Dalton
Transactions

Accepted Manuscript

O P P! P This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
Dalton = accepted for publication.
Transactions

A

ot norgn crms m Accepted Manuscripts are published online shortly after

I acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available
to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/dalton


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 14 Dalton Transactions

New approach in the synthesis of La; Gd,FeO; perovskite nanoparticles -
structural and magnetic characterization

R.J. Wiglusz™?, K. Kordek', M. Matecka', A. Ciupa', M. Ptak’, R. Pazik'?, P. Pohl®, D.
Kaczorowski'*

! Institute of Low Temperature and Structure Research, PAS, Okolna 2, 50-422 Wroclaw, Poland
’Centre for Advanced Materials and Smart Structures, Polish Academy of Sciences, Okolna 2, 50-950 Wroclaw,
Poland
*Wroclaw University of Technology, Chemistry Department, Analytical Chemistry Division, Wybrzeze
Wyspianskiego 27, 50-370 Wroclaw, Poland

Abstract

Series of the high crystalline orthoferrite nanoparticles (type La;<GdiFeOs;, where x =
from 0 to 1) were prepared using the self-combustion method. Extensive studies including X-
ray diffraction, Rietveld refinement and Fourier transform infrared spectroscopy as well as
Raman spectroscopy confirmed the orthorhombic space group Pmma of the obtained
materials. The calculated average grain size for powders is in the range of 30 to 80 nm.
Magnetic characterization of the La; GdiFeOs series, performed at 1.72 K, indicated an
antiferromagnetic state characterized by some canting of iron magnetic moments, in good

agreement with the data reported for similar fine-particle systems.
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1. Introduction

A large number of inorganic oxide compounds adopt a perovskite structure with a general
formula ABOs. Perovskite structure is built up of the corner sharing BOg octahedra with the A
ions located in the 12-fold cavities. The ideal perovskite structure belongs to the Pm3m space
group. It is well known that three different distortions can occur in the perovskite architecture:
(1) tilting, (i1) distortion of the BOgs octahedra and (iii) displacements of the B cations within
the polyhedra. The LaFeO; and GdFeO; are perovskite materials that crystallize in the
orthorhombic space group Pnma showing a distorted perovskite-type structure as a result of
the FeOg octahedra tilting'. The tilt angle o increases with a decrease of the atomic number of
the rare earth elements meaning that the structure becomes less distorted.

Lanthanum and gadolinium orthoferrites have received a lot of attention due to their
potential applications in fuel cells® and catalysis®*. They are also of interest as magnetic
materials and oxygen sensors due to their mixed electronic and ionic conductivity with a

5,6,7,8,910,11

nonlinear response to the applied oxygen pressure . It was also reported that

nanosized orthoferrites can be used as photo catalysts in the decomposition of water or the

degradation of dyes under the light irradiation'*"?

. However, mechanisms of those processes
are still poorly understood. Owing to the fact that the properties of nano-orthoferrites are

related to their surface area and homogeneity, different methods of synthesis were

14 15 17
1 1

investigated, including sol-gel '*, hydrothermal >, combustion '°*'7 and sonochemical
methods'®. Most importantly, the majority of synthetic techniques require a high annealing
temperature, which results in a poor homogeneity, a high porosity as well as a large
distribution of the particle size of the resulting nanostructures.

It is worth noting that LaFeO3; and GdFeO; exhibit non-trivial magnetic properties. The
two orthoferrites order antiferromagnetically with small ferromagnetic components. The
magnetic moments of Fe*" ions are aligned antiferromagnetically along a-axis with a small

Dzyaloshinskii-Moriya interaction '~

. Interestingly, LaFeOs; possesses the highest Neel
temperature (738 K) among all known orthoferrites'’.

