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Abstract

The results of the recent investigations of the crystal and magnetic structure of complex nanosized
manganese and iron oxides using neutron diffraction, X-ray diffraction and other techniques over a wide
range of thermodynamic parameters (temperature and pressure) are considered. In the nanostructured
manganites Laj_,Sr;MnOg3 (z = 0.28—0.47), the coexistence of the ferromagnetic (FM) and A-type
antiferromagnetic (AFM) states has been evidenced, implying the production of core-shell nanoparticles
with distinctive structural and magnetic properties of ordering of internal and external components.
Application of high pressure significantly modifies the ratio of FM and AFM components. For the
nanostructured Zng ssFes 530, ferrite, a distribution of Zn and Fe atoms in the crystal structure, as
well as the parameters of crystal and magnetic structures, have been estimated. The oxygen vacancies
were detected and their amount was estimated. The gradual transition of the structural phase from
the initial cubic spinel phase to the orthorhombic post-spinel phase was observed at high pressures in
this material, relevant to CoFesQy4 ferrite. In the latter case, the phase transition is also accompanied
by suppression of the ordered magnetic moments. Surprisingly, in the most cases, the properties of
structural and magnetic states of the studied nanosized manganites and ferrites are notably different
from those for the relevant bulk forms of these materials. The microscopic mechanisms responsible for
this distinction have been discussed in detail.
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1. Introduction

The achievements in condensed matter physics, materials science, and development of cur-
rent technologies in recent decades have been inextricably interrelated with research of complex
oxide materials [1]. The novel and challenging phenomena like high-temperature superconduc-
tivity |2], colossal magnetoresistance (CMR) [3-6], insulator—metal transitions |7, 8], charge and
orbital ordering |8, 9], magnetoelectric effects [10], and spin crossover [11] have been discovered
in such materials. Many of these physical phenomena have been basis for potential innovative
technological applications [12], including development of components of the data registering
and storage devices [13|, electronics, communication, energy, etc. Figuring out microscopic
effects of implementation of these phenomena is among the most urgent tasks of condensed
matter research.

In the manganites R;_,A,MnO3 (R — rare earth, A — alkaline earth elements) with the
perovskite-like structure, most of the phenomena mentioned above have been observed (except
for high-temperature superconductivity and spin crossover) |9, 11, 14| and these materials in
the bulk form have been extensively explored in recent years. It is widely accepted that the
delicate interplay between magnetic, transport and electronic properties in these systems is
the result of a complicated balance between the ferromagnetic (FM) Mn**-02?~—Mn?" double
exchange, mediated by charge carriers of the e, nature, and the antiferromagnetic (AFM)
Mn**-0%?"-Mn** or Mn3+-0%~Mn3" superexchange interactions between localized magnetic
moments, coupled to lattice and orbital degrees of freedom [4, 7, 15-18|. This concept allows
explaining the FM ordering, as well as various types of the AFM ordering, magnetic and
electronic phase transitions in the doped manganites R;_,A,MnOj |7, 17, 19-26|, depending
on the concentration z, mediated by the content of Mn3* and Mn?" ions [3, 4, 6, 7].

At present, focus is on the hole-doped (x < 0.5) nanostructured manganites [18, 27-29].
The manganite nanoparticles have been promising for applications in biological research and
biomedicine [30], in particular, for hyperthermia treatment [31]. In contrast to bulk materials,
the crystal and magnetic structures of nanostructured manganese oxides display more complex
properties [32-36]. There have been numerous reports on the size effect [33, 35] that makes the
electrical and magnetic properties of manganese oxide nanoparticles different from those in bulk
materials. Such as, the average magnetic moment of the manganese ion in nanostructured sam-
ples increases slightly as the nanoparticle size increases [33]. In nanoparticles of La; _,Sr,MnOg3
system for x = 0.33, a change in conductivity from metallic to insulating has been revealed
upon variation of their size [37].

The ferrite compounds have also been the subject of particular research interest due to the
intriguing magnetic phenomena arising from complex cation distributions at different crystallo-
graphic sites |38, 39]. Under ambient conditions, parent ferrite material, magnetite Fe3Oy4 [40],
crystallizes in the structure of the inverse spinel with Fe3* ions occupying A sites with a tetra-
hedral oxygen coordination and a mixture of Fe3* and Fe?* ions occupying B sites with an
octahedral oxygen coordination in equal proportions [41]. The spins of the Fe ions at the A and
B sublattices arrange ferrimagnetically below the Néel temperature Ty = 850 K. The chemical
doping of both crystallographic sites often causes a redistribution of Fe3* and Fe?" ions between
the tetrahedral and octahedral positions, which in turn affects the magnetic properties signifi-
cantly. It should be emphasized that the zinc ferrite ZnFe,O,4 has a spinel-type cubic structure
at room temperature, typical for such materials [41, 42|, while the copper ferrite CuFe,O,4 has
a tetragonal structure due to cooperative JT distortions driven by the distribution of Cu?* ions
into the octahedral B site [43]. The magnetic interaction Jap between the magnetic moments of
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iron positioned at the tetrahedral A and octahedral B sites is stronger than those between the
moments of the ions in either tetrahedral sublattice Jas or octahedral sublattice Jpg [41, 43].
All those magnetic interactions are antiferromagnetic, but the fact |Jag| > |J| > |Jaal
provokes ferrimagnetism in Zn—Cu spinel ferrites compounds [43, 44|, leaving the A-A and
B-B couplings inherently frustrated. A substitution by diamagnetic ions suppresses the mag-
netic coupling Jap and changes a balance between competing interactions Jxs and Jgg, giving
prerequisites to forming the Yafet—Kittel triangular magnetic structure [45, 46]. A current sci-
entific approach is the advanced synthesis of complex ferrites with controllable redistribution
of iron ions between the A and B sites, resulting in the variation of a balance between complex
magnetic interactions inside magnetic structure of ferrites [39, 43].

