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Abstract

The effects of strontium doping on the structural properties and magnetic ordering of Nd;_,Sr,FeO; orthoferrite system have been studied by
employing macroscopic and microscopic structural techniques like X-ray diffraction, scanning electron microscopy and ’Fe Mossbauer
spectroscopy. X-ray diffraction confirmed that single phase materials have been synthesized. It has been observed that orthorhombic distortion,
density and porosity have decreased; whereas, grain size, tolerance factor and symmetry have increased with increase in the strontium
concentration. Mdssbauer results showed an increase in the Fe**/Fe®* ratio, sagging and local octahedral distortions while decrease in the
magnetic ordering with increase in the strontium content. The origin behind anomalous octahedral distortions in this system has been attributed to
the decrease in the oxidation state and mismatch in the ionic radii of A-site cations and increase in the concentration of Fe**, due to Sr** doping
at Nd>" sites. The collapse of magnetic ordering has been ascribed to the weakening of super-exchange interactions, dilution of strong long range
magnetic sub-lattice of high spin Fe®* (five unpaired electrons) by relatively lower spin of high spin Fe** (four unpaired electrons) and increase

in the spin—spin relaxation frequency.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Perovskite type metal oxides are widely studied both
theoretically and experimentally due to very broad range of
electrical properties from insulators to superconductors [1-5],
metal to insulator transitions [6], magnetic properties [7],
magneto-resistive properties [8,9], electrochemical and cataly-
tic properties [10]. These properties make these materials
important for numerous hi-tech applications such as solid
oxide fuels cells [11-13], gas sensors, catalysis [14,15], spin
valves, magnetic field sensors [16], environmental monitoring
applications [17] and spintronic devices [18]. The chemical
doping is a valuable tool for improving different physical and
chemical properties of materials. Doping can bring about
changes in conductivity, oxidation states, bond lengths, bond
angles, lattice distortions, lattice parameters, phase transitions
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and controls the properties of any material. In the case of
AFeOj; orthoferrites, (where A =rear earth cation, e.g. La, Nd,
Y, etc.), doping at A-site with alkaline earth metals (such as Ca
or Sr) increases the electronic and ionic conductivities due to
hole formation or formation of oxygen vacancies depending
upon the synthesis conditions. In the past few decades much
attention has been given to doped and undoped NdFeOs;
orthoferrites and the effects of doping on the structural,
electrical and magnetic properties have been investigated
[19,20].

The crystal structure of NdFeOj; is orthorombically distorted
derivative of cubic perovskites with Pbnm symmetry. The
crystallographic unit cell can be visualized as three dimen-
sional tilted, slightly deformed and corner sharing FeOg
octahedra, while the A-site cations (Nd+3) are dodecahedrally
coordinated by 12 O™ jons and fit in the cavities between
eight FeOq octahedra, as shown in Fig. 1. In case of FeOgq
octahedra, the Fe—O bond distances of all the six oxygen atoms
are not equal, the oxygen atoms in the orthoferrite compounds
occupy two distinct crystallographic positions, namely Ol
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Fig. 1. Distorted perovskite structure of NdFeO;.

which is along [001] direction forming two apices and O2
perpendicular to [001] direction forming remaining four apices
in the plane of the octahedra. All Fe-Ol-Fe and Fe-O2-Fe
bond angles are less than 180° in these compounds, and each
Fe ion is coupled by superexchange interaction with six nearest
Fe ions, resulting in antiferromagnetic ordering while weak
ferromagnetism is observed due to canting of spins. The Neel
temperature of NdFeOs; is 760 K which decreases with
increase in the strontium content [21-23]. Brinks et. al. [24]
have observed a decrease in the Neel temperature of
Pr,_,Sr,FeOj;, similar findings were also observed by Kharton
et. al. [25] in different orthoferrites.

The ground state electronic structure of perovskite based
orthoferrites is controlled by the interaction between on-site
coulomb strength (U), the charge transfer energy (A), the
hybridization strength between metal 3d and oxygen 2p states (f)
and crystal field splitting of the FeOq octahedra. The interplay
between these parameters shows extremely wide-ranging proper-
ties [26].

