Mn sites with closed-
hell ions, as well as the dependence of the magnetotransport
roperties on the oxygen stoichiometry change are much less

∗ Corresponding author. Tel.: +40 21 3167912; fax: +40 21 3121147.
E-mail address: stanasescu@chimfiz.icf.ro (S. Tanasescu).
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roperties

nvestigated.1–4 At the same time, the properties of CMR mate-
ials depend on the size scale and the modifications of these
roperties connected with the nanocrystalline state could have
mportant consequences for applications. Due to the progress
n methods for experimental analysis of the distribution of ele-

ents at interfaces, some information has been accumulated on
he chemical stabilities and properties of micro and nanostruc-
ured magnetoresistive compounds. However, the fundamental
nderstanding was limited to rather simple cases. Such analy-
es need the thermodynamic data, because the driving forces for
hemical reactions and diffusion can be given properly in terms
f thermodynamic properties. This constitutes a considerable
eld of investigation, which is starting to be explored for both
asic and applicative purposes.5–9

In this study, the spin dynamics and thermodynamic proper-
ies of the micro and nanostructured La0.67Ca0.33Mn1−xAlxO3
x = 0–0.05) lanthanum manganites were investigated. By means
f electron paramagnetic resonance (EPR) spectroscopy, the

ffects of Mn substitution with diamagnetic ions (Al) on the spin
ynamics were studied over a wide temperature range (−123 to
85 ◦C). Particular attention is devoted to the discussion con-
erning the influence of the grain size reduction on the exchange

mailto:stanasescu@chimfiz.icf.ro
dx.doi.org/10.1016/j.jeurceramsoc.2006.02.020
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are reduced when x increases, showing a general weakening of
double exchange (DE) mechanism upon doping. According to
the results obtained in previous studies,3,14,15 the characteris-
tic features of the EPR integral intensity and the linewidth in

Table 1
Critical temperature TC, Curie–Weiss temperature θ, exchange coupling integral
J between Mn spins and the polaron activation energy Ea in the paramagnetic
regime of microstructured La0.67Ca0.33 Mn1−xAlxO3

Sample x TC (K) θ (K) J (K) Ea �H0
006 S. Tanasescu et al. / Journal of the Euro

oupling integral between Mn spins and the polaron activation
nergy.

The solid-oxide electrolyte galvanic cells method has been
mployed in order to obtain the thermodynamic properties
epresented by the partial molar free energies, enthalpies and
ntropies of oxygen dissolution in the perovskite phase, as well
s the partial pressures of oxygen. The variation of the thermody-
amic data with the oxygen stoichiometry change was examined
y use of a coulometric titration technique coupled with EMF
easurements. The results are correlated with the average Mn

alence values as determined by redox titration. In this paper
n alternative method is proposed to estimate the contribution
ade by oxygen vacancies in balancing the local charge in the
agnetoresistive samples. The method consists of correlating

he results obtained from EMF and solid-state coulometric titra-
ion experiments with the ratio of manganese ions calculated
rom redox titration measurements. The effect of different com-
ositional variables (grain size, dopants, oxygen stoichiometry
hange) is discussed in relation to the variation of the predomi-
ant defects in the perovskite-structure.

. Experimental

.1. Synthesis

The substituted lanthanum manganites of general formula
a0.67Ca0.33Mn1−xAlxO3 (x = 0–0.05) were prepared by two
ethods:

(a) Sol–gel route with diethylene-triaminepentaacetic acid
(H5DTPA) as gelling agent. The powders were sintered
at 650 ◦C for 48 h. The mean grain sizes estimated from
SEM images were found to be of 90 nm. A number of 34-35
nano-crystallites/grain was determined, the dimensions of
the nano-crystallites being in the 10 nm–45 nm range.

b) Conventional solid-state reactions and sintering at 1200 ◦C
for 10 h.

The X-ray diffraction patterns of the doped lanthanum man-
anites were all identified as belonging to the orthorhombic
erovskite-type structure.

