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Abstract

Sr,FeMoOg (SFMO) double perovskite has been prepared from powders obtained by the polyacrylamide gel combustion synthesis. After removing
organic residues, the precursor powder consists of a homogeneous submicronic blend of SrFeO;_, and StMo0Q,. In order to crystallize SFMO
an experimental setup consisting of injecting water-saturated Ar/5S%H, gas flow in a crucible was used. Results show that a high saturation
magnetization of 3.9up/formula unit, which accounts for 98% of the theoretical value, and Curie temperature of 415 K can be achieved in this way.
The Fe/Mo order was 98% by Rietveld refinement of best sample. Furthermore, no metallic iron was detected, even at long reducing treatments.
Lowering the reducing power of hydrogen with water is believed to be the main reason for improved synthesis.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Transition-metal oxide double perovskites of the type
A,B'B”Og where A =Ca, Sr, Ba and B’,.B” =Fe, Cr, Ni, Mo, Re
or W have potential applications in the field of spintronics,' gas
sensors,” magnetic sensors,>* magnetocaloric materials® and,
more recently, anodes for solid-oxide fuel cells.® The B and B”
ions should be alternatively arranged along the cubic axes of
the double perovskite. The presence of antisite defects (AS) in
the B-site due to imperfect alternation leads to reduced magne-
tization and electronic polarization. A topical review on double
perovskites by Serrate et al. has been published elsewhere.’

Since the discovery of low-field magnetoresistance at high
temperatures in half-metal SroFeMoOg (SFMO),® the double
perovskite is being studied for spintronic devices exploiting
magnetic tunnel junctions (MTJ)*!%!! or contact-less potentio-
metric sensors for the automotive industry.!? These applications
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are enabled by the high spin polarization of the conduction band.
In principle, its high Curie temperature (7c =415 K) makes it
more promising than colossal magnetoresistance manganites
like Lay/3Sr;3MnO3 with Tc =350K. The ionic representa-
tion of the crystal lattice shows Fe** (3d°, §=5/2) and Mo>*
(4d', §=1/2) sublattices coupled antiferromagnetically between
them. Half-metallicity arises from the itinerant 4d' electron in
the Mo* ion. AS defects dramatically influence spin polariza-
tion and saturation magnetization.!> Magnetotransport is thus a
function of AS concentration, grain boundaries and crystallite
size. Magnetoresistance values as high as 31% at room temper-
ature have been reported in high aspect ratio SFMO crystals.'*

Most of the synthesis procedures in the literature make use
of the solid-state reaction for producing bulk powders.!> Phase
evolution by powder X-ray diffraction gives insight into the for-
mation kinetics.'® SFMO growth from the two-phase mixture
composed of perovskite SrFeO3;_, (SFO) and StMoO4 (SMO)
has been previously investigated. Basically, SMO would diffuse
towards SFO during the reduction step at high temperature to
form the solid solution compound SrpFe; (Mo, Oy. In fact, SFO
shows similar structure to SFMO. Shift of SFO X-ray diffraction
peaks as reaction proceeds would point to molybdenum solution
in the SFO lattice. Redox issues have to be also considered as Mo
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Fig. 1. Flowchart of the synthesis procedure. AA, BAA and AIBN stand for acrylamide, bisacrylamide and azoisobutyrnitrile, respectively.

is in a 6+ oxydation state in SMO while is 5+ in SFMO. Sharma
et al.!” have determined the phase stability of SFMO as a func-
tion of oxygen partial pressure Po, in a H»/CO, atmosphere and
MacManus-Driscoll et al.!® observed molybdenum enrichment
in the SFMO grain boundary when studying the effect of cyclic
oxygenation on low-field magnetoresistance.

