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Abstract

In this work neodymium manganites, Nd1-xAxMnO3±δ, doped with Ba or Sr (where x = 0.15 and 0.25) were
obtained by ceramic technology at 1250 °C. In order to obtain materials with stable thermal and electrical
properties, their structure and physicochemical properties were studied depending on the dopant type and
its concentration. It was established that the manganites doped with strontium (for x = 0.15 and 0.25) and
barium (for x = 0.15) have the Jahn-Teller distortion of the structure, but it was not observed for the sample
Nd0.75A0.25MnO3±δ. The sequence of phase transformations was studied under conditions of reduced oxygen
pressure in gaseous phase using thermal analysis in combination with XRD. The influence of temperature
and oxygen pressure on the stability limit of the manganites was investigated. The studied manganites remain
stable in the range of partial oxygen pressures PO2

from 0.21 to 10−14 atm at 800 °C. An increasing in the
dopant concentration leads to the increase of manganite electrical conductivity without decreasing the thermal
stability limit.
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I. Introduction

The practical importance of Ln1-xAxMnO3±δ man-
ganites (Ln3+ = lanthanide cation, A2+ = alkaline earth
metal) is associated with the prospect of using them
as cathode materials for solid oxide fuel cells (SOFC)
[1–4]. Another factor that attracts an attention to these
materials is the variety of its physicochemical proper-
ties [5–10]. The degree of correlation between the elec-
tric and magnetic properties may depend on the con-
centration and type of dopant. It is explained by the
double exchange mechanism between polyvalent man-
ganese ions Mn3+ ↔ Mn4+ [11–16]. The difference be-
tween ionic radii of the lanthanide and the dopant affects
to formation of the Jahn-Teller distortion in these man-

∗Corresponding author: tel: +7 343 2679186,
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ganites [17]. Variation of dopant concentration in wide
range affects the magnetic, structural, charge and orbital
ordering [18–20]. At some ratios of Mn3+/Mn4+ there
are various types of orders and superstructures in these
compounds [5, 21]. For a reasonable choice of an opti-
mal composition of the compounds for practical use, in-
formation about physicochemical characteristics of the
corresponding systems and their phases are needed. In-
formation about the oxygen content in various compo-
sitions of Ln1-xAxMnO3 perovskites and its most impor-
tant properties, such as electrical conductivity and ther-
mal stability, and their dependence on external parame-
ters are scarce.

The purpose of this work is to establish relationship
between the chemical composition and physicochemical
properties of oxides at different temperatures and oxy-
gen partial pressures.
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II. Materials and methods

The synthesis of Nd1-xAxMnO3 compounds (where x

= 0.15 and 0.25 and A = Ba, Sr) was carried out us-
ing ceramic technology from Nd2O3 (Merck Aldrich,
99.9%), Mn2O3 (Sigma Aldrich, 99.9%) and carbonates
(BaCO3 or SrCO3) qualified as “high purity”. Required
amount of initial components were carefully mixed,
pressed at a pressure of 100 MPa in pellet and finally
thermally treated at 1250 °C for 70 h in air, followed by
cooling together with the furnace.

The phase composition of the initial samples and
their dissociation products was studied using XRD-
7000 diffractometer (Shimadzu), with CuKα radiation
in an angle range of 20–70° by increment of 0.03° and
exposure time of 2 s.

The thermal stability of the Nd1-xAxMnO3 com-
pounds (where x = 0.15 and 0.25 and A = Ba, Sr) un-
der conditions of low oxygen partial pressure was stud-
ied by the static method using a vacuum circulation
unit [22]. The used experimental installation ensured the
temperature accuracy of ±2 °C, the partial oxygen pres-
sure log PO2

of ±0.1 and the quantity of oxygen removed
from the initial sample of ±1.0 at.%. The samples were
preliminarily weighed to determine their absolute oxy-
gen content, then heated in a vacuum circulation unit to
800 °C and kept at this temperature for 70 h in an atmo-
sphere with partial oxygen pressure PO2

= 10−25 atm.
This ensured their reduction to stable oxides. The reduc-
tion completeness was confirmed by X-ray diffraction
analysis (XRD) of the heat-strengthened products of this
process. The applied method allows us to determine the
absolute amount of oxygen in the original sample. It was
assumed that the mass loss after reduction refers only
to non-stoichiometric oxygen of the initial product (the
assumption is made that there is no significant oxygen
non-stoichiometry of the reduction products in our ex-
periment) [22].

