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Abstract

The spin dynamics and thermodynamic properties of micro- and nanostructured lanthanum manganites Laj¢;Cag33Mn;_Me, O3 (Me=Al;
x=0-0.05) have been studied in order to evidence new features related to the effect of different compositional variables on the thermodynamic
and magnetic behaviour. By electron paramagnetic resonance (EPR) spectroscopy, the influence of the grain size and the Mn substitution effects
on the spin dynamics were investigated. A solid state electrochemical method was used to obtain the relative partial molar free energies, enthalpies
and entropies of oxygen dissolution in the perovskite phase, as well as the equilibrium partial pressures of oxygen. The influence of the oxygen
stoichiometry change on the thermodynamic properties has been investigated. The results were correlated with the average Mn valence values as
determined by redox titration. In this paper an alternative method is proposed to estimate the contribution made by oxygen vacancies in balancing

the local charge in CMR manganites.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The perovskite-type compounds based on substituted lan-
thanum manganites are receiving considerable attention due to
their wide-ranging electrical, magnetic and catalytic properties.
To investigate and to improve these properties, a great amount of
work was performed involving the preparation, structural stud-
ies, and physical properties and their relationships. However,
there has been only limited information on the thermodynamic
behaviour of the colossal magnetoresistive (CMR) manganites,
as well as on the correlation existing between the magnetic and
thermodynamic characteristics. The properties of the rare-earth
manganites are strongly affected by the A- and B-site substitu-
tion and by the oxygen nonstoichiometry. Despite the exhaustive
study of the effects of the rare-earth replacement in these man-
ganites, the influence of the substitution at Mn sites with closed-
shell ions, as well as the dependence of the magnetotransport
properties on the oxygen stoichiometry change are much less
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investigated.' At the same time, the properties of CMR mate-
rials depend on the size scale and the modifications of these
properties connected with the nanocrystalline state could have
important consequences for applications. Due to the progress
in methods for experimental analysis of the distribution of ele-
ments at interfaces, some information has been accumulated on
the chemical stabilities and properties of micro and nanostruc-
tured magnetoresistive compounds. However, the fundamental
understanding was limited to rather simple cases. Such analy-
ses need the thermodynamic data, because the driving forces for
chemical reactions and diffusion can be given properly in terms
of thermodynamic properties. This constitutes a considerable
field of investigation, which is starting to be explored for both
basic and applicative purposes.’ ™

In this study, the spin dynamics and thermodynamic proper-
ties of the micro and nanostructured Lag ¢7Cag 33Mn;_,AL.Oj3
(x=0-0.05) lanthanum manganites were investigated. By means
of electron paramagnetic resonance (EPR) spectroscopy, the
effects of Mn substitution with diamagnetic ions (Al) on the spin
dynamics were studied over a wide temperature range (—123 to
285 °C). Particular attention is devoted to the discussion con-
cerning the influence of the grain size reduction on the exchange
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coupling integral between Mn spins and the polaron activation
energy.

The solid-oxide electrolyte galvanic cells method has been
employed in order to obtain the thermodynamic properties
represented by the partial molar free energies, enthalpies and
entropies of oxygen dissolution in the perovskite phase, as well
as the partial pressures of oxygen. The variation of the thermody-
namic data with the oxygen stoichiometry change was examined
by use of a coulometric titration technique coupled with EMF
measurements. The results are correlated with the average Mn
valence values as determined by redox titration. In this paper
an alternative method is proposed to estimate the contribution
made by oxygen vacancies in balancing the local charge in the
magnetoresistive samples. The method consists of correlating
the results obtained from EMF and solid-state coulometric titra-
tion experiments with the ratio of manganese ions calculated
from redox titration measurements. The effect of different com-
positional variables (grain size, dopants, oxygen stoichiometry
change) is discussed in relation to the variation of the predomi-
nant defects in the perovskite-structure.

2. Experimental
2.1. Synthesis

The substituted lanthanum manganites of general formula
Lag67Cap33Mn;_,Al,O3 (x=0-0.05) were prepared by two
methods:

(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-
ganites were all identified as belonging to the orthorhombic
perovskite-type structure.

