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Synthesis of Ce:YIG nanopowder by gel combustion
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Nanocrystalline Ce-substituted yttrium iron-gallium garnet Y2 5Ceq.5(Feo.5Gag.5)5012 was obtained by a metal-organic gel combustion method
using PVA as a fuel with subsequent calcining in vacuum at 700 °C. According to SEM and XRD data, an additional heat treatment in air led only
to an increase in the crystallinity of the sample. The element composition and the phase purity were confirmed by X-ray fluorescence spectroscopy
and X-ray powder diffraction, respectively. Mossbauer spectroscopy on 57Fe nuclei revealed the presence of only Fe37 ions in the sample, which
can be considered as indirect evidence of the absence of tetravalent cerium impurity.
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1. Introduction

For a number of years, ferrite-garnets have been the subject of numerous studies [1-7]. Interest in this class
of compounds is due to their unique magnetic and magneto-optical properties [1-3]. The presence in the crystal
lattice of three different crystallographic positions (dodecahedral, tetrahedral, octahedral) and the tendency of garnets
to undergo isomorphic substitution allows changing their physicochemical and functional characteristics within wide
limits [3].

One of the most well known ferrite garnets is yttrium iron garnet (YIG) — Y3sFe50O12, which is used in microwave
technology because of the extremely narrow ferromagnetic resonance absorption line [2]. According to theoreti-
cal estimates, replacing YT in YIG with Ce®>" enhances magneto-optical activity in the visible and near infrared
ranges [4-8], reduces optical power losses (attenuation of the light signal) [8], and helps to lower the crystalliza-
tion temperature of garnet. These factors expand the possible areas of application of materials based on YIG for the
creation of new generation magneto-optical devices [3-5].

However, the possibility of replacing Y+ with Ce3* in garnet has structural limitations. Since the effective ionic
radius of Ce®* (1.14 A) is larger than the radius of yttrium Y3+ (1.02 A) [9], with an increase in the cerium concentra-
tion, internal stresses and structural distortions of the crystal are induced [10]. This problem can be solved by the intro-
duction of smaller ions (for example, AI** or Ga®" cations) into YIG together with Ce>*, which makes it possible to
compensate for structural limitations and promotes the formation of garnet of a given composition [11-14]. The litera-
ture contains data on the preparation of Ce:YIG ceramics without replacing Fe>" with other cations, but in these stud-
ies, the cerium content in garnet did not exceed 8 %, for example, Ce( 122 Y2.878Fe5012 [5], Cep.15Y2.85Fe5012 [14],
Ceg.25Y2.75Fe5012 [4].

Another factor limiting the solubility of cerium in YIG is the tendency of Ce>™ to oxidize and transform into a
diamagnetic tetravalent state. Huang et al. [5] considered the possibility of increasing the concentration of Ce3* ions
in the YIG structure and “suppressing” the formation of nonmagnetic Ce** ions by means of charge compensation
due to the introduction of Eu®" ions into the dodecahedral yttrium positions. Nevertheless, the maximum possible
content of Ce®* in this case did not exceed 12 %, Ceg 349Eug 195 Y2.456Fe5012.

Another significant problem is the necessity of using high processing temperatures in the synthesis of polycrys-
talline Ce-substituted garnets by the solid-state reactions [4—6]. High-temperature annealing in an oxidizing atmo-
sphere inevitably leads to partial oxidation of Ce®" and the formation of a stable CeO, impurity that does not possess
magnetic ordering, which impairs the magnetic and magneto-optical properties of YIG.

Previously, Opuchovic et al. [15] tried to solve the problem of CeO, formation by annealing the precursor ob-
tained during the synthesis of Y3_,Ce,Fe50;2 by the sol-gel method in a reducing atmosphere of CO. However, this
treatment prevented not only the formation of CeOs, but also the formation of the garnet itself. The main phase for all



Synthesis of Ce:YIG nanopowder by gel combustion 211

compositions was perovskite. In the Y-Fe—O system, the perovskite structure is energetically more favorable and is
formed at lower temperatures [16]. On the contrary, in the yttrium-gallium oxide system, the preparation of perovskite
is extremely difficult [17]. Thus, the partial substitution of gallium for iron ions, which allows stabilizing the garnet
structure, together with the use of an oxygen-deficient calcination atmosphere, may be promising for the production
of Ce:YIG with a higher degree of substitution.

In this regard, our studies were aimed at studying Ys_,Ce;(Fe;_,Gas)5012 solid solutions in order to obtain a
composition with the highest possible substitution of Ce>* for Y3* in the absence of tetravalent cerium impurities in
the resulting garnet.