Similarly to manganites, nanostructured ferrites [47-49| present interesting fundamental is-
sues arising from diversity of their structural and magnetic properties. A significant saturation
magnetization [43, 48, 49|, relatively high electrical resistivity [44, 50|, low electrical losses,
and good chemical stability make these materials important for a broad range of technological
applications as components of transformer cores, radio frequency circuits, rod antennas, data
storage and electronic devices, etc. [51-54]. Ferrite nanoparticles are promising materials for
applications such as spin valves, magnetoresistive memories, medical diagnostics [47, 55], treat-
ment and contrast agents for magnetic resonance imaging. In particular, it has been reported
that surface vacancy defects |56, 57| can change the transport properties of nanostructured
ZnFe,0, ferrite from a semiconducting character to a metallic one [58]. As similar effect has
also been observed in MgFe,O,4 nanoparticles, where surface structural defects cause a change
from a semiconducting state to a half-metallic one [59].

The variety of physical phenomena observed in nanostructured complex transition metal ox-
ides is due to the strong correlation between spin, orbital, charge and lattice degrees of freedom.
It results in serious difficulties in understanding the nature and mechanisms of these phenom-
ena, especially at the microscopic level. Therefore, studying systems with strong correlations
requires experimental approaches that allow for the separation of contributions from different
interactions. A promising approach is a variation of thermodynamic parameters, such as high
external pressure and temperature [60-68|. Estimating the microscopic mechanisms of the me-
diated relationship between the changes in the crystal and magnetic structure parameters is
the cornerstone issue of this research area [69-74].

The neutron diffraction is the most suitable for this purpose, since it allows estimating
both the crystal and magnetic structures of materials and provides more accurate estimation
of the coordinates of light atoms compared to X-ray diffraction. In addition, high penetration
of neutrons is advantageous for experiments with complex sample environments required for
variation of pressure and temperature over a wide range. At the Frank Laboratory of Neutron
Physics (FLNP) of the Joint Institute for Nuclear Research (JINR), two diffractometers, DN-12
and DN-6, have been constructed for structural investigations of materials at high pressures
and low temperatures at the IBR-2 high-flux pulsed reactor. A long-lasting experience of
experimental research in this area has been accumulated [75-80]. Here, we present an overview
of recent results of neutron diffraction research of structural properties and magnetic states
of nanostructured complex manganese and iron oxides [56, 80-88] that have been obtained at
JINR through a long-term cooperation with scientific organizations from the present and former
JINR Member States, including Belarus, the Czech Republic and Vietnam.
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2. Materials and techniques

The details of manganites and spinel samples synthesis can be found in [81-86].

The neutron diffraction experiments were carried out in a pressure range up to 8 GPa and
a temperature range of 5-290 K with the DN-6 and DN-12 diffractometers (the IBR-2 pulsed
reactor, JINR, Dubna, Russia) [78-80]. The sapphire anvil high pressure cells were used [78].
The hemispherical holes were made at the centres of anvil culets to achieve the quasi-hydrostatic
pressure distribution inside the cell. The sample with a volume of about 2 mm? was loaded
into the aluminum gasket 0.8 mm thick positioneded between the anvils. The pressure was
measured using the ruby fluorescence technique, with typical errors not exceeding 0.1 GPa.
The diffraction patterns were accumulated at a scattering angle of 90° with the resolution
Ad/d = 0.02. The special cryostat based on closed cycle helium refrigerator was used for
providing low temperatures in high pressure experiments.

The nanoparticle size and morphology were characterized by transmission electron mi-
croscopy (TEM) on a Philips CM 120 instrument. Samples were taken from the final product
after size fractionation but before surfactant removal, since thorough washing induces particle
aggregation.

The primary phase analysis was carried out using X-ray diffraction at the PANanalytical
Empyrean Advanced X-Ray Diffractometer in a Bragg—Brentano configuration with a Cu-Ka
source and the PIXcel 3D detector. Generator settings for the tube were 40 kV and 4 mA. Scan-
ning was carried out in the Bragg—Bentano geometry with an angle of scattering 26 ranging
from 20° to 100° in increments of 0.01°. The Oxford Cryosystems Phenix closed cycle cryostat
was used for low temperature measurements between 15 and 300 K. The powder X-ray diffrac-
tion measurements at high pressures up to 40 GPa were implemented at the Xeuss 3.0 X-ray
SAXS/WAXS instrument (Xenocs) with radiation generated by a GeniX3D source (Mo-Ka
radiation, A = 0.71078 A), using an Eiger2 R 1M 2D-detector (Dectris). Both the PANalytical
and Xeuss instruments are housed at the FLNP JINR.