This work is focused on the self-combustion synthesis of the nanocrystalline perovskite
La,.«Gd,FeO; particles with a broad concentration range of Gd*" ions used as a dopant. Our
particular interest is put on the characterization of structural and magnetic properties of given
compounds with a strong emphasis on the role of Gd*" ions on the modulation of the structure

and magnetic response.
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2. Experimental
2.1. Apparatus

The crystal structure of the La; yGdsFeO; was examined by means of the XRD technique
by collecting patterns in the 20 range of 5-120° with a X’Pert PRO X-ray diffractometer (Cu,
Kal: 1.54060 A) (PANalytical). The microstructure and the morphology of nanoparticles
were studied using high resolution transmission electron microscopy (HRTEM) with a Philips
CM-20 Super Twin microscope operated at 200 kV. Samples for measurements were prepared
by taking a droplet of the ethanol/water suspension of nanoparticles and their deposition on a
copper microscope grid covered with perforated carbon. The primary size of particles was
evaluated using the volume weighted formula:

a, -2
“ Znidl.3 ’

where d,, is the average particle size, n — the number of particles and d represents the particle

diameter. The elemental analysis was carried out using a scanning electron microscope FEI
Nova NanoSEM 230 equipped with an EDS spectrometer (EDAX PegasusXM4). Up to 10
measurements were made from different random areas for each sample. Polycrystalline
infrared spectra were recorded with a Bio-Rad 575C FT-IR spectrometer in a KBr pellet for
the 1200400 cm ' region and in a Nujol suspension for the 500-100 cm' region. Raman
measurements were carried out with a Micro-Raman system Renishaw inVia equipped with a
Leica DM 2500 M microscope and a CCD camera for the detection. A 830 nm diode laser
was used as the excitation source. Magnetization measurements were performed at 1.72 K in
magnetic fields up to 5T using a Quantum Design MPMS-5 SQUID magnetometer.In
addition, the elemental analysis of La; (GdsFeOs nanoparticles, i.e., GdFeO;, LaFeO; and
La sGdy sFeOs, was made by inductively coupled plasma optical emission spectrometry (ICP
OES) using an Agilent 720 instrument. The spectrometer used was equipped with a high-
resolution echelle-type polychromator and a VistaChip II CCD detector. The plasma was
operated in a standard quartz torch with an injector tube of 2.4 mm ID; a single-pass glass
cyclonic spray chamber and an OneNeb pneumatic concentric nebulizer were used to
introduce solutions of samples and standards by the pneumatic nebulization. Operating
conditions recommended by the manufacturer for solutions with a high level of dissolved-
solids were applied. Samples (50.0 mg) of synthesized and isolated nanoparticles were
digested in freshly prepared aqua regia (2.0 ml) by heating them at 85-90°C for 0.5 h using a
temperature-controlled DigiPREP block digestion system (SCP Science). Sample aliquots



Dalton Transactions

obtained were diluted with deionized water to 100 ml. The concentration of Fe, Gd and La in
resulting sample solutions were determined by ICP OES against simple standard solutions
(ranged within 0.1-2 pg-ml") after adequate dilutions. The whole analysis was repeated 3
times (n=3), final results were expressed in pg-g”, considering the mass of samples, the

volume of sample solutions and the dilution factor.
2.2. Synthesis of La;.,GdFeO3; nanoparticles

All of the La; GdFeO; nanoparticles were prepared by the self-combustion method. A
typical preparation procedure, for instance for the LaysGdysFeOs nanoparticles, involved the
usage of the following substrates 0.326 g (1 mmol) of La>O03(99.9% Alfa Aesar), 0.3625 g (1
mmol) of GdyOs3 (99.9% Alfa Aesar), 1.616 g (4 mmol) of Fe(NO3);-9H,O (99.9% Alfa
Aesar) and 0.93 g (12.4 mmol) of HNCH,COOH (99% Alfa Aesar). All oxides were digested
in an excess of the HNOj; (ultra-anal Avantor Performance Materials) and re-crystallized three
times. Afterwards, La3+, Gd*" nitrates were dissolved in deionized water and Fe(NOs3)3-9H,0
along with glycine as a fuel were added. Final solution was stirred at 80°C, dried at 120°C
and finally transferred into a preheated electric furnace at 500°C. Once the auto-combustion
started, the front spontaneously propagated and converted the dried gel into the brown final

product in form of fine powder.
3. Results and Discussion
3.1. Structure evolution

