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Combining Soft Chemistry and Spark Plasma Sintering to Produce Highly
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We report the synthesis of yttrium iron garnet (YIG) combining
soft chemistry route, namely the polyol process, and spark
plasma sintering (SPS) technique. The polyol process produced
an intermediary amorphous phase containing both iron and
yttrium cations in the desired ratio. They were annealed at
400°C in air to decompose the organic content of the reaction
(polyol and acetate). To achieve the garnet phase, the polyol-
obtained precursor was subjected to reactive SPS treatment at
a temperature of 750°C, far below the typical temperatures
(1350°C) used in the classic solid-state reaction process. In
15 min pure and high-density Y;FesO;, ceramic, with about
100 nm sized crystalline grains, was obtained. We report as
well the characterization of the initial amorphous phase and
the obtained YIG by X-ray diffraction, scanning electron
microscopy, Fourier-transform infrared spectroscopy, 5TFe
Mossbauer spectrometry, and magnetization measurements.

I

T HE garnet structure (the mineral garnet is Mn3Al,Si3015,)
is very stable," with space group 0"10-Ia3d and general
formula A3;BsO;,. In synthetic garnets with ferrimagnetic
properties, A is generally a rare-earth cation, and B a transi-
tion-metal cation. The crystal structure is based on a polyhe-
dral arrangement of oxygen anions defining three kinds of
cation sites or sublattices, with dodecahedral (three sites per
formula), octahedral (two sites per formula), and tetrahedral
(three sites per formula) symmetry, respectively. The dodeca-
hedral sites are normally occupied by the rare-earth cation
(yttrium), while the transition 3d metals enter tetrahedral and
octahedral sites. When the transition metal is iron (Fe®™),
there is a strong tendency to become ordered in an antiparal-
lel magnetic arrangement. The magnetic moment of a
rare-earth cation on dodecahedral sites adds to the octahe-
dral iron’s leading to a ferrimagnetic material. A particular
advantage for applications is the fact that the garnet struc-
ture can form a large variety of total solid solutions, allowing
the partial or total substitutions of many elements. In turn,
this leads to the possibility of an extensive tailoring of
magnetic properties.
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Ferrimagnetic garnets have unique magneto-optical'> and
high-frequency properties, which have found original applica-
tions in a variety of devices. As yttrium iron garnet (YIG)
exhibits the smallest linewidth for ferromagnetic resonance,’
it is particularly considered for microwave devices. For all
these applications, it is well-established that a high-density
solid body is required instead of a powder.

Using the classic solid-state reaction methods,'? a high-
temperature reaction of about 1350°C is needed to achieve a
garnet single phase. Less conventional routes have been also
reported, such as co-precipitation,* sol-gel,>® citrate gel,’
plasma spraying,® pulsed laser ablation,” high-energy ball mill-
ing,' among others. Most of them require a subsequent
annealing at more than 900°C-1000°C to obtain the crystal-
line phase*’'° and in all the cases, a high-temperature
sintering step is needed to achieve dense ceramic for the
desired applications.

In this article, we describe the synthesis of YIG by means
of the polyol process and then subsequent spark plasma sin-
tering (SPS) treatment. Indeed, for such complex oxides, the
polyol method provides a precursor which can be thermally
annealed at very low temperatures as compared with the
solid-state reaction to achieve the garnet crystal phase. SPS
technique is mainly known to allow sintering of materials
and multimaterials in a few minutes with a high compact-
ness.'! It is a nonconventional sintering technique based on
the use of pulsed current, enabling fast heating rates and
lower sintering temperatures in comparison with conven-
tional sintering techniques.'” It also appears recently that
SPS is a new technique to achieve very fast solid-state chem-
istry.'? Even though all the mechanisms are not well under-
stood, it is generally agreed that an accelerated diffusion
process due to the electrical discharge is at the origin of the
fast reactivity by SPS.!'* SPS has been used for the consolida-
tion of yttrium-aluminum garnets (YAGQG) allowing the prepa-
ration of carbon-free, full density samples with applications
in optical transmittance devices,'® ultrafine structured
YAG-ALO,,!'¢ and photoluminiscent YAG,'” for instance.
YIG has also been obtained from ball-milled reagent grade
oxides subsequently sintered in SPS at temperatures in the
900°C-950°C range.'®