.2. Measurements

The transition temperature TC was obtained from a.c. mag-
etic susceptibility curves.3,10 X-band EPR investigations were
arried out in the temperature range −125 to 285 ◦C. In order to
valuate the EPR parameters, the derivative spectra were fitted
ith a Lorenzian lineshape, the fit parameters being the half-
idth at half-height, �H1/2, of the corresponding absorption line

nd the resonance field, H0. Since the sample size effects due
o magnetic losses affect the spectrum, we have used a small
mount of powdered material m = 0.5 mg for each sample.
The solid-oxide electrolyte galvanic cell method was
mployed to obtain the thermodynamic properties of the sam-
les. The design of the apparatus, as well as the theoretical and
xperimental considerations related to the applied method, are

L
L
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escribed elsewhere.11 As we showed in previous papers,11,12

he thermodynamic stability limits of the lanthanum manganites
re conveniently situated within the range of oxygen chemical
otentials that can be measured using galvanic cells of the type:

-)Fe,wüstite/ZrO2(Y2O3)/ABO3(+) (1)

here for simplicity, we denote ABO3 as a lanthanum
erovskite-type oxide.

The measurements were performed in vacuum at a residual
as pressure of 10−5 Pa. The electromotive force was measured
ith a Keithley 197 microvoltmeter at 50◦C intervals between
00 and 1000 ◦C, each time waiting until equilibrium values
re recorded. By solid-state coulometric titration11 the precise
hange of the oxygen stoichiometry was obtained. The titra-
ion was performed at 850 ◦C using a Bi-PAD type Tacussel
otentiostat. After the titration and equilibration, by changing

he temperature under the open-circuit condition, the variation
f EMF with temperature was again recorded.

For determining the manganese concentration and the aver-
ge oxidation state in mixed-valence La-Mn perovskites, a redox
itration method previously proposed by Licci et al.13 was used.
he method is based on two independent iodometric titrations,
arried out under controlled conditions, which make it possible
o separately determine both, the total amount of Mn and the
quivalent Mn charge in the same fraction of material.

. Results and discussion

.1. Influence of doping on the EPR data

The behaviour of two EPR parameters, integral intensity
IEPR) and linewidth (�H1/2), was investigated in order to
vidence the doping influence on both the exchange cou-
ling integral (J) between Mn spins and the polaron activa-
ion energy (Ea). In the paramagnetic regime the EPR spec-
ra for all investigated samples consists of a single line with
≈ 1.99. At high temperatures, the EPR integral intensity fol-

ows a ferromagnetic Curie–Weiss (CW) temperature depen-
ence IEPR(T) = C/(T − θ), arising from the ferromagnetic cou-
ling of the Mn4+ and Mn3+ subsystems. From the linear
ehaviour of 1/IEPR as function of temperature, the CW temper-
tures θ given in Table 1 were obtained.3 The TC and θ values
(meV) (G)

a0.67Ca0.33MnO3 0 263 339 116 120 24
a0.67Ca0.33Mn1−xAlxO3 0.01 217 318 93 109 111

0.05 189 249 73 98 133
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the ∆ḠO2 values are higher for the lanthanum manganite with
Al at the B-site dopant compared with the values obtained for
the Ca-doped compound, suggesting a higher concentration of
oxygen vacancies in the Al-doped compound. At the same devi-
S. Tanasescu et al. / Journal of the Euro

MR manganites could be caused by spin-lattice relaxation of
he entire exchange-coupled Mn3+–Mn4+ spin system under the
ondition of a strong relaxation bottleneck. In this scenario, IEPR
s proportional to the total susceptibility χtotal of Mn3+ and Mn4+

pins

EPR ∝ χtotal = χS + χσ (2)

here χS and χ� are the renormalized static susceptibilities of
he Mn4+ and Mn3+ spin systems, respectively. By fitting Eq. (2)
o the IEPR * T data we can get an estimate of J (Table 1). For
he La2/3Ca1/3MnO3 sample, the value of J is of the same order
f magnitude as the values obtained for La0.8Ca0.2Mn16O3+�,15

a0.8Ca0.2Mn18O3+�,15 and Pr0.6Ca0.4MnO3
16 from EPR mea-

urements by using the bottleneck scenario. As one can see, the
ffect of Al doping is to perturb DE coupling between Mn4+ and
n3+ ions, causing a severe decrease in J.3

The temperature dependent part of the linewidth could arise
rom a thermally activated process involving the adiabatic hop-
ing of small polarons.3,15 In this case, �H1/2 can be expressed
y 15

H1/2(T ) = δH0 + BT−1 exp

(−Ea

kBT

)
(3)

here Ea and �H0 are the polaron activation energy and the
esidual linewidth, respectively.