2.2. Measurements

The transition temperature 7c was obtained from a.c. mag-
netic susceptibility curves.®!? X-band EPR investigations were
carried out in the temperature range —125 to 285 °C. In order to
evaluate the EPR parameters, the derivative spectra were fitted
with a Lorenzian lineshape, the fit parameters being the half-
width at half-height, 8H1,, of the corresponding absorption line
and the resonance field, Hy. Since the sample size effects due
to magnetic losses affect the spectrum, we have used a small
amount of powdered material m =0.5 mg for each sample.

The solid-oxide electrolyte galvanic cell method was
employed to obtain the thermodynamic properties of the sam-
ples. The design of the apparatus, as well as the theoretical and
experimental considerations related to the applied method, are

described elsewhere.!! As we showed in previous papers,'-1?

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

(-)Fe,wiistite/ZrO,(Y203)/ABO3(+) N

where for simplicity, we denote ABOj3 as a lanthanum
perovskite-type oxide.

The measurements were performed in vacuum at a residual
gas pressure of 107 Pa. The electromotive force was measured
with a Keithley 197 microvoltmeter at 50°C intervals between
600 and 1000 °C, each time waiting until equilibrium values
are recorded. By solid-state coulometric titration'! the precise
change of the oxygen stoichiometry was obtained. The titra-
tion was performed at 850 °C using a Bi-PAD type Tacussel
Potentiostat. After the titration and equilibration, by changing
the temperature under the open-circuit condition, the variation
of EMF with temperature was again recorded.

For determining the manganese concentration and the aver-
age oxidation state in mixed-valence La-Mn perovskites, a redox
titration method previously proposed by Licci et al.!® was used.
The method is based on two independent iodometric titrations,
carried out under controlled conditions, which make it possible
to separately determine both, the total amount of Mn and the
equivalent Mn charge in the same fraction of material.

3. Results and discussion
3.1. Influence of doping on the EPR data

The behaviour of two EPR parameters, integral intensity
(Igpr) and linewidth (8H{;), was investigated in order to
evidence the doping influence on both the exchange cou-
pling integral (J) between Mn spins and the polaron activa-
tion energy (E,). In the paramagnetic regime the EPR spec-
tra for all investigated samples consists of a single line with
g~ 1.99. At high temperatures, the EPR integral intensity fol-
lows a ferromagnetic Curie—Weiss (CW) temperature depen-
dence Igpr(7T) = C/(T — 6), arising from the ferromagnetic cou-
pling of the Mn** and Mn?** subsystems. From the linear
behaviour of 1/IgpR as function of temperature, the CW temper-
atures 6 given in Table 1 were obtained.’ The Tc and 6 values
are reduced when x increases, showing a general weakening of
double exchange (DE) mechanism upon doping. According to
the results obtained in previous studies,> 1415 the characteris-
tic features of the EPR integral intensity and the linewidth in

Table 1

Critical temperature Tc, Curie—Weiss temperature 6, exchange coupling integral
J between Mn spins and the polaron activation energy E, in the paramagnetic
regime of microstructured Lag 67Cag 33 Mn;_,Al,O3

Sample X Tc (K) 6(K) J(K) E, dH
(meV) (G

La0'67ca0‘33MnO3 0 263 339 116 120 24
Lage7Cap33Mn;_,AlL,O3 0.01 217 318 93 109 111
0.05 189 249 73 98 133
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CMR manganites could be caused by spin-lattice relaxation of
the entire exchange-coupled Mn**—Mn** spin system under the
condition of a strong relaxation bottleneck. In this scenario, Igpr
is proportional to the total susceptibility xioal 0f Mn>* and Mn**
spins