The physical properties of a material strongly depend upon
its structure. Usually, macroscopic characterization techniques
such as X-ray diffraction (XRD) or Neutron diffraction are
employed for the determination of structural parameters.
However, both techniques determine the average crystal
structure of a material and do not provide much information

about the local structure, which is sometimes more important
for understanding the correlation between properties and
structure of the material.

The scanning electron microscopy (SEM) is a useful
technique for the microstructural investigations of materials.
This technique provides information about grain or particle
size, grain morphology, grain size distribution, grains con-
nectivity, grain boundaries, segregation, presence of cracks in
the material, welding of dissimilar materials, effects of
temperature and dopants on grain size and porosity present
in the materials [27-28].

For the determination of local structural environment of
materials, Mossbauer spectroscopy is a very helpful micro-
scopic technique. This technique is capable of exploiting
structural, chemical, electronic and magnetic properties of
the material via hyperfine interactions. These hyperfine inter-
actions give rise to Mossbauer parameters such as isomer shift,
quadrupole splitting, line width and magnetic Zeeman split-
ting, which are very sensitive to crystal chemistry, atomic
surrounding, spin state, oxidation state of an atom and can be
used to investigate subtle changes due to chemical doping or
because of any other external perturbation such as temperature,
pressure or magnetic field [29-32]. Since, the electrical
conduction in orthoferrites is due to 3d electrons of transition
metal ions which strongly depend on the oxidation as well as
spin state of the metal ions. Therefore, the information
collected by *’Fe Mdssbauer spectroscopy is extremely useful
in understanding the electrical conduction in these materials.
This technique can determine the minute changes in local
atomic and electronic structure around the probing nuclei. The
objective of present study is to investigate how hyperfine
interactions evolve in Nd;_,Sr,FeO5 system due to strontium
doping.

2. Experimental

Polycrystalline Nd, _,Sr,FeO3, (where x=0, 0.1, 0.2, 0.3, 0.4
and 0.5), samples were synthesized in air by the conventional
solid state reaction method, using high purity (99.99%) Nd,Os3,
SrCO5; and Fe,O; obtained from Sigma-Aldrich. To get a
homogenous mixture, stoichiometric amounts of the starting
materials were mixed in high purity acetone followed by
grinding. The mixtures of oxides and carbonate were heated at
1000 °C, 1100 °C and 1200 °C for 16 h at each temperature
with intermediate grinding. After this heat treatment, circular
pellets of 10 mm diameter and ~1.5 mm thicknesses were
fabricated under a pressure of 3 t/in.>. These pellets were
finally sintered at 1300 °C for 16 h. Heating rate was main-
tained at 5 °C/min during sintering at each temperature, while
all samples were cooled in closed off furnace. The phase purity
of the sintered pellets was confirmed by X-ray diffraction
(XRD) using Cu K, radiation (1.5418 A). The room tempera-
ture XRD data were collected for 20°<26<70° with 0.02°
scanning step size and 3 s per step counting time. In order to
calculate the lattice parameters least square fitting procedure
was employed. Densities of these sintered pallets were
measured using pycnometer. For SEM analysis each sintered
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pallet was fractured perpendicular to the circular plane and
analyses of these fractured surfaces were carried out by using
scanning electron microscope (Leo 440i). Fe’’ Massbauer
spectra were taken at room temperature in the transmission
mode using Co’” in Rh matrix as a source of y-rays. For
calibration of the Mdssbauer spectrometer, a thin o-Fe foil was
used. MOS-90 computer program was used to analyze the
Mossbauer data; analysis was performed assuming that all
peaks were Lorentzian in shape.