One of the main problems during synthesis is the excessive
reduction producing Fe?* species and even metallic iron, before
SFMO reaction completion, which can artificially increase sat-
uration magnetization.'® Another concern is phase stability at
ambient conditions. Both Fe?* and Mo* have been shown to
slowly oxidize in air in the long term.2%2! Notoriously, the
use of citric acid with nitrate salts has enabled the obten-
tion of top quality SFMO powders with 3.9ug/f.u. saturation
magnetization and a high T¢ of 416 K.?? The quartz tube encap-
sulation technique has been successfully used by Huang et
al.!? starting from a EDTA gel. Pechini-like methods have also
been explored.?? Furthermore, epitaxial thin films have been
prepared by pulsed-laser deposition* and chemical solution
approaches.? In general, synthesis conditions have to be care-
fully tuned for preparing pure double perovskite with small AS
concentration during the reducing step as evidenced by deviation
from the theoretical saturation magnetization at low temperature
(4.0up/f.u.).2°

From the synthesis viewpoint, polymer gel combustion has
been shown to render nanometric electroceramic powders with

excellent chemical and phase purities by employing long-
chain soluble polymers by acrylamide monomer polymerization
or dissolved poly(vinylalcohol).?”?8 However, obtaining pure
phases with a high degree of superstructure also remains a chal-
lenging issue for these kind of techniques.

In this work, the acrylamide gel polymerization technique
was used to produce SFMO precursor powders. Then, SFMO
formation was achieved by means of a reducing step at high tem-
peratures involving water-saturation of the inlet gas. It is shown
that high yield of SFMO with excellent alternate Fe/Mo ordering
can be obtained minimizing the formation of undesired reduced
species leading to 98% of theoretical saturation magnetization
and a high Curie temperature of 415 K.

2. Experimental

A flowchart showing the general synthesis scheme is shown
in Fig. 1.

Aqueous metal salt solution starts by weighting sto-
ichiometric amounts of Sr(OOCCHj3),-2H,O 99.5%,
(NH4)6M07024-4H20 99.9% and Fe(NO3)3-9H,0 99.99%
(Quality Chemicals). pH adjustment is done between 3.5 and
5.5 with either diluted nitric acid or ammonia. Acrylamide
monomer is poured in the form of a 50% aqueous solution (Cog-
nis) in a concentration of 10% w/v with respect to monomer.
In order to avoid the acrylamide polymerization inhibition
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Fig. 2. Experimental setup of the gas flow injection in the alumina crucible.

from the Fe3* or Mo%" species, ethylenediaminetetraacetic
acid (H4EDTA) is added to complex metals. Bisacrylamide
(Alfa Aesar) in 1/8 weight ratio with respect to acrylamide
is added to effect crosslinking and azoisobutyronitrile (Alfa
Aesar) as a radical initiator. Before gelation, total metal cation
concentration (Sr, Fe and Mo) is 0.17 M. Gel formation by
polymerization is achieved by heating the solution at 80°C
by means of a hot plate. SFMO gel is removed from the
glass beaker and placed in a more resistant stainless steel
container. Once gel has been combusted in air with the aid
of a hot plate set at 300 °C to start the process, the ashes are
placed in a vitrified porcelain cup and annealed at 800 °C to
remove organic impurities from partial decomposition of the
polymer. Then the precursor powder was pressed into 1-in.
round pellets in steel dies applying a uniaxial pressure of
2000 bar.

The reduction step for obtaining SFMO, comprises Ar/Hy
5% gas injection in an 99.7% alumina cylindrical crucible.
Inner diameter and height of the crucible was 20 mm and
40 mm, respectively. Gas is saturated with water by means of a
gas washer bottle and then driven to the bottom of the crucible
with an alumina tube having a inner diameter of 8 mm. Chunks
of the SFMO precursor pellet are placed inside the crucible
and around the inlet tube. The gas exits through a loose lid
made of refractory alumina brick. Gas flow was varied between
0.14 and 0.70 /min. This setup allowed the SFMO preparation
in quantities around 50g. See Fig. 2 for a general scheme.
The precursor pellet was manually crushed into approximately
5Smm chunks. The heating ramp was 15°C/min and furnace
cooling was applied after soaking.

Carbon and nitrogen impurities were measured by elemental
analysis with a ANALYTICAL PRECISION model EA1108.
XRD diffraction was performed in a Siemens D500 with CuKa
radiation. Powder X-ray data has been analyzed by the Rietveld
method using FullProf suite of programs.?® Maximum intensity
peak in each pattern was assigned 100% and then the maximum
diffraction peak of each phase was calculated as a percent-
age. Scanning electron microscopy was performed in a Hitachi
2300 model. Transmission electron microscopy of the powder
was performed in a Hitachi 600AB. Magnetization loops were
determined at different temperatures by means of a Quantum
Design SQUID magnetometer. Saturation magnetization value
was obtained at 10 K and 50 kOe.

