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Abstract
Based on the data of thermogravimetric analysis the values of the oxygen index (3–δ) in the manganite of the 
La0.7Sr0.3Mn0.9Fe0.1O3-δ composition, obtained by solid-phase reaction technique, have been calculated. The analysis 
of oxygen sorption-desorption curves showed that the processes of oxygen release and absorption at pO2 = 10 Pa and 
pO2 = 400 Pa are not reversible. The minima of the derivative dδ/dt = f(T) corresponding to the maxima of the oxygen 
extraction rate indicate the complex character of changes in the oxygen desorption rate from manganite. The decrease 
in the heating and cooling rate from 6.6 K/min to 2.6 K/min resulted in a significant change in the value ∆δ, indicating 
the dependence of anion mobility on the oxygen concentration in the magnet structure. It has been revealed that in the 
La0.7Sr0.3Mn0.9Fe0.1O3-δ manganite the oxygen desorption kinetics is well described by the exponential dependence on 
the Kramers model, which implies no return of desorbed oxygen to the sample. This model indicates the non-stationar-
ity of the diffusion flux through the barrier during desorption of oxygen from samples. The calculation of the activation 
energy of oxygen desorption by the Merzhanov method at various partial pressures of oxygen has shown that at the 
initial stage of oxygen extraction from La0.7Sr0.3Mn0.9Fe0.1O3-δ, the activation energy of oxygen desorption has a min-
imum value (Еа = 103.7 kJ/mol at δ = 0.005) and as the concentration of oxygen vacancies increases, it rises reaching 
saturation (Еа = 134.3 kJ/mol at δ = 0.06). It is assumed that with an increase in the concentration of oxygen vacancies, 
an interaction occurs between them, followed by the processes of their ordering with the formation of associates.
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1. Introduction

Doped manganites La0.7Sr0.3Mn1-xFexO3-δ (x = 0–0.15) 
with different cationic composition are strongly elec-
tron-correlated systems, with the presence of competing 
electron-electron, electron-magnon and electron-phonon 
interactions [1–3]. This leads to the formation of orbital 
and charge ordering in such systems, which contributes to 
the appearance of giant magnetoresistance due to spin-de-
pendent scattering of conduction electrons in the presence 
of indirect exchange coupling and magnetic anisotropy 
[4–10]. In this case, spin-polarized transport phenomena, 
promising from the point of view of practical use in mag-
netic field sensors, cathode materials, magnetic recording 
heads, for reliable storage and reading of information, 
etc., depend on structural inhomogeneities of various 
types [7–10]. Thus, electrical resistivity is determined 
by various mechanisms of scattering of electric charge 
carriers on structural inhomogeneities located both in the 
grain volume and on its surface. One of the sources of 
such disorder is the inhomogeneity of the electron density 
distribution due to the presence of different valence cat-
ions Fe2+,3+ and Mn3+,4+ with various ionic radii [11–14]. 
It has been established that even small deformations of the 
unit perovskite cell (that is, an increase in the Mn–O bond 
length or a decrease in the Mn–O–Mn angle) significant-
ly change the properties of the material [10–16]. Also, 
structural distortions are oxygen vacancies VO

•, as well 
as their associates (VO VO …)••n of the n-th order, along 
which diffusion channels with a reduced activation ener-
gy for anionic transport are formed [12–17]. In this case, 
the charge transfer in La0.7Sr0.3Mn1-xFexO3-δ is carried out 
under conditions of various kinds of structural disorder, 
which leads to the possibility of the presence of quantum 
interference effects in the low-temperature region. In this 
case, quantum interference is due to an increase in the 
probability of electron-electron interaction due to diffu-
sion rather than ballistic motion of charge carriers with 
multiple elastic scattering on structural inhomogeneities 
and, above all, on anion vacancies and their associates 
[11–17]. In this case, it is necessary to take into account 
the complexity of the processes of sorption and desorp-
tion of oxygen by solid solutions La0.7Sr0.3Mn1-xFexO3-δ 
due to the multi-stage movement of desorbed oxygen and 
the low mobility of cations of oxygen vacancies [16–19].