The recovered intermediary solid phase from the heated
polyol metal acetate solution appeared to be an amorphous
hetero-metallic acetate—glycoxide where yttrium and iron
cations are intimately mixed in the desired stoichiometric
ratio (3:5). A subsequent annealing of the as-prepared pow-
der at moderate temperature (400°C) is performed to decom-
pose its main organic content, thus permitting to prevent
any dramatic outgassing during SPS process. Finally, the
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obtained residue was treated at 750°C under vacuum apply-
ing a static axial pressure of 100 MPa. A pure high-density
Y3FesOq, ceramic with crystalline grains of about 100 nm
was thus obtained after 15 min. The final magnetic structure
is confirmed by *’Fe M&ssbauer spectrometry and magnetic
hysteresis measurements.

Other authors have also obtained YIG at low annealing
temperatures.'” Their procedure involves the coprecipitation
from the corresponding nitrates, followed by evaporation to
obtain a solid precursor. After annealing at temperatures in
the 450°C—650°C range, the powders were digested'” in a ves-
sel, and the solid was recuperated by centrifugation, followed
by vacuum evaporation and annealing again in the 450°C—
650°C range to obtain the garnet phase. Final nanoparticle
size was in the 9-25 nm range, depending on annealing
temperatures.

II. Experimental Procedure

(1) Synthesis
Yttrium and iron acetates, Y(CH;CO,);-4H,O and Fe
(CH3COs),, respectively, were dissolved in the stoichiometric
ratio in diethyleneglycol. According to the classical procedure,
the mixture was brought to the boiling point at a 6°C/min
heating rate under mechanical stirring and maintained in
reflux and stirring for 3 h.>® After cooling down to room
temperature, the precipitated solid was recuperated by centri-
fugation, washed with ethanol and dried in air at 50°C over-
night.

The recovered powder was pretreated in air at 400°C for
2 h and subsequently used as starting material to form
Y;FesO, phase by reactive SPS process. The precursor solid
(typical batch of 1 g) is introduced into an @ 8§ mm carbon
die with a layer of protective papyex. The system is closed by
carbon punches at both sides which transmit the uniaxial
pressure. DC pulses were delivered to the die by the punches
using DR. SINTERS515S SYNTEX SPS machine (Thiais,
France) allowing the temperature to rise relatively slow
(38°C/min) up to a first plateau of 400°C and rapidly
(116°C/min) to a second one at 750°C. The soak time at
400°C does not exceed 5 min, with a pressure increasing
from 50 to 100 MPa to avoid further dramatic outgassing,
and that at 750°C with a constant pressure at 100 MPa for
15 min, and shorter heating time was also tested. The synthe-
sis temperature and the thermal treatment were chosen based
on the observation of the shrinkage versus the sample tem-
perature. The time variation of the temperature (read on the
left vertical axis) and that of the applied pressure (read on
right vertical axis) are shown in Fig. 1(a). The shrinkage
(contraction of the volume between the two graphite
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Fig. 1.
and the initial sample volume ratio as a function of the temperature (b).
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punches) is followed as a function of temperature in
Fig. 1(b).

(2) Characterization

Powders and ceramics were characterized by X-ray diffrac-
tion (XRD) using a Panalytical XperPro equipped with a
multichannel detector (X’celerator) using CoKa radiation
(A =1.7889 A) in the 10°-100° 26 range and a scan step of
0.025 for 2's. The diffractometer is also equipped with an
Anton PAAR heating chamber no. HTK 1200N. Tempera-
ture resolved XRD patterns of the starting powder were thus
recorded from 400°C to 900°C by a step of 50°C under inert
atmosphere, namely ultra-pure N, (ALPHAGAZ 1000: AIR
LIQUIDE Corp., Paris, France), for the same 20 range. For
all the crystallized phases, the cell parameter and the size of
coherent diffraction domain (crystal size) were determined
with the MAUD software, which is based on the Rietveld
method combined with Fourier analysis.?! Polycrystalline
strain-free silicon was used as standard to quantify the
instrumental broadening contribution.

