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TEMPERATURE EFFECT ON THE STRUCTURE
OF NdSr,Mn,07,s COMPLEX OXIDE

0. M. Fedorova'* and L. B. Vedmid'?

High-temperature X-ray diffraction and differential scanning calorimetry are used to study the features of
structural changes in NdSr,Mn,07,;5 complex oxide at temperatures from room to 1150 °C. Structural
calculations by the Rietveld method establish a relationship between anomalies in the temperature
dependences of unit cell parameters and in the DSC curves with changes in the lengths of bonds between

Mn and Nd, Sr cations and oxygen atoms.
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INTRODUCTION

The Sr;Ti,07; compound was first obtained by S. N. Ruddlesden and P. Popper in 1958 [1]. In this compound, double
SrTiO; layers (perovskite type) alternate with the SrO layer (rock salt type). The unit cell contains two formula units. The
phases with an analogous structure began to be called by their name. Later, the phases with the general formula 4,118,053,
(n>1) were synthesized which contained copper, cobalt, iron, manganese instead of titanium and some strontium ions were
replaced by rare-earth elements [2, 3]. B.V. Beznosikov and K.S. Aleksandrov clarified the concentration limits of the
existence of Ruddlesden—Popper (R-P) phases [4]. The recent interest in phases with the general formula Ln, ,Sr,Mn,0-,
which belong to the R—P phases with n =2, was induced by the discovery of a colossal magnetoresistance effect in them [5].
The physical properties of these compounds have been extensively studied [6-8]. There are studies of the formation of these
phases [9, 10], however, structural changes under the effect of external parameters (temperature and oxygen pressure) remain
unstudied. Moreover, when the kind of lanthanide-substituting alkaline-earth cations and the lanthanide type change, the
structure of these phases can change [11]. In the phases where barium substitutes for some Ln atoms [12], structural
transitions were found with increasing temperature. However, there are no works examining the structure of R—P phases with
other alkaline-earth elements at high temperatures, although just in the NdSr,Mn,O7.5 compounds the colossal
magnetoresistance effect was revealed [13]. Yet another feature of the R—P phases is also the presence of hyperstoichiometric
oxygen atoms that affects the funcitonal properties of these phases [14]. Review [14] discusses the main mechanisms of the

oxygen ion migration and the R—P phase stability in the 4,:1B,0;,+; system (n=1; A =La, Pr; B=Ni, Co, Cu). It is noted
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that the R—P phases with n = 2 exhibit a higher electron conductivity and thermal stability than oxides with n» = 1. Hence, the
aim of our work was a more detailed analysis of the structure of NdSr,Mn,0-;s in a temperature range from room to

+1150 °C in order to determine the temperature ranges of the structural stability of this compound.
EXPERIMENTAL

The NdSr,Mn,07,5 compound was synthesized by the standard ceramic method. The precursors—Nd,O; (99.8%
purity), SrCO; (high purity grade), and Mn,O; (298% purity) in equimolar ratios—were mixed in a FRITSCH planetary mill
in the ethanol medium; then the mixtures were pressed in pellets with a diameter of 10 mm and a thickness of 1 mm and
annealed in a Nabertherm furnace at 1400 °C, with a temperature maintenance accuracy of £2°. The powder X-ray diffraction
(XRD) analysis of the reaction products was performed on a Shimadzu XRD-7000 diffractometer with CukK, radiation. The
high-temperature XRD studies were carried out on a Shimadzu HA-1001 sample heating attachment with successive heating
in a temperature range 20-1150 °C (heating rate 10 deg/min), a 10 min exposition at each temperature, and a subsequent
measurement in a 20 angle range 20-60°, with a step of 0.02 and an exposition of 1.5 s. The full-profile XRD analysis was
performed by the Rietveld method using the GSAS software [15]; the model described in [6] was used as the initial one. In
this model, the coordinates of Nd1 and Srl cations in the perovskite (P) block are 0, 0, 0.5; those in the rock salt (RS) layer
are 0, 0, 0.6829; the coordinates of manganese cations are 0, 0, 0.9018; those of the apical oxygen anions O1 are 0, 0, 0 and 0,
0, 0.18 of O2; those of the in-plane oxygen anions are 0, 0.5, 0.0977. For the thermogravimetric investigation a NETZSCH
STA 449F Jupiter simultaneous thermoanalyzer was used. The heating was performed in the air with a rate of 10 deg/min
from room temperature to 1200 °C. The oxygen nonstoichiometry of NdSr,Mn,0-.s was determined by the sample weight