The use of manganites in magnetic and spin electron-
ics requires the employment materials of stoichiometric 
composition with a stable single-phase state. Obtaining 
manganites with the required electrical-physical charac-
teristics is associated with great technological difficulties 
due to the lack of knowledge about the kinetics of oxy-
gen sorption – desorption in these materials [5, 13–18]. 
Therefore, the investigation of the kinetics of desorption 
– sorption of oxygen, the establishment of a correlation 
between the kinetic characteristics of oxygen exchange 
of La0.7Sr0.3Mn1-xFexO3-δ with their chemical composi-
tion will optimize the functional characteristics of doped 

lanthanum-strontium manganites. At the same time, ob-
taining single-phase solid solutions with reproducible 
physical and chemical properties is impossible without 
a detailed analysis of the effect of the partial pressure 
of oxygen on the values of the activation energy of its 
diffusion in La0.7Sr0.3Mn1-xFexO3-δ polycrystalline sam-
ples. In the ideal structure of manganite, an ordered ar-
rangement of MnO3 octahedra is observed, with a spatial 
arrangement of Sr cations occupying voids between the 
octahedra, which leads to a decrease in the free energy 
of the lattice.

A further decrease in the free energy of the lattice is 
due to the presence of anionic defects, which affect the 
galvanomagnetic characteristics of the manganites as 
well. Therefore, in order to obtain reproducible physi-
co-chemical properties of manganites, it is necessary, on 
the basis of studying the kinetics of oxygen sorption and 
desorption processes, to work out the modes for the syn-
thesis of magnets with a controlled oxygen content.

As an object of study, we have chosen the 
La0.7Sr0.3Mn0.9Fe0.1O3-δ compound, in which the partial 
replacement of Mn cations by Fe makes it possible to 
more finely set the Curie point and obtain the TC values 
required for its practical use.

The purpose of this work is to obtain experimen-
tal data on the kinetics of oxygen desorption in the 
La0.7Sr0.3Mn0.9Fe0.1O3-δ by thermogravimetric analysis 
(TGA), analyze them on the basis of known theoretical 
models, and determine the activation energy of oxygen 
desorption depending on the oxygen partial pressure.

2. Experimental

La2O3, Fe2O3, Mn2O3 metal oxides and strontium car-
bonate SrCO3 have been used for the preparation of 
La0.7Sr0.3Mn0.9Fe0.1O3-δ solid solutions. To remove crys-
tallization moisture, the initial chemical compounds were 
kept in a resistive thermal device for 10 h at a tempera-
ture of 1120 K. Homogenizing agitation of a mixture of a 
stoichiometric amount of initial metal oxides and stron-
tium carbonate has been carried out in ethanol. The re-
sulting mixture was dried at a temperature of 370 K until 
the complete removal of ethanol and pressed into tablets 
12 mm in diameter and 5 mm thick.

Mixing and grinding of the mixture of initial reagents 
of stoichiometric composition was carried out in a plan-
etary ball mill of the PM 100 type by Retsch GmbH 
(Germany), which makes it possible to obtain a charge 
grain size of submicron sizes 200–300 nm. Grinding was 
carried out with steel bodies with different time durations 
(2–5 h) and in different environments (dry grinding or the 
process in ethanol). In this case, the vibration frequency 
of the mill was 1500 min–1, the vibration amplitude was 
10 mm, and the weight ratio material/balls corresponded 
to 1/5. If the grinding procedure was performed in eth-
anol, then the resulting mixture was dried at a tempera-
ture of 320 K until the complete removal of ethanol and 
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pressed under a pressure of 1–2 T/cm2 into tablets 8 mm 
in diameter and 4 mm high.

Annealing of a stoichiometric mixture of simple ox-
ides was carried out in a polythermal mode at tempera-
tures of 300–1400 K at рО2 = 0.21 ∙ 105 Pa and a heating 
rate of 2 deg/min for 15 h. The samples were cooled in the 
switched-off mode of the thermal set-up. The temperature 
in the thermal set-ups has been maintained using a RIF-
101 temperature controller and monitored using a Pt–Pt/
Rh(10%) thermocouple with an accuracy of ±0.5 K.

The phase composition and crystal lattice parame-
ters were determined by the Rietveld method using the 
ICSD-PDF2 database (Release 2000) and the PowderCell 
[20], FullProf [21] software based on X-ray diffraction 
data obtained on a DRON-3 set-up in CuKα radiation. 
Diffractograms were taken at room temperature at a rate 
of 60 deg/h in the range of angles θ = 10–90°.