The resulting values of the polaron activation energy, Ea, for
he investigated samples are summarized in Table 1. One can
ee that Ea decreases with increasing doping level x. The substi-
ution of Mn with diamagnetic ions produces changes in Mn–O
istance.1 Due to the linear relationship between the Mn–O dis-
ortion and the Mn3+ content, one could expect to find in our
amples a strong dependence of the Ea values on the Mn3+/Mn4+

atio.17 The Mn valence is in turn a function not only of the
omposition but equally importantly the thermal history of the
hase. Consequently, an understanding of the high temperature
efect chemistry of the phases is vital, if an understanding of
he low temperature electronic and magnetic properties is to be
chieved.

.2. The effect of oxygen stoichiometry

In order to obtain further insight into physical mechanisms
ontrolling the magnetoresistive properties of the lanthanum
anganites, investigations from a thermodynamic point of view

re very important. Moreover, few experimental data are avail-
ble in the literature.

Emphasizing the role of charge ordering in explaining the
agnetotransport properties of the manganites, Jonker and van
anten18 considered that the local charge in the doped mangan-

tes is balanced by the conversion of Mn valence between Mn3+

nd Mn4+ and the creation of oxygen vacancies, as well. Con-
equently, the proposed ionic structure of La1−xAxMnO3−δ is

a3+

1−xA2+
x Mn3+

1−x+2δMn4+
x−2δO2−

3−δV
0
δ , where V 0

δ stands for the
raction of oxygen vacancies.

As discussed previously,18 the CMR properties may entirely
e determined by the valence conversion between Mn3+ and

F
(
L
(
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n4+. Thus, the creation of oxygen vacancies could reduce
he double exchange effect, resulting in a decrease in the
MR effect. In practice, however, quantifying of oxygen vacan-
ies is a challenge to existing microscopy and spectroscopy
echniques.19

In this paper an alternative method is proposed to estimate
he contribution made by oxygen vacancies in balancing the
ocal charge in the microstructured La0.67Ca0.33Mn1−xAlxO3−�

x = 0; 0.05) samples. The method consists of correlating the
esults obtained from EMF and solid-state coulometric titration
xperiments with the ratio of manganese ions calculated from
edox titration measurements.

The free energy change of the cell (1) is given by the expres-
ion:

Gcell = µO2 − µO2(ref) = 4FE (4)

here E is the steady state EMF of the cell in volts; µO2 , µO2(ref)

re, respectively, the oxygen chemical potentials of the sam-
le and the reference electrode and F is the Faraday constant
F = 96.508 kJ/V equiv.). By using the experimental values of
he electromotive force of the cell and knowing the free energy
hange of the reference electrode,20–22 the values of the rel-
tive partial molar free energy of the solution of oxygen in
he perovskite phase, the relative partial molar enthalpies and
ntropies, and the partial pressures of oxygen were calculated
ccording to the known relationships.11 The variation of the ther-
odynamic data was analysed at the same stoichiometry change
δ = 0.02. Thus, the effect of the oxygen stoichiometry can be

orrelated with the influence of the B-site dopant. In Fig. 1,
wo sets of data obtained before and after the isothermal titra-
ion experiments are plotted. The ∆ḠO2 values are decreasing
fter titration for both the samples. It is interesting to note that
ig. 1. The variations of �ḠO2 with temperature before and after titration
�δ = 0.02) for microstructured La0.67Ca0.33Mn1−xAlxO3 (x = 0; 0.05). (�)
a0.67Ca0.33MnO3 (�) La0.67Ca0.33Mn0.95Al0.05O3 (�) La0.67Ca0.33MnO3−�

�) La0.67Ca0.33Mn0.95Al0.05O3−�.
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Fig. 2. �H̄O2 and �S̄O2 as a function of oxygen nonstoichiome-
try and the Mn4+ content for microstructured La0.67Ca0.33Mn1−yAlyO3

(y = 0; 0.05). (�) La0.67Ca0.33MnO3−� (�) La0.67Ca0.33MnO3−δ (�)
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Table 2
Comparison of the transition temperature TC, Curie–Weiss temperature θ,
exchange coupling integral J between Mn spins, polaron activation energy Ea

and residual line width �H0 in the paramagnetic regime of micro- and nanosized
La0.67Ca0.33MnO3-� manganites

Sample TC (K) θ (K) J (K) Ea (meV) �H0 (G)

La0.67Ca0.33MnO3−δ

(microstructure)
245 306 87 104 42

La0.67Ca0.33MnO3−δ 201 271 39 83 70
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a0.67Ca0.33Mn0.95Al0.05O3−δ (©) La0.67Ca0.33Mn0.95Al0.05O3−δ.

tion of the oxygen stoichiometry (�δ = 0.02), the energy values
ncrease with temperature. Regarding the changes of �H̄O2 and
S̄O2 (Fig. 2), one can observe that for La0.67Ca0.33MnO3 com-

ound, both the variations of enthalpy and entropy decrease
ith the stoichiometry change. Instead, for the Al-doped man-
anite, higher values of �S̄O2 are obtained after titration. This
nding can be explained by the relative redox stability of the
3+ ions which seems to modify (at the same A-site compo-

ition) both the mobility and the concentration of the oxygen
acancies. The data are tentatively interpreted as indicating an
ncrease of order in the oxygen sublattice with the change in the
toichiometry.

The mean valence states of Mn were determined using redox
itration. From the Mn4+ content of the samples (Fig. 2), one
an see that the starting microstructured compounds are nearly
toichiometric. The values of Mn4+ obtained after the variation
f oxygen stoichiometry with �δ = 0.02, attest the decrease of
he Mn4+ concentration and the increase of the charge due to the
xygen vacancies. Thus, in the case of La0.67Ca0.33MnO3−δ, the
harge introduced by Mn valence conversion is (x − 2δ) = 0.29+

nd the charge due to the oxygen vacancy is 2δ = 0.04−, which
eans that 88% of the residual charge introduced by Ca dop-

ng is balanced by the conversion of Mn3+ to Mn4+ and 12%
y oxygen vacancies. However, the substitution of Al for Mn
eads to oxidation, from Mn3+ to Mn4+, resulting in a higher
oncentration of Mn4+ (Fig. 2). This result together with the
PR data suggests that the mixed-valence perovskites exhibit
critical dependence of properties on the oxygen stoichiome-

ry. It can be concluded that the remarkable behaviour of the Al
ubstituted samples could be explained not only qualitatively by
he structural changes upon doping, but also by the fact that the
ouble exchange energy is extremely sensitive to the chemical
efects in oxygen sites. This is also confirmed by the observa-

ions of Abdelmoula and coworkers,23 who reported a decrease
f the transition temperature TC and of the exchange energy
s δ increases in the nonstoichiometric substituted lanthanum
anganites.

s

e
w

(nanostructure)

.3. The effects of the grain size on the spin dynamics and
hermodynamic data

The effects of the grain size reduction on the spin dynamics in
he paramagnetic regime of nanostructured La0.67Ca0.33MnO3
ould be also discussed in terms of the bottlenecked spin-
elaxation scenario.10 The results obtained for the nanostruc-
ured sample are presented in Table 2, together with the data
btained for La0.67Ca0.33MnO3 samples with micrometer-scale-
ize grains. As one can see, the effect of decreasing grain size
s to perturb the DE coupling between Mn4+ and Mn3+ ions,
ausing a reduction in J.