The Raman spectra from nanostructured samples were accumulated using a LabRAM HR
Evolution spectrometer (Horiba) with a wavelength excitation of 632.8 nm emitted using a
He—Ne laser, 1800 grating, a confocal hole of 200 ym and x20 objective.

The Boehler—Almax plate-type diamond anvil cell was used in the X-ray diffraction and
Raman spectroscopy measurements. The sample was positioned in the hole 150 pm in diameter
made in a Re gasket that was indented to about a 30-pm thickness. The 4:1 methanol-ethanol
mixture was used as a pressure-transmitting environment. The pressure was also measured
using the ruby fluorescence technique.

The neutron and X-ray diffraction data were analyzed using the software package Full-
Prof [89-92].

3. Results

3.1. The phase separation in manganite nanoparticles

At the first stage, the crystal and magnetic structure of nanostructured hole-doped man-
ganites La;_,Sr,MnOj3 (for x = 0.28 and 0.37) with different sizes of nanoparticles was stud-
ied in detail at ambient pressure [81, 82|. An average particle size was d ~ 47 nm for
Lag 72510.2sMnO3 and ~45 nm for Lagg3Srg37MnO3. Both systems with selected strontium
concentrations close to optimal doping level z ~ 0.33 were chosen in order to neglect an extra
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Figure 1. a) Neutron diffraction patterns and zoomed parts of the magnetic peaks of the nano-
structured manganites Lag 79Srg.2osMnOs and Lagg3Srg.37MnQOg, measured at ambient pressure and
at low temperature. Observed magnetic peaks correspond to ferromagnetic (FM) and antiferromag-
netic (AFM) phases that are labeled in blue and red, respectively. b) The schematic of magnetic
phase separation in manganite nanoparticles. The blue area depicts the FM component in the core
of nanoparticle. The AFM phase is represented in red. The figures represent adapted data from the
previous papers [81, 82].

effect from possible strontium content fluctuations. The neutron diffraction patterns of
Lag.3519 37 MnO3 and Lag 79519 2sMnO3; measured at ambient pressure and low temperature
are shown in Figure 1. Over the whole studied temperature range of 10-300 K, both the nanos-
tructured manganites retain the average rhombohedral structure of the R3¢ symmetry. The
increasing intensity of the diffraction peaks at dpz; ~ 3.8 Aand ~2.7 A on cooling evidences de-
velopment of the FM order in both nanostructured manganites (Figure 1, a). The values of the
ordered Mn magnetic moments estimated from the Rietveld refinement of the diffraction data at
T =4K are MFM = 23(4) UB for La0.638r0.371\/[n03 and MFM = 22(2) UB for La0_728r0_281\/[n03
samples, respectively [81]. It should be highlighted that these values are significantly smaller
than the theoretical value of ~ 3.7 up per Mn for the ideal FM alignment, as observed for bulk
materials [93]. Based on the results of this neutron experiment, we can assume that the man-
ganese oxide nanoparticles show a slight excess of oxygen that can primarily be attributed to the
surface area [81, 82]. We proposed that this effect is related to occurrence of the magnetically
inactive layer (or “magnetically dead” shell) on manganite nanoparticles [81]. It also contributes
to the surface strain that compresses the particle core and alters its physical properties. Re-
cently, it has been discovered that ultrafine magnetite Fe3O, nanoparticles with a well-defined
crystal structure extending to the outermost layers and a surface that is shielded from exces-
sive oxidation do not necessarily show a reduction in the ordered magnetic moment [94]. The
calculated “magnetically dead layer” is about 1.5 nm thick in both La;_,Sr,MnOj3 nanoparti-
cles [82]. Therefore, the surface quality of the nanoparticles is a reasonable origin for observed
modification of magnetic properties in the nanostructured manganites under study.

When cooling the both samples, a weak extra magnetic peak was observed at dpi ~ 3.5 A
(Figure 1). Based on the analysis of the obtained neutron diffraction data, this property is
attributed to production of the A-type AFM ordering coexisting with the FM one [95]. The
fractions of FM and AFM phases were estimated from neutron diffraction data using Rietveld
refinement, based on the analysis of the magnetic reflections particular of each magnetic or-
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dering. The ordered Mn magnetic moments in this AFM structure are aligned within the (ac)
crystallographic planes, while in adjacent planes along the b-axis they are oriented in the op-
posite direction. It should be highlighted that the position of the AFM peak is estimated in
the framework of a simplified cubic perovskite structure with an average lattice parameter of
(a,) = 3.85 A [81]. Nevertheless, the parameters of the rhombohedral structure of this man-
ganite are based on the perovskite lattice with a lattice parameter of (a,) = 3.82 A [96]. To
obtain the Curie temperature T for the ferromagnetic phase and the Néel temperature T for
the antiferromagnetic phase, the M(T') data corresponded to the function [97, 98]:

M M T
BS(3S C))

My ~C\S+1M, T

S+1My, T (1)

where Bg is the Brillouin function, S is the spin of the system (S = 3/2), and M is the magnetic
moment at 7' = 0. The Curie temperatures T for the ferromagnetic phase were calculated as
308(1) and 304(1) K and the Néel temperatures Ty were estimated almost equally as 265(1) K
for nanostructured Lag 795r02sMnO3 and Lag gsSrg 37 MnO3 manganites, respectively.