The evolution of phase equilibria in the compounds
was studied using the STA 449 F3 Jupiter (Netzsch)
synchronous thermal analysis instrument, fitted with an
attachment for creating gas atmospheres with varying
oxygen pressures [23]. The experiment was carried out
in the linear heating mode from room temperature to
1200 °C and at rate of 10 °C/min. Pt-Rh alloy crucibles
with cover plate were used as a container. The tempera-
ture measurement error was no more than ±1.5 °C.

Electrical conductivity was measured by a direct cur-
rent automated four-probe method using samples in the
form of bars 4×4×4 mm with platinum electrodes. Ap-
plied electrodes were stained with platinum paste and
baked at 1000 °C (1 h). Partial oxygen pressures were
created using an electrochemical pump with an auto-
matic regulator. Pressure control was carried out by us-
ing an electrochemical sensor which was made from
solid electrolyte ceramics with the composition ZrO2
+ Y2O3, with platinum electrodes. The reference gas
was air. The dependence of electrical conductivity on

the partial pressure of oxygen was studied at 800 °C and
PH2O = 3.6 kPa. After reaching the specified partial oxy-
gen pressure, the system was maintained to a constant
value of electrical conductivity. The electrical conduc-
tivity was considered to be at equilibrium if it was con-
stant during 60 min.

III. Results and discussion

The synthesized homogeneous compounds accord-
ing to X-ray phase analysis (Fig. 1) have a per-
ovskite structure with orthorhombic distortions (space
group Pbnm) [13,15,17,24,25]. All samples except the
Nd0.75Ba0.25MnO3 have unit cell parameters corre-
sponding to the orbitally ordered O’ phase at room tem-
perature, i.e. relation c/

√
2 < a < b is valid (Table 1).

The sample with the replacement of neodymium by bar-
ium at x = 0.25, has parameters similar to a pseudocu-
bic lattice (a ≈ b ≈ c/

√
2). This fact is explained by

the replacement of trivalent neodymium ions with di-
valent barium ions, which at higher concentration (x =
0.25) leads to the part of Mn3+ transforming to Mn4+

ions. Electroneutrality condition leads to the unit cell
contraction [26] and removing of the Jahn-Teller distor-
tion [17].

Oxygen non-stoichiometry of the obtained com-
pounds was determined as a result of their reduction to
stable oxides using a vacuum circulation unit and pre-
sented in Table 1. It was assumed that Nd1-xBaxMnO3±δ
decomposed to: BaO, Nd2O3, MnO and O2, whereas
Nd1-xSrxMnO3±δ decomposed to: Sr2MnO4, Nd2O3,
MnO and O2.

The thermal stability of the Nd1-xAxMnO3 + δ samples
was studied using the linear heating regime from room
temperature to 1200 °C in gas atmospheres with differ-
ent oxygen partial pressures. The sample mass increase
is fixed after heat treatment in air at partial pressure of
oxygen PO2

= 0.21 atm (Fig. 2). While concentration of

Figure 1. X-ray diffraction patterns of the synthesized
samples: Nd0.85Sr0.15MnO3 (1), Nd0.75Sr0.25MnO3 (2),

Nd0.85Ba0.15MnO3 (3) and Nd0.75Ba0.25MnO3 (4)
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Table 1. Oxygen non-stoichiometry and unit cell parameters of Nd1-xAxMnO3+δ samples
(where x = 0.15 and 0.25 and A = Ba, Sr)

Compound a [Å] b [Å] c [Å] δ (at 293 K)

Nd0.85Ba0.15MnO3+δ 5.4627(4) 5.5012(5) 7.7616(6) 0.04(1)

Nd0.75Ba0.25MnO3+δ 5.5040(2) 5.5071(6) 7.7947(5) 0.02(1)

