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Perovskite nanocrystals are gaining increased attention because of their magnetic, transport and catalytic
properties, and particularly there is a renewable interest of cobalt perovskites for catalysis. Accordingly, the
correct interpretation of their properties stemming from a particular configuration of the cations within this
crystalline structure is compulsory. Herein, we report the synthesis of Ndg 755r¢25C003 nanocrystals using
the citrate sol-gel method and annealed at different final temperatures (600 °C, 700 °C, 800 °C and 1150 °C).
Their characterization was carried out combining transmission electron microscopy, X-ray diffraction,
Raman spectroscopy and vibrating sample magnetometry, demonstrating their complementarity to get the
whole picture of the multi-featured perovskite-based nanocrystal behavior.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite nanocrystals with magnetic, transport and catalytic
properties have been reported to lead to a unique set of physical
phenomena, which can be considered independently or interrelated
for different applications [1-6]. For example, concerning the field of
catalysis, the current and worrying situation of our planet in terms
of global warming and the depletion of the fossil fuels has increased
a renewable interest in electrocatalysts, and in particular the study
of the performance of cobalt perovskite oxides [7-11].

Focusing on the family of perovskite cobaltites, Ln;_xAxCoOs,
where Ln corresponds to lanthanides and A to alkaline-earth metals,
they show significant features stemming from the crystalline
structure and the configuration of the different cations in it. We can
refer the cobalt ion spin-state, which is not present in the manganite
counterpart, and becomes as an additional degree of freedom for the
colossal magnetoresistance effect [12-16]. In fact, in the cobaltites,
the comparable size between the Hund’s rule exchange and the
crystal field splitting energies induces an easy coexistence of low,
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intermediate and high spin state for Co>" and the presence of Co*" in
these systems, offering a new degree of freedom and therefore a
playground of possibilities [17,18]. Another important issue, char-
acteristic of cobalt perovskites but also of other complex oxides,
relates to the magnetoelectronic phase separation, if the system is
doped with a divalent cation at the A site [19-21]. As a consequence,
there is heterogeneity in the magnetic and electronic properties
even without a chemical segregation [13,22-24]. Furthermore, stu-
dies about the Nd;_,Sr,CoO5 family, while being less studied than its
lanthanum-based counterpart, have focused on the region where
ferrimagnetism dominates [25], given the fact that, the presence of
the smaller neodymium cation leads to a decrease in bandwidth in
comparison to the lanthanum family, with consequences in the
competing magnetic interactions and the metal-insulator phe-
nomena [26]. In this context, herein we report about the structural
and magnetic characterization of Ndg75Sr025C003 nanocrystals,
synthesized by the citrate sol-gel method and annealed at different
final temperatures (600 °C, 700 °C, 800 °C and 1150 °C). The sol-gel
method employed to synthesize these samples favors the formation
of pure phases at lower temperatures, in comparison to the typical
solid-state reaction, and offers control over the porosity and the
particle size. The magnetic scenario of these perovskite-based na-
nocrystals can be assessed and understood using a combination of
different techniques (transmission electron microscopy, X-ray dif-
fraction, Raman spectroscopy and vibrating sample magnetometry),
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Fig. 1. XRD patterns with the Rietveld refinement and representative TEM images of the Nd 755r¢.25C003 nanocrystals from the NSCO600 (a and b), NSCO700 (c and d), NSCO800
(e and f) and NSCO1150 (g and h) samples. The black circles in the XRD patterns represent the experimental data, the continuous red line is the fitted curve, the vertical blue/violet
lines are the Bragg positions, and the difference between experimental and fitted patterns is shown as a solid green line at the bottom. Inset: The size distribution histograms are

fitted to log-normal curves.

demonstrating their complementarity to understand the different
effects, stemming from stoichiometry and crystalline structure,
characteristic of these nanocrystals. Accordingly, while checking the
effect the annealing temperature can exert in the structural and
magnetic properties of the Ndg ;55r¢25C005 material, we prove the
Raman spectroscopy as a unique technique for the effective identi-
fication of secondary phases in an easy and non-destructive way,
attaining a detailed and complete characterization of the systems.