It was assumed that the development of the A-type AFM phase is associated with the
anisotropic deformation of the MnOg oxygen octahedra [95, 96|. Intriguingly, in the rhombohe-
dral structure of nanostructured manganese oxides, the oxygen octahedra show high symmetry
and consist of identical Mn—O bonds [95]. Consequently, the AFM phase in bulk La;_,Sr,MnOj3
manganites was not anticipated. However, for nanostructured manganites, the antiferromag-
netic phase has been directly identified using neutron diffraction.

Let us discuss the nature and mechanisms of magnetic phase separation phenomena in
nanostructured manganites. We consider the possibility that the non-stoichiometry of oxygen
on the surface of manganese nanoparticles might be responsible for the occurrence of an extra
structural phase with a lower symmetry than the rhombohedral phase in bulk manganites [81,
82]. In accordance with the structural phase diagram of La;_,Sr,MnO3 manganites, we can
propose a structural model where the initial rhombohedral structure undergoes a transformation
into the tetragonal phase with the /4/mcm space group. This tetragonal phase then evolves
into the orthorhombic phase with the Fmmm space group that is accompanied by the orbital
ordering. In this case, the predominant magnetic state for this distortion structure is an A-type
antiferromagnetic one. Consequently, in accordance with our experimental results and recent
theoretical models [24], two distinct magnetic phases can coexist and correspond to a structural
phase separation that can be conceptualized as an inner ferromagnetic (FM) core based on a
rhombohedral framework, surrounded by a shell of the antiferromagnetic phase developed on a
distorted orthorhombic lattice (Figure 1, b). Development of this complex nanoscale structural
arrangement causes strong modification of magnetic properties of nanostructured materials
with respect to bulk analogues, observed experimentally.

To validate our proposed core-shell prototype for manganese oxide nanoparticles in future,
we subjected the studied nanostructured materials to extra mild acid leaching process [82].
The suppression of the A-type AFM ordering in leached La; ,Sr,MnOQOgs,s nanoparticles oc-
curs due to the stabilization of their bare surface using citrate ions. Citrate anions form a
coordinate covalent bond with metal cations like Mn®**/Mn?™ and might complete the MnOg
octahedra on the surface of manganite nanoparticles. We carried out a comparative analysis
of as-prepared and mildly acid-leached manganite nanoparticles. As a result, the nanoparticles
lost their original AFM component after additional chemical treatment and showed purely FM
order. The spontaneous magnetic moments, estimated using linear extrapolation from high-
field magnetization at 4.5 K, make 45.2 A-m?-kg™! (1.81 up per Mn) and 48.4 A-m?-kg™!

6
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(1.96 pup per Mn) for the as-grown and leached Lagg4Sro36MnO3 s nanoparticles, respectively.
In the case of the leached manganese nanoparticles, the A-type antiferromagnetic phase is either
nonexistent or negligible.

3.2. Pressure effects on the crystal and magnetic structure of manganite nanoparticles

As we have discussed above, the magnetic phase separation effects revealed in manganite
nanoparticles are related to structural phase separation. One may expect that the different
lattice symmetry in the core and shell of the nanoparticles may provoke distinct evolution of
lattice strain upon compression by application of high pressure and give rise to novel pressure-
induced phenomena. In order to prove this assumption, the crystal and magnetic structures
of nanostructured manganites Lag g3Srg37MnO3 and Lag 70S19.2sMnO3 have been studied using
the neutron diffraction in the pressure range up to 5 GPa [81, 82].

The pressure dependences of the rhombohedral lattice parameters in the hexagonal setting
and unit cell volume of studied nanostructured manganites have been obtained. The linear
compressibility coefficients k,; = —(1/a;)(da;/ dP)‘T (a; = a and ¢) were calculated to be
k?a = 001148(7) and kc = 000386<2) GPa_l for La0.638r0.37Mn03 and ka = 00121(3) and
k. = 0.0045(4) GPa™! for the Lag 72Sr9.2sMnO3 samples. It can be seen that the compressibility
of both systems is anisotropic, with the compressibility coefficient along the trigonal c-axis
being three times smaller than that along the perpendicular a-axis.