3. Results and discussion:

Fig. 2 shows the XRD patterns of freshly synthesized
samples of Nd;_,Sr,FeO3 (where x=0-0.5) collected at room
temperature. The XRD spectra were indexed on the basis of
orthorhombic perovskite structure having space group Pbnm,
on the basis of PCPDF Card no. 82-2421. The lattice
parameters, a, b and c, calculated from these data are shown
in Table 1; which are consistent with the earlier reported work
[19,20,25,33,34]. From these results we note that some peaks
between 30-35° and 55-60° in the XRD patterns, which are
visible in un-doped NdFeOs; sample, gradually merge into
single peaks with increase in the strontium content indicating
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Fig. 2. XRD patterns of (a) NdFeO; (b) Ndj oSt 1FeOs (c) NdygSrg,FeOs
(d) Ndg 7Sr 3FeO5 (e) Ndg ¢Srg 4FeO5 and (f) Ndg 5Srq sFeO5 collected at room
temperature.

an increase in the symmetry; which infers a shift from
orthorhombic to more symmetric tetragonal or cubic phase.
By comparing the changes in lattice parameters, it has been
observed that change in the b parameter is more pronounced
than that of a and ¢ parameters. The cell volume is maximum
for NdFeO; which decreases gradually with increase in the
strontium concentration. The reason for this decrease is that
when trivalent Nd ions are replaced by divalent Sr ions, then in
order to maintain the charge neutrality some of Fe*™ ions are
converted into Fe** ions, causing a reduction in the Fe—O bond
lengths. Consequently, the size of the octahedron decreases
which results in a reduction of the unit cell volume and the
system changes from orthorhombic to more symmetric tetra-
gonal or cubic phase. This trend has also been confirmed by
the Goldsmith tolerance factor (), calculated from ionic sizes
given by Shannon [35], and orthorhombic distortion parameter
(D) as reported in Table 2. The value of Goldsmith tolerance
factor increases with increase in the strontium concentration.
The Goldsmith tolerance factor has been calculated by using
the following formula:

e da-o _ ratro
ﬁ(dB—o) \/E(”B +70)

The orthorhombic distortion parameter (D), which measures
the deviation of unit cell from ideal cubic structure, has been
obtained by the following equation:
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Here, aj=a, ay=b, az=c/\/2 and @ = (abc/~/2)'"* [36].
The observed value of orthorhombic distortion is maximum for
undoped NdFeOs3, which reduces gradually with increase in the
strontium concentration.

The density of a material is a very important parameter for
the determination of electrical and thermal properties and the
value bulk density must be above 90% of the theoretical
density [19]. In this study, bulk density of Nd;_,Sr,FeO5; was
measured by using a pycnometer, while theoretical density was
calculated by employing the following formula:

dw=ZM/NV g/cm® 3)

In Eq. (3), Z is the number of formula units in one unit cell
and its value is 4 for GdFeO; type structures. M is the atomic

Table 2
Calculations of Goldsmith tolerance factor, orthorhombic distortion parameter,
XRD density, bulk density and calculated porosity of Nd,_,Sr,FeO; samples.

Table 1

Phase symmetry, cell parameters (a, b and c¢), and cell volume of Sample Goldsmith ~ Orthorhombic  XRD Bulk Calculated

Nd,_,Sr,FeO;. tolerance  distortion density  density  porosity P
factor (f)  parameter (D) dy, d (%)

Sample Phase symmetry a @A) bA) ¢ (@A) Cell volume (A% (g cm™) (g cm™)

NdFeO3 Orthorhombic 5.459 5593 7.761 236.97 NdFeO; 0.9232 0.9616 6.953 6.756 2.833

Ndg¢Srg ;FeO3;  Orthorhombic 5466 5.568 7.765 236.33 Nd oSrp ;FeO5; 0.9291 0.7219 6.813 6.656 2.304

Ndj sSrp» FeO; Orthorhombic 5.464 5562 7.763 235.92 Ndo sSrpFeO; 0.9350 0.6872 6.665 6.534 1.965

Nd ;Srp3FeO;  Orthorhombic 5.470 5.533 7.778 23543 Nd 7St 3FeO3 0.9408 0.3874 6.519 6.423 1.473

Nd Srp 4FeO;  Orthorhombic 5.467 5519 7.766 234.11 Ndp St 4FeO; 0.9467 0.2897 6.395 6.322 1.143

Ndy 5SrgsFeO3;  Orthorhombic 5463 5499 7.762 233.25 Nd, 5Srp sFeO; 0.9526 0.2501 6.258 6.199 0.943
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mass in grams, here deviation from stoichiometry is not taken
into account while calculating M. N is the Avogadro's number
and V is the volume in centimeter cube. The percentage
porosity (P) in is calculated by using the following relation:

P= (:{_—d) x 100 4)

th

In Table 2, the results of theoretical density (dy,), bulk
density (d) and calculated percentage porosity (P) are given.
From these results it is apparent that for all samples the bulk
density is above 97% of the theoretical density and it further
improves with increase in the strontium concentration. This
can be attributed to the decrease in melting temperature with
increase in the Sr concentration. Thus on the basis of reduction
in the difference between a and b parameters, Goldsmith
tolerance factor (7), percent orthorhombic distortion (D) and
closeness of bulk density with theoretical density, it can be
deduced that although system remained orthorhombic up to the
50% strontium concentration, however it moves toward more
symmetric tetragonal/cubic structure.

In this study, fractured surfaces of the freshly synthesized
pallets were examined; Fig. 3 shows the SEM micrographs of
Nd,_,Sr,FeO3 pellets sintered at 1300 °C. It is evident from
these micrographs that grain sizes increase with increase in the
strontium doping level; in addition, the grain connectivity has
been improved. The increase in grain sizes may be due to
lower melting point of the strontium oxide as compared to the
melting point of neodymium oxide. Thus the higher strontium
concentration samples have lower melting point as compared
to un-doped NdFeOj;. Since, in this study all samples were
sintered at the same temperature, therefore the samples
containing higher dopant concentration have more grain
growth and compaction than those having low concentration
of strontium. From these results it is inferred that there is a
gradual decrease in the porosity and an increase in the
connectivity of the grains with increase in the strontium
content. SEM analysis revealed that the grains are mostly well
connected and intermixed. Some grains, especially in lower
doped samples, have well defined geometrical shapes and
sharp grain boundaries. With increase in the strontium content
there is a gradual reduction in grain boundaries area, the grain

Fig. 3. SEM micrographs of (a) NdFeO; (b) Nd¢Srg1FeO; (c¢) NdggSrp,FeOs (d) Ndg7Srp3FeOs3 (e) NdgSrg4FeOs and (f) NdgsSrgsFeO; taken from the

fractured surfaces of the sintered pellets.
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boundaries are very well defined and sharp in NdFeOjs;
however, higher Sr doped samples become more homogenous
and intermixed. The observed pore size varies from area to
area and sample to sample but mostly their size is less than
0.5 pm. The pores are produced due to the effects of sintering
temperature, applied pressure to make pallets and pressing time
while misorientation and mismatch of grains and grain
boundaries can also play important role.

>TFe Mossbauer spectroscopy is employed to investigate the
effects of Sr doping on the local structure of Nd,_,Sr,FeO;
system at room temperature. The Maossbauer spectra of
Nd,_,Sr,FeO5 samples are shown in Fig. 4 and fitted results
of the analyses are given in Table 3. Fig. 4a shows room
temperature Mossbauer spectrum of NdFeOs;, which is well
fitted by a single sextet. The Mdossbauer spectra of undoped
orthoferrites, with 4f group cations at A-sites, below Neel
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temperature are well fitted by one Zeeman sextet indicating the
magnetic ordering in the system and a singlet above Neel
temperature [22]. The presence of a single sextet in NdFeOj;
indicates homogeneous phase formation, absence of magnetic
impurity traces and identical environment of all Fe ions. The
sharp peaks observed in Mossbauer spectrum are indicative of
very less sagging in the system, single oxidation state of iron
and phase purity. The values of hyperfine parameters provide
clear evidence of typical Fe’™ high spin state in octahedral
coordination [21,37-39]. The observed value of isomer shift is
higher than the value of Fe** and lower than that of Fe’™,
demonstrating that almost all iron present in undoped NdFeOj;
have oxidation state of Fe’*.