The chemical composition of the produced powders and
ceramics was checked by using an energy dispersive spec-
trometer (EDX) mounted on a JEOL-JSM (JEOL Ltd.,
France) 6100 scanning electron microscope (SEM) working
between 20 and 35 kV. In a typical experiment the powder
or a polished piece of the ceramic was directly sketched on a
paper ahead of SEM/EDX analysis. Gold or Graphite was
then sputtered on its surface to increase its conductivity.

Fourier transform infrared spectroscopy (FTIR) spectra of
the as-produced and annealed powders were recorded with a
Bruker Equinos spectrometer (Bruker, France) using the KBr
pellet technique. They were obtained between 400 and
4000 cm™' for 50 scans and a resolution of 4 cm™'. On the
as-produced powder, thermal analyses were performed with a
Thermo Gravimetry/Differential Thermal Analyzer (TG/
DTA) Setaram TGA92 apparatus (Setaram Instrumentation,
Caluire, France) from room temperature up to 1000°C in air
(20°C/min).

The microstructure of the produced ceramics was investi-
gated by scanning electron microscopy using a Supra40
ZEISS (ZEISS, Germany) FEG-SEM microscope operating
at 5.0 kV.

The >’Fe Mossbauer spectra were recorded in a transmis-
sion geometry using *’Co/Rh vy-ray source mounted on an
electromagnetic drive with a triangular velocity form. The
samples consist of a thin powdered layer containing 5 mg
Fe/cm®. The obtained spectra were analyzed by a least-
square fitting method to Lorentzian functions. The isomer
shift values (8) are referred to that of a-Fe at 300 K.
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Shrinkage curve in the SPS process of reactivity of Y;FesO(,: the sample temperature and pressure as a function of sintering time (a)
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The 300 K-hysteresis loops were measured on a LDJ 9600
VSM magnetometer (LDJ ELECTRONICS, MD) with a
maximum applied field of 10 kOe.

III. Results and Discussion

(1) Starting Powder

The XRD pattern of as-produced powder revealed an amor-
phous arrangement, in contrast with other oxides such as spi-
nels, which can be directly synthesized by the polyol method
to a high crystalline state. This can be attributable to the dif-
ference in structural complexity; the spinel unit cell is formed
by 56 atoms, while the garnet unit cell needs 160 atoms
(eight formula units). Due to such a complex structure, gar-
net precipitation requires high-temperature reaction, largely
higher than those reached for spinel preparation in a polyol,
typically the boiling temperature of common polyol solvent
(diethyleneglycol has a boiling point of 245°C).

In this context, we proposed to first characterize exhaus-
tively the as-produced precipitate to determine its intimate
nature, and second to subsequently anneal it at different tem-
peratures to monitor the formation of the garnet phase.
Indeed, the polyol process has been widely used to prepare
oxide materials where polyols, such as diethyleneglycol, can
act as solvent and/or surfactant. Two-step polyol process is
usually observed to synthesize metal oxide nanostructures.
They involve first the preparation of a polyol-based metal
alkoxide or an acetate-based metal hydroxide as intermediary
phase?** and (i) its in situ forced hydrolysis®>* or (ii)
ex situ thermal decomposition.>* The formation of the
former compounds in liquid polyols is preceded by the disso-
lution of the precursor salt, generally acetates.

Clearly, due to its structural complexity, the preparation
of garnet oxide proceeded through the route (ii) while that of
spinel oxide may be easily achieved through the route (i).

To characterize the polyol-made amorphous solid phase,
different experiments, including EDX spectrometry, FTIR
spectroscopy and Thermogravimetry (TG) were carried out.
EDX analysis showed that the as-produced powder mainly
contains yttrium and iron atoms in the desired atomic ratio.
Carbone and oxygen signals were also clearly evidenced on
the recorded spectra. TG analysis showed that about 50% of
the total molecular weight of the produced material departs
(Fig. 2) between 200°C and 400°C, when heating in air. This
suggests, in agreement with the EDX survey, that the
as-produced amorphous intermediate solid is constituted by
organic species mixed to inorganic cations, forming very
probably a kind of hybrid framework, with a chemical com-
position very probably close to that of a hetero-metallic glyc-
oxide or hydroxide, as observed elsewhere for metal oxide
preparation using polyol process.”?>>* Note that the final
solid decomposition product (after heating up to 1000°C) is
the crystalline YIG phase. To distinguish between the
hydroxide and glycoxide phases, IR transmission spectrum of
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Fig. 2. TG thermogram of the as-produced solid precipitate in
polyol, recorded in air with a heating rate of 20°C/min.
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Fig. 3. FTIR spectra of the as-produced solid precipitate in polyol
and its subsequently annealed at 400°C counterpart compared to
those of free acetate and diethyleneglycol.