The investigation of the nature of oxygen desorption 
by lanthanum-strontium manganite depending on the par-
tial pressure of oxygen was carried out by TGA using the 
Setaram Labsys TG–DSC16 measuring complex at vari-
ous heating rates in the range of 300–1300 K. The sam-
ples were kept until thermodynamic equilibrium with the 
gaseous medium has been established, and then cooled to 
room temperature in a continuous flow of a 1% H2/Ar gas 
mixture. The sign of the achievement of thermodynam-
ic equilibrium was the absence of a change in the mass 
of the sample at a fixed temperature of the samples. The 
weight of the samples was controlled by weighing with 
an accuracy of ±3 ∙ 10–5 g.

3. Results and discussion

Based on the TGA data, the values of the oxygen in-
dex (3–δ) were calculated. Time dependences of oxy-

gen nonstoichiometry for samples of the composition 
La0.7Sr0.3Mn0.9Fe0.1O3-δ, obtained during heating at a 
rate of 6.6 deg/min, exposure to equilibrium with the gas 
phase at T = 1300 K and subsequent cooling are shown 
in Fig. 1.

When studying the La0.7Sr0.3Mn0.9Fe0.1O3-δ samples, 
the onset of oxygen evolution was found at 858 K, which 
continued up to 1273 K. One maximum of the oxygen 
desorption rate was found at a temperature of 1256 K, 
when the rate of oxygen evolution was the highest 
(Fig. 1). It has been established that the processes of ox-
ygen evolution and absorption at pO2 = 10 Pa, shown in 
Fig. 1 are not fully reversible. When the samples have 
been cooled down from a temperature of 1273 K, an in-
significant absorption of oxygen was observed with a 
weakly pronounced maximum of its adsorption rate at 
a temperature of 1167 K. It should be noted that when 
the La0.7Sr0.3Mn0.9Fe0.1O3-δ sample reached a tempera-
ture of 1270 K, the manganite was not in thermodynamic 
equilibrium with a gas environment. At the same time, its 
oxygen index (3–δ) continued to decrease from 2.952 to 
2.916 upon reaching oxygen saturation. Then the thermal 
set-up was cooled down at the same rate (6.6 deg/min) 
and at the end of the thermal cycle the oxygen content 
was 2.921 at 300 K.

Time dependences of oxygen nonstoichiometry for 
samples of the composition La0.7Sr0.3Mn0.9Fe0.1O3-δ, ob-
tained during heating at pO2 = 10 Pa at a rate of 2.6 K/min 
and holding until equilibrium with the gas phase has been 
established at temperature (1273 K), are shown in Fig. 2.

The decrease in the heating and cooling rate for the 
La0.7Sr0.3Mn0.9Fe0.1O3-δ sample is caused by the fact that, 
as was established above, this sample during annealing 
was not in thermodynamic equilibrium with the gas me-
dium, which can lead to an incorrect description of the 
processes of oxygen sorption and desorption. The minima 

Figure 1. Change in the value of the oxygen index (3–δ) and the derivative dδ/dt = f(T) during thermal cycling of La0.7Sr0.3Mn0.9Fe0.1O3-δ 
samples with a heating and cooling rate of 6.6 K/min at pO2 = 10 Pa
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of the derivative dδ/dt = f(T), which correspond to the 
maxima of the rate of oxygen release, indicate the com-
plex nature of the change in the rate of oxygen desorption 
from manganite. When analyzing the desorption-sorption 
curves of oxygen by a magnet, a splitting of the oxygen 
desorption peak with the appearance of two minima has 
been found: the first one at T = 1016 K and the second one 
at T = 1163 K. In this case, the release of oxygen during 
heating begins at a temperature of 803 K and is observed 
up to 1273 K.

The processes of oxygen evolution and absorption 
shown in Fig. 2 are not completely reversible, as well. It can 
be seen that the oxygen content in La0.7Sr0.3Mn0.9Fe0.1O3-δ 
at the beginning and at the end of the cycles does not 

coincide with each other. Based on the TGA data, the val-
ues of the oxygen index for the magnet were calculated. 
For ceramic samples La0.7Sr0.3Mn0.9Fe0.1O3-δ brought to 
equilibrium at the maximum annealing temperature of 
1273 K, δ = 2.961 (see Fig. 2). Subsequent heating leads 
to an increase in δ to 2.964 for samples subjected to ther-
mal cycling at pO2 = 10 Pa.