3. Results and discussion

A spongy mass is obtained due to the large amount of decom-
position gases being released during combustion through the
viscous gel mass. Elemental analysis of SFMO ashes results in
1.99 +0.01% and 0.34 + 0.02% of carbon and nitrogen impu-
rities in the ashes, respectively. The high carbon value could be
explained by the partial carbonation of the oxides. In fact, reflec-
tions corresponding to SrCO3 are clearly identified by X-ray
diffraction (Fig. 3). Nitrogen impurities would point to incom-
plete combustion of the polyacrylamide. The rest of the XRD
peaks correspond to StMoQj. Scherrer’s formula applied to the
highest intensity peak (1 12) of this phase gives a crystallite size
of 39 nm. Iron-containing phases do not appear. It is thought that
crystallization has not been promoted for the expected SrFeO3_
(SFO) phase during the short self-combustion time. Moreover,
an important fraction of strontium is in the carbonate form,
which further prevents the existence of the binary iron com-
pound. In this respect, no iron oxides are detected by XRD,
which might be due to their low crystallinity.

Before crystallization process in reducing conditions, decar-
bonation of the ashes seems advisable, specially if organic
residues remain which could eventually form stable car-
bonaceous species and hamper crystal growth of the double
perovskite.

A thermal treatment at 800 °C for 12 h is able to remove most
of the organic impurities while avoiding excessive grain coars-
ening, which would result in longer diffusion paths and reduced
reactivity for the SrFeO3_, and StMoQOy particles to contact and
form SFMO. Carbon is reduced to 0.28 & 0.02% while nitrogen
is no longer detected. XRD pattern of the so-called SFMO pre-
cursor powders is plotted in Fig. 4. Only peaks corresponding to
SFO and SMO are visible. In addition, SFO peaks appear wider
than SMO. This may be due to insufficient SFO crystallization at
the present annealing conditions. The main SFO reflection peak
is at 32.5° which is in accordance with StFeO3_; in equilibrium
at these conditions.?” Interestingly, no SrCO;3 peaks were iden-
tified, indicating that decarbonation has been achieved within
XRD resolution limits. SEM corresponding to the precursor is
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Fig. 3. XRD pattern of the ashes obtained after gel combustion. (@) and (O)
symbols stand for StCO3 and StMoOy, respectively.
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Fig.4. XRD of SEMO precursor powder, once calcined at 800 °C/12 hin air. (O)
and (*) symbols stand for StMoOy4 and SrFeOs_,, respectively. Miller indexes
in bold correspond to SrFeO3_,.

Fig. 5. SEM micrograph of SFMO precursor powder.

shown in Fig. 5. It is composed of low-density aggregates in
which SFO and SMO particles cannot be distinguished from
one another. Particles size of the agglomerates are below 1 wm.
Hence, the polymer gel precursor is a submicronic two-phase
solid mixture of seggregated iron and molybdenum species.
Starting from this precursor SFMO powders, first attempts to
grow SFMO in Ar/5%H; were not successful if loose powders
were used. However, after pressing the precursor, reaction could

be observed. This is a hint of the relevance of solid diffusion
during the heterogeneous reaction of SFMO formation.