The characterization of the La; (GdiFeOs structural properties was done by the XRD
technique as a function of a broad Gd®" concentration. As it can be seen in Figure 1, for the
whole concentration range of Gd*>" ions only pure crystalline phases, corresponding to the
reference standards of the LaFeOs; (ICSD 371493)*' and GdFeO; (ICSD 470067)*, are
present. The structure of the La; xGdyFeO; can be described by the pseudo-cubic modification
ascribed to the Pmma space group characteristic of the orthoferrite family. Unit cell
parameters for selected samples were calculated by the Rietveld method” with the anisotropic
approach” using Maud 2.50 software®. The projection of the unit cell with the indication of
the coordination polyhedra are presented in Figure 2 whereas results of all calculations are

given in tables I and II.
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Figure 1. XRD patterns of the La;,Gd,FeO; as a function of the Gd*" content.

Figure 2. The projection of the orthoferrite La, sGdysFeO; unit cell with the indication of the

coordination polyhedra.
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Table I. Cell parameters of the La; GdFeO; nanoparticles based on the Rietveld refinement.

Sample a(A) b (A) c(A) V (A%) grain size (nm) R, (%)
single crystal®® 5.6160 7.6680 5.3460 230.22 - -

LaFeO; 5.5595(0)  7.8703(0)  5.5589(9)  243.22(9) 29 1.26
LagsGdg-FeO;  5.5750(0)  7.8290(6)  5.5180(4)  240.84(2) 35 121
LagsGdygsFeOs  5.5936(1)  7.7763(2)  5.4540(2)  237.06(1) 39 1.02
Lag,GdosFeOs  5.6105(9)  7.7253(3)  5.3989(2)  234.00(3) 73 0.92

GdFeOs; 5.6148(2)  7.6837(6)  5.3555(2)  231.14(9) 75 1.62

The results suggested successful incorporation of Fe’™ at the La’", and Gd®" cation sites
confirming the formation of the orthorhombic phase of LaFeOs, La; (GdFeOs; and GdFeOs.
A good agreement with those for standards was found. The observed difference in the unit
cell volume, V, agrees with that expected from the difference in size volume of the involved
rare-earth ions. The progressive decrease of the cell volume as well as b and ¢ parameters
upon the Gd** doping were found due to the substitution of a large La®* (C.N. 8 - 1.160 A) by
smaller Gd®* (C.N. 8 - 1.053 A) resulting in contraction of the unit cell. It was found that the
Fe-O2 bond length are more affected and shortened with the increase of the concentration of
Gd’* ions whereas Fe-O1 bonds remain almost the same. In a consequence, the bond angle

Fe-02-Fe increases with the Gd** concentration. This leads to the increase of the tilting of the

Fe-O octahedral geometry and the higher orthorhombic distortion in case of Gd** doping®’.

Table II. Atomic parameters of a representative sample of La, sGdysFeO; nanoparticles.