2. Experimental section
2.1. Synthesis

Ndg.75510.25C003 (NSCO) nanocrystals were prepared by a two-
step synthetic method considering the citrate sol-gel route using Nd

(NO3)3-H20, Sr(NO3); and Co(NOs3),-6H,0 with 99.9% purity (pur-
chased from Sigma Aldrich, as precursors) and an annealing final
process at different temperatures (600 °C, 700 °C, 800 °C and 1150
°C). The initial solution was prepared by mixing stoichiometric
amounts of nitrates in distilled water. Then, citric acid (CgHgO, as
chelating agent, in a metal cation (Nd+Sr+Co) to citric acid molar
ratio equal to 1:2) and 1 mL of ethylene glycol (C;HgO,) were added
to the previous solution. This solution was stirred and heated up to
80 °C and kept at this temperature for 3 h until obtaining a viscous
gel. After that, this gel was heated on a hot plate up to 180 °C to
obtain a powder, which was then thoroughly ground and firstly
calcined in air at 400 °C during 12 h and finally at 500 °C for 24 h.
This step is performed in order to ensure the complete removal of
the organic compounds from the powders. Finally, the samples were
left to cool down (3 °C per minute) and the different black powders



H. Chouaibi, B. Rivas-Murias, M. Smari et al.

were pressed into pellets (5 tons per cm?) and annealed at 600 °C
(the sample is labeled as NSCO600), 700 °C (NSCO700) or 800 °C
(NSC0800) for 12 h, and at 1150 °C (NSCO1150) for 24 h.

2.2. Characterization

The pellet X-ray diffraction (XRD) patterns were collected using a
X'Pert PRO MPD Diffractometer (Cu K, radiation, Bragg-Brentano
0-20 geometry) in the 20 angular range of 15-90°. The XRD patterns
were analyzed by Rietveld refinement using the FULLPROF software.
Transmission electron microscopy (TEM) images were performed on
a JEOL JEM1010 instrument operating at an acceleration voltage of
100 kV. Samples for TEM analysis were prepared by dropping a di-
luted suspension of the nanocrystals from the pellets onto an ul-
trathin carbon coated copper grid. Raman spectra were collected
with a Renishaw in Via Reflex confocal Raman Microscope.
Experiments were conducted at room temperature using a 785 nm
laser excitation wavelength. The laser beam was focused on the
sample by a 20x or 50x objective, with a numerical aperture (NA)
value of 0.40 or 0.75, respectively. The laser power on the sample
surface used was varied from 0.1% to 50% (from ~0.6 mW to
~31 mW), such that lower values were used to avoid any possible
modifications on the surface sample and higher values were used to
study the sample evolution. Note here that for 10% and 50% of laser
power the spectra were collected at 0.1% of laser power (~0.6 mW)
after applying these higher powers, due to the detector saturation.
Magnetic measurements were performed using the Vibrating
Sample Magnetometer (VSM) option in a Physical Property
Measurement System (PPMS) from Quantum Design. The tempera-
ture-dependent magnetization using zero-field-cooled (ZFC) and
field-cooled (FC) conditions was performed at 50 or 500 mT in the
10-300 K range. Hysteresis loops under ZFC conditions were mea-
sured at 10, 50 and 125 K, applying magnetic fields up to 7 T.

3. Results and discussion

The Ndo 75510.25C003 nanocrystals forming part of the four sam-
ples in consideration, were synthesized by the citrate sol-gel method
and additionally annealed at the different temperatures (600 °C,
700 °C, 800 °C and 1150 °C), from now on referred to as NSCO600,
NSCO700, NSCO800 and NSCO1150 samples, respectively. The XRD
patterns of these samples collected at room temperature are shown
in Fig. 1 (left column). According to these diffraction patterns, all the
samples crystallize in an orthorhombic structure (Pbnm space group,
no. 62), where the lattice parameters are ~v2ajxv2a,x2a,
(ap~0.374 nm refers to the lattice parameter for the ideal cubic
perovskite structure). These XRD patterns were analyzed by the
Rietveld refinement method [27] and the lattice parameters and
atomic positions obtained are displayed in Table 1. As increasing the
temperature at which the samples were annealed, the lattice

