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a b s t r a c t

Ba1.6Sr1.4Fe2WO9 has been prepared in polycrystalline form by solid-state reaction method in air,
and has been studied by X-ray powder diffraction method (XRPD), and high temperature Möss-
bauer and Raman spectroscopies. The crystal structure was resolved at room temperature by the
Rietveld refinement method, and revealed that Ba1.6Sr1.4Fe2WO9 crystallizes in a tetragonal sys-
tem, space group I4/m, with a = b = 5.6489(10)Å, c = 7.9833(2)Å and adopts a double perovskite-type
A3B′

2B′′O9 (A = Ba, Sr; B′ = Fe/W, and B′′ = Fe/W) structure described by the crystallographic formula
(Ba1.07Sr0.93)4d(Fe0.744W0.256)2a(Fe0.585W0.415)2bO6. The structure contains alternating [(Fe/W)2aO6] and
igh temperature
ietveld
-ray diffraction
össbauer spectroscopy

aman spectroscopy
a1.6Sr1.4Fe2WO9

[(Fe/W)2bO6] octahedra. Mössbauer studies reveal the presence of iron in the 3+ oxidation state. The
high temperature Mössbauer measurements showed a magnetic to paramagnetic transition around
405 ± 10 K. The transition is gradual over the temperature interval. The decrease in isomer shift is in
line with the general temperature dependence. While the isomer shift is rather linear over the whole
temperature range, the quadratic dipolar �E temperature dependence shows an abrupt change at 405 K.
The latter results allow concluding that a temperature-induced phase transition had occurred. The high

y con
temperature Raman stud

. Introduction

Double perovskite materials of general formula A2BB′O6 (where
is an alkaline-earth or rare-earth ion, B and B′ are different tran-

ition metal cations) represent a wide field of investigation which
ppears promising for various applications [1]. A2FeMoO6 (A = Sr,
a) [2–4] and many of its structural materials [5,6], have attracted
onsiderable scientific and technological interest in recent years
ue to its reported room temperature (415 ◦C for Sr2FeMoO6 and
30 ◦C for Ba2FeMoO6) low-field magneto-resistance [7,8]. This
roperty, related to the variation of electric resistivity when a
agnetic field is applied, is a consequence of the half-metallic char-

cter of the double perovskite, and can also been attributed to

pin dependent scattering of charge carriers at grain boundaries
xtended to inter grain-tunneling effect. Recently considerable
tudies have been done on different double perovskite series: Liu
t al. reported on the structural transition and atomic ordering of

∗ Corresponding author at: Faculté Polydisciplinaire Khouribgha, Université Has-
an 1er, Bp 145, Morocco.
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firms the Mössbauer results on the magnetic to paramagnetic transition.
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a new series of ordered double perovskite oxides Sr2FexMo2−xO6
(0.8 ≤ x ≤ 1.5) [9]; the XRD studies indicates that the crystal struc-
ture of the compounds Sr2FexMo2−xO6 changes from a tetragonal
I4/mmm lattice to a cubic Fm-3m lattice around x = 1.2; the
crystal structure results showed that the degree of ordering in
Sr2FexMo2−xO6 exhibits a maximal at x = 0.95. El-Hagary investi-
gated the system Ba2Fe1−xCrxMoO6 with (0 ≤ x ≤ 1) [10], to see the
effect of partial substitution of Cr3+ for Fe3+ on magnetism, mag-
netocaloric effect and transport properties of Ba2FeMoO6 double
perovskites and they conclude that this perovskite is beneficial for
the household application of active magnetic refrigerant materials.
The zero field electrical resistivity measurements exhibit a change
from metallic behavior at x = 0 to semiconducting like behavior for
all doped samples (x ≥ 0.2) over the entire measurement temper-
ature region from 4.2 to 300 K. Hankare et al. reported in a recent
study on the synthesis, characterization and electrical properties
of the system LaMnxFe1−xO3 [11]. The electrical properties of the

compounds show that, they exhibit semiconducting behavior. The
substitution of manganese ions plays an important role in changing
their structural, electrical and magnetic properties of lanthanum
ferrite. There are various reports on the effect of substitutions of
cations at ‘A’ site with different ionic radii. The variation of ‘A’ site

dx.doi.org/10.1016/j.jallcom.2010.08.082
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:manounb@gmail.com
dx.doi.org/10.1016/j.jallcom.2010.08.082
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Table 1
Positional and thermal parameters for Ba1.6Sr1.4Fe2WO9 after a Rietveld refinement XRPD data collected at 298 K; space group: I4/m, Z = 2. Unit-cell parameters:
a = b = 5.6490(3)Å, c = 7.9832(2)Å, V = 254.75(6)Å3.