loss after its complete reduction to stable oxides in a vacuum circulation device [9].
RESULTS AND DISCUSSION

According to the powder XRD data, single-phase NdSr,Mn,07,s oxide obtained has the tetragonal structure (space
group J4/mmm) with unit cell parameters a = 3.848(4) A, ¢ =19.976(8) A. Fig. 1 depicts the XRD pattern of this sample at
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Fig. 1. XRD pattern of the NdSr,Mn,07.,5 sample at room temperature: experiment is designated by
crosses, calculation is designated by solid lines, Bragg peak positions are designated by strokes,
differential curve is given at the bottom.
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room temperature. The oxygen nonstoichiometry of the initial sample is positive (0.22); i.e., the formula of the initial
compound can be written as NdSr,Mn,07,,. Our method of determining the oxygen nonstoichiometry of the samples is
characterized by its estimation as the absolute oxygen amount in initial oxide (except for oxygen contained in the dissociation
products). Since in perovskite-like manganites oxygen exists in different forms [16], depending on the composition and the
method of preparation of the initial sample and it is not possible to distinguish them, we assumed that the weight loss after
reduction in hydrogen refers only to removed hyperstoichiometric oxygen (d), which slightly overestimates the results. We
also assumed the absence of significant oxygen nonstoichiometry of the dissociation products (MnO, SrO, Nd,03) under the
conditions of our experiment.

In a temperature range 220-300 °C, the temperature dependences of NdSr,Mn,07.5 unit cell parameters and volume
demonstrate bends, indicating a structural change in the compound (Fig. 2).

In the DSC curve in the same temperature range, an exothermic effect is observed (Fig. 3), which confirms the
powder XRD data. This exothermic effect is accompanied by a small decrease in the sample weight, evidencing a change in
the oxygen nonstoichiometry of the NdSr,Mn,07.5 phase. In a range 200-400 °C the oxygen nonstoichiometry decreases by
0.36% and the oxygen index becomes 7.19; i.e., the compound formula is NdSr,;Mn,07 ;9. According to the data from [17], in
the R—P phases, oxygen exists in three forms: surface, near-surface, and lattice. The first two forms of oxygen are most

active; they are removed before 420 °C. The manganese oxidation state slightly decreases. In [14], it was found that
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Fig.3. Data of the diffraction scanning calorimetry and
thermogravimetry for NdSr,Mn,07.5 oxide.
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hyperstoichiometric oxygen in the R—P phases was in rock salt layers as interstitial defects; the authors of [18] called this
excess oxygen interstitial and also pointed out that it was located in the rock salt layers in the R—P phases. Although these
studies were performed on the R—P phases with n =1, we suppose that in our phases, hyperstoichiometric oxygen is also
located in the blocks with the NaCl structure type.

To explain this behavior of the unit cell parameters and the exothermic effect, the structural calculations of the
NdSr,Mn,0.5 phase by the Rietveld method were performed at temperatures from room to 1150 °C. The results for the bond
lengths at temperatures from room to 400 °C are shown in Table 1 (this range was chosen because abrupt changes in the
structural parameters occur precisely in this interval, while with a further increase in temperature the parameters linearly
increase due to the thermal expansion of the sample). It should be noted that our data at room temperature coincide with the
results from [6].

