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An ef®cient encapsulation synthesis technique and an accurate wet-chemical analysis method for the redox state

have been developed for the Sr2FeMoO62w double-perovskite compound known as a magnetoresistance (MR)

material. Single-phase Sr2FeMoO62w samples are reproducibly obtained from Sr±Fe±Mo±O mixtures under

very low oxygen partial pressures utilizing an Fe/FeO redox couple as the oxygen trap which is encapsulated

together with the starting material mixture in an evacuated synthesis ampoule. Coulometric oxidation titration

of the lower-valent iron and/or molybdenum species, formed upon dissolving the sample material in acidic

solution, was found to reveal the oxygen content of a Sr2FeMoO62w sample with high reproducibility.

Furthermore, the initial potential level in the titration is believed to indicate the nature of the reduced species.

In the samples synthesized with the present encapsulation technique at 1150 ³C the oxygen non-stoichiometry

was found to be w#0.03¡0.02. No indication of lower-valent molybdenum was observed.

The double-perovskite structure, either A-site ordered
A'A@B2O62w or B-site ordered A2B'B@O62w, is derived from
the simple perovskite unit, ABO3, upon co-occupation of the
A- or B-site, respectively, with two different metal ions of
different sizes and/or charges. For both types, various
interesting electronic and magnetic properties are expected
including the magnetoresistance (MR) effect.1 Typically the
desired properties are crucially controlled by the oxygen
stoichiometry and, further, by the actual valences of the
transition metal species at the B-cation site. Depending on the
metal composition, degrees of oxygen-de®ciency as high as
w#1 are in general possible for the double-perovskite
structure.

The B-site ordered double-perovskite, Sr2FeMoO62w, has
been known as a ferromagnetic (or ferrimagnetic) conductor
with a magnetic transition temperature as high as 420±450 K.2±5

The phase is obtained under reduced oxygen partial pressures,
in the range of about 1029.8±10213.5 atm (at 1200 ³C).6 For the
unit cell of Sr2FeMoO62w both cubic (space group Fm3m)2,7

and tetragonal (space group I4/mmm or I4mm)4,5,8 symmetries
have been reported. This discrepancy is possibly attributed to
the differences in the oxygen content. So far, however, no
efforts have been made to accurately determine the oxygen
content in Sr2FeMoO62w samples by means of chemical
analysis or any other techniques.

From electronic-structural calculations half-metallic nature,
i.e. total spin polarization of conduction electrons, was
concluded for Sr2FeMoO62w.9,10 As a most straightforward
explanation for the half-metallicity and the other properties
known for Sr2FeMoO62w, a picture where localized 3d5

electrons of high-spin Fe(III) (t3
2ge2

g; S~5/2) and an itinerant
4d1 electron of Mo(V) (t1

2g; S~1/2) couple antiferromagneti-
cally has generally been assumed. Consistent with this picture,
tunnelling-type negative magnetoresistance was recently
observed in polycrystalline9,11 as well as in thin-®lm12±14

samples of Sr2FeMoO62w at room temperature. However, even

though the trivalent state of iron explains satisfactorily the
properties of Sr2FeMoO62w, we recently proposed a slightly
elaborated picture based on MoÈssbauer spectroscopy data.15

The 57Fe MoÈssbauer spectra obtained for a polycrystalline
Sr2FeMoO62w sample were best interpreted by assuming a
mixed-valence or valence-¯uctuating state, formally expressed
as Fe2.5z, for iron. A similar Verwey-type mixed-valence state
had been earlier established for the A-site ordered double-
perovskite, BaSmFe2O5zd (d#0), for which the MR effect was
also observed recently.16,17 In the case of BaSmFe2O5zd, the
Fe2.5z state separates upon cooling into equal amounts of
divalent and trivalent iron at TV#200 K, while for Sr2Fe-
MoO62w the mixed-valence state has been con®rmed to persist
down to 5 K.15

In the present contribution, a wet-chemical analysis route is
established to accurately determine the oxygen content in
Sr2FeMoO62w samples. The individual valence states of iron
and molybdenum are discussed from the chemical point of view
based on the obtained analysis data. Furthermore, during the
course of the work, an encapsulation synthesis technique was
developed in which the oxygen partial pressure inside the
synthesis ampoule is controlled with an Fe/FeO trap to obtain
high-quality Sr2FeMoO62w samples in a simple and reprodu-
cible way.