Sample

La()v 5Gd0_5FeO3, 7=4

Space group

Orthorhombic Pnma (62)

Calculated cell parameters

a=5.5936(1) A
b=7.7763(2) A
c=5.4540(2) A
V=237.24(1)A°

R, 1.02%
Ryus 0.93%
Ry 0.79%
Ry 0.80%
o 0.94%
Selected contacts
Gd|La - La|Gd 3.8398(1) A
Gd|La - O 2.5165(0) A
Fe — Fe 3.9062(1) A
Fe-O 2.2464(0) A
O- Fe- O 84.20(0) °
Wyckoff Occ.
Atom positions X y z Bis, (<1)
Gdl 4c 0.04560 0.25 0.49120 0.0527 0.5
Fel 4a 0 0 0 0.0448
01 4c 0.47830 0.25 0.61750 0.0362
02 8d 0.30940 0.04220 0.25560 0.0115
Lal 4c 0.04560 0.25 0.49120 0.0213 0.5
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3.2. Infrared and Raman spectroscopy

The GdFeO; and LaFeOs orthoferrites crystallize in the Pbnm (Dzh] 6, No. 62, Z=4)
orthorhombic space group. The factor group analysis shows that the Brillouin zone center
normal modes are distributed among 74, + 84, + 5B, + 108, + 7Bss + 8B, + 5B35 + 10B3,
irreducible representations. Ay, Bjg, B2g, and Bz, modes are Raman active (74, + 5B, + 7B, +
5B3g) whereas B, B2, and B3, modes are IR active (9B, + 7B, + 9B3, optical phonons and
three B, + B2, + B3, acoustic phonons). Remaining 4, modes are silent, therefore the group

theory predicts 24 Raman and 25 IR active modes.

(a) (b)
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Figure 3. The comparison of IR spectra for La,Gd,FeOs as a function of the Gd*" content in mid-IR
(a) and far-IR (b) ranges.

Figure 3a and 3b presents room temperature IR spectra of synthesized solid solutions.
The disagreement in the number of bands with the group theory prediction can be explained
by the fact that some bands are located very close to each other and hence cannot be separated
due to their overlap. The lattice dynamic calculations performed for the isostructural
orthoferrite, NdFeOs, confirmed overlapping of some IR and Raman bands*®. These
calculations as well as other literature data show that modes above 490 cm™ can be assigned
mainly to the stretching vibrations of Fe-O bonds while bands in the 500 — 250 cm™ region to
the bending Fe-O vibrations. Most of bands below 200 cm™ have the strongest contribution
coming from translational motions of the La*"/Gd’" ions®"**.

The spectrum of the GdFeO; sample presents 12 vibrational modes at 625, 552, 496, 422,
387, 352, 306, 287, 270, 252, 179 and 166 cm’l. As it can be seen, the increasing

concentration of the La®" ions causes a progressive evolution of the IR spectra. First, the
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width of the observed bands increases significantly. This observations is in accordance with
the XRD analysis. The samples doped with high concentrations of La’" are forming small
particles meaning that the addition of the Gd** favors crystallization of bigger crystallites. It is
well known that when the particle size decreases, phonon properties are significantly affected
due to a few factors, i.e., distribution of the crystallite size, creation of defects, phonon
confinement effect, strains and etc?’. We think that the band broadening is strong for La,Gd;.
«Fe0; solid solutions due to an additional contribution coming from the substitutional
disorder and/or a possible presence of amorphous phases. The elemental composition of
perovskite-type structures is very often non stoichiometric due to oxygen vacancies, which
also can result in band broadening®’. Secondly, all IR bands are visibly shifted towards lower
wavenumbers. Moreover, these changes are proportional to the concentration of dopant ions.
For instance, the intense band at 387 cm™ for GdFeOj shifts progressively to 382, 370, 364
and 354 cm™ for samples containing 20, 50, 80 and 100 % of La’* ions, respectively. The
increasing concentration of La’" ions causes expansion of the unit cell, since the substitution
of Gd>" by La’" ions with higher ionic radii causes a stronger tilting of the FeOg units. The
increase of the unit cell slightly decreases the force constants of vibrating bonds, thereby IR
absorption bands are downshifted’'. Lastly, the intensity of some IR bands decreases with the
increasing concentration of La** ions. For instance, bands at 387, 270, 306 and 165 cm’
observed for GdFeO; disappear already for the LaysGdysFeOs; sample. This behavior can be
attributed to the progressive structural orthorhombic distortion induced by the substitution, the
shape of crystallites, their distribution, as well as the preferential orientation and/or creation of
defects.