TEPR X Xtotal = XS + Xo ()

where xs and x, are the renormalized static susceptibilities of
the Mn** and Mn3* spin systems, respectively. By fitting Eq. (2)
to the Igpr * T data we can get an estimate of J (Table 1). For
the Lay/3Cay3MnO3 sample, the value of J is of the same order
of magnitude as the values obtained for LaggCapoMn'®03,5,1
LaolgCaO,gMnlgOg,Lg,lS and Prg ¢Cap4MnO3 16 from EPR mea-
surements by using the bottleneck scenario. As one can see, the
effect of Al doping is to perturb DE coupling between Mn** and
Mn3* ions, causing a severe decrease in J.3

The temperature dependent part of the linewidth could arise
from a thermally activated process involving the adiabatic hop-
ping of small polarons.>!3 In this case, 3H1/, can be expressed
by 15

—E
BHUﬂT):8H0+BTHmp<k ;) 3)
B

where E, and 3Hj are the polaron activation energy and the
residual linewidth, respectively.

The resulting values of the polaron activation energy, E,, for
the investigated samples are summarized in Table 1. One can
see that E, decreases with increasing doping level x. The substi-
tution of Mn with diamagnetic ions produces changes in Mn—-O
distance.! Due to the linear relationship between the Mn—O dis-
tortion and the Mn3* content, one could expect to find in our
samples a strong dependence of the E, values on the Mn>*/Mn**
ratio.!” The Mn valence is in turn a function not only of the
composition but equally importantly the thermal history of the
phase. Consequently, an understanding of the high temperature
defect chemistry of the phases is vital, if an understanding of
the low temperature electronic and magnetic properties is to be
achieved.

3.2. The effect of oxygen stoichiometry

In order to obtain further insight into physical mechanisms
controlling the magnetoresistive properties of the lanthanum
manganites, investigations from a thermodynamic point of view
are very important. Moreover, few experimental data are avail-
able in the literature.

Emphasizing the role of charge ordering in explaining the
magnetotransport properties of the manganites, Jonker and van
Santen'® considered that the local charge in the doped mangan-
ites is balanced by the conversion of Mn valence between Mn>*
and Mn** and the creation of oxygen vacancies, as well. Con-
sequently, the proposed ionic structure of La;_,A,MnO3_; is
La?txA,szn?J_rx +23Mnif250§:5 VY, where V stands for the
fraction of oxygen vacancies.

As discussed previously,'® the CMR properties may entirely
be determined by the valence conversion between Mn>* and

Mn**. Thus, the creation of oxygen vacancies could reduce
the double exchange effect, resulting in a decrease in the
CMR effect. In practice, however, quantifying of oxygen vacan-
cies is a challenge to existing microscopy and spectroscopy
techniques.!”

In this paper an alternative method is proposed to estimate
the contribution made by oxygen vacancies in balancing the
local charge in the microstructured Lag ¢7Cap 33Mn|_,Al,O3_s
(x=0; 0.05) samples. The method consists of correlating the
results obtained from EMF and solid-state coulometric titration
experiments with the ratio of manganese ions calculated from
redox titration measurements.

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

AGcell = L0y = KOty = 4FE )

where E is the steady state EMF of the cell in volts; 10, , L0y
are, respectively, the oxygen chemical potentials of the sam-
ple and the reference electrode and F is the Faraday constant
(F=96.508kJ/V equiv.). By using the experimental values of
the electromotive force of the cell and knowing the free energy
change of the reference electrode,’® 2> the values of the rel-
ative partial molar free energy of the solution of oxygen in
the perovskite phase, the relative partial molar enthalpies and
entropies, and the partial pressures of oxygen were calculated
according to the known relationships.!! The variation of the ther-
modynamic data was analysed at the same stoichiometry change
A3§=0.02. Thus, the effect of the oxygen stoichiometry can be
correlated with the influence of the B-site dopant. In Fig. 1,
two sets of data obtained before and after the isothermal titra-
tion experiments are plotted. The AGo, values are decreasing
after titration for both the samples. It is interesting to note that
the AGo, 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-
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Fig. 1. The variations of AGo, with temperature before and after titration
(A§=0.02) for microstructured Lage7Cap3zMn;_,Al, O3 (x=0; 0.05). (A)
Lag 67Cag33MnO3 (M) Lag 67Ca0.33Mno.95Alo,0503 (A) Lage7Cap33Mn0O3_5
() Lag 67Cag.33Mnq,95Alp.0sO03—5.-
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Fig. 2. AHp, and ASp, as a function of oxygen nonstoichiome-
try and the Mn** content for microstructured Lag 67Ca 33Mn;_,Al,O3
(y=0; 0.05). (M) Lage7Cap33MnO3_5 (0) Lage7Cap33MnO3—5 (@)
Lag.67Cag.33Mno.95Alo.0s03—s (O) Lao.67Ca0.33Mno 95 Alo.0503-s-