Experimental

For the synthesis of the polycrystalline Sr2FeMoO62w samples
stoichiometric amounts of high-purity SrCO3, Fe2O3 and
MoO3 powders were used as starting materials. After being
thoroughly mixed the starting materials were calcined in an Ar
atmosphere at 900 ³C for 15 hours. The calcined powders were
pelletized and sintered in evacuated and sealed fused-quartz
ampoules containing the sample pellets together with Fe grains
(¢99.9%, under 10 mesh) as the oxygen trap (Fig. 1). The
empty space inside the ampoule was ®lled with a fused-quartz
rod. The synthesis was carried out at 1150 ³C for 50 hours.
Under these conditions the oxygen partial pressure is expected
to equilibrate at 2.6610213 atm due to the redox couple of
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Fe/FeO.18 From the synthesis temperature the ampoule was
quenched into liquid nitrogen.

The synthesized samples were checked for phase-purity and
lattice parameters by X-ray diffraction (XRD; MAC Science
M18XHF22; CuKa radiation). The crystal structure and the
cation composition of the obtained Sr2FeMoO62w phase were
investigated by electron diffraction (ED), high-resolution
transmission-electron microscopy (HRTEM; Hitachi H-9000)
and energy-dispersive X-ray analysis (EDX; Kevex Sigma). In
the EDX analysis, SrMoO4 was used as a reference for the
Sr/Mo relation.

For determination of the redox state of the Sr2FeMoO62w

phase, an analysis method based on electrochemical oxidation,
i.e. coulometric titration,19 of the lower-valent cation species,
formed upon acidic dissolution of the sample, was developed.
For this analysis, the sample was dissolved in 1 M HCl solution
which had been freed from dissolved oxygen prior to the
sample-dissolution by bubbling Ar gas through it for 1 hour. In
the coulometric titration both Fe(II) and Mo(V) species
introduced in the solution upon the sample-dissolution are
oxidized as follows:

Fe(II)?Fe(III)ze{ (1)

Mo(V)?Mo(VI)ze{ (2)

The electrochemical oxidation was performed at a constant
current (I) of 3 mA until the potential against the Ag/AgCl
electrode reached 820 mV. From the time (t) required for
titration the quantity of electrons (ne) produced and thus the
total quantity of the lower-valent Fe(II) and/or Mo(V) species in
the sample was calculated as

ne~(I|t)=F (3)

where F is the Faraday constant. The titration was carried out
in an inert Ar atmosphere in order to prevent air-oxidation of
the species to be oxidized electrochemically. A schematic
representation of the titration cell is shown in Fig. 2. A

reference Fe(II) solution for establishing the redox character-
istics of divalent iron under the present experimental conditions
was prepared using FeCl2?4H2O as the Fe(II) source. The
Mo(V) reference was prepared prior to use from the solution of
(NH4)6Mo7O24?4H2O by Zn-reduction.

Results and discussion

The present encapsulation synthesis was found to yield single-
phase Sr2FeMoO62w samples in a reproducible way, as judged
from the X-ray diffraction patterns collected for the synthe-
sized samples (Fig. 3). Also a high-resolution transmission-
electron micrograph (Fig. 4(a)), an electron-diffraction pattern
(Fig. 4(b)) and EDX analysis data (Table 1) obtained for one of
the synthesized samples all together indicate the double-
perovskite structure. For the obtained Sr2FeMoO62w phase, a
cell parameter, a~7.880(1) AÊ , was re®ned from the XRD data
in the Fm3m space group of cubic symmetry.

Representative examples of the coulometric titration curves
obtained for the Fe(II) and Mo(V) reference solutions are shown
in Figs. 5(a) and 5(b), respectively. Both species, Fe(II) and
Mo(V), are oxidized quantitatively under the conditions used
for the anodic oxidation. This means that the overall redox
state, i.e. the oxygen content, of a Sr2FeMoO62w sample is
determined in an unambiguous way by means of the present
coulometric titration method. Based on several parallel
titrations the degree of oxygen de®ciency in the present
Sr2FeMoO62w sample was established at w#0.03¡0.02. This
result is consistent with the fact that the 57Fe MoÈssbauer
spectrum presented in ref. 15 for the same sample material was
successfully ®tted by six-coordinated iron components only, i.e.
no oxygen-de®ciency around Fe atoms was observed within the
detection limits of MoÈssbauer spectroscopy (#2%).