For the synthesis of the samples, the method of the gel combustion was chosen [12, 13], the advantages of which
are largely associated with the short duration of the high-temperature stage of decomposition of the gel-like pre-
cursor, which contributes to the relatively rapid formation of the crystalline phase, hinders the formation of unde-
sirable impurities and makes it possible to obtain nanosized polycrystalline powder materials [17-21]. Nitrates of
the yttrium, cerium, iron, gallium and polyvinyl alcohol (PVA) were used as starting reagents for the preparation of
Ys3_.Ce,(Fe;_,Ga,)s012 garnets. The efficiency of PVA application for the synthesis of cation-substituted garnets
by gel combustion was shown earlier [12,20,22]. Due to the hydrophilic OH groups, polyvinyl alcohol ensures the
complexation process, which contributes to the uniform distribution of hydrated metal cations in the gel structure,
prevents segregation and the formation of undesirable individual oxide compounds during solution evaporation.

Particular attention was paid to the creation of oxygen-deficient conditions during heat treatment of the samples to
reduce the probability of the oxidation of Ce®>" ions to Ce**. In this regard, the calcination of the samples immediately
after synthesis was carried out in vacuum.

2. Experimental
2.1. Synthesis procedure

Aqueous solutions of yttrium, cerium, iron and gallium nitrates were prepared separately for each sample by
dissolving stoichiometric amounts of yttrium carbonate trihydrate (Y2(COs)s - 3H20, > 99.9 %), cerium nitrate
hexahydrate (Ce(NOs)3 - 6H20, > 99.8 %), carbonyl iron powder (Fe, > 99.99 %) and metallic gallium (Ga,
> 99.99 %) in dilute nitric acid. Polyvinyl alcohol (PVA) was added to the resulting solution at the ratio of 0.12 mol
of (CH,CHOH),, per 0.01 mol of garnet.

The reaction mixtures were evaporated in porcelain bowls on a hotplate with constant stirring until gels were
formed. With a further increase in temperature to 100 °C, the gels burned and turned into fine powders, the color of
which varied from yellow-beige to brown. After cooling, the powders were dispersed with a ball mill and annealed at
700 °C in an oven for 2 hours at a pressure of about 10~2 Pa.

2.2. Characterization of the samples

X-ray powder diffraction (XRD) was performed using a Bruker D8 Advance diffractometer equipped with Ni-
filtered (CuK,;-radiation) and a LYNXEYE detector in the angle range 260 = 10° — 70° with a scanning step of
0.0133° and a counting time of 0.3 s per step. The results of XRD experiments were interpreted using the Bruker
DIFFRAC.EVA software package and the ICDD PDF-2 database.

The chemical composition of the samples was determined using a Bruker M4 TORNADO p-X-ray fluorescence
spectrometer equipped with a Rh-anode X-ray tube with a polycapillary lens. The accuracy of y-XRF analysis was
+5 %.

The surface morphology and microstructure of Y3_,Ce,(Fe;_,Ga,)5012 were investigated using a Carl Zeiss
NVision 40 scanning electron microscope (SEM). SEM micrographs were obtained with an Everhart-Thornley sec-
ondary electron (SE2) detector.

The specific surface area of sample obtained was measured by the low-temperature nitrogen adsorption method
using a Katakon ATKh-O6 analyzer. Before measurements, the sample was degassed in a nitrogen flow at 200 °C
for 60 min. The specific surface area of the sample S g was calculated using the Brunauer—-Emmett-Teller (BET)
model at 5 points in the range of partial pressures of 0.05 — 0.25 P/ P,.

5TFe Mossbauer spectra were measured using a conventional constant-acceleration MS-110Em spectrometer. To
analyze the Mdossbauer data, we used the methods of model interpretation and reconstruction of the distribution of
hyperfine parameters, implemented in the SpectrRelax software [23]. Isomer shifts of the " Fe Mossbauer spectra are
given relative to a-Fe at 298 K.
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3. Results and discussion

The effect of oxygen-deficient heat treatment conditions on the formation of the garnet structure was studied on
the samples of the Y3 gCeg 2Fes_,Ga, 012 solid solution with different contents of iron and gallium, synthesized by
the gel combustion method followed by annealing in vacuo at 700 °C. The X-ray diffraction patterns (Fig. 1) show
that in the absence of gallium dopant (y = 0), both garnet and perovskite crystalline phases are formed in almost equal
amounts. In this case, cerium atoms were not incorporated into any of the structures, but formed a cubic solid solution
based on yttrium oxide (Y,Ce)20345. When a small amount of gallium (y = 1) was added to the composition, the
crystalline phase of garnet became the main one. However, the X-ray diffraction patterns retained a small number of
additional reflections, which completely disappeared only for the composition with y = 2.5.
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Intensity (a.u.)