Complex oxide NdSr,Mn,0;, is a representative of R—P phases with the general formula (Ln;_.A4,),+1Mn, 03,1 (Ln is
the rare-earth element, 4 is the bivalent metal cation). These phases are characterized by a coherent intergrowth structure of
the blocks with the perovskite structure type (the block consists of # layers) and the blocks with the NaCl structure type [10].
At n =2 this is the formula of layered manganite NdSr,Mn,07.,;5 (a structural fragment of this compound is given in Fig. 4).

In the structure of NdSr,Mn,07.s the manganese atoms are surrounded by six oxygen atoms, four of which are
located in the Mn—O plane (they are designated as O3), one is above the plane (designated as O1), yet another is below the
plane (O2), thus forming a MnOg octahedron (Fig. 4).

At room temperature, the Mn—O1 bond length is 2.038 A and Mn—-02is 1.798 A; i.e., the MnOg4 octahedron

undergoes a distortion due to the presence of the Mn®" ions. In a temperature range 220-270 °C, the Mn—O1 distance first

TABLE 1. Calculation Results of the Crystal Structure of NdSr,Mn,0.5 in a Temperature Range from Room to 400 °C

Temperature, °C

Parameter
25 120 150 225 275 300 350 400
a, A 3.8482(1) 3.8522(2) | 3.8558(1) | 3.8580(2) | 3.8569(3) 3.8603(1) 3.8618(2) | 3.8625(1)
¢, A 19.9761(7) | 20.0516(8) | 20.0519(7) | 20.0504(9) | 20.0623(7) | 20.0634(6) | 20.0644(9) | 20.1011(7)

(Nd/SP)1-01 | 2.722(2) | 2.725(4) | 2.726(3) | 2.7292) | 2.731(1) | 2.742(4) | 2.7246(3) | 2.733(3)
(Nd/Sr)2-02 | 2.575(1) | 2.476(1) | 2.4432) | 2442(1) | 24412) | 24412) | 23313) | 2.1992)

(Nd/Sr)2-02 | 2.7234(2) | 2.7278(1) | 2.7283(1) | 2.7295(2) | 2.7303(2) | 2.7374(2) | 2.7382(1) | 2.7415(1)
(3kB.)

(Nd/Sr)1-03 | 2.5964(2) | 2.6104(1) | 2.6369(1) | 2.6577(2) | 2.6603(2) | 2.6764(2) | 2.6901(1) | 2.7014(1)
(Nd/Sr)2-03 | 2.6161(2) | 2.6324(2) | 2.6511(3) | 2.7079(1) | 2.7364(2) | 2.7561(1) | 2.7613(2) | 2.7667(2)

Mn-Ol1 2.039(1) 2.039(1) 2.039(2) | 2.0520(1) | 2.013(2) 2.038(1) 2.047(2) 2.101(2)

Mn-02 1.798(2) 1.805(2) 1.864(1) 1.880(1) 1.989(2) 1.946(1) 1.946(2) 2.038(2)

Mn-03 1.929(1) 1.932(1) 1.933(2) 1.932(2) 1.933(3) 1.932(2) 1.932(2) 1.932(2)
Site occupancy

Nd1(P) 0.546(2) 0.542(2) 0.481(2) 0.438(2) 0.389(2) 0.377(2) 0.357(2) 0.356(2)

Sr1(P) 0.454(2) 0.458(2) 0.519(2) 0.562(1) 0.611(2) 0.623(2) 0.643(2) 0.644(2)

Nd2(RS) 0.548(2) | 0.554(2) | 0.5652) | 0.57922) | 0.5942) | 0.6182) | 0.626(2) | 0.631(2)
Sr2(RS) 0452(2) | 0.446(2) | 04352) | 0421(1) | 0.406(2) | 03822) | 0.3742) | 0.369(2)