In order to completely understand the electron ®ne-
distribution that applies when the Sr, Fe, Mo and O atoms
are arranged into the crystal lattice of Sr2FeMoO62w, it is
worthwhile to investigate how the valence electrons are
distributed when the chemical bond(s) are broken upon the
dissolution of the lattice. For identifying the lower-valent
species formed the initial potential in the titration is quite
indicative. When the solution contains Fe(II)species only, the
potential against the Ag/AgCl electrode is between 400 and
600 mV, as in the case of the FeCl2?4H2O reference solution
(Fig. 5(a)). In solution, pentavalent molybdenum is more easily
oxidized than divalent iron, and consequently the initial
potential is considerably lower for the solutions containing
Mo(V)species, i.e. in the range of 2100 and 100 mV against the
Ag/AgCl electrode (Figs. 5(b) and 5(c)). In the solutions
containing both Fe(II) and Mo(V), the titration curve for the
anodic oxidation exhibits two steps, as shown in Fig. 5(c). In
the ®rst step Mo(V) is oxidized into the hexavalent state. The
®rst step is quite well distinguished from the second step in
which Fe(II) is oxidized into the trivalent state. This signi®cant
difference in the redox potentials of the Fe(II)/(III) and

Fig. 1 Schematic representation of the packing of the synthesis
ampoule.

Fig. 2 Schematic representation of the coulometric titration cell. Fig. 3 XRD pattern for a synthesized Sr2FeMoO62w sample.
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Mo(V)/(VI) couples could in principle be utilized for establishing
the distinct valence values of Fe and Mo in Sr2FeMoO62w.
Unfortunately, it was found that in solution trivalent iron
spontaneously oxidizes pentavalent molybdenum. Therefore
for samples which might contain Fe(III), quantitative determi-
nation of Mo(V) is not unambiguous. However, the initial
potential of the solution recorded immediately upon the
sample-dissolution should tell qualitatively whether Mo(V)
species are formed or not. In the case of the present
Sr2FeMoO62w samples, the potential remained above
400 mV during the dissolution and titration, indicating that
no Mo(V) species are formed but the itinerant 4d1 valence
electron of molybdenum is adapted by iron when the crystal
lattice dissolves. This is consistent with the picture of the
mixed-valent Fe2.5z suggested by MoÈssbauer spectroscopy.15

An example of the titration curves obtained for the Sr2Fe-
MoO62w samples is shown in Fig. 5(d).

Efforts to tune the oxygen stoichiometry of the as-
synthesized, nearly oxygen-saturated Sr2FeMoO62w samples
by means of post-annealing treatments under various inert or
reducing atmospheres were unsuccessful. The present encap-
sulation synthesis route provides interesting possibilities,
however. It is believed that by controlling the temperature
during the synthesis the oxygen non-stoichiometry of the
obtained samples may be tuned. This is due to the fact that the
reaction equilibrium between Fe, FeO and O2 strongly depends
on temperature. With decreasing temperature the equilibrium
oxygen partial pressure with the Fe/FeO redox couple becomes
lower. Consequently, samples synthesized at lower tempera-
tures are believed to be less oxidized than the present
Sr2FeMoO62w samples with w#0.03¡0.02 obtained at
1150 ³C. Results of such oxygen-control experiments will be
reported elsewhere.20

Conclusions

A novel encapsulation synthesis technique utilizing the Fe/FeO
redox couple as the oxygen trap was developed for synthesizing
high-quality samples of the Sr2FeMoO62w double-perovskite
phase. Furthermore, it was veri®ed that coulometric oxidation
titration of the total quantity of the lower-valent species, Fe(II)
or Mo(V), formed upon dissolving the sample material in acidic
solution, provides an accurate means of analyzing oxygen
contents in Sr2FeMoO62w samples. For the present samples
with cubic symmetry the oxygen non-stoichiometry was
established at w#0.03¡0.02.

Concerning the individual valences of iron and molybde-
num, the initial potential level in the coulometric titration is
believed to indicate the nature of the reduced species. No
indication of lower-valent molybdenum was seen for the
present fully-oxygenated samples.