Nd0.85Sr0.15MnO3+δ 5.4373(3) 5.5701(6) 7.6282(6) 0.01(1)

Nd0.75Sr0.25MnO3+δ 5.4676(3) 5.4872(4) 7.7460(8) 0.01(1)

Figure 2. Change of mass under heating to 1200 °C in
gaseous phases with different partial pressure of oxygen for

the samples: Nd0.85Sr0.15MnO3 (1), Nd0.75Sr0.25MnO3 (2),
Nd0.85Ba0.15MnO3 (3) and Nd0.75Ba0.25MnO3 (4)

dopants increases, decline of weight gain is due to their
oxidation.

Generally, mass decrease tendency occurs for all
samples due to the oxygen content decrease; this in
turn happens because oxygen pressure decreases in the
gaseous phase. An increase of the dopant fraction is ac-
companied by the less active mass loss. It should be
noted that the barium content rising in oxides reduces
the amount of oxygen lost during heating. The effect of
strontium concentration in this process is less notice-
able.

Endothermic effects were observed by differen-
tial scanning calorimetry at T = 230–320 °C for
the Nd0.85A0.15MnO3±δ (where A = Ba, Sr) and
Nd0.75Sr0.25MnO3±δ samples if heated both in air (Fig.
3a) and under reduced oxygen pressure (Fig. 3b). De-
struction of the Jahn-Teller ordering and the formation

of the orbitally disordered O phase occurs in this tem-
perature range. The Jahn-Teller transition is fixed at
T ∼ 300 °C for all samples except for the sample with
barium content x = 0.25. The absence of the Jahn-Teller
transition in this sample is due to the higher barium con-
centration, i.e. x > 0.18 [17]. Such concentration leads
to the increase of Mn4+ ions content due to the replace-
ment of Nd3+ ions by Ba2+ ions, changes in the lengths
of Mn–O bonds and removal of the Jahn-Teller distor-
tion. This is caused by a size factor. The ionic radius of
barium rBa6 = 1.35 Å is greater than the ionic radius of
strontium rSr6 = 1.20 Å and significantly greater than
the ionic radius of neodymium rNd6 = 0.98 Å [26].

The increase of dopant concentration leads to slight
decrease of the Jahn-Teller transition temperature. Sub-
sequent heating in air leads to oxidation of all sam-
ples and transition to pseudocubic structure at T ∼
1000 °C. Similar processes are observed at pressures
PO2
= 10−3.5 atm and 10−5.0 atm. However, at reduced

oxygen pressure the transition temperature to pseudocu-
bic structure is shifted toward lower temperatures com-
pared with air (Fig. 3b).

Two methods are used for the estimation of the phase
equilibria sequence and thermal stability of the studied
oxides when the oxygen pressure changes in gaseous
phase. The first is static if a vacuum circulation system
is used. The other is dynamic if a thermal analysis de-
vice fitted with an isobaric attachment is used. The static
method help us trace the sequence of phase equilibria if
we remove fixed portions of oxygen from Nd1-xAxMnO3
(where x = 0.15 and 0.25 and A = Ba, Sr) oxides; mean-
while the system have to turn into equilibrium between
the gas and solid phases. Stepped decrease of the oxy-
gen pressure in the gas phase at constant temperature
(T = 830 °C) leads to the oxygen non-stoichiometry

Figure 3. DSC curves for Nd1-xAxMnO3 samples (where x = 0.15 and 0.25 and A = Ba, Sr) at heating in gaseous phases with

partial pressure of oxygen: a) PO
2
= 0.21 atm, b) PO

2
= 10−5 atm
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Figure 4. TG and DSC curves of samples: a) Nd1-xBaxMnO3 and b) Nd1-xSrxMnO3 (where x = 0.15 and 0.25) when heated in

gaseous phase with an oxygen pressure PO
2
= 10−22.5 atm

Figure 5. X-ray diffraction patterns of samples after heated
in gaseous phase with an oxygen pressure PO

2
= 10−22.5 atm

after the first stage of dissociation: Nd0.85Sr0.15MnO3 (1),
Nd0.75Sr0.25MnO3 (2), Nd0.85Ba0.15MnO3 (3) and