The unit cell volume compressibility data correspond to the third-order Birch-Murnaghan
equation of state [99]:

P ;Bo(xw?’ _ x*5/3) 1+ Z(B/ _ 4)(x*2/3 _ 1) ) (2)

where x = V/V} is the relative volume of unit cell and Vj is the unit cell volume at P = 0; By
and B’ are the bulk modulus By = =V (dP/dV)r and its pressure derivative B’ = (dBy/dP)r.
The best fit is achieved by By = 127(5) GPa and B’ = 4(1) for Lag 3510 37MnO3 manganite and
By = 156(5) GPa and B’ = 4(1) for Lag 79Sr5.2sMnQO3 one. Due to the occurrence of disordered
surface layer in the nanoparticles, the obtained values are somewhat lower in comparison to
those for bulk samples [96, 100, 101].

At high pressure, the intensity of antiferromagnetic peaks in neutron diffraction patterns
increases, while the relevant contribution to nuclear peaks from the FM phase is suppressed (Fig-
ure 2, a). In the pressure range 0-4.5 GPa, the ordered Mn magnetic moment of the FM state
at T'= 5 K decreases from 2.3(3) to 1.4(4) pup and from 2.2(2) to 1.3(4) up for Lag 3Sr¢.37MnO3
and Lag 795r9.2sMnQOs, respectively. At the same time, the ordered Mn magnetic moments of
the A-type AFM component increase from 1.6(2) to 2.9(2) up and from 0.3(3) to 2.3(5) up
for Lag 3510.37MnO3 and Lag 7251028 MnO3 nanoparticles, respectively [80]. These observations
can be interpreted as an increase in the fraction of the A-type AFM phase, accompanied by
a corresponding decrease in the fraction of the FM phase. In a preliminary analysis, where
the FM and AFM phases are aligned to a comparable degree and contain equal quantities of
the “dead” non-magnetic surface layer, we calculate the proportion of the ferromagnetic and
antiferromagnetic phases in nanostructured manganites (Figure 2, b). At ambient pressure, the
FM and AFM magnetic phase fractions were obtained as 59% :41% for Lag g3Sro.37MnQO3 and
88% : 12% for Lag 79Sr0.0sMnQO3, respectively. At high pressure, the value of FM:AFM ratio is
changed to 32% :67% for Lag.g3Sr0.57MnO3 and 36% : 64% for Lag.79S10.2sMnOs.

The temperature dependences of the ordered Mn magnetic moment M for the FM and AFM
phases are shown in Figure 2, d.
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a) Neutron diffraction patterns of the nanostructured manganites Lag g3Sro.37MnOs3

(LSMO-37) and Lag 72Srg.2sMnO3 (LSMO-28), measured at high pressure and low temperature. Ex-
perimental points and fitting profiles are shown and the positions of the magnetic peaks of the A-type
antiferromagnetic and ferromagnetic components of the magnetic structure are marked as “AFM” and

“FM?”, respectively. b) Diagram of the fraction of the F
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Besides, the applied pressure results in a decrease in both the Curie temperature T and the
Néel temperature Ty for nanostructured manganites [82, 83|. The obtained values of T and
Ty as functions of pressure are shown in Figure 2, ¢. The Curie temperatures decrease almost
linearly with coefficients dT¢/dP = —8.2(3) and —2.1(1) K- GPa™! for Lagg3Sro3;MnO3 and
Lag 7251028 MnO3, respectively. The Néel temperatures of transition to the antiferromagnetic
state decrease with coefficients dT/dP = —5.6(3) and —1.9(1) K- GPa™" for Lag 3Srp.37MnO3
and Lag79Sr0.08MnQOg, respectively. The unexpected decreasing in the Curie temperature of
transition to the ferromagnetic state contradicts the results obtained for bulk rhombohedral
manganites within the double exchange model [15, 96]. The Curie temperatures for the half-
doped nanostructured (200-nm nanoparticles) compound Lag5351¢47MnQO3 are found to de-
crease significantly with rather large pressure coefficient d7¢/dP = —8.1(2) K- GPa™!. It is in-
teresting to state that for the bulk manganites, the Curie temperature generally increases at high
pressure (for instance, dT/dP = 4.3 GPa™! for the rhombohedral Lag7Srg3MnOj3 [96]). The
Néel temperatures of the A-type AFM phase for nanostructured manganite Lag 535r0.47MnQO3
slightly increase with dTx/dP = 0.6(3) K-GPa™'. We can calculate the average propor-
tions of the ferromagnetic and antiferromagnetic phases in the nanostructured manganite
Lag 5351r9.47MnO3 at a pressure of 2.1 GPa to be 26% and 74%, respectively. At higher pres-
sure of 5.5 GPa, the proportion of the magnetic phases FM:AFM in this material is shifted
to 8% :92%, respectively. Therefore, it can be concluded that the application of pressure al-
most completely changes the predominant magnetic state in the nanostructured manganite
Lag 53510.47MnO3 from ferromagnetic to antiferromagnetic [15, 83].