In order to get more information regarding the local structure, the Micro-Raman spectra
were recorded at room temperature for the La; GdFeOs (where x — 1, 0.5 and 0) perovskite
series (Figure 4). The Micro-Raman spectroscopy in crystals is due to the scattering of light
by the lattice vibrations, leading to the annihilation or the creation of crystal phonons. As it
was mentioned earlier, the La; x\GdyFeO; compounds have the orthorhombic structure and the
energy bands for the compounds are shown up to 600 cm™, labeled according to the A, and
B, symmetry of the Pnma space group. Thus, according to the analysis presented by I.S.
Smirnova®?, there are the B 1us Bou, B3, as well as 4, modes, which remain silent. In general,
the Raman modes are classified into 12 internal and 9 external modes. Five out of 12
internal modes are described as the stretching type [Ag(1), Ay(2), B3g(2), Bog(1), and 6 Bay(2)].
The remaining 7 internal modes are classified as the bending type (Ay(3), Ag(4), Ag(7), Big(2),
B3g(1), B2g(3), and By,(7)]. Six external modes are ascribed as the translational type [Ay(5),

Page 8 of 14



Page 9 of 14

Dalton Transactions

Ay(6), B3g(4), B3g(5), Bag(5), and Bog(6)] and 3 as the rotational type [Big(1), Bse(3), and
By,(4)]. In case of La;.4GdFeOs, all observed modes are positioned below 200 cm’! for the
La’" and Gd®" vibrations. Oxygen octahedral tilt modes can be found between 200 and 300
cm for La3+, whereas for Gd** doping the range is a bit brooder and covers 200 - 400 cm™.
The modes between 400 cm™ and 450 cm™ are the oxygen octahedral bending vibrations
while modes above 500 cm™ are ascribed to the oxygen stretching vibrations®~°. All bands
visible below 300 cm™ in La’" compounds are shifted towards higher energies with respect to
Gd®" ones. The differences between spectra are associated with the dissimilar distortions

caused by La’" and Gd*" contents.
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Figure 4. The comparison of the Micro-Raman spectra at frequencies below 700 cm™ for La;.

«GdFeOs perovskite nanoparticles.
3.3. Morphological analysis

The particle size and the morphology of the La; (GdyFeOs nanoparticles was estimated
using the high resolution TEM technique. Representative TEM and SAED images are shown

in Figure 5.



Dalton Transactions Page 10 of 14

Day =25.7nm

50 1

104

LENNN DRNE L DL T DL AL LA SRR |

0 10 20 30 40 5 60 70 8 90 100
particle size (nm)

Figure 5. TEM (a, b, c), SAED (c inset) images as well as particle size distribution of the
LaysGdo sFeO; nanoparticles.

As it can be seen, the particles are forming fairly large agglomerates with rather irregular
shapes. In fact, the formation of such objects is typical for the combustion synthesis, which
promotes the agglomeration process. It disclosed aggregates of nanoparticles with irregular
shape and quite uniform size of approximately 30—40 nm in diameter and about 50-60 nm in
length (see Figure 6. — an inset). SAED images showed the appearance of well-developed and
spotty rings with positions and distances close to the reference standards. The average particle
size of all samples is around 30-80 nm. The content of the La’" and Gd** ions was checked
using the SEM-EDS technique (Figure 6). The results are satisfactory and show a good

agreement with the assumed quantity of both cations in the orthoferrite structure.
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Figure 6. The content of the La*" in the La, ,GdFeO; nanoparticles.