A decrease in the rate of heating and cooling made it 
possible to increase the oxygen index, while the process 
of oxygen sorption is practically absent. This is due to 
the fact that the mobility of anions depends on the con-
centration of oxygen in the material, since this process is 
associated with kinetic difficulties due to different cool-
ing rates.

Figure 2. Change in the value of the oxygen index (3–δ) and the derivative dδ/dt = f(T) during thermal cycling of La0.7Sr0.3Mn0.9Fe0.1O3-δ 
samples with a heating and cooling rate of 2.6 K/min at pO2 = 400 Pa

Figure 3. Kinetic dependencies of oxygen desorption of samples La0.7Sr0.3Mn0.9Fe0.1O3-δ at рО2 = 10 Pa (а) and рО2 = 400 Pa (b)
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Thus, when analyzing oxygen sorption–desorption 
curves, it was found that the processes of oxygen evo-
lution and absorption at pO2 = 10 Pa and pO2 = 400 Pa 
are not reversible. The minima of the derivative dδ/dt = 
f(T), which correspond to the maxima of the rate of ox-
ygen release, indicate the complex nature of the change 
in the rate of oxygen desorption from manganite. A de-
crease in the heating and cooling rate from 6.6 K/min to 
2.6 K/min led to a significant change in the value of ∆δ 
at pO2 = 400 Pa, which indicates anions on the concentra-
tion of oxygen in the structure of the magnet.

When studying the kinetics of oxygen evolution, 
mathematical models were considered to obtain theoret-
ical dependencies based on experimental data δ = f(t), 
received earlier. Note that the desorption rate is notice-
ably higher than the sorption rate, which is practically 
absent; therefore, we will not consider it further. Let us 
consider various models of diffusion and chemical kinet-
ics to describe the kinetic curves of oxygen desorption 
obtained on the basis of TGA data, which will make it 
possible to establish the limiting stage of oxygen diffu-
sion and determine the mechanism of oxygen desorption. 
The kinetic dependences of the oxygen desorption of 
La0.7Sr0.3Mn0.9Fe0.1O3-δ samples have reached a plateau 
at the holding time t1 = 330 min and t2 = 420 min, respec-
tively (Fig. 3).

It has been established that in manganites at different 
рО2 values, the kinetics of oxygen desorption is best de-
scribed by the exponential dependence [22–24]:

 (1)

where ξ = 3 – δ, ξ0 = 3 – δ0, δ0 is the value of the oxygen 
nonstoichiometry coefficient at the initial time of the ox-
ygen desorption process, A is the proportionality factor, τ 
is the relaxation time. In order to describe the kinetics of 
oxygen desorption, the Kramers model [22, 23] was used, 
which implies the absence of the return of desorbed oxy-
gen to the sample. In this case, the probability W(t – t0) of 
the absence of oxygen leakage has an exponential form:

W(t – t0) = exp [–wk(t – t0)], (2)

where wk is the Kramers probability of oxygen exit from 
the sorption potential well by thermally activated over-
coming of the barrier. As the annealing temperature in-
creases, the amplitude of thermal fluctuations increases 
and the probability of oxygen leaving the sorption en-
ergy well increases. The mathematical formalism based 

on the use of the modified Kramers method indicates the 
non-stationarity of the diffusion flow through the barrier 
during oxygen desorption from La0.7Sr0.3Mn0.9Fe0.1O3-δ 
samples. In this case, the mobility of oxygen is deter-
mined by the interaction of anions with local active cen-
ters in the near-surface region, which are Mn/Fe or La/
Sr cations. This circumstance affects the values of the 
relaxation times. It can be assumed that the depth of the 
sorption well is greater, since the relaxation time τ10Pa = 
28.93 ± 0.13 min is less than τ400Pa = 48.40 ± 0.26 min 
(Table 1). The kinetic parameters calculated according 
to the Kramers model from diffusion kinetics present-
ed in the table indicate that the oxygen desorption rate 
decreased down to рО2 = 400 Pa and, accordingly, the 
anion mobility decreased. As it can be seen from the data 
obtained, by means of the change of the oxygen partial 
pressure we can influence the desorption properties of ox-
ygen in manganites.