In the reduction step, gas flow is injected directly towards
the pressed precursor in order to increase mass transfer in the
gas phase during the SFMO formation. An important modi-
fication involves the saturation of the inlet gas with water at
ambient temperature. Water is used as a means to diminish the
reducing power of gases in typical metallurgical process, based
on the decomposition equilibrium of H>O at high temperatures
(H>0 < H; + 203). In fact, by using thermochemical graphical
tools like the Ellingham’s diagram®! and assuming water satu-
ration of the Ar/5%H; process gas at 25 °C is fulfilled, which
gives a water partial vapour pressure of Py,0 = 3.2 - 1072 atm
and a hydrogen partial pressure of Py, = 0.05 atm, the Po, is
10~ atm or 7 orders of magnitude higher than without water-
saturation. In this way, oxygen partial pressure (Po,) can be
increased while still being able to reduce the precursor as will
be shown below. 1100 °C was chosen as the reducing tempera-
ture. Different synthesis conditions by changing gas flow, SFMO
precursor initial mass and soaking time were investigated. It is
believed that gas flow changes the dynamics of the gas-solid
interface, impacting on the kinetics of the heterogeneous reac-
tion. On the other hand, initial mass is thought to be important
for the overall gas concentration. Finally, soaking time allows
to explore the kinetics of the process. Table 1 lists the results
of the samples prepared with such procedure. Note that My,
is as high as 3.4up/f.u. in just 8h. X-ray diffraction pattern
containing Rietveld refinement of the best sample is shown in
Fig. 6. As found in the literature, the cell is tetragonal with space
group / 4/m (no. 87). The refinement rendered very good agree-
ment parameters (x° = 3.8; Rp = 1.89%) whereas cell parameters
agree well with those previously reported for this compound:
a=5.5673(5) A and ¢ =7.8999(7) A. The good contrast between
Fe (Z=26) and Mo (Z=42) allows the precise determination of
the degree of order between these two species located at 2a and
2b Wyckoff positions of [ 4/m space group. The degree of Fe/Mo
order obtained by the refinement is 98%, expressed as 2(gp.-0.5)
where gr. is the Fe occupancy in its expected site. Powder data
reveals the presence of a small amount of STMoOj as an impu-
rity. The quantitative analysis through the Rietveld refinements
shows that the amount of this impurity is smaller than 1.5%
(w/w).

An alternative indication of the Fe/Mo ordering in SFMO was
reported by Balcells et al.,'> which consists of calculating the
intensity ratio I(1 0 1)/(I(1 12)+1(200)) from the XRD peaks.

Table 1

Results of SFMO precursor reduced by water-saturated Ar/5% H; flow.

Sample Precursor mass (g) Thermal treatment Gas flow (I/min) %XRD intensity SFMO  %XRD intensity StMoOs4 Mgy (up/f.u.)  %Theoretical My
1 0.7 1100°C/8h 0.42 100 2 34 85%
2 1.0 1100°C/16 h 0.42 100 6 33 83%
3 13.0 1100°C/16h 0.42 100 11 3.1 78%
4 16.3 1100°C/24h 0.42 100 10 3.1 78%
5 50.0 1100°C/24h 0.42 100 5 3.6 90%
6 23.0 1100°C/24h 0.70 100 6 3.9 98%
7 1.5 1100°C/32h 0.70 100 4 34 85%
8 0.5 1100°C/32h 0.70 100 1 3.9 98%
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Fig. 6. Rietveld refinement of XRD pattern corresponding to sample 8 show-
ing both high compositional purity and cation order. Marks below the pattern
represent the reflections for Sr,FeMoOg and binary StMoOy.

In our case, this value gives 0.05(2), which is coherent with the
observed high saturation magnetization.

Remarkably, no metallic iron or Fe(Il) phases are observed in
any of the experiments. As a consequence, water-saturation has
proved to be effective in avoiding excessive reduction. Accord-
ingly, neither SrtMoO3 32 nor Sr3Fe;_ Mo, 063 appears. This is
true even at long treatment times. Second, gas flow higher than
0.421/min is needed for obtaining high saturation magnetiza-

tion. Best values were achieved with 0.70 1/min and 32 h. On the
other hand, maximum Mg, of 3.9up/f.u. was obtained at this
gas flow value with two different initial mass/dwell time com-
binations (see samples 6 and 8). The fact that as much as 50 g
can be prepared in a single run with M, as high a 3.6up/f.u.,
i.e., 90% of theoretical value is also highlighted.

SEM micrograph with different magnifications correspond-
ing to the sample no. 8 are shown in Fig. 7. Polycrystalline
aggregates of faceted SFMO grains around 1pm size are
observed. Particles are partially sintered. As regards TEM, the
observations made on the same sample are shown in Fig. 8. The
SFMO grains are surrounded by smaller attached particles. This
granular structure can be better observed at higher magnifica-
tions, where isometric particles with a size around 50 nm are well
visible at the border of the large SFMO grains. These smaller
grains might be the SMO secondary phase (visible in XRD),
although phase identification should be undertaken together with
some aging studies to elucidate whether its origin is incom-
plete reduction or surface degradation due to Mo*> oxidation in
air after the synthesis process. Anyway, this shows that SFMO
grain boundaries are far from being free from impurities. This
should have enormous impact on the low-field magnetoresis-
tance.