the as-produced powder was recorded and compared to those
of free sodium acetate solid and diethyleneglycol liquid,
respectively (Fig. 3). The analysis of the spectrum confirms
the formation of a hybrid material. Indeed, it clearly shows
the presence of (i) acetate ions, characterized by the specific
symmetric and asymmetric v(COOQO) vibration bands at 1573
and 1443 cm™', respectively,”>?® and (i) diethyleneglycol,
characterized by the v(OH) band at 3390 cm ', v(CH,)
vibration bands at 2956-2875 cm~'** and v,(C-O) bands at
1115-1065 cm ™%

An attentive inspection of the carboxylate vibration region
shows that the difference Av = v,((COO)-v,(COO) is equal
to 130 cm~'. This value is usually attributed to ionic or
bridging acetate.’” Based on previous results, the bridging
configuration remains the most probable. Indeed, in the case
of zinc oxide, its formation in a polyol preceded by the for-
mation of an in situ alkoxyacetate complex. Crystals were
obtained in ethyleneglycol and diethyleneglycol and the
structural resolution clearly showed that polyol and acetate
anions complex the metal cations and that acetates act as
bridges between these cations.?®

Another observation may be made if one focuses on the
hydroxyl stretching vibration zone. The intensity of v(OH)
band of the studied compound is significantly smaller than
that of free diethylenegycol. It is most likely the result of
polyol molecules partially deprotonated.

After annealing at 400°C the intensity of the FTIR peaks
decreases significantly or disappears in agreement with the
decomposition of the identified organic species and their
departure.

Altogether, these results suggest the formation of coordi-
nation complexes where Y and Fe cations are coordinated to
acetate and diethyleneglycol ligands, in a hetero-metallic
acetate—glycoxide phase.

A careful examination of TG plot, evidenced a last weight
loss (about 9 wt%) around 700°C, assumed to be due to car-
bonate departure. As a first approximation, one may suppose
that carbonate species were formed during the decomposition
of the organic part of the hybrid framework and re-adsorbed
on the surface of the inorganic residue. Indeed, the infrared
spectrum of the annealed polyol-made powder at 600°C (not
shown) evidenced two very weak bands at 1558 and
1443 cm™! attributed to residual organic species in relation
to the exothermic decomposition of acetate and/or diethyl-
eneglycol. They disapeared at 800°C. These bands may be
assigned to reactive CO, adsorbed on metal oxide surfaces.”

Mossbauer — experiments were performed on the
as-prepared sample, to have additional information of the local
cationic environment. As illustrated in Fig. 4, the Mossbauer
spectra at 77 K exhibited quadrupolar structure with broad-
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Fig. 4. 77 K-Mossbauer spectra of the as-produced solid precipitate in polyol (a) and of the subsequently annealed at 400°C counterpart (b),
with their corresponding quadrupolar splitting distributions in respective insets.

Table I. Summary of Refined Values of Hyperfine
Parameters Obtained at 300 and 77 K (Mean Isomer Shift
<§>, Mean Quadrupolar Shift <2¢A, and Ratio <A%>/<A>?)