Table 1
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parameters are in better agreement with those reported for similar
strontium doped neodymium cobaltites [19]. The average crystallite
(Dsc) size can be calculated from the line broadening of the peaks
using the classical Scherrer formula [28], Dsc = K A/pcos 0, where K is
the shape factor (equal to 0.9 for spherical particles), A is the ra-
diation wavelength, 6 the diffraction Bragg angle and B is the full
width at half the maximum (FWHM) of the peak (in radians and
after subtracting the FWHM value coming from the instrumental
factors). A rough analysis of the line broadening of the most intense
peak (corresponding to (112) planes, see the indexed diffracted
peaks in Fig. 1g), using equation 1 and Lorentzian profiles, offers
average crystallite sizes of ~17, ~19, ~26 and ~36 nm for the
NSCO600, NSCO700, NSCO800 and NSCO1150 samples, respectively,
revealing therefore that the average crystallite size increases the
larger the annealing temperature, because of a more effective sin-
tering process of the initial nuclei formed in the synthetic sol-gel
stage.

Taking the limit of the detection of the technique into account,
while the NSCO800 and NSCO1150 samples can be described in
terms of a perovskite single phase, the NSCO600 sample shows the
presence of different extra peaks, with the one located at 37° cor-
responding to the most intense peak of the Co304 phase (~12.88 wt
%), with a spinel crystalline structure [31]. Likely, a small amount
(though below the limit of detection of the technique) of this sec-
ondary Cos04 phase is also present in the NSCO700 sample, in view
of the large difference registered between the fitted and diffracted
pattern when performing the Rietveld refinement.

The morphology and the average size of the Ndg755r025C003
nanocrystals in the four different samples were studied by TEM
(Fig. 1), reflecting the irregular shape and an increase in the average
size of the nanocrystals stemming from increasing the annealing
temperature. A larger temperature of annealing during this second
synthetic step promotes an increase of the average sizes of both, the
crystalline domain and of the nanocrystals themselves, due to the
coalescence of the initial crystallites formed during the nucleation
step in the sol-gel process [32]. The size distribution analysis of the
four samples are shown in Fig. 1 (insets in the right column) and
fitted to log-normal functions [33], offering average diameters of
26.8%/2.2, 46.8%[2.9, 67.6*/5.0 and 72.2*/1.9 nm (95.50% of confidence
interval) for the NSCO600, NSCO700, NSCO800 and NSCO1150
samples, respectively. The fact of having larger sizes of nanocrystals
as reflected in the TEM but smaller crystallite domains from the XRD
analysis, just proves that the nanocrystals are polycrystalline in the
four samples.

Raman spectroscopy has been widely used as an effective tool to
investigate cation disorder, lattice dynamics and structure transi-
tions in perovskites due of its sensitivity and high spatial resolution
to explore the atomic vibrations related [34]. Furthermore, this
technique has been demonstrated to be very useful to further cor-
roborate a single-phase or the presence of secondary phases in the

Summary of the Rietveld refined parameters from the XRD data of the nanocrystals from the NSCO600, NSCO700, NSCO800 and NSCO1150 samples, considering the Pbnm space
group. While Nd, Sr and O(1) atoms occupy the 4c (x, y, 1/4), Co and O(2) atoms are in the 4b (0, 1/2, 0) and 8d (x, y, z) Wyckoff positions, respectively [29,30].

Samples NSC0600 NSCO700 NSC0800 NSCO1150
a (nm) 0.53894(17) 0.5398(2) 0.53977(12) 0.53994(3)
b (nm) 0.53611(3) 0.53658(20) 0.53667(9) 0.53611(3)
¢ (nm) 0.7609(2) 0.7583(3) 0.75980(12) 0.75972(4)
V (nm?) 0.21985(9) 0.21963(15) 0.22009(7) 0.21992(2)
Length (A) Co-0(1) 1.907(8) 1.926(17) 1.939(12) 1.924(4)
Co-0(2) 1.80(5) 1.92(7) 1.89(4) 1.95(3)
Co-0(2) 2.30(6) 212(7) 1.98(4) 1.91(3)
Angle (°) Co-0(1)-Co 171.6(3) 159.6(7) 156.8(5) 161.4(18)
Co-0(2)-Co 136(2) 140(3) 158.3(18) 159.8(11)
R, (%) 6.72 233 5.19 3.33
Rup (%) 8.13 240 6.33 4.99
v 114 112 114 118
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Fig. 2. Stokes-shifted Raman spectra (obtained using a 785 nm excitation wavelength and 0.6 mW of laser power) of nanocrystals from the NSCO600, NSCO700, NSCO800 and
NSCO1150 samples (a) and Raman spectra applying a 0.6 mW laser power before and after applying a 35 mW laser power to the nanocrystals from the NSCO600 (b) and NSCO1150

(c) samples.

samples to be analyzed. The Pbnm space group of the perovskite
crystalline structure in which the studied samples crystallize pre-
sents, according to group theory, 24 Raman active modes: 7Ag + 7B1 ¢
+ 5B, 4 + 5B3 ¢, which corresponds to 7Ag + 5B; ¢ + 7B, ¢ + 5B3 in the
Pnma coordinate system [35], but all are usually observed at low
temperatures and using different polarizations.