A significant change in the proportion of FM and AFM phases can be attributed to the
occurrence of pronounced lattice strains in manganese oxide nanoparticles [102-104]. These
strains are associated with structural deformations on the manganite nanoparticle surface that
can be controlled by the synthesis process. These types of strains may result in changes in
the magnetic structure of nanoparticles less than 40 nm or in thin films of manganites [102].
The strains induced by pressure are detected through the pronounced anisotropy of the com-
pression of unit cell parameters and the lengths of Mn—O bonds compared to bulk manganite
compounds. The majority of the strain is focused near the surface of the nanoparticles and
gradually decreases towards the centre of the particle. These areas have a negligible impact on
the overall properties of manganites in the bulk form, but they are crucial for the behavior of
magnetic nanoparticles.

3.3. Properties of the crystal and magnetic structure of ferrite nanoparticles

In ferrite nanoparticles, as in nanostructured manganites, there is a strong dependence of
magnetic properties on structural defects in the crystal structure [84-86]. The binary oxide
/m,Fes_,Oy4, as a model nanostructured ferrite material, belongs to the family of ferrites with a
magnetite-type spinel structure, and it is characterized by ferrimagnetic or canted spin ordering
with a strong dependence on oxygen stoichiometry and the cation distribution between the two
crystallographic sites [83, 84]. Neutron diffraction allows us to investigate the crystal structure
in detail, including the redistribution of ions and its impact on the magnetic structure of these
systems. We studied the crystal and magnetic structure of zinc-doped ferrite Zngs4Fes 5304
in the form of spherical nanoparticles [84] with an average size of 14 nm (Figure 3, a). This
compound has the spinel-type crystal structure of Fd3m symmetry (Figure 3, b), in which the
Fe atoms are distributed between the A sites with tetrahedral oxygen coordination and the B
sites with octahedral oxygen coordination.
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Figure 3. a) Transmission electron micrograph of the studied ZngssFes 530091304 nanoparticles;
b) crystal structures and the magnetic structure of nanostructured ferrite. The figures represent
adapted data from the previous paper [84].

In well-crystallized bulk spinels, the structural formula can be (Zn3t Fei® )[Fe*" /311,04,
where round and square brackets indicate tetrahedral (A) and octahedral [B] sites, respectively.
This cation distribution reflects the strong preference of Zn?* for A sites and the tendency of
Fe?" /3T ions to occupy B sites, consistent with the inverse spinel arrangement. In contrast, the
synthesis of nanocrystalline forms, often involving specific thermal or mechanical treatments,
frequently results in a partial disorder of Zn and Fe ions between the tetrahedral and octahe-
dral sites. Additionally, the large surface-to-volume ratio of nanoparticles can promote partial
oxidation of Fe?T to Fe?", resulting in non-stoichiometric compounds resembling maghemite.

Our neutron diffraction data provided detailed information on lattice parameters, inter-
atomic bond lengths and angles, as well as the ordered magnetic moments of iron ions at
different crystallographic sites in a spinel structure. Furthermore, Mossbauer spectroscopy was
used to estimate the Fe3* /Fe*™ ratio, as well as the distribution of Zn and Fe ions between
the tetrahedral (A) and octahedral |B] sites. The resulting cation arrangement indicates the
occurrence of cation vacancies at the B sites, denoted by the symbol [J; which quantify the
non-stoichiometry arising from partial oxidation of the ferrite. The distribution of Zn and Fe
ions between the A and B sites is estimated as (Fej £,Zn5 1 s) a [Fei ™, Feg b, Znd < 0o.13] 04, where
the B-site vacancy [ quantifies the cation non-stoichiometry due to partial oxidation of the
ferrite [84].

By increasing the temperature from 10 to 300 K, the Fea—O and Feg—O bond lengths, related
to A and the B cation sites with tetrahedral and octahedral oxygen coordination, increase

) for
P=0 GPa

Fex—O and Feg—O bond lengths at ambient pressure are kgoa_—o = 0.566(3) - 10~ and kpep_o =
0.328(2) - 107* K1, respectively. The predominance of vacancies in the octahedral sites in the
studied Zng 34Fes 530001304 ferrite nanoparticles is the key factor that explains the disparity in
the thermal expansion coefficients of the nanostructured and bulk ferrite spinels.

The magnetic moments of Fe ions in different sites are ordered in antiparallel (Figure 3, b).
Based on the analysis of neutron diffraction data, the relevant ordered magnetic moment values
were calculated as My = 3.1(4) pup for the A sites and Mp = 3.9(4) pp for the B sites at
5 K. At room temperature, a minor decrease of intensities of the diffraction peak (111) at

linearly. The calculated linear expansion coefficients (kpe,o = (ﬁ) (led%o)
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dpr ~ 4.82 A was observed. The slight decrease in magnetic moments can be attributed to
the high Curie temperature of the Zngs4Fes 53000130, ferrite. In fact, the Curie temperature
Te of relevant nanostructured Zng sgFes 6404 is above 420 K and according to some references,
the Curie temperature has been observed as an anomaly in the DC susceptibility curve at
TC ~ 700 K.