3.4. Magnetic properties

In order to further characterize the synthesized La; GdiFeO3 nanoparticles, their magnetic
properties were determined by measuring the field dependencies of the magnetization at 1.72
K. The results have been gathered in Figure 7. The o(B) data obtained for LaFeOs (see Figure
7a) is fully consistent with a canted antiferromagnetic ordering of the Fe’* spin, reported in

the literature!'>>%3

. The magnetization does not show any tendency towards saturation up to
the terminal field of 5 T. The value measured in this field is 6.1(3) emu/g that corresponds to
the magnetic moment of only 0.27(1) ug, being just small fraction of the ordered magnetic
moment ms = 5.92 pg calculated for a free Fe’ ion with °Ss; ground multiplet. A small
hysteresis in o(B) brings about a remanence of 1.1(4) emu/g [1.1(2) pug] that should be
attributed to a ferromagnetic component in the magnetic structure of LaFeO; arising due to
the Dzyaloshynskii-Moriya interactions'**". Remarkably, almost the same remanence was
found for GaFeOs. In this case, however, the canting effect is not directly visible in the o(B)
data because the measured magnetization is dominated by a large paramagnetic contribution
due to Gd®" ions. In 5 T, the magnetization reaches a value of 123(8) em/g that is about 20
times larger than that in the La-bearing counterpart (see the bottom panel in Figure 7b).
Assuming that the Fe’" component achieves in 5T a magnitude similar to that in LaFeOs, the

magnetization due to the rare-earth sublattice can be estimated to be about 117 pg. This value

implies the magnetic moment of 5.5 pg that is distinctly smaller than the theoretical free Gd**
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ion value of 7 pg. This finding is in concert with the paramagnetic character of the Gd

sublattice of GaFeOjat 1.72 K*°.
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Figure 7. Magnetic field variation of the magnetization in the La; ,Gd,FeO; samples taken at 1.72 K
with increasing (full symbols) and decreasing (open symbols) magnetic field strength. Prior to each

measurement, the specimen was cooled to the target temperature in zero field.

The overall shapes of the o(B) curves measured for the solid solutions La; (GdyFeO; are

similar to those of the terminal phases. Assuming the contributions due to the Fe’" and Gd>*

ions equal to those estimated for LaFeO; and GaFeO;, one may calculate the expected

magnitude of the magnetization at 1.72 K and in 5 T to be 30, 65, and 100 emu/g for

LaysGdo2FeOs, LagsGdosFeOs, and Lag,GdygFeOs, respectively. As can be inferred from



Page 13 of 14 Dalton Transactions

inspecting the panels in Figure 7, all three values are reasonably close to the experimental
results [34(5), 70(7), and 109(9) emu/g, respectively]. The performed analysis of the magnetic
data of La;GdFeO; can be thus considered as another verification of the chemical

composition of the investigated nanopowders derived from the XRD and SEM-EDS studies.
4. Conclusions

The series of highly crystalline orthoferrite nanoparticles La; GdsFeOs; with x ranging
from 0 to 1 were prepared using self-combustion method that allows low-cost and fast
synthesis of these perovskites. The prepared materials crystallize in the orthorhombic space
group Pnma as a pure matrix. The lattice parameters and the unit cell volume monotonically
decrease with increasing Gd** content, which can be attributed to a change in the A-site ionic
radius. The characterization with infrared and Micro-Raman spectroscopy confirmed a pure
phase nature of the prepared La; (GdiFeOs series. The average particle size, calculated using
the Rietveld method, was found to span from 30 to 80 nm. Similar result was obtained from
the TEM observations.

The magnetization measurements at 1.72 K revealed for all the investigated samples a
canted antiferromagnetic ordering of the magnetic moments carried on trivalent iron ions. The
contribution due to Gd’* ions was found purely paramagnetic. Possibly, the gadolinium
moments order magnetically at lower temperatures. Further comprehensive magnetic studies
at elevated temperatures (the Neel points in the La; GdsFeOs series are expected to be close
to 738 K reported for the terminal LaFeOs; phase') are compulsory in order to examine

prospective of using these materials in practical applications.
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