The Raman spectra (shown in Fig. 2a) were performed at room
temperature in the region from 100 cm™ to 1000 cm™! and using a
785 nm laser excitation with a 0.6 mW laser power. A main broad
bands is registered in the room-temperature spectrum of the
NCSO1150 sample (in red), which stem from Raman scattering of
higher order, that is, from multiphonon summation processes which
split on cooling [36]. Nevertheless, an additional small broad band is
better appreciated in the normalized spectrum and indicated with
black arrow in Fig. S1, in the Supporting Information (SI). The main
feature of this NSCO1150 Raman spectrum is the presence of a re-
latively intense peak at 728 cm™ associated to the perovskite phase.
This mode corresponds to a Co-0 bond-stretching (breathing mode)
with B, symmetry, similarly to that observed at 610cm™ in the
LaMnO; material which crystallizes in the same space group [35,37].
The peak at lower wavenumber is related to the bending vibrations
of the octahedra in the perovskite structure [38]. The Raman spectra
of the samples annealed at lower temperatures are completely dif-
ferent and show vibration peaks corresponding to the Co304 [39,40],
with the Raman-active characteristic modes of the spinel structure.
These are the A;, and E, plus three T,, modes, being the A;, the
most intense (see the mode assignations in the NSCO600 sample
spectrum in Fig. 2a). Therefore, the Raman analysis just confirms the
presence of this cobalt oxide in the NSCO600, NSCO700 and even in
the NSCO800 samples (on which this phase is not detected by XRD).
The absence of the Raman modes associated to the perovskite in the
spectra of the NSCO600, NSCO700 and NSCO800 samples can be
explained taking the much larger intensity of the spinel vibration
modes into account, which therefore screen the cobaltite modes.

Besides the advantage of distinguishing the phases in a sample,
Raman spectroscopy can be useful to follow the changes that a high
laser power can induce locally on the samples, in terms of crystalline
structure modification, oxidation and/or evolution to other phases in
a controllable way [39,41,42]. These modifications are produced due
to a very local heating induced by the applied laser and the resulting
process is similar to heating the material in air. With this into ac-
count, spectra from the NSCO600 and NSCO1150 samples were ob-
tained using a 0.1% laser power (~0.6 mW), before and after exposing

both samples to a laser power of 35 mW in the same spot. While the
initial spectrum of the NSCO600 sample (Fig. 2b) evolves to the si-
milar spectrum taken from NSCO1150 sample at the lowest laser
power, no changes in the spectrum are induced after applying the
higher power laser to the NSC1150 sample (see Fig. 2c), corrobor-
ating in this later case that the synthesized sample corresponds to a
stable perovskite phase. This means that there is a reconfiguration
and therefore an induced transition by which the cations and anions
in the Co304 phase become part of the final perovskite phase. This
also demonstrates that an extra thermal energy is necessary to ob-
tain the same perovskite crystalline structure in the NSCO600
sample as in the NSCO1150 sample. Summarizing this part, the
scenario obtained by Raman spectroscopy shows the presence
of Co304 as a secondary phase in the samples synthesized below
1150 °C, coexisting together with the neodymium doped cobaltite
phase shown by the XRD analysis.