ation of the oxygen stoichiometry (A§=0.02), the energy values
increase with temperature. Regarding the changes of A Ho,and
AS‘O2 (Fig. 2), one can observe that for Lag ¢7Cag 33MnO3 com-
pound, both the variations of enthalpy and entropy decrease
with the stoichiometry change. Instead, for the Al-doped man-
ganite, higher values of ASo, are obtained after titration. This
finding can be explained by the relative redox stability of the
B3* ions which seems to modify (at the same A-site compo-
sition) both the mobility and the concentration of the oxygen
vacancies. The data are tentatively interpreted as indicating an
increase of order in the oxygen sublattice with the change in the
stoichiometry.

The mean valence states of Mn were determined using redox
titration. From the Mn** content of the samples (Fig. 2), one
can see that the starting microstructured compounds are nearly
stoichiometric. The values of Mn** obtained after the variation
of oxygen stoichiometry with A§=0.02, attest the decrease of
the Mn** concentration and the increase of the charge due to the
oxygen vacancies. Thus, in the case of Lag 7Cag 33MnO3_g, the
charge introduced by Mn valence conversion is (x — 28) =0.29*
and the charge due to the oxygen vacancy is 2§=0.04", which
means that 88% of the residual charge introduced by Ca dop-
ing is balanced by the conversion of Mn** to Mn** and 12%
by oxygen vacancies. However, the substitution of Al for Mn
leads to oxidation, from Mn** to Mn**, resulting in a higher
concentration of Mn** (Fig. 2). This result together with the
EPR data suggests that the mixed-valence perovskites exhibit
a critical dependence of properties on the oxygen stoichiome-
try. It can be concluded that the remarkable behaviour of the Al
substituted samples could be explained not only qualitatively by
the structural changes upon doping, but also by the fact that the
double exchange energy is extremely sensitive to the chemical
defects in oxygen sites. This is also confirmed by the observa-
tions of Abdelmoula and coworkers,?? who reported a decrease
of the transition temperature 7c and of the exchange energy
as § increases in the nonstoichiometric substituted lanthanum
manganites.

Table 2

Comparison of the transition temperature 7c, Curie—Weiss temperature 0,
exchange coupling integral J between Mn spins, polaron activation energy E,
and residual line width 8H in the paramagnetic regime of micro- and nanosized
Lag 67Cap 33Mn0O3.5 manganites

Sample Tc (K) 6 (K) J (K) E, (meV) 8Hy (G)

La0,67Ca0<33Mn03,5 245 306 87 104 42
(microstructure)

La0,67Ca0<33MnO3,5 201 271 39 83 70
(nanostructure)

3.3. The effects of the grain size on the spin dynamics and
thermodynamic data

The effects of the grain size reduction on the spin dynamics in
the paramagnetic regime of nanostructured Lag ¢7Cag33MnO3
could be also discussed in terms of the bottlenecked spin-
relaxation scenario.!® The results obtained for the nanostruc-
tured sample are presented in Table 2, together with the data
obtained for Lag 67Cag 33 MnO3 samples with micrometer-scale-
size grains. As one can see, the effect of decreasing grain size
is to perturb the DE coupling between Mn** and Mn3* ions,
causing a reduction in J.