Fig. 4b shows the Mossbauer spectrum of Ndg oSty FeOs,
which can be described by the presence of two sextets and a
singlet. The magnetic hyperfine field of the first sextet is

100.0 Mg
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Fig. 4. Room temperature Mossbauer spectra of (a) NdFeO3 (b) Ndj ¢Sty 1FeO3 (c) Ndg gSro,FeO; (d) Ndg 7Sro3FeO; (e) Ndg ¢Srg 4FeO5 and (f) Nd 5Sr sFeOs.
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Table 3

Magnetic hyperfine field (Hg), isomer shift (IS), quadrupole splitting (4), line
width (I') and relative area (%) associated with each spectral feature in STFe
Mossbauer spectra of Nd;_,Sr,FeOs.

Sample Hg IS A r Relative
(KOe) (mms™") (mms™") (mms™") area (%)

NdFeO; Sextet 519 0.38 -0.028 0.34 100
Nd ¢S1o FeO3 Sextet 507 0.37 -0.019 0.59 80

A

Sextet 421 0.36 0.39 0.50 15

B

Singlet — 0.12 - 0.99 5
Nd, §Srp,FeO3; Sextet 507 0.37 -0.009 0.63 37

A

Sextet 414 0.32 0.36 0.50 11

B

Sextet 367 0.41 0.32 5.22 44

C

Singlet — 0.16 - 0.75 8
Nd ;Srp3FeO; Sextet 500 0.28 0.005  0.70 13

A

Sextet 416 0.41 0.28 0.50 9

B

Sextet 326 0.37 0.33 4.59 64

C

Singlet — 0.13 - 1.30 13
Ndg S 4FeO; Singlet — 0.19 0.22 0.65 100
Nd 5SrpsFeO; Singlet — 0.18 0.35 0.67 100

507 kOe and a second sextet appears with magnetic field of
421 kOe, having 15% relative area, showing decrease in
magnetic ordering as compared to NdFeO;. The values of
magnetic field also indicate that Fe is in high spin state. The
isomer shifts for these sextets are 0.37 and 0.36 indicating that
Fe ions which are responsible for the formation of these sextets
have +3 oxidation states. The observed 0.12 isomer shift value
of singlet having approximately 5% relative area, corresponds
to Fe*' state. Kharton et. al. [25] have shown that for
LngsAgsFeO; (where Ln=La, Pr, Nd, and Sm and A=Sr
and Ba) the isomer shift range for Fe’™ is from 0.28-0.46
while isomer shift for Fe** is in the range of 0.09 and 0.14.
Some other workers considered this observed isomer shift as
intermediate value between Fe’* and Fe4+, which has two
main origins. First is the presence of Fe cations with
intermediate non-integer valence state between 3+ and 4+
owing to fast hole hoping between Fe>™ and Fe** at a time
scale less than the Mossbauer experiment time window
(107%s) [40—44]. Second explanation was given by Ryu et.
al. [45] on the basis of small ionic radius and large positive
charge on Fe** as compared to Fe’™ which causes an increase
in the polarization of Fe—-O bond. Consequently, negative
charge of oxygen slightly shifts toward Fe** which causes a
decrease in the charge on Fe and hence an intermediate value
of isomer shift is observed. The observation of a singlet having
isomer shift of 0.12 indicates the presence of iron with

oxidation state higher than +3. The sextet A has zero
quadrupole splitting value, suggesting that Fe environment is
octahedral; while the quadrupole splitting value for sextet B is
away from zero indicating that Fe is slightly shifted from its
lattice site and its environment is not perfectly octahedral. The
larger value of quadrupole splitting indicates an increase in the
octahedral distortions, when compared with NdFeOj. This
increase in the octahedral distortion is opposite to the XRD
results which showed an increase in the symmetry with
increase in the Sr content; due to this opposing trend, the
octahedral distortions are referred as anomalous. The possible
reason for this behavior may be that Mossbauer spectroscopy,
which is a microscopic technique, determines the minute
changes in the local atomic and electronic structure around
the probing nuclei via hyperfine interactions due to its high
resolution. Whereas, XRD being a macroscopic technique
cannot determine such tiny changes and only gives an average
structure of a material. The increase in line width also indicates
that distribution in hyperfine parameters is increased in
Nd()Agsr().lFeO}

In Fig. 4c and d the Mossbauer spectra of Ndg gSrg,FeO3
and Nd, 351 3FeO3 are shown; for these materials both spectra
can be fitted well by three sextets and a singlet. This is mainly
due to the formation of Fe**, change in the surrounding
environment of Fe’™ and presence of steric effects, produced
by bigger size of the strontium ion as compared to the
neodymium ion. The values of hyperfine parameters of both
spectra indicate that there is a gradual increase in the Fe'**
content, area of paramagnetic singlet and octahedral distortions
while there is a decrease in the magnetic ordering with increase
in the Sr concentration.