Magnetic characterization data for the 8 sample is shown in
Fig. 9. Mgy was as high as 3.9ug/f.u. or 98% of theoretical My
whereas temperature-dependence of the magnetization results
in a Curie temperature of 415 K, which is among best values
reported in the literature (410420 K).3*

50 nm

Fig. 8. TEM images of sample 8 at increasing magnifications.
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Table 2

Comparison of the results obtained in this work with respect to other SFMO synthesis.

Precursors Gas composition Thermal %Fe/Mo order by Miae Tc (K) Impurities detected by Reference
treatment Rietveld analysis (up/fu.) XRD

Prereacted SFMO H,/CO;, 1300°C/524h >95% 3.70 N/A SrCO3, StM0Oy, 17

Sr3MoOg

EDTA gel Vacuum 1150°C/100 h 95% 3.96 406 None reported 19

Citrate gel Ar/1%H, 1200°C/12h 94% 3.97 416 None reported 22

SrFe03. 5 + MoO3 N2/5%H; 1100°C/2h 95%* 3.7 N/A SrMoOQy, Fe 23

Solid-state reaction Ar/H,/CO, 1100°C/6h 82%° 3.0 N/A None reported 35

Polyacrylamide gel Ar/5%H; 1100°C/32h 98% 3.9 410 SrMoOy4 This work

@ Derived from (10 1)/(I(112)+1(200)) XRD ratio.
b Derived from M.

Table 2 summarizes some relevant reports in the literature
about SFMO synthesis as regards reducing conditions. Concern-
ing the Fe/Mo order, values higher than 90% have been reported
with a variety of precursor preparations, atmosphere composi-
tions, temperatures and dwell times. A common trend of using
hydrogen diluted in inert gases is the appearance of metallic
iron when higher temperatures and long reducing times have
been applied, which suggests that pure SFMO synthesis is gov-
erned by kinetic control in these cases. Remarkably, metallic
iron could be avoided when a mixture of hydrogen and car-
bon dioxide was used, increasing P, and thus lowering the
reducing power of the atmosphere, leading to high cation order
and saturation magnetization.!” However, CO, poses the prob-
lem of SrCO3 formation, which is stable at these conditions,
adversely influencing the double perovskite synthesis. By using
water vapour in hydrogen gas as another approach to increase
Po, and avoiding strongly reduced species like metallic iron,
preparing SFMO with high cation order (98%) and saturation
magnetization is also possible. However, the present results can-
not rule out kinetic control of the synthesis, despite being able
to reduce the precursor at 1100 °C for a long period like 32 h
without Fe”. That would require a more detailed study to gain
insight into the phase diagram in this atmosphere composition.
In fact, some SMO impurity still remains in the best sample
and probably some unidentified iron-rich SFO phase, which is
necessary for stoichiometric compensation of the molybdenum-

rich SMO. In addition, there is no simple correlation between
Fe/Mo order and Mg, which would point to some fraction of the
observed magnetic moment originating from phases other than
SFEMO.

4. Conclusions

SFMO formation from polymer gel precursor powders was
studied. After removing organic residues, the precursor is com-
posed of a two-phase solid mixture of StMoO4 and SrFeO3_.
The reducing step was performed by using water-saturated
Ar/5%H; gas flow injected in a crucible at 1100 °C. Diminish-
ing the reducing power of hydrogen by water saturation of the
inlet gas was proved to be effective in obtaining cation ordered
SFMO in high yield showing 98% of theoretical saturation mag-
netization at 10 K while preventing reduced phases like magnetic
metallic iron, even at longer times of 32 h. Thus, water-saturated
Ar/H, gas might be useful to obtain high cation ordered SFMO,
although some minor phases like SMO still persist. This study
also reveals the importance of the gas flow conditions as a limit-
ing step in the SEMO crystallization from the precursor phases,
which should be properly enhanced for optimum mass transfer.
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