The dilution of J could be expected to result from the struc-
tural changes and the contribution of the inner core and outer sur-
face layers.!? Thus, one can imagine that the observed decrease
of J could be partially attributed to both the increase of the Mn—O
bond and the decrease of the Mn—O—Mn bond angles due to the
change in the annealing temperature. More likely, the increased
influence of the outer layer as the grain size decreases is mainly
responsible for the degradation of the DE interaction. Due to the
presence of a large strain and a great number of oxygen vacan-
cies, dangling bonds, etc. in the surfaces, the spins are heavily
disordered resulting in a magnetically disordered state. It could
mean that the exchange coupling between Mn spins in the sur-
faces is much weaker than that in the inner core.>* Since the
surface of the smaller grains occupies a greater volume fraction,
the magnetic interaction between Mn>* and Mn** ions in the
smaller grains is influenced more by the surface layer, explain-
ing the decreasing of the DE effect in the surfaces at reduced
grain sizes.

Fig. 3 presents comparative results for the AGo, variations
with the temperature for the Al-doped lanthanum manganites
prepared by solid state reactions and sol-gel method. Between
600 and 850 °C, enhanced values of AG o, were systematically
found for the nanocrystalline specimen. Instead, at 950 and
1000 °C, the energy values of the nano- and microcrystalline
samples are closest, suggesting an increase in the nano-grains
size with temperature. This trend infers that for compounds
with the same composition, but obtained by different meth-
ods (sol—gel method and solid state reactions, respectively) the
variations of the thermodynamic data can be explained as a con-
sequence of the grain-size dependent properties.

Considering the partial pressure of oxygen as a key param-
eter for the thermodynamic characterisation of the materials,
we investigated the variation of the log po, data with the stoi-
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Fig. 3. The temperature dependence of AGo, values for micro and nanostruc-
tured Lag 67Cap 33Mng 95 Alp 0503 samples. (M) Microstructure; (A) nanostruc-
ture.

chiometry change (Ad§=0.02) of the nano and microstructured
Lag 67Cap.33Mng 95Alp0503 samples (Fig. 4). While, before
titration, at 950 and 1000 °C, the log po, values of the nano-
and microcrystalline samples are closest, after titration they are
found to have distinctly different values; the corresponding log
po, values obtained for the stoichiometry change A§=0.02,
being markedly enhanced in nanocrystalline solids.

Regarding the partial molar heats and the partial molar entro-
pies of solution obtained after titration for the microstructured
La0A67Ca0_33Mn0_95A10_0503_5 sample (AI:I02 = —487.2 &+
2.8kImol~!;  ASp, = —0.200 £ 0.017kI mol~! K1), they
are comparatively higher than those of the nanostructured
lanthanum manganite with the same composition (AHO2 =
—595.7£8.2kImol™';  ASo, = —0.304 = 0.006kJ mol !
K~!). The decrease of AHop,and ASo, values in the nanos-
tructured samples suggest the increase of the binding energy
of oxygen and an increase of order in the oxygen sublattice

9.5

log (p ,/ atm)

L ok
o ©
o o

-11.0

Fig. 4. The variation of log Apo, with temperature and oxygen stoichiome-
try change for micro- and nanostructured Lag 7Cag 33Mng 95 Al 9503 samples.
(M) Microstructure, before titration (@) nanostructure, before titration ((J)
microstructure, after titration (O)) nanostructure, after titration.

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

4. Conclusions

In this study new features related to the effect of differ-
ent compositional variables (the dopants, grain size, oxygen
stoichiometry change) on the thermodynamic and magnetic
properties of some CMR manganites are evidenced. Bearing
in mind the role of charge ordering and of the defects chemistry
in explaining their magnetic and thermodynamic behaviour, it
should be possible to enhance the CMR properties of these mate-
rials by using a corresponding chemical route. The doping of
Mn sites with various foreign cations and the decrease of the
grain sizes proved to be efficient methods in obtaining variation
of the CMR effects. However, further systematic investigations
are necessary, as the preparation method should be carefully
controlled in order to obtain samples with the desired magneto-
transport properties.
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