Attending now to the magnetic characterization, the temperature
dependence of the magnetization under ZFC (zero-field-cooled) and
FC (field-cooled) conditions and applying an external field of 500 mT
for the NSCO600, NSCO700, NSCO800 and NSCO1150 samples is
shown in Fig. 3 (left column). The four samples exhibit an increase in
the FC magnetization as the temperature decreases, showing the
transition associated to the cobalt sublattice ordering ferromagne-
tically around ~175, 212, 165 and 113K for NSCO600, NSCO700,
NSCO800 and NSCO1150, respectively (data taken from the
minimum in the derivative of the magnetization with temperature,
see Fig. S2 in the SI). However, while the FC curve for the NSCO600
sample increases gradually as the temperature decreases, this FC
curve reaches a maximum at low temperature and begins to de-
crease for the other three samples (NSCO700, NSCO800 and
NSCO1150). The behavior can be associated to a ferrimagnetic or-
dering between the neodymium ions and the cobalt sublattice (an-
tiparallel coupling), which reduces the net magnetization below
30-35K for this Ndg 75510.25C003 magnetic phase. The coexistence of
this ferri- and ferromagnetic ordering below this temperature was
already reported for samples with a strontium doping between 0.20
and 0.60 [22,30]. This transition is not observed in the case of
NSCO600 sample because of the more important percentage of the
Co304, that is, the larger phase segregation (Nd,SryCo,03 and Co304)
present. The observed maxima for the corresponding ZFC curves
shift to lower temperatures and become narrower as the annealing
temperature increases, in agreement with the phase transition
mentioned, except for the NSCO600 sample. This NSCO600 sample
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Fig. 3. ZFC-FC curves measured under an applied field of 500 mT (left column) and hysteresis loops at 10K, 50 K and 125 K (right column) of the NSCO600 (a and b), NSCO700

(c and d), NSCO800 (e and f) and NSCO1150 (g and h) samples.

shows a maximum around 75K, but with the magnetization curve
increasing again at very low temperature, likely because of the larger
phase segregation (Nd,Sr,Co,03 and Co30,4) present in this sample,
as aforementioned.

The ZFC and FC curves bifurcate below a certain temperature (see
Fig. 3, left column). This bifurcation reported in several doped co-
baltites has been explained considering the magnetic frustration or
glassy behavior [43-47], which we confirm in these samples when
measuring the ZFC-FC temperature-dependent magnetization
curves applying different magnetic fields [48]. Fig. S3 (in the SI)
reflects this feature associated to the spin-glass behavior, with the

shift of the cusp in the ZFC curve to lower temperatures and the
broadening of the peak when increasing the applied field (poH) from
50 to 500 mT in the samples analyzed (NSCO700 and NSCO1150).
The maximum of the ZFC shifting from 212 K to 100 K and from 113 K
to 40K for the NSCO700 and NSCO1150 samples, respectively, in-
dicates a collective freezing of the magnetic moments at lower
temperature, because of the spin-glass situation. On the other hand,
the shift in the irreversibility can be also associated with slower
relaxation processes taking place in these samples of nanocrystals
that are more weakly interacting, considering a random distribution
of strong magnetic dipole-dipole interactions. Indeed, in this regard,
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increasing the magnetic field implies the overcome of effects asso-
ciated to the anisotropy field and dipole-dipole interactions [49,50].

Focusing the analysis on the NCSO1150 sample, its ferromagnetic
and ferrimagnetic transition temperatures are in good agreement
with those reported by Stauffer et al. for the Ndg755rg25C003
composition [22]| and with lower values than those for its lan-
thanum-based counterpart, as expected. In the particular case of the
disordered LngsSrgsCo0s compounds, the Curie temperature de-
creases as decreasing the cation size at the A sites [23]. According to
this, for the samples annealed at lower temperatures, the values of
the Curie temperature (which are higher than the expected ones for
the x=0.25 strontium doping) and the broader maxima of the dM/
dT, suggest the presence of a main cobaltite phase with a slightly
different level of strontium doping. Nevertheless, as the annealing
temperature increases, the formed phase tends to reach the desired
x =0.25 strontium doping with its corresponding Curie temperature
value, because of the correct reconfiguration of the cations in
the crystalline structure stemming from the higher annealing
temperature.