Another interesting system for analysis of the physical properties of nanostructured ferrite
materials includes the CoFe,O4 nanoparticles produced during grinding [104]. The CoFeyOy4
ferrite refers to a type of inverse spinel structure, where Co®* ions occupy both tetrahedral
and octahedral sites in the cubic crystal lattice. The relative cation distribution between
two non-equivalent crystallographic sites may depend on various factors, such as the synthesis
conditions, nanoparticle size, vacancies and changes in the magnetic properties of the CoFe;O4
ferrite. We have previously carried out a systematic investigation of the structural and magnetic
properties of CoFe,O4 nanoparticles with a cubic spinel crystal structure. The average crystal
size D ranges from 334 nm for the initial bulk material to about 12 nm after 120 min of grinding.
Our results show that the process of high-energy grinding results in the migration of Co?* ions
from the octahedral B site to the tetrahedral A site. The grinding driven changes in cation
distribution enhance the saturation magnetization and provoke canted magnetic ordering in the
CoFe,04 nanoparticles [104]. These effects are caused by surface structural disordering.

3.4. Pressure effects on the crystal and magnetic structure of ferrite nanoparticles

First, it should be emphasized that high pressure effects on the crystal, magnetic structure
and physical properties of various bulk ferrite materials, in particular, the parent magnetite
Fe30y4, have been extensively explored. At pressures about 25 GPa, this compound undergoes a
phase transition from the cubic spinel F'd3m structure to the orthorhombic post-spinel structure
of Bbmm symmetry [105]. Additionally, a crossover from a high-spin state to a low-spin state
of Fe*' ions has been observed at pressures around 40 GPa [106].

In contrast to bulk Fe3Oy,, the high-pressure behavior of nanostructured ferrites is less ex-
plored. In this case, the occurrence of the vacancy defects within the crystal structure of
nanoparticles can modify the physical properties significantly. We have studied the struc-
tural properties of cation deficient nanostructured zinc ferrite Zng s34Fes 530051304 using X-ray
diffraction and Raman spectroscopy at high pressures up to 34 GPa [86]. The XRD patterns
of Zmng 34Fes 530001304 nanoparticles measured at selected pressures and room temperature are
shown in Figure 4, a. At pressures exceeding 18 GPa, notable changes in the X-ray diffraction
data were detected, showing the structural phase transition that occurred. The analysis using
the Rietveld method has shown that the observed changes in the XRD data correspond to the
occurrence of the post-spinel phase with Bbmm space group (Figure 4, b) of the orthorhombic
CaTiy Oy structural type [105, 107]. The phase transition evolves in a gradual way with the
Fd3m and Bbmm phases coexistence over a wide pressure range. At 18 GPa, a relatively small
fraction of the orthorhombic phase of 12% was detected. At a maximum pressure of 32 GPa in
our experiments, a fraction of 43% of this phase has been reached. A similar two-phase coexis-
tence was also observed during the pressure-induced phase transition in bulk zinc ferrites. We
believe this effect is caused by significant impact of grain size on internal strains and stresses
in materials at high pressures.

The pressure evolution of the lattice parameters and the wunit cell volume of
Zng 34Fes 530001304 are shown in Figure 4, ¢. In particular, the calculated value of the bulk
modulus for the cubic phase of Zng34Fes 53000130, ferrite is By = 185(2) GPa. This value is
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Figure 4. a) X-ray diffraction patterns of the nanostructured spinel ferrite Zng 34Fes 53000.1304 mea-
sured at selected pressures and room temperature. b) The schematic of crystal structures for low
pressure cubic (LP phase) and pressure-induced orthorhombic (HP) phases of Zng 34Fes 530001304 fer-
rite; ¢) the pressure dependences of the unit cell parameters, unit cell volume and Fe-O bond lengths
of cubic and pressure-induced orthorhombic phases of the nanostructured Zng gsFes 53009.1304 ferrite.
The open symbols correspond to the data for the cubic phase for pressures above 20 GPa. The figures
represent adapted data from the previous paper [86].

comparable to those previously obtained for related spinel-type compounds: By ~ 186(2) GPa
for nanostructured ZnFe,Oy; By ~ 196(2) GPa for CaFeyOy4 [106, 107], and By ~ 188(3) GPa
for MgFe,O4 [108, 109].

For nanostructured Zng 34 Fes 530151304 ferrite, the Feg—O bonds related to the B cation sites
show more pronounced pressure-induced contraction (Figure 4, ¢) with a pressure coefficient
(kpe—o = —(1/lpe—0)(dlpe—0/dP)7) of kpep_o = 4.95(1)-1073 GPa~!. The Fea—O bonds related
to the A cation sites are less affected with a corresponding coefficient of kpea_o = 1.06(3) X
1073 GPa~!. We assume that this difference is primarily due to a significant number of vacancies
available on the octahedral B site. Additional Raman spectroscopy experiments at high pressure
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confirm this assumption. Upon increasing pressure above 18 GPa, a clear splitting of the A,
band has been observed [86].