The investigation of the effect of oxygen partial pres-
sure on the values of activation energy of its diffusion 
in polycrystalline samples La0.7Sr0.3Mn0.9Fe0.1O3-δ as the 
parameter δ changes was carried out on the basis of TGA 
data obtained with different heating rates (1, 4, 7, 10 and 
13 deg/min) at рО2 = 400 Pa and рО2 = 10 Pa in the tem-
perature range 300–1400 K (Fig. 4). The achievement of 
thermodynamic equilibrium was determined by the ab-
sence of a change in the mass of the samples at a fixed 
temperature of the samples.

When analyzing the temperature dependences of oxy-
gen desorption processes for the La0.7Sr0.3Mn0.9Fe0.1O3-δ 
sample, it was found that at all heating rates, the oxygen 
index does not reach saturation at T = 1400 K. It can be 
observed in the inset to Fig. 4 shows that a pronounced 
release of oxygen during heating of the samples at a heat-
ing rate of 1 deg/min starts from T ~ 735 K, T ~ 728 K 
at рО2 = 400 Pa and рО2 = 10 Pa, respectively. With an 
increase in the heating rate to 13 deg/min, the onset of ox-
ygen evolution shifts towards higher temperatures, reach-
ing values of T ~ 771 K, T ~ 759 K at рО2 = 400 Pa and 
рО2 = 10 Pa, respectively. When analyzing the amount of 
desorbed oxygen, an increase in its values with a decrease 
in the heating rate (vH) was established: ∆δ = │δ300K – 
δ1420K│ = 0.052 for vH = 13 deg/min and ∆δ = 0.078 for 
vH = 1 deg/min. This circumstance indicates a significant 
effect of the heating rate on the values of the activation 
energy of oxygen diffusion during its evolution.

Currently, there are several models that describe the 
course of chemical processes in a solid during the synthe-
sis of complex oxides and oxide compounds. The main 

Table 1. Kinetic parameters of equation (1) for studied manganites and their coefficients of determination

La0.7Sr0.3Mn0.9Fe0.1O3-δ at рО2 = 10 Pa La0.7Sr0.3Mn0.9Fe0.1O3-δ at рО2 = 400 Pa

ξ0 A10Pa τ10Pa (min) R2 ξ0 A400Pa τ400Pa (min) R2

2.9607 ± 4.5 ⋅ 10–4 11.1 ± 0.34 28.9 ± 0.13 0.99 2.9173 ± 3.6 ⋅ 10–4 9.7 ± 0.24 48.4 ± 0.26 0.995

Nore: A is the pre-exponential factor, R is the universal gas constant.
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difference between these models is based on the limited 
rate of chemical reactions [22–26]. In solid phase reac-
tions, the reactants do not mix at the atomic level and, 
therefore, must diffuse into the reaction zone or mutu-
ally penetrate into each other. There are two fundamen-
tal chemical processes that determine the course of sol-
id-state reactions: (a) the chemical reaction itself and (b) 
the transfer of a substance to the reaction zone. Usually, 
for each of them there is a certain activation energy (Еа), 
since each reaction implies a certain rate constant of ox-
ygen evolution [22–27]. In this work, we will establish 
the value of the activation energy for oxygen desorption, 
which takes into account two processes: oxygen diffusion 
to the grain surface and a chemical reaction at the gas-sol-
id interface.

The calculation of the activation energy of oxygen de-
sorption was carried out by the Merzhanov method based 

on TGA data obtained under dynamic heating conditions 
at a constant rate of temperature increase from the basic 
equation of first-order chemical reaction kinetics [22–23]:

dδ/dt = kf(δ), (3)

where dδ/dt is the oxygen desorption rate, k is the rate 
constant of the reaction and oxygen evolution, and f(δ) is 
an analytical function that depends on the reaction mech-
anism, t is the oxygen desorption process time. In this 
case, the rate constant of the oxygen evolution reaction 
can be expressed through the Arrhenius equation as fol-
lows [26]:

 (4)