Atom Wyckoff site x y z Biso/Å2 Occ

Ba/Sr 4d 0.0 1/2 1/4 0.65 0.532(5)/0.467(5)
Fe(1)/W(1) 2a 0.0 0.0 0.0 0.35 0.744(1)/0.256(1)
W(2)/Fe(2) 2b 0.0 0.0 1/2 0.35 0.415(2)/0.585(2)

00(2)
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O(1) 8h 0.2702(3) 0.23
O(2) 4e 0.0 0.0

eliability factors for the XRPD data: RBragg = 4.0%, RP = 3.66%, RWP = 4.77%, Rexp = 4.09

ation will lead to changes in the properties of the system includ-
ng ferromagnetic transition temperature and magnetic ordering

hich is having a direct impact on the ultimate magneto-resistive
roperties of the system [12,13]. The change in the properties
re caused by the change in chemical pressure brought about by
he substitution of cations differing in ionic radii, which in turn
ffect the extent of orbital overlap and exchange coupling strength
hrough the change in bond length and bond angle of Fe–O–W.
lso the substitution at ‘A’ site has a direct impact on antisite dis-
rder defects. These antisite disorder defects affect half-metallic
ature, ferromagnetic transition temperature, saturation magnetic
oment value and also low-field magneto-resistance value [14,15].

or an exact estimation of various properties of these double per-
vskite systems, the contribution of antisite disorder defects cannot
e ignored.

In this study, we report on the effect of Sr substitution at A-
ite in the polycrystalline system Ba3−xSrxFe2WO9 (with x = 1.4).
he double perovskite oxide Ba1.6Sr1.4Fe2WO9 was prepared by
olid-state method, and its crystal structure was solved by Rietveld
efinements of X-ray powders diffraction patterns, 57Fe Mössbauer
pectroscopy provides information about the electronic configura-
ion of iron and its crystallographic environment. The study with
igh temperature Raman spectroscopy showed the phase transi-
ion from the tetragonal to the cubic system which confirms the
ata observed by Mössbauer spectroscopy.

. Experimental

.1. Synthesis

Polycrystalline powder of Ba1.6Sr1.4Fe2WO9 was synthesized in alumina cru-
ible using the standard solid-state reaction from stoichiometric mixtures of BaCO3

99.99%), SrCO3 (99.997%), Fe2O3 (99.8%) and WO3 (99.99%) Alfa Aesar. The mixture
as ground in an agate mortar then heated progressively to 650 and 900 ◦C for 18 h.

he resulting powder was reground and calcined at 1100 ◦C for 24 h in air.

.2. Instrumental methods

.2.1. X-ray diffraction
The purity of this phase was controlled by X-ray powder diffraction (XRPD) pat-

erns obtained with a Bruker D8 diffractometer (40 kV, 50 mA, Cu K�1 = 1.54059 Å
adiation). The XRPD data for Rietveld analysis were collected with the same diffrac-
ometer equipped with a Ge 111 incident beam monochromator and a Braun linear
osition sensitive detector. Scans were recorded over a 2� range of 15–120◦ . A step
ize of 0.02◦ 2� was used, and the counting time was 30 s/step. Structure refinements
ere carried out using the Rietveld method with the Fullprof software [16]. A poly-
omial function with six parameters was used to fit the background. The profiles
ave been fitted using a Pseudo-Voigt function.

.2.2. Mössbauer spectroscopy
Powder transmission 57Fe Mössbauer spectra were obtained on powder samples

ounted on a thin Al-foil in a Pt-wired furnace regulated between 293 and 600 K.
emperature was regulated from a thermocouple inserted in the copper holder of

he sample plate. Temperatures given are within ±5 K. Mössbauer source used was
7Co in Rh with a nominal strength of 50 mCi at room temperature in conjugation
ith 512 MCA and saw tooth shape acceleration mode of the vibrator. The mirror

ymmetric spectra, 256 channels each, were folded and computer fitted using a
east square fitting program developed by Jernberg and Sundqvist [17]. Velocity
alibration of spectra was performed against �-iron.
0.0 2.30 1
0.2615(2) 2.30 1

= 1.36.