The high pressure effects on the crystal structure of CoFe; O, ferrite were studied using X-ray
diffraction (Figure 5, a). The Rietveld analysis has shown that phase transition to the post-
spinel orthorhombic phase, occurring around 20 GPa, has a gradual character and it evolves
over a wide pressure range, in which two phases coexist (Figure 5, b). The evolution of the
pressure-induced phase is accompanied by a gradual suppression of the ordered Fe magnetic
moments [87]. The lattice compression of the orthorhombic phase is found anisotropic with
a similar pressure behavior of the a and b parameters and less pronounced compressibility of
the lattice parameter ¢ [87]. Such an anisotropy in the compression of the lattice parameters
of the post-spinel orthorhombic phase indicates the distortion of Fe-O polyhedra (Figure 5, ¢),
arising from Jahn—Teller deformation around divalent and trivalent cobalt and iron ions [87].
The lowering of the symmetry of the crystal structure that provokes compression anisotropy and
more pronounced distortion of oxygen polyhedra in the pressure-induced orthorhombic phase
plays a significant role in magnetic moment collapse and suppression of initial ferrimagnetic
order.

The magnetic interactions in the spinel cubic phase of CoFe;O, ferrite are mediated through
a complex interplay of superexchange interactions, where the interatomic distances and angles
play an important role. Our results show that Fe(Co),—O-Fe(Co)g angle decreases slightly from
124.5(5)° to 123.5(5)° under compression up to 23 GPa. The angle values Fe(Co),—O-Fe(Co)a
of 92.1(5)° and Fe(Co)g—O-Fe(Co)p of 88.2(5)° obtained at ambient pressure do not show

a
b c
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Figure

5.

Pressure, GPa

Pressure, GPa

a) X-ray diffraction patterns of CoFeyO4 obtained at selected pressures and at a room

temperature and refined using the Rietveld method. Experimental points and calculated profiles are
presented. The ticks represent the calculated positions of diffraction peaks for the cubic (Fd3m space
group) and pressure-induced orthorhombic phases (Bbmm space group). b) The pressure dependences
of the Fe—O bond lengths in CoFes O, ferrite and the volumes of the octahedral and prismatic structural
units of CoFeqOy ferrite for the orthorhombic pressure-induced phase of CoFeaO4. The solid lines
represent a linear fit to the experimental data. The figures represent adapted data from the previous
paper [87].
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any significant evolution. It means that the relative arrangement of units with tetrahedral
and octahedral coordination of oxygen is almost constant. In the orthorhombic phase, the
interatomic angles are constrained by symmetry, but there is another important parameter
associated with the static cooperative Jahn-Teller distortion of the Fe(Co)Og octahedra. It
can be characterized by the distortion coefficient using [110, 111]

1/2
1
0= <§ Z(lFe(Co)—Oii - <lFe(Co)—O>>2> ) (3>

7

where the summation is taken over three distinct types of Fe(Co)-O bonds and (lre(co)—0) is
the average Fe(Co)—O bond length. The § coefficient for the cubic phase is zero, and it reaches
a value of 0.105 A at pressure P = 23 GPa. When the pressure increases, the § coefficient
reaches 0.002 A at P = 35 GPa. This outcome indicates a reduction in the lattice distortion
coefficient that may concern the suppression of magnetic polarons in the initial ferrimagnetic
phase of the nanostructured CoFe,O, ferrite.

Finally, it is important to state that the CoFe,O4 nanostructured compound shows a signif-
icant magnetic anisotropy due to Co®" ions in different crystallographic positions. The change
in the oxygen coordination from tetrahedral to prismatic at Fe3* sites under pressure may
cause a substantial distortion in the shape of the oxygen polyhedra, resulting in a considerable
increase of the quadrupole splitting parameters compared to those of the cubic spinel structure.

4. Conclusions

In our survey, the results of the recent experimental investigations of structural and mag-
netic properties of nanostructured manganese and iron oxides using neutron diffraction and
complementary techniques in a wide range of thermodynamic parameters have been studied.
As has been shown, the properties of the structural mechanisms and magnetic states of nanos-
tructured materials are notably different as compared to those of the bulk forms due to the
occurrence of surface defects and vacancies.

In the magnetic nanoparticles of the best doped manganites La;_,Sr,MnO3 (z = 0.28 and
0.37) the development of complex magnetic structures involving ferromagnetic core and anti-
ferromagnetic shell has been observed, characterized by a different crystal structure symmetry.
Application of high pressure allows adjusting a proportion of the FM and AFM components,
resulting in a significant increase of the AFM one. A similar trend was also found for relevant
nearly half-doped material Lag 53510.47MnQOs.

In the Zng34Fes 530, ferrite nanoparticles, a distribution of Zn and Fe atoms was precisely
estimated and the oxygen vacancies that occurred in the structure were revealed. Unlike rel-
evant bulk ceramic materials with reduced magnetization due to spin canting, in the studied
nanoparticles, the relatively large magnetic moment per formula unit is produced at low tem-
peratures. At high pressures, a gradual structural phase transition from the initial cubic spinel
phase to the orthorhombic post-spinel phase occurs. A similar structural phase transition, ac-
companied by ordered magnetic moments suppression, was also evidenced in CoFe,Qy4 ferrite
under high pressure.

The obtained results elucidate relationships between variation of structural parameters and
modification of magnetic states, and they are relevant for understanding the microscopic mech-
anisms of development of magnetic and other physical properties of the studied and structurally
similar nanostructured complex magnetic oxides.
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