Acknowledgements

Useful discussions by Dr S. R. Lee concerning the encapsula-
tion synthesis are gratefully acknowledged. Ms T. Halla is
acknowledged for her help in the coulometric titration
experiments. The present work has been supported by a
Grant-in-Aid for Scienti®c Research (contract No. 11305002)
from the Ministry of Education, Science and Culture of Japan,
by an International Collaborative Research Project Grant-
1999 of Materials and Structures Laboratory, Tokyo Institute
of Technology, and by the Academy of Finland (decision
No. 46039). One of the authors (J. L.) acknowledges kind
support from the Japan Society for the Promotion of Science.

References

1 W. E. Pickett, Phys. Rev. B, 1998, 57, 10613.
2 F. K. Pattersson, C. W. Moeller and R. Ward, Inorg. Chem., 1963,

2, 196.
3 F. S. Galasso, F. C. Douglas and R. J. Kasper, J. Chem. Phys.,

1966, 44, 1672.
4 T. Nakagawa, J. Phys. Soc. Jpn., 1968, 24, 806.

Fig. 4 (a) HRTEM image and (b) ED pattern for a synthesized
Sr2FeMoO62w sample.

Table 1 Results of EDX analysis for the cation composition in a
synthesized Sr2FeMoO62w sample

Element (line) Average atomic concentration (%)

Sr (Ka) 52(3)
Fe (Ka) 24(2)
Mo (Ka) 24(2)

Fig. 5 Typical coulometric titration curves obtained for (a) the Fe(II)
reference solution, (b) the Mo(V) reference solution, (c) a mixture of the
Fe(II) and Mo(V) reference solutions, and (d) the synthesized
Sr2FeMoO62w sample.

2344 J. Mater. Chem., 2000, 10, 2342±2345



5 M. Itoh, I. Ohta and Y. Inaguma, Mater. Sci. Eng. B, 1996, 41, 55.
6 T. Nakamura, K. Kunihara and Y. Hirose, Mater. Res. Bull.,

1981, 16, 321.
7 B. GarcõÂa-Landa, C. Ritter, M. R. Ibarra, J. Blasco,

P. A. Algarabel, R. Mahendiran and J. GarcõÂa, Solid State
Commun., 1999, 110, 435.

8 Y. Tomioka, T. Okuda, Y. Tokimoto, R. Kumai, K.-I. Kobayashi
and Y. Tokura, Phys. Rev. B, 2000, 61, 422.

9 K.-I. Kobayashi, T. Kimura, H. Sawada, K. Terakura and
Y. Tokura, Nature, 1998, 395, 677.

10 K.-I. Kobayashi, Y. Tomioka, T. Kimura, H. Sawada,
K. Terakura and Y. Tokura, Phys. Rev. B, 1999, 59, 11159.

11 T. H. Kim, M. Uehara, S.-W. Cheong and S. Lee, Appl. Phys.
Lett., 1999, 74, 1737.

12 T. Manako, M. Izumi, Y. Konishi, K.-I. Kobayashi, M. Kawasaki
and Y. Tokura, Appl. Phys. Lett., 1999, 74, 2215.

13 H. Asano, S. B. Ogale, J. Garrison, A. Orozco, Y. H. Li, E. Li,

V. Smolyaninova, C. Galley, M. Downes, M. Rajeswari,
R. Ramesh and T. Venkatesan, Appl. Phys. Lett., 1999, 74, 3696.

14 H. Q. Yin, J.-S. Zhou, J.-P. Zhou, R. Dass, J. T. McDevitt and
J. B. Goodenough, Appl. Phys. Lett., 1999, 75, 2812.

15 J. LindeÂn, T. Yamamoto, M. Karppinen, H. Yamauchi and
T. Pietari, Appl. Phys. Lett., 2000, 76, 2925.

16 J. LindeÂn, P. Karen, A. Kjekshus, J. Miettinen, T. Pietari and
M. Karppinen, Phys. Rev. B, 1999, 60, 15251.

17 J. Nakamura, J. LindeÂn, M. Karppinen and H. Yamauchi, Appl.
Phys. Lett., 2000, in press.

18 F. D. Richardson and J. H. E. Jeffes, J. Iron Steel Inst. London,
1948, 160, 261.

19 M. Karppinen, A. Fukuoka, L. NiinistoÈ and H. Yamauchi,
Supercond. Sci. Technol., 1996, 9, 121.

20 T. Yamamoto, J. LindeÂn, M. Karppinen and H. Yamauchi,
unpublished work.

J. Mater. Chem., 2000, 10, 2342±2345 2345