The evolution of the magnetization as a function of the magnetic
field was studied at different temperatures (Fig. 3, right column). All
samples show a hysteretic behavior and non-saturated loops. At the
lowest temperature (10 K) the coercive field notably increases from a
value of 304 mT for NSCO600 sample to 1279 and 1181 mT for
NSCO800 and NSCO1150 samples, respectively, together with an
increase of the maximum magnetization at the highest applied field,
from 15.84 Am?/kg (NSCO600 sample) to 26.47 Am?/kg (NSC1150
sample). This also proves the reconfiguration of the cations in the
crystalline structure, due to the effect of the higher annealing tem-
peratures already mentioned. The value of the coercive field ob-
tained for the NSCO1150 sample is higher than the one reported by
Stauffer et al.[22] for the composition x =0.25, with a value of ~900
mT versus the 1180 mT value obtained in this work. This can point to
the presence of a phase separation taking place, given the fact that
the coercive field is dependent on the disorder and inhomogeneities
in the sample. In this regard, a clustering situation has been asso-
ciated to the electronic phase separation scenario in the disordered
perovskite La;_4SrxCoO3 for x > 0.3, where the coalescence of short
range nanoscopic ferromagnetic clusters was reported [12,23,51].
Analogously, a long-range ferromagnetic ordering was reported to
dominate over the non-ferromagnetic phases, taking the coalescence
of clusters and the electronic percolation into account in the
Nd;_4Sr«Co03 family (x > 0.18) [22]. Indeed, the presence of ferro-
magnetic clusters has been correlated to a process of doping a per-
ovskite with a divalent cation, as favoring ferromagnetic interactions
between Co>" cations and the Co*" obeying the Zener double-
exchange mechanism [52]. These interactions coexist with the pre-
sence of antiferromagnetic interactions due to the superexchange
between Co>*/Co>* and Co**/Co*". Furthermore, the remnant mag-
netization in the hysteresis loops measured at 10 K for the samples
annealed at the highest temperatures (NSCO800 and NSCO1150)
increases at the intermedium 50 K temperature, consistent with the
existence of the ferrimagnetism stemming from the neodymium
sublattice reported by neutron powder diffraction experiments at
low temperature [30].

Another aspect to highlight is the fact that only the hysteresis
loops of the NSCO1150 sample show a double reversal of the mag-
netization, better observed by the presence of two maxima (in-
dicated by red arrows in Fig. S4d) in the derivative of the
magnetization respect to the field (dM/d(uoH)). This drop in the
remnant magnetization near zero field can be attributed to the ex-
istence of two magnetic phases with different coercivities or can be
explained by the presence of antiphase boundaries in the case of
ordered double perovskites [24,53]. Antiphase boundaries are non-
equilibrium features of crystalline solids, with a spin order different
to the two magnetic regions they separate [54,55]. In this case, two
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ferromagnetic regions are separated by an antiphase interface where
antiferromagnetic interactions occur, so that the antiparallel cou-
pling decreases the remnant magnetization of the sample. Never-
theless, the scenario of the NSCO1150 sample seems to be more
related to the oxygen deficiency, taking the disordered distribution
of the Co®* and Co*" cations into account in the crystalline lattice.
During its synthesis, the NSCO1150 sample is heated up to 1150 °C
and then let cool to room temperature inside the oven. The cooling
ramp under these conditions is slow enough to promote an oxygen
gradient between the surface and the core in the pellets. Conse-
quently, the coexistence of areas with different oxygen content (i.e.,
behaving as different phases) may explain the drop in the remnant
magnetization at poH =0. Though there is no evident signal for the
coexistence of different ferromagnetic phases in the ZFC curve, the
maximum in this curve is broad enough to hide the presence of
these phases with different oxygen content within the sample. In-
deed, important changes of the magnetic and transport properties of
cobaltites have been directly associated to the different Co®*/Co**
ratio, which is related to the oxygen content of the samples [56-59].

4. Conclusions

The influence of the annealing temperature to synthesize
Ndg.75S10.25C003 nanocrystals is herein demonstrated in terms of the
crystalline phases present, by means of X-ray diffraction and Raman
spectroscopy, which show complementary results and point to a
larger phase segregation (Nd,Sr,CoOs; and Co304) the lower the
annealing temperature. In this regard, while the X-ray diffraction
studies indicate the formation of a single perovskite structure for all
the samples studied except for that synthesized at the lowest tem-
perature (600 °C), Raman spectroscopy shows clearly the presence of
Co304 rich regions in the samples synthesized at temperatures up to
800 °C. Furthermore, the magnetic characterization weights the
crystalline phases present in the four samples, reflecting the per-
ovskite-based magnetic behavior with ferri- and ferromagnetic
transitions at ~35K and 113 K, and the double reversal of the mag-
netization, attributed to an oxygen gradient within the nanocrystals
synthesized at 1150 °C. Dipolar interactions and spin frustration are
also reflected in these systems with a plethora of magnetic features.
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