I J I i I i I i |
20 30 40 50 60
20 (%)

F1G. 1. XRD patterns of Y5 gCeg 2Fes_,Ga,O12 powders prepared by vacuum heat treatment at
700 °Cfor2h

Thus, the results of this experiment allow us to conclude that, when Fe®T ions are replaced by Ga**, the garnet
structure is more stable than perovskite not only in air, but also in an oxygen-deficient atmosphere. In addition, the
presence of Ga®>" ions compensates for the crystal stresses in the garnet structure arising from the substitution of
Ce3" for Y3*. To further study the incorporation of cerium ions into the garnet structure, a composition with 50 %
substitution of gallium for iron was chosen.

The X-ray powder diffraction of Ce-substituted garnets Y3_,Ce,(Feg.5Gag 5)5012 annealed in vacuum at 700 °C
(Fig. 2) showed that, with the partial substitution of cerium for yttrium, the homogeneity of the garnet phase was
retained only up to the cerium content = 0.5. A further increase in the amount of cerium in the nominal composition
of the samples led to the appearance of diffuse reflections in the XRD patterns, which could be attributed to the
formation of a cerium dioxide impurity. The incorporation of cerium ions into the garnet structure and the formation
of a solid solution could be confirmed by a monotonic change in the crystal lattice parameter a from 12.346(2) to
12.397(1) A as the cerium content increased to z = 0.5.

The ratio of cations in the Yo 5Ceq 5(Feg.5Gag 5)5012 sample was confirmed by X-ray fluorescence analysis and
energy-dispersive X-ray spectroscopy. Both methods showed that the composition of the studied sample was close to
the theoretical one within the experimental error (Fig. 3, Table 1).

Figure 4 shows SEM images of Y2 5Ceq 5(Fep.5Gag 5)5012 garnet obtained in an oxygen-deficient atmosphere.
After vacuum heat treatment, the sample consists of tightly “pressed” large agglomerates, forming almost monolithic
plates. At the fracture site, these agglomerates of indefinite shape have a porous spongy structure. With such sample
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F1G. 2. XRD patterns of Y3_,Ce,(Fey.5Gag.5)5012 powders prepared by vacuum heat treatment
at 700 °C for 2 h
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F1G. 3. p-XRF and EDS spectra of Yo 5Ceq 5(Feg.5Gag.5)5012 nanopowder

morphology, there is a possibility that some of the Ce>" ions are not incorporated into the garnet structure and are
present in the sample as an amorphous impurity. Additional annealing in air at a higher temperature should promote
the oxidation of unbound cerium and its transition to the tetravalent state.

After heat treatment in vacuum, the Yz 5Ceq 5(Feg.5Gag.5)5012 sample was additionally calcined in air at 800 °C
for 5 hours. SEM images (Fig. 5) show that the surface of the plates did not change, however, the morphology of
the sample underwent significant changes on the spalls. Each plate consists of small monodisperse randomly located
particles, 70 — 80 nm in size, forming a porous structure resembling an openwork fabric. This morphology of the
sample is associated with the use of the gel combustion method for its preparation. The main stage of this process is the
combustion of the organometallic gel, accompanied by the removal of gaseous pyrolysis products, which contributes
to the dispersion of the precursor and the formation of a highly dispersed final powder.
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TABLE 1. Results of u-XRF and EDS studies of Y2 5Ce 5(Fey.5Gag.5)5012 nanopowder

wt. %
Element Observed value
Theoretical value

u-XRF | EDS

Y 36.66 36.41 | 36.46
Ce 11.56 1143 | 11.78
Fe 23.03 23.23 | 22.94
Ga 28.75 28.93 | 28.82

FI1G. 4. SEM images of Y2 5Ceq 5(Feq.5Gag.5)5012 nanopowder after vacuum heat treatment at
700 °C, obtained at different magnifications

FIG. 5. SEM images of Y5 5Ceq.5(Feg.5Gag.5)5012 nanopowder after annealing in air at 800 °C,
obtained at different magnifications

According to X-ray diffraction data, the sample after annealing in air remained single-phase; no reflections of
impurity phases were recorded. The results of a full-profile analysis of the XRD data of the Y3 5Ceq. 5(Feg.5Gag.5)5012
powder additionally annealed in air at 800 °C are shown in Fig. 6. The sample has a cubic garnet structure (Ja — 3d)
with the parameters: a = 12.397 A,V =1905.2 A3,

The size of the coherent scattering domains, taken as the average particle size, was calculated using the Scherrer
equation and amounted to 67 nm. This value, calculated from the broadening of the X-ray lines, agrees very well with
the particle size observed by SEM.

The specific surface area (Spgr) of the Yo 5Ceq.5(Feg.5Gag 5)5012 nanopowder calculated using the multipoint
BET-equation was 9.3 m%/g. Since the sample consists of monodisperse isotropic particles, the average particle size
D ppr (nm) can be calculated using the equation:

Dper = 6000/(pcr : SBET)?
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FI1G. 6. The Pawley refinement plot of the XRD data for the Y5 5Ce 5(Feq.5Gag.5)5012 nanopowder

where p,, is a crystallographic density (5.57 g/cm?).