Convergence factors

R, % 8.39 7.42 8.38 9.17 8.11 7.08 8.50 9.37
WRp,% 18.3 17.6 16.3 17.1 16.7 17.0 17.3 17.2
R,,% 14.0 13.6 12.5 13.2 12.5 12.9 12.1 13.1

x 2.39 242 2.38 2.33 2.11 2.16 2.83 2.51
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Fig. 5. Temperature dependence of Mn—O1 and Mn—O2
bond lengths. The accuracy of determining the bond
lengths does not exceed the symbol size.

increases, and at 300 °C decreases; the Mn—O2 bond lengths increase and become almost equal (=2.00 A), which evidences
a decrease in the distortion of the MnOg octahedron (Fig. 5). An increase in the temperature from 270 °C to 400 °C is
accompanied by oxygen release, which causes an increase in the number of Jahn—Teller Mn®* ions leading to an increase in
the Mn—O1 bond lengths and a decrease in the Mn—O2 bond lengths; i.e., the MnOg4 octahedron becomes again less
symmetrical due to the Jahn—Teller distortion. Thereafter, the lengths of these bonds smoothly increase up to 1150 °C.

The Nd/Sr atoms are at two positions (Fig. 3). In the perovskite-like blocks, the Nd/Sr1 atoms are surrounded by 12
oxygen atoms (eight O3 atoms and four O1 atoms); in the blocks with the NaCl structure type, Nd/Sr2 atoms are surrounded
by nine oxygen atoms (four O3 atoms and five O2 atoms, one of which is apical). With increasing temperature, the Nd/Sr1—

Ol bond lengths first increase up to a temperature of 275 °C, then decrease at 300 °C, and increase again up to
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1200 °C. The distances between Nd/Sr2 and the apical oxygen O2 decrease throughout the entire temperature range studied,
but the sharpest jump is observed at 275-400 °C (Fig. 6).

The layered ordering of rare-earth and strontium cations occurs due to increasing oxygen deficiency. This is
evidenced by the DSC and TG results. Near 300 °C, these dependences have local minima. The analogous behavior is
observed in similar Ba-substituted orthomanganites LnBaMn,0g4 5 [19].

This behavior of the Nd/Sr1-O1 and Nd/Sr2-02 bond lengths indicates an increase in the height of the perovskite
blocks and a decrease in the blocks with the NaCl structure type. This can be explained as follows: at room temperature the
neodymium and strontium ions statistically occupy the same crystallographic positions, without causing
a lattice distortion. With increasing temperature, the apical Mn—O bonds elongate in MnOg octahedra; the height of the
perovskite blocks increases and the height of the rock salt blocks decreases. To maintain the structure stability, the Nd** and
Sr** ions are more orderly distributed over the positions in the crystal structure: the strontium cations with a large ionic radius
occupy the positions in the perovskite blocks in a 12-coordinated environment; and the neodymium cations with a shorter
ionic radius, in the blocks with the NaCl structure type, with a 9-coordinated environment (Table 1). Our data coincide with
the data [20], where it was established that 73% of neodymium ions in the Nd,; ,Sr; sgMn,O; compound occupied the positions
with a 9-coordinated environment of the oxygen ions.

As seen from Table 1, the Nd/Sr1-O3 and Nd/Sr2—O3 bond lengths smoothly increase throughout the entire
temperature range due to the thermal expansion of the sample.

CONCLUSIONS

Thus, in our study it was found that in a temperature range 250-300 °C, in the NdSr,Mn,O; compound the bond
lengths of manganese, neodymium, and strontium cations with oxygen atoms change, which causes a distortion of MnOg
octahedra and the structural blocks containing neodymium and strontium ions. However, the space group of complex oxide
does not change. It is established that with increasing temperature there is a partial ordering of neodymium and strontium
cations over certain positions in the crystal structure of NdSr,Mn,0; — most neodymium ions occupy the positions in blocks
with the NaCl structure type, while most strontium ions occupy the positions in the perovskite blocks.
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