2.2.3. Raman spectroscopy
The Raman spectra were recorded with an imaging spectrometer (HoloSpec

f/1.8i, Kaiser Optical Systems) equipped with a holographic transmission grating
and thermoelectrically cooled two-dimensional multichannel CCD detector (New-
ton, Andor Technology, 1600 × 400 pixels, −60 ◦C). An argon laser was used for the
excitation: the 514.5 nm wavelength radiation was chosen. The spectrometer was
calibrated by fluorescence lines of the neon lamp. Non-polarized Raman spectra
were collected in the back-scattering geometry, in the range 180–2280 cm−1, at a
resolution of about 3 cm−1. Accuracy of spectral measurements, resulting from the
wavelength calibration procedure and experimental conditions, is estimated to be
about 1.5 cm−1. Precision of the reported peak positions, as represented by standard
errors obtained in peak fits, varied between 0.04 and 0.7 cm−1, the lower values rep-
resentative for singlets and low temperatures, the higher values characteristic for
overlapping peaks and high temperatures. The acquisition time varied from 30 s to
5 min.

Heating was accomplished using a mica insulated band heater (DuraBand,
200 W, Tempco Electric Heater Corporation) mounted around the sample ceramic
holder and connected to a variable transformer. Temperature changes during the
heating/cooling cycles were induced and controlled by adjusting the transformer’s
voltage (0–240 V) and monitored with an accuracy of ±1 K by the K-type thermo-
couple adjacent to the sample. Temperatures were stabilized to within 1 and 3 ◦C,
for the low (25 ◦C) and high (350 ◦C) temperature measurements, respectively.

3. Results and discussion

3.1. Structural determination

The experimental powder diffraction pattern was indexed by
DICVOL04 software [18]. The observed reflection conditions h k l,
h + k + l = 2n; h k 0, h + k = 2n; 0 k l, k + l = 2n; h h l, l = 2n; 0 0 l, l = 2n;
and h 0 0, h = 2n lead to the space group I4/m (tetragonal system)
with a = b = 5.6477(2), c = 7.9874(3)Å and V = 254.77(8)Å3 with the
following figures of merits F9 = 48.2(0.0081,23) and M9 = 229.7.
The unit-cell parameters are related to a0 (ideal cubic perovskite,
a0 = 3.89 Å) as a ≈ b ≈

√
2a0 and c ≈ 2a0. The unit-cell parameters

and the space group were confirmed with the Rietveld refine-
ments using the FULLPROF program [16]. The final reliability
factors obtained in the last refinement are RP = 0.037; RWP = 0.048;
Rexp = 0.041; RB = 0.04, �2 = 1.36. There is a similarity between
the parameters of Ba1.6Sr1.4Fe2WO9 and those of Sr3Fe2MO9
perovskite which crystallize in the tetragonal system (space
group: I4/m) at ambient temperature (M = W: a = b = 5.5784(2)Å,
c = 7.8659(2)Å; M = Mo: a = b = 5.5608(2)Å, c = 7.8471(4)Å; M = Te:
a = b = 5.5614(7)Å, c = 7.867(1)Å) [19–21]. The high values observed
for the studied compound are due to the size of Ba (1.36 Å) greater
than that of Sr (1.18 Å) [22].

3.2. Rietveld refinement

The crystal structure of Ba1.6Sr1.4Fe2WO9 was refined by the
Rietveld method [23], using the FULLPROF program [16]. The refine-
ment was undertaken in the tetragonal structure, space group I4/m
(No. 87, Glazer’s notation a0a0c−), Ba and Sr atoms were located

at the 4d (0,1/2,1/4) positions, the Fe and W atoms were allowed
to occupy the two possible positions of sites Fe/W at 2a (0,0,0)
and Fe/W at 2b (0,0,1/2) sites, and oxygen atoms at the 4e (0,0,z)
and 8 h (x,y,0) positions. The possibility of Fe/W antisite disorder-
ing, assuming that some W from the 2b positions could randomly
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Fig. 1. The observed, calculated, and difference plots for the fit patterns of
Ba1.6Sr1.4Fe2WO9 after Rietveld refinement. The (Ba/Sr)WO4 impurity was included
in the refinements.