The dilution of J could be expected to result from the struc-
ural changes and the contribution of the inner core and outer sur-
ace layers.10 Thus, one can imagine that the observed decrease
f J could be partially attributed to both the increase of the Mn–O
ond and the decrease of the Mn–O–Mn bond angles due to the
hange in the annealing temperature. More likely, the increased
nfluence of the outer layer as the grain size decreases is mainly
esponsible for the degradation of the DE interaction. Due to the
resence of a large strain and a great number of oxygen vacan-
ies, dangling bonds, etc. in the surfaces, the spins are heavily
isordered resulting in a magnetically disordered state. It could
ean that the exchange coupling between Mn spins in the sur-

aces is much weaker than that in the inner core.24 Since the
urface of the smaller grains occupies a greater volume fraction,
he magnetic interaction between Mn3+ and Mn4+ ions in the
maller grains is influenced more by the surface layer, explain-
ng the decreasing of the DE effect in the surfaces at reduced
rain sizes.

Fig. 3 presents comparative results for the �ḠO2 variations
ith the temperature for the Al-doped lanthanum manganites
repared by solid state reactions and sol–gel method. Between
00 and 850 ◦C, enhanced values of �ḠO2 were systematically
ound for the nanocrystalline specimen. Instead, at 950 and
000 ◦C, the energy values of the nano- and microcrystalline
amples are closest, suggesting an increase in the nano-grains
ize with temperature. This trend infers that for compounds
ith the same composition, but obtained by different meth-
ds (sol–gel method and solid state reactions, respectively) the
ariations of the thermodynamic data can be explained as a con-
equence of the grain-size dependent properties.
Considering the partial pressure of oxygen as a key param-
ter for the thermodynamic characterisation of the materials,
e investigated the variation of the log pO2 data with the stoi-
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ig. 3. The temperature dependence of �ḠO2 values for micro and nanostruc-
ured La0.67Ca0.33Mn0.95Al0.05O3 samples. (�) Microstructure; (�) nanostruc-
ure.

hiometry change (�δ = 0.02) of the nano and microstructured
a0.67Ca0.33Mn0.95Al0.05O3 samples (Fig. 4). While, before

itration, at 950 and 1000 ◦C, the log pO2 values of the nano-
nd microcrystalline samples are closest, after titration they are
ound to have distinctly different values; the corresponding log
O2 values obtained for the stoichiometry change �δ = 0.02,
eing markedly enhanced in nanocrystalline solids.

Regarding the partial molar heats and the partial molar entro-
ies of solution obtained after titration for the microstructured
a0.67Ca0.33Mn0.95Al0.05O3−δ sample (�H̄O2 = −487.2 ±
.8kJ mol−1; �S̄O2 = −0.200 ± 0.017kJ mol−1 K−1), they
re comparatively higher than those of the nanostructured
anthanum manganite with the same composition (�H̄O2 =
595.7 ± 8.2kJ mol−1; �S̄O2 = −0.304 ± 0.006kJ mol−1

−1). The decrease of �H̄O2 and �S̄O2 values in the nanos-
ructured samples suggest the increase of the binding energy
f oxygen and an increase of order in the oxygen sublattice

ig. 4. The variation of log �pO2 with temperature and oxygen stoichiome-
ry change for micro- and nanostructured La0.67Ca0.33Mn0.95Al0.05O3 samples.
�) Microstructure, before titration (�) nanostructure, before titration (�)
icrostructure, after titration (©) nanostructure, after titration.

1

1
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f the perovskite-type structure. The data obtained for the
anocrystalline ceramics can be discussed only in relation to
he significant changes in the overall defect concentration,
uggesting a reduced energy of oxygen vacancy formation. At
he same time, the results show that the deviations from oxygen
toichiometry could significantly improve the oxygen storage
apacity of nanocrystalline oxides.

. Conclusions

In this study new features related to the effect of differ-
nt compositional variables (the dopants, grain size, oxygen
toichiometry change) on the thermodynamic and magnetic
roperties of some CMR manganites are evidenced. Bearing
n mind the role of charge ordering and of the defects chemistry
n explaining their magnetic and thermodynamic behaviour, it
hould be possible to enhance the CMR properties of these mate-
ials by using a corresponding chemical route. The doping of

n sites with various foreign cations and the decrease of the
rain sizes proved to be efficient methods in obtaining variation
f the CMR effects. However, further systematic investigations
re necessary, as the preparation method should be carefully
ontrolled in order to obtain samples with the desired magneto-
ransport properties.
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