Room temperature Mossbauer spectra of Ndg ¢Srg 4FeO3 and
Nd 5Srg sFeO5 are shown in Fig. 4e and f. These spectra can
be fitted by a singlet, where magnetic ordering is completely
lost in both samples. The isomer shift values are intermediate
between Fe** and Fe** which again indicate presence of Fe*™,
fast hole hopping between Fe’* and Fe** and slight shift of
oxygen negative charge toward Fe**. The quadrupole splitting
values of both samples are away from zero indicating that
octahedral distortions have increased with increase in the
dopant concentration.

On the basis of Mossbauer study, we can confer the causes
or origin behind the increase of octahedral distortions with
increase in the Sr concentration in the Nd;_,Sr,FeO; system.
From these results it has been observed that Fe**/Fe>* ratio,
which was approximately zero in NdFeO; has gradually
increased with increase in the strontium concentration, may
be responsible for these octahedral distortions. These local
distortions around the Fe sites are not correlated to average
A-site cations radii, lattice symmetry, unit cell volume and the
tolerance factor. But, these are more associated with the
concentration and sizes of Fe** and Fe®* ions, bond lengths
of Fe**-072 and Fe**-072, mismatch between ionic radii of
A-site cations, decrease in the oxidation state of A-site cation
(due to the replacement of Nd** by Sr**) and also it may be due
to slight change in oxygen stoichiometry. The effects of oxidizing
and reducing environments on the Fe oxidation state, oxygen
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stiochoimetry and Neel temperature were investigated by
Brinks et. al. [24] for Pr;_,Sr,FeOs; it was shown that the
oxygen stoichiometry vary significantly in reducing environ-
ment, however in oxidized environment oxygen stoichiometry
did not differ considerably. In the present study, samples were
synthesized in oxidized environment, therefore it is anticipated
that there is not any appreciable variation in the oxygen
stoichiometry. The increase in concentration of Fe4+, decrease
in oxidation state of A-site cations and mismatch between
ionic radii of Nd** and Sr** may have pronounced effects on
the surrounding environment. Hence, these factors can be
attributed to the origin of increase in octahedral distortions in
the Nd,_,Sr,FeO; system with increase in the strontium
content.

As evident from the Mossbauer spectra of Nd,_, St FeO;
samples, possible causes for the collapse of magnetically
ordered state to spin disordered state are: the high spin to
low spin transition of Fe, increase in the spin—spin relaxation
frequency and decrease in strength for the super-exchange
interactions with increase in the strontium concentration.
Makhdoomi et.al. [39] have suggested that as the octahedral
distortions around Fe increase, the crystal field splitting energy
increases and exceeds the average electron spin pairing energy;
consequently spin configuration of the Fe>* ion crosses over
from a high spin to a low spin state. This was ascertained by
the progressive decrease of the associated internal hyperfine
field and increase in sagging of the magnetic sextet. The
observed decrease in the value of associated isomer shift was
attributed to the decrease in the cell volume, which caused an
increase in the s-electron density around Fe nuclei. Although,
the observed values of the associated internal hyperfine field in
the present study (as given in Table 3) decrease with increase
in the Sr concentration; however, it cannot be correlated to a
low spin Fe®* with only one unpaired spin. The magnetic field
associated with the sextet A, B and C present in
Ndg 7Srg3FeO3 is 500 kOe, 416 kOe and 326 kOe, respec-
tively. These values are higher than the magnetic field allied
with the low spin Fe>* (H; ) which should be around or below
100 kOe, because of the relation (5/2:1/2::Hyg:Hys). There-
fore, the possibility of iron being in low spin state Fe>* ion can
be ruled out particularly up to 30% strontium concentration.
However, high spin Fe** have four unpaired spins which are
relatively lower than five unpaired spins of Fe®* which can
play important role.