The average particle size calculated from BET analysis was 115 nm. This value is greater than the above-
mentioned particle sizes determined from the results of SEM and X-ray diffraction. The reason for this may be
that some nanoparticles are agglomerated into plates (Fig. 5), which led to an overestimation of the D value.

When cerium is incorporated into the garnet structure, cation-cation interactions between octahedral crystallo-
graphic positions, in which iron and gallium atoms are located, and dodecahedral crystallographic positions, in which
yttrium and cerium atoms are located, are enhanced [24,25]. This can lead to a redistribution of charges within the
crystal structure and a change in the valence state of iron and cerium.

The °"Fe Mossbauer spectra of the Ys(Feg5Gag 5)5012 and Y 5Ceq 5(Fe5Gag 5)5012 garnets measured at
room temperature represent a complex superposition of two asymmetrically broadened quadrupole doublets (Fig. 7a).

Both spectra resemble those of unsubstituted garnets [26—-28] and do not contain magnetically-split components,
which confirms the absence of impurity phases like perovskite- or spinel-type ferrites. At the same time, the replace-
ment of some of the iron cations with gallium cations and the replacement of Y>* with Ce3* leads to a significant
broadening of the resonance lines. Therefore, the fitting procedure of the spectra was performed by the reconstruction
of the distribution of quadrupole doublets taking into account the linear correlation of shifts 6 and quadrupole split-
ting A (Fig. 7b). The obtained values of the hyperfine parameters of the spectra (Table 2) show that the iron cations in
both garnets are stabilized only in 3+ oxidation state in two nonequivalent sites. This experimental fact indirectly in-
dicates that in the structure of Yo 5Ce 5(Feg.5Gag.5)5012, as a result of the replacement of some of the yttrium atoms
with cerium atoms, the latter are not oxidized. It should be noted that the obtained ratio of iron cations in tetrahedral
and octahedral positions calculated from the relative partial spectra (/) deviates somewhat from 3:2 ratio given by
the structure (Table 2), which indicates a greater preference for gallium atoms in the structures of these garnets for
tetrahedral oxygen positions.

4. Conclusions

Here, we present the results of the synthesis and study of a solid solution of cerium-substituted yttrium iron
garnet aimed at achieving the maximum possible substitution of Y>* with Ce>*. The replacement of Fe>* ions by
Ga**t in a 1:1 ratio and the use of vacuum annealing of the precursor obtained by gel combustion method made it
possible to increase cerium content in the garnet structure to 16.7 % relative to yttrium and avoid the formation of
CeO, impurities.

The study of the Yo 5Ceq 5Fes 5Gas 5012 nanopowder by 57Fe Mdossbauer spectroscopy showed the presence
of iron cations in the structure only in 3+ formal oxidation state, which is an additional confirmation of the phase
homogeneity of this composition, as well as indirect evidence of the absence of both CeO, impurities and Ce*™ ions
in the Y5 5Ceq.5(Feg.5Gag.5)5012 structure.
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F1G. 7. (a) The 5TFe Mdssbauer spectra of Y3_,Ce(Feq.5Gag.5)5012 (x = 0, 0.5) nanopowders
measured at T = 298 K; (b) the corresponding distributions of the quadrupole splittings pA

TABLE 2. The hyperfine parameters of the 5TEe Mossbauer spectra of Y3_,Ce,(Fep.5Gag.5)5012
(z = 0, 0.5) nanopowders at 7' = 298 K

Cerium content x | Partial spectrum | 6* (mm/s) | A* (mm/s) | I (%)
0 Fe?t e 0.18(1) 1.02(1) | 47.6(5)

Fe3t oo 0.37(1) 0.39(1) | 52.4(5)

0.5 Fe3 T o 0.18(1) 1.02(1) 40.0(5)

Fe?t oo 0.38(1) 0.41(1) | 60.0(5)

0 — isomer shift; A — quadrupole splitting;
I — relative intensity of the corresponding partial spectrum;
* — the mean values of the mean values of 6 and A was estimated from

the distributions pd and pA.

Thus, low-temperature heat treatment of the samples under vacuum conditions prevents the oxidation of Ce3* to

Ce*™ and minimizes the probability of CeOy formation.

The synthesized nanocrystalline Ce:YIG powder has a developed surface and a monodisperse porous structure,
which makes it promising for industrial and technical applications. Optimal conditions for the formation of this
morphology of Yq 5Ceq 5Fes 5Gas 5012 nanopowder, such as short-term high-temperature combustion of a gel-like
precursor with the release of a large amount of gaseous products, were provided by the PVA assisted gel combustion
method. The results obtained in this work could be used in the future to develop efficient approaches to the synthesis
of functional Ce-containing materials and to improve their properties.
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