<¢> (mm/s)  <2A> (mm/s) Ratio <A”>/<A>?
77 K +0.01 +0.01 +0.01
As-prepared 0.46 0.85 1.26
Annealed at 400°C 0.43 1.05 1.24

ened lines of similar intensities which can be described by
means of a pure quadrupolar splitting distribution (see insets
of Fig. 4). At 300 K (not shown here), similar features were
observed on Mossbauer spectra. A more detailed analysis
based on the mean isomer shift values (see Table I), the
quadrupolar splitting distributions (see insets of Fig. 4) and
ratio <A>>/<A>? (parameter quantifying the topological dis-
order®®) allows to conclude unambiguously that the material
behaves as an amorphous containing octahedral Fe** (high-
spin state) units while the mean hyperfine parameters remain
much smaller than those estimated from amorphous bulk
YIG samples.”*' When the as-prepared powders are annealed
at 400°C, small changes appear in the quadrupolar doublets
particularly due to the emergence of an asymmetry which
does reflect the coexistence of both tetrahedral and octahe-
dral Fe’" units giving rise to a “new amorphous” state.
The increase of the mean quadrupolar splitting gives rise to
values rather consistent with those estimated on amorphous
bulk garnets.”!
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Fig. 5. Temperature resolved XRD patterns of the preannealed
solid precipitate at 400°C. The temperature was increased by step of
50°C in a nitrogen atmosphere. Note that at 600°C the recorded
pattern corresponds to that of orthoferrite YFeO; crystal structure,
while at 7> 750°C, they fit well with the garnet crystal structure.

With the aim of investigating the thermal conditions for
the garnet structure formation starting from the preannealed
at 400°C solid precipitate, a series of XRD patterns were
measured as a function of temperature, as shown in Fig. 5.
As can be seen, the Y;3;FesOq, garnet appears for 77 > 750°C
for simple annealing processes (not SPS). At lower tempera-
tures, the orthoferrite phase, YFeOs, is formed as an inter-
mediate phase. We did not observe another crystalline phase,
even if the Y/Fe ratio differs clearly from that expected in
garnet phase. Very probably, the Y/Fe ratio is kept by the
coexistence of an amorphous phase, a kind of carbonate,
which decomposed between 700°C and 800°C forming Y3FesO».
This transformation, coupled to the previously mentioned
desorption processes, may be at the origin of the last weight
loss (about 9%) observed during TG analysis.

(2) Sintered Ceramics

To obtain a solid dense pellet, we carried out sintering pro-
cesses by means of the SPS method. This technique allows
the application of large electric current pulses (up to 90 A)
through the graphite crucible containing the powder while
applying a high mechanical stress (up to 400 MPa). Extre-
mely high heating and cooling rates can therefore be applied,
which allows a fast sintering process at very low tempera-
tures. Grain growth can be effectively prevented by this tech-
nique compared to the conventional sintering process at high
temperatures (1350°C or more), which lead to an extremely
rapid grain growth, thereby eliminating the novel properties
of nanometric phases.

Applying the sintering conditions listed previously in the
experiment section, different ceramics were produced at
750°C, varying the heating time at this temperature (from 5
to 15 min). The XRD pattern of sample sintered in SPS at
750°C for 15 min is presented in Fig. 6. The refined pattern
using MAUD software shows unambiguously that only the
YIG phase occurs for samples sintered under the mentioned
conditions and the sharp lines indicate the well-crystalline
state. The refined cell parameter [a = 12.388(7) A] agrees
well with that of the stoichiometric bulk phase (JCPDS no.
00-043-0507). The crystallites appear to be strain free, almost
isotropic in size with an average coherence length of 105 nm.

Note that the XRD pattern of the ceramics obtained with
shorter heating time at 750°C exhibited traces of the ortho-
ferrite phase, suggesting that the orthoferrite to garnet trans-
formation required a minimum heating time of 15 min.

Scanning electron microscope analysis (Fig. 7) showed a
highly dense and fine grained ceramic. The grains exhibit a typi-
cal polygonal shape with an average size of about 100 nm. The
density of the produced ceramic was measured using the Arqui-
medes method, by weighing the sample in air and then in a
liquid with a well-known density. The latter allows a determina-
tion of the volume. The obtained density was typically 4.84 g/
cm?®, about 94% of the theoretical YIG value (5.17 g/cm?®).
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Fig. 6. The recorded (scatters) and calculated (continuous line)
XRD patterns of the ceramics produced by SPS at 750°C for
15 min. The difference between the two patterns is given at the
bottom of the figure. A representative morphology of the coherence
domain of the studied ceramic, inferred from MAUD refinement, is
given in the inset.