Another explanation for the sagging behavior and lowering
of the Neel temperature was given by Marzec [46], where
temperature and composition dependant sagging of the sextets
in orthoferrites was elucidated. In that study the justification
for the transition from a magnetically ordered state to a spin
disordered state by the spin—spin relaxation frequency phe-
nomena was presented, which become faster than the char-
acteristic Mossbauer experiment time window. Increase in the
spin—spin relaxation frequency with temperature and composi-
tion can account for the sagging of the sextet and collapse of
the magnetically ordered state in orthoferrite systems. Kharton
et. al. [25] have investigated Nd(sSrysFeO; by using
Mossbauer spectroscopy at 4.1 K and 297 K. At 4.1K

magnetic field was 515 kOe, while at 297 K the magnetic
ordering was completely lost; which shows that this material
has Neel temperature below room temperature. In the present
study, on the basis of magnetic ordering results, it can be
inferred that up to 30% strontium doping Nd,_,Sr,FeOj
system may have Neel temperature above room temperature;
whereas when the Sr concentration is higher than 40%, the
Neel temperature shifts below room temperature.

Strength of the super-exchange interactions depends upon
the nature of the B site cations and angle of B-O-B path; as
the Sr concentration increases, it causes an increase in the Fe**
content. Thus the observed decrease in the magnetic ordering
can also be correlated to the increase in Fe** content, which
results in a weaker Fe’™—O™>-Fe** double exchange interac-
tions as compared to Fe’*—-O™>—Fe* superexchange interac-
tions and change in the Fe-O—Fe bond angle due to increase in
the concentration of strontium. Brinks et. al. [24] have
investigated Pr;_,Sr,FeO; synthesized both in reducing and
oxidizing environments. For samples synthesized in reducing
environment they found that all Fe ions have 3+ oxidation
state and as a result of Fe’*-O >-Fe’* super-exchange
interactions, a very small change in the Neel temperature
(Ty=711 K for x=0 and 700 K for x=0.67) was detected.
However, for samples prepared in oxidized environment due to
presence of Fe’*—O™?—Fe** double exchange interactions, the
Neel temperature decreased significantly (Ty=711 K for x=0
and 190 K for x=0.50); moreover, the collapse of magnetic
ordering was also observed in the oxidized samples at room
temperature. Hence, based on the above discussion it can be
summarized that weakening of the super-exchange interac-
tions, increase in the spin—spin relaxation frequency and
dilution of the strong long range magnetic sub-lattices of high
spin Fe’* (five unpaired spins) by relatively lower spin (four
unpaired spins) of high spin Fe*', are the major factors
responsible for the collapse of magnetic ordering in the
Nd, _,Sr,FeO; orthoferrite system.

4. Conclusion

In the present study the single phase polycrystalline
Nd,;_,Sr,FeO; system, (where x=0-0.5), has been synthesized
by the solid state reaction method. XRD results verified phase
purity, increase in the symmetry and tolerance factor while
decrease in the orthorhombic distortion and density with
increase in the strontium concentration. Comparison of pycn-
ometer bulk density with XRD theoretical density indicated a
decrease in the porosity with increase in the strontium content.
SEM analyses illustrated an increase in the grain size and a
decrease in the porosity. Mossbauer spectroscopy results
indicated an increase in the Fe**/Fe®* ratio, sagging and local
octahedral distortions while decrease in the magnetic ordering
with increase in the strontium concentration. The origin of
anomalous octahedral distortions present in the Nd;_,Sr,FeO5
system can be attributed to the increase in the concentration of
Fe**, mismatch between the ionic radii and decrease in the
oxidation state of A-site cations (due to the substitution of Sr**
at Nd** sites). However, the major factors behind the collapse
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of magnetic ordering in this orthoferrite system may be
weakening of the super-exchange interactions, increase in the
spin—spin relaxation frequency and dilution of the strong long
range magnetic sub-lattices of high spin Fe’* (five unpaired
spins) by relatively lower spin (four unpaired spins) of high
spin Fe*™.
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