Table 2
Some selected bond distances and angles for Ba1.6Sr1.4Fe2WO9 at 298 K.

(Ba/Sr)O12 icosahedron Distances (Å)

(Ba/Sr)–O(1) (×4) 2.939(4)
(Ba/Sr)–O(1) (×4) 2.712(4)
(Ba/Sr)–O(2) (×4) 2.826(5)
〈Ba/Sr–O〉 2.826(2)

(Fe/W)2aO6 octahedron
(Fe/W)2a–O(1) (×4) 2.004(3)
(Fe/W)2a–O(2) (×2) 2.088(5)
〈(Fe/W)2a–O〉 2.046(2)

(Fe/W)2bO6 octahedron
(Fe/W)2b–O(1) (×4) 2.003(3)
(Fe/W)2b–O(2) (×2) 1.904(5)
〈(Fe/W)2b–O〉 1.953(4)
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opposite signs of the tilts, and that there is no tilt along [1 0 0] and
[0 1 0].
Angles
(Fe/W)2a–O(1)–(Fe/W)2b 170.82(3)
(Fe/W)2a–O(2)–(Fe/W)2b 180.00

eplace some Fe at 2a positions was also checked. A major Fe occu-
ancy (74.5%) is observed at 2a positions, whereas 2b sites are
pproximately half occupied by Fe (58.5%) and W (41.5%). The ther-
al factors for 2a and 2b positions were constrained. The good

greement between observed and calculated XRPD profiles is illus-
rated in Fig. 1. Table 1 includes the final atomic coordinates and
iscrepancy factors after the refinement. Table 2 lists the main

nteratomic distances and angles. Note that the (Ba/Sr)WO4 impu-
ity was included in the refinements.

.3. Description of the structure

The structure of Ba1.6Sr1.4Fe2WO9 consists of a three-
imensional (3D) framework built up from alternating
(Fe/W)2aO6] and [(Fe/W)2bO6] octahedra (Fig. 2), the crys-
allographic formula can be written as (Ba1.07Sr0.93)4d
Fe0.744W0.256)2a(Fe0.585W0.415)2bO6. The bond lengths between
he cations and oxygen are shown in Table 2, these values reveal
ery slight distortions of the [(Fe/W)2aO6] and [(Fe/W)2bO6]
ctahedra. The distances between (Fe/W)2a and O in the (a−b)
lane and parallel to the c-axis were 2.004(3) and 2.088(5)Å,
espectively. The distances between (Fe/W)2b and O in the (a−b)

lane and parallel to the c-axis were about 2.003(3) and 1.904(5)Å,
espectively. The volumes of the [(Fe/W)2aO6] and [(Fe/W)2bO6]
ctahedra were calculated to be 11.427(4) and 9.949(5)Å3, respec-
ively. The [(Fe/W)2aO6] and [(Fe/W)2bO6] octahedra are ordered
nd alternate along the three directions in the crystal structure
Fig. 2. Polyhedral view of the crystal structure of Ba1.6Sr1.4Fe2WO9. Large spheres
represent the Ba/Sr cations. Fe and W cations are located inside the octahedra.

in such a way that each [(Fe/W)2aO6] octahedron is linked, via
corners, to six [(Fe/W)2bO6] octahedra and vice versa (Fig. 2).
Fig. 3 shows the (a0a0c−)-tilt, which means, in the usual Glazer’s
notation [24,25], that successive octahedra along [0 0 1] axis have
Fig. 3. (a0b0c−) octahedral-tilt around vertical [0 0 1] axis in Ba1.6Sr1.4Fe2WO9 per-
ovskite.
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belongs to the 2a crystallographic site. Mössbauer parameters Fe
site (2) can therefore be assigned to the crystallographic site 2b
also showing a pronounced cation disorder among the available
octahedral sites. The larger quadrupole splitting of Fe in the site

Table 3
Mössbauer parameters for Ba1.6Sr1.4Fe2WO9 compound.

T (K) ı (mm/s) � (mm/s) Area % Heff (T) Fe occupancy
ig. 4. Mössbauer spectra of Ba1.6Sr1.4Fe2WO9 showing gradual magnetic ordering.