Nd0.75Ba0.25MnO3 (4) (a - Sr2-yNdyMnO4, b - Nd2O3,
c - MnO, d - Nd0.7Ba0.3MnO3, e - NdMnO3)

change in the oxides in the first stage, and then it leads
to dissociation. At the first stage Nd1-xBaxMnO3 decom-
posed to Nd0.7Ba0.3MnO3, NdMnO3 and O2. At the sec-
ond stage BaO, Nd2O3, MnO and O2 are formed [25].
Nd1-xSrxMnO3 decomposed sequentially at the begin-
ning to Sr2-yNdyMnO4, Nd2O3, MnO and O2, then to
Sr2MnO4, Nd2O3, MnO and O2 [27]. Manganite disso-
ciation to products occurs in the first stage at pressure
PO2
= 10−14 atm. Dissociation in the second stage oc-

curs with a decrease in pressure of PO2
≤ 10−21 atm.

The sequence of phase transformations in mangan-
ites is confirmed by the results of studies using the dy-
namic method. The linear heating of doped neodymium
manganites under isobaric conditions (partial pressure
of oxygen in gaseous phase PO2

= 10−22.5 atm) leads to
their sequential two-stage decomposition. In the 230–
320 °C temperature range endothermic effects are ob-
served on the DSC curves (Figs. 4a and 4b) for all sam-
ples except the Nd0.75Ba0.25MnO3. They are accompa-
nied by slight mass loss and indicated as the Jahn-Teller

transition. The absence of the Jahn-Teller transition in
the DSC curve of the neodymium manganite with x =

0.25 of barium is associated with the dopant presence in
higher concentration, leading to the removal of the Jahn-
Teller distortion. Following temperature increase leads
to the formation of stoichiometric oxides in oxygen con-
tent, then the change in the mass of the samples is deter-
mined by the degree of its dissociation. Heating above
800 °C leads to the formation of complex metastable ox-
ides (the first stage of dissociation). It is revealed by the
exothermic effects on the DSC curves with peaks at 950
and 961 °C for the samples with barium, and 837 and
862 °C for the samples with strontium, respectively. Fig-
ure 5 shows the XRD data for the products of the first
stage of manganite dissociation (T = 1000 °C).

The dissociation of the prepared oxides in the temper-
ature range of 1060–1090 °C is completed, confirmed
by the formation of Nd2O3, MnO and BaO or Sr2MnO4
phases (the second stage of dissociation). Decomposi-
tion temperatures are indicated on the TG curves. This

Figure 6. X-ray diffraction patterns of samples after heating
in gaseous phase with an oxygen pressure PO

2
= 10−22.5 atm

after the second stage of dissociation: Nd0.85Sr0.15MnO3 (1),
Nd0.75Sr0.25MnO3 (2), Nd0.85Ba0.15MnO3 (3) and

Nd0.75Ba0.25MnO3 (4) (a - Nd2O3, b - MnO,
c - Sr2MnO4, d - BaO)
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is confirmed by the X-ray data of the experiment prod-
ucts (Fig. 6). Some mass loss of the samples, which is
visualized under further heating to 1200 °C, is due to the
change in the non-stoichiometry of dissociation prod-
ucts: oxides BaO and Sr2MnO4. Barium concentration
increasing leads to temperature decrease of the man-
ganites dissociation beginning. The increase of stron-
tium dopant concentration shifts the dissociation tem-
perature beginning toward higher temperature, but prac-
tically does not change the dissociation temperature fin-
ish at our experimental conditions.

The thermal sustainability of Nd1-xAxMnO3 com-
pounds (where x = 0.15, 0.25 and A = Ba, Sr) at reduced
oxygen pressure in the temperature range 700–800 °C
was estimated by the static method. The equilibrium
thermal dissociation of crystalline substances at specific
temperature corresponds to the certain value of equilib-
rium dissociation pressure [28]. The temperature depen-
dences of the equilibrium oxygen partial pressure during
the dissociation of Nd1-xAxMnO3 compounds (where x

= 0, 0.15, 0.25 and A = Ba, Sr) to stable oxides were
obtained and shown in Fig. 7 by lines a, b, c, d and e.