Fig. 7. Typical SEM images recorded on the ceramic produced by
SPS at 750°C for 15 min.
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Fig. 8. 300 and 77 K Mossbauer spectra of the ceramic produced
by SPS at 750°C for 15 min.
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’Fe Mossbauer experiments were performed on the
ceramic obtained for 15 min SPS heating. The recorded spec-
tra (Fig. 8) exhibit significant evolution of the hyperfine
structure between this sample and the intermediate solids
studied previously (see Fig. 4). Indeed, the 300 and 77 K
Maossbauer spectra of this produced ceramic exhibited mag-
netic hyperfine structures, which consist of three components
attributed to Fe®' located in tetrahedral and octahedral
sites, as discussed in.>> The proportions and the respective
hyperfine characteristics are highly consistent with those of
crystalline bulk YIG systems prepared by conventional
methods, that is, ceramic route 2 (see data listed in Table II).

The hysteresis loop of this sample was obtained at room
temperature, as it appears in Fig. 9. The saturation magneti-
zation, M = 26.6 emu/g, is in very good agreement with the
bulk value reported for YIG (27.4 emu/g*®). In YIG, as Y**
is diamagnetic, the total magnetic moment in YIG is deter-
mined by the superexchange interactions between the three
Fe* ' in tetrahedral sites and the two Fe®" in octahedral sites
(per formula), which leads to ~5 Bohr magnetons per for-
mula at 0 K. By taking into account the unit cell parameter
(12.386 A) and a density of 5.17 g/em®, the magnetization
value is 38.3 emu/g at 0 K. Thermal fluctuations decrease
this value to 27.4 emu/g at room temperature. In the case of
nanostructured YIG, lower values of M have been reported
(M ~ 25 emu/g**). The coercive field appears higher than
most reported (about 50 Oe for particles in the 1 um
range®*), probably due to the nanosized dimensions of grains.
A study on the dependence of coercive field as a function of
synthesis parameters (and their effect on microstructure)
would be very interesting, but it is beyond the scope of the

Table II. Summary of Refined Values of Hyperfine
Parameters Obtained at 300 and 77 K (Isomer Shift o,
Quadrupolar Shift 2¢, Hyperfine Field By,,, and Ratio%).

Comparison is Done with Data Listed in

& (mm/s) 2¢ (mm/s)
+0.01 +0.01 By (T) £1 % +2
300 K (O1) 0.38 0.08 49.2 23
(02) 0.40 ~0.05 47.7 16
(T) 0.15 0.09 39.3 61
77 K (O1) 0.48 0.09 55.0 22
(02) 0.51 —0.13 53.6 15
(T) 0.26 0.05 46.9 63
300 K (O1) 0.39 0.08 49.7 28
(02) 0.33 —0.03 48.0 12
(T) 0.16 0.01 39.8 61
42 K (O1) 0.47 0.13 56.1 23
(02) 0.44 —0.01 543 16
(T) 0.25 0.00 47.5 61
ol ' M = 26.6 emu'/g _
H =1100e
20 b c 1
10 4
%
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£
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Fig. 9. 300 K magnetic hysteresis loops of the SPS-produced YIG.
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present report. As a comparison, the magnetization values
obtained for dispersed NPs obtained at similarly low-anneal-
ing temperatures'® with a smaller size are considerably lower.
Values as small as M = 7.5 emu/g were observed for NPs of
9 nm, increasing to 20.6 for NPs of 25 nm. We can estimate
that the M, value obtained in this study for the SPS sintered
samples is very close to the bulk value because of two rea-
sons: grains are larger (about 100 nm), and they have been
consolidated as a polycrystalline body, which leads to addi-
tive magnetic interactions between grains.

IV. Conclusion

We have described the process to obtain nanostructured YIG
by the forced hydrolysis of the metals in a polyol, followed
by a SPS sintering at 750°C for 15 min. This combination of
methods leads to significant less time and energy consuming
processing, allows a single phase garnet structure with well-
crystallized grains of about 100 nm in size, at temperatures
650°C below the typical solid-state sintering process, for sin-
tering times as short as 15 min. The magnetic structure and
properties of these ceramics are similar to those reported for
the ferrimagnetic compounds prepared by ceramic route,
opening thus real opportunity to use them for microwave
devices.
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