.4. Mössbauer spectroscopy

The 57Fe Mössbauer spectra recorded in situ for
a1.6Sr1.4Fe2WO9 in the temperature range 293–573 K are shown
n Fig. 4. A ferromagnetic to paramagnetic transition is observed at
emperature below 405 K (Fig. 5). The transition was gradual ≈20 K
uggesting a temperature dependent ordering of the magnetic
pins most probably due to local disorder in Ba1.6Sr1.4Fe2WO9. The
Fig. 5. Fitted paramagnetic Mössbauer spectra at 427 K above the magnetic ordering
temperature (top) and below at room temperature (bottom).

resonant spectra above and below the transition could be resolved
in two doublets and two sextets by computer fitting the raw spectra
(Fig. 4). The obtained Mössbauer parameters are given in Table 3.
According to Menil [26], the usual ranges of isomer shifts in iron
oxides are 0.29–0.50 mm/s and typical for Fe3+ in 6-coordination.
The �-value drops drastically at the magnetic transition and is not
an evidence for a major crystallographic structure. Below the mag-
netic ordering temperature a combined magnetic and quadrupole
interaction lowers the quadrupole shift. Although there is a close
overlap of the sub-spectra two different types of octahedral sites
are resolved in the double perovskite structure. Site occupancy
(XFe) is calculated from the observed area ratios of the respective
resonance lines and is within ±3%, the results are in fair agreement
with those obtained from Rietveld refinement. Fe site (1) with
isomer shift 0.33 mm/s at 427 K/0.42 mm/s at 293 K is the largest
octahedral that have the highest XFe 0.78 at 427 K and 0.68 at
293 K in line with the larger mean cation radii 0.63 Å. This site thus
293 0.42 0.01 34.00 33.0 0.68
0.39 0.01 65.00 39.0 0.65

427 0.33 1.02 39.0 0.0 0.78
0.31 0.71 61.0 0.0 0.61
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ig. 6. Raman spectra of Ba1.6Sr1.4Fe2WO9 material obtained for selected tempera-
ures, as indicated. A clear transition from tetragonal to cubic system is observed.

a suggest a larger distortion compared to site 2b. The hyperfine
eld increased 5 T after heat treatment to 600 K and slow cooling
own to room temperature suggesting an increased temperature
ependent ordered ring magnetic spins.

.5. High temperature Raman spectroscopy

Raman spectra of Ba1.6Sr1.4Fe2WO9 were collected in situ at
oom-pressure and elevated temperatures, up to 625 K. The Raman
pectra obtained at several temperatures are presented in Fig. 6.
he temperature dependence of the stretching modes is presented
n Fig. 7.
The strongest temperature-induced changes in peak positions
ere observed for the modes recorded around 720 and 830 cm−1.

hese modes exhibit monotonous shifts while temperature is
ncreased up to 383 K, surprisingly toward higher wavenumbers.

ig. 7. Raman modes of Ba1.6Sr1.4Fe2WO9 vs. temperature, the transition from the
etragonal phase to the cubic phase shows considerable changes in temperature
ependence of the modes centered at 720 cm−1 (a) and 830 cm−1 (b).
Fig. 8. FWHM of the 450 cm−1 (a) and 720 cm−1 (b) modes as a function of temper-
ature, different behaviors are observed but both show the signs of the occurrence
of the phase transition for the material.

Upon further temperature increase, considerable changes in the
temperature dependence of the modes were observed, character-
ized by the reversal to a normal trend, toward lower wavenumbers.
These changes are directly related to the phase transition from the
tetragonal to the cubic phase which confirms the data observed by
the Mössbauer spectroscopy.

The phase transition is evident from the plot of the temper-
ature dependence of the FWHM (full width at half maximum)
peak-profile parameter of the most intense mode, as shown in
Fig. 8. This plot aids the investigation of the level of band broad-
ening associated with the structural transition. The band shapes
are described by the mode broadening parameters FWHM. By plot-
ting these FWHMs as a function of temperature, a sensitive guide
to the onset of the phase transition is obtained. For the 450 cm−1

mode, a large increase of FWHM with the increase in temperature
is observed and clear transitional effects are observed (Fig. 8a): the
widths behaving in a linear way as a function of temperature; when
the temperature reached around 390 K, a drop in width of this mode
is observed, thus signifying the occurrence of the transition. The
mode 720 cm−1 exhibits a qualitatively different trend (Fig. 8b):
the FWHM decreases as a function of temperature up to the transi-
tion point, followed by the FWHM increase beyond the transition.
Also we plot in Fig. 9 the relative changes in intensities as a function