Figure 7. Equilibrium partial oxygen pressure temperature
dependences of the dissociation reactions: Nd0.75Ba0.25MnO3

(a) Nd0.85Ba0.15MnO3 (b) Nd0.75Sr0.25MnO3 (c)
Nd0.85Sr0.15MnO3 (d) and NdMnO3 (e) [29]

The Gibbs free energy changes for the compounds
dissociation reactions are represented by expressions
(1–4). For Nd0.85Ba0.15MnO3 it is:

∆G◦T = 357.42 − 0.2363T ± 3.37 kJ/mol (1)

for Nd0.85Sr0.15MnO3 it is:

∆G◦T = 359.15 − 0.2715T ± 2.6 kJ/mol (2)

for Nd0.75Ba0.25MnO3 it is:

∆G◦T = 219.84 − 0.0703T ± 0.52 kJ/mol (3)

for Nd0.75Sr0.25MnO3 it is:

∆G◦T = 281.22 − 0.204T ± 0.36 kJ/mol (4)

The Gibbs free energy changes of the undoped
neodymium manganite (NdMnO3) are calculated ac-
cording to following equation [29]:

∆G◦T = 316.02 − 0.219T ± 1.66 kJ/mol (5)

Replaced part of neodymium by barium or strontium
for concentration corresponding to x = 0.15 slightly
increases the standard enthalpy and entropy values
changes of the Nd0.85A0.15MnO3±δ (A = Ba, Sr) com-
pounds dissociation reactions. The opposite trend is ob-
served for dopant concentration of x = 0.25. The stan-
dard enthalpy and entropy changes of the compounds
formation from elements were calculated (Table 2) us-
ing the obtained data and the thermodynamic functions
changes values for the simple oxides formation [30].

The dopant concentration increase has significant ef-
fect on the entropy of compounds formation reactions
from elements according to Table 2. Thus, decreasing
of thermodynamic functions values in the Ba-containing
neodymium manganite is due to the concentration of the
dopant at which the compound has an orbitally disor-
dered structure. Accordingly, less energy must be spent
on its formation and/or dissociation than on the un-
doped neodymium manganite having an orbitally or-
dered orthorhombic structure. Doping by strontium at
the same concentration (x = 0.25) does not remove the
Jahn-Teller distortions, but introduces some structural
distortions, which also affects the thermodynamic char-
acteristics.

The electrical conductivity of the studied mangan-
ites was considered under isothermal conditions at T =

800 °C and changes in the oxygen pressure from PO2

of 10−14.5 to 0.21 atm in gaseous phase. The choice of
temperature and range of partial oxygen pressures is ex-
plained by the results of above experiments on the ther-
mal stability of samples obtained by the static method.

Table 2. Standard enthalpy and entropy changes of the compounds formation from elements

Compound
∆G◦

T
[kJ/mol] = −∆H◦

T
+ ∆S ◦

T
· T/K

∆H◦
T

∆S ◦
T

Nd0.85Ba0.15MnO3 1595.04 ± 4.67 0.388 ± 0.003
Nd0.85Sr0.15MnO3 1649.98 ± 3.96 0.440 ± 0.002
Nd0.75Ba0.25MnO3 1422.68 ± 1.08 0.222 ± 0.001
Nd0.75Sr0.25MnO3 1572.75 ± 1.63 0.383 ± 0.001

NdMnO3 [29] 1605.81 ± 1.16 0.371 ± 0.001
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Table 3. Conductivity values of Nd1-xAxMnO3 samples (where x = 0.15, 0.25 and A = Sr, Ba) in air and at partial oxygen

pressure PO
2
= 10−14 atm

σ [S/cm] Nd0.85Sr0.15MnO3 Nd0.75Sr0.25MnO3 Nd0.85Ba0.15MnO3 Nd0.75Ba0.25MnO3

PO2
= 0.21 atm 72.2(1) 131.9(1) 92.2(1) 117.5(1)

PO2
= 10−14 atm 66.7(2) 125.6(2) 84.9(2) 108.5(2)