Figure 4. Temperature dependence of the oxygen nonstoichiometry of La0.7Sr0.3Mn0.9Fe0.1O3-δ samples at pO2 = 400 Pa (a) and 
pO2 = 10 Pa (b) with different heating rates (1 deg/min (1), 4 deg/ min (2), 7 deg/min (3), 10 deg/min (4), 13 deg/min (5))
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where A is the pre-exponential factor, R is the universal 
gas constant and T is the absolute temperature. Using ex-
pression (4), the kinetic equation (3) can be written as:

 (5)

The activation energy can be determined by plotting the 
dependence of ln[dδ/dt] on 1/T at different heating rates 
1, 4, 7, 10 and 13 deg/min, which will allow us to estimate 
the effect of oxygen nonstoichiometry δ on the value of 
Еа. In this regard, based on the experimental dependences 
δ = f(T), the temperatures corresponding to the achieve-
ment of the same values of oxygen nonstoichiometry at 
different heating rates were determined. Then, for the es-
tablished set of temperatures at fixed values of δ, рО2 = 
400 Pa and рО2 = 10 Pa, dependences ln(dδ/dt)v – f(1/T) 
were plotted and Еа was calculated from the slopes of the 
lines, according to the formula:

 (6)

where t is the duration of the process, R is the univer-
sal gas constant, Т is the temperature of the experiment 

(Fig. 5). If only one oxygen diffusion mechanism dom-
inates during the reaction, then the lines will be parallel. 
Otherwise, there will be several diffusion mechanisms.

It has been established that for the La0.7Sr0.3Mn0.9Fe0.1O3-δ 
sample, the slope of the straight lines ln(dδ/dt)v – f(1/T) 
decreases monotonically with increasing δ, indicating 

Figure 5. Dependence ln(dδ/dt)v – f(1/T) for different values of the oxygen index of samples La0.7Sr0.3Mn0.9Fe0.1O3-δ at 
pO2 = 400 Pa (a) and pO2 = 10 Pa (b)

Figure 6. Dependences of the activation energy of oxygen diffu-
sion Еа on the oxygen index in samples La0.7Sr0.3Mn0.9Fe0.1O3-δ 
at рО2 = 400 Pa and рО2 = 10 Pa
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that the activation energy depends on the concentration 
of oxygen vacancies. Thus, at the initial stage of oxygen 
evolution from La0.7Sr0.3Mn0.9Fe0.1O3-δ at рО2 = 400 Pa, 
the oxygen desorption activation energy has a minimum 
value Еа = 103.7 kJ/mol at δ = 0.005 and as the concen-
tration of oxygen vacancies increases it increases with 
reaching saturation at Еа = 134.3 kJ/mol and δ = 0.06 
(Fig. 6). Reducing the partial pressure of oxygen to 
рО2 = 10 Pa increases the activation energy of oxygen 
diffusion to Еа = 158.8 kJ/mol at δ = 0.06 (Fig. 6). It is 
quite possible that as the concentration of oxygen vacan-
cies (VO)•• increases, they interact with subsequent pro-
cesses of their ordering with the formation of associates. 
In this case, anion vacancies contribute to the redistribu-
tion of the electron density and the transition of some of 
the iron cations to the lower spin states Fe3+ + e– → Fe2+ 
and Mn3+ + e–→ Mn2+.

4. Conclusion

According to the temperature dependences of TGA per-
formed at various partial pressures of oxygen (400 Pa and 
10 Pa), it was found that the value of the oxygen index δ 
for the La0.7Sr0.3Mn0.9Fe0.1O3-δ compound increases with 

rising temperature equidistantly for all heating rates and 
does not reach saturation up to T = 1400 K, above which 
decomposition of the compound starts.

The calculation of the activation energy of oxygen 
desorption by the Merzhanov method at different ox-
ygen partial pressure values (from рО2 = 400 Pa to 
рО2 = 10 Pa) showed that on the initial stage of oxygen 
release from La0.7Sr0.3Mn0.9Fe0.1O3-δ, the activation ener-
gy of oxygen desorption has a minimum value and, as the 
concentration of oxygen vacancies increases, it rises with 
reaching saturation.

It is supposed that as the concentration of oxygen va-
cancies (VO)•• increases, they interact with subsequent 
processes of their ordering with the formation of associ-
ates. At the same time, anion vacancies contribute to the 
redistribution of the electron density and the transition of 
some of the iron and manganese cations to the lower spin 
states Fe3+ + e– → Fe2+ and Mn3+ + e– → Mn2+.
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