Table 4. Conductivity values of Nd1-xSrxMnO3 samples (where x = 0.15, 0.25 and 0.3) in air

Compound NdMnO3 Nd0.85Sr0.15MnO3 Nd0.75Sr0.25MnO3 Nd0.7Sr0.3MnO3

σ [S/cm] at 700 °C [31] 25 112(1) - 200
σ [S/cm] at 800 °C* - 72.2(1) 131.9(1) -

*our data

Figure 8. Electrical conductivity isothermal dependences of
the of Nd1-xAxMnO3±δ samples (where x = 0.15 and 0.25

and A = Sr, Ba) on the oxygen partial pressure
change in gaseous phase

They show that heating above T = 800 °C and decreas-
ing the oxygen pressure below PO2

= 10−14 atm leads
to the samples dissociation. The partial oxygen pressure
decrease in the range from PO2

of 10−14.5 to 0.21 atm
slightly affects the conductivity of all samples, which in-
dicates its stability under these conditions. However, the
decrease of partial pressure PO2

below 10−14 atm leads
to the sharp decrease of electrical conductivity (Table
3). It confirms our data about beginning of oxide disso-
ciation (Fig. 8). The greatest stability under the exper-
imental conditions is demonstrated by a sample doped
with strontium for x = 0.15. Probably the dissociation
of this oxide is possible either at prolonged exposure
at PO2

= 10−14 atm pressure or at lesser oxygen pres-
sure. Thus, an oxygen partial pressure interval has been
established at which samples provide stable electrical
conductivity at T = 800 °C.

Neodymium replaced by strontium or barium leads to
the increased concentration of charge carriers and elec-
trical conductivity:

Nd(A)MnO3 → Me′Nd +Mn•Mn + 3 Ox
O, (A = Sr,Ba)

The electrical conductivity in air varies from 92.2 (for
x = 0.15) to 117.5 S/cm (for x = 0.25) for the Ba-
containing samples. Concentration increasing leads to
more significant electrical conductivity change (Table 3)

if the sample is doped with Sr. This behaviour is ex-
plained by higher dopant concentration, which leads
to charge carriers number increase in the Mn3+–O –

2 –
Mn4+ chain.

Electrically conductive perovskites are widely used
in a number of different electrical applications if high
electrical conductivity at high temperatures is required
[31]. For example, they are used as a solid conductor
of electrode wire in electric arc welding. Comparison
of our data on the electrical conductivity of the studied
manganites with the Sheffer et al. data [31] shows its
good correlation (Table 4). It allows us to recommend
Nd1-xAxMnO3 manganites (where x = 0.15 and 0.25 and
A = Sr, Ba) as materials for electric arc welding.

IV. Conclusions

Neodymium replacing by barium or strontium affects
the thermal properties of Nd1-xAxMnO3 oxides (where x

= 0.15 and 0.25). The stability of these complex oxides
was studied by two methods: static and dynamic. The
decrease of partial pressure of oxygen in gas atmosphere
determines evolution of phase equilibria in neodymium
manganites. Dissociation of the Nd1-xAxMnO3 (for x =

0,15 and A = Ba, Sr) goes in two stages and begins from
oxygen pressure PO2

= 10−14 atm. The thermodynamic
characteristics of the oxides dissociation reactions and
its formation from elements are obtained. Slight increas-
ing of the standard enthalpy and entropy changes of the
Nd1-xAxMnO3 compounds dissociation reactions is ob-
served for x = 0.15 concentration of the Ba or Sr dopant.
Besides the entropy of their formation reactions from
elements increases are more significant. The opposite
trend is observed at dopant concentration of x = 0.25.
Stable electrical conductivity of the oxides was found
at T = 800 °C and oxygen partial pressures range from
air down to PO2

= 10−14 atm. It was established that in-
crease of dopant concentration from x = 0.15 to 0.25
leads to the rise of electrical conductivity up to 28% for
the samples doped with barium and to 88% for the sam-
ples doped with strontium. Thus, the neodymium man-
ganite doped with strontium for x = 0.25 shows the best
thermal stability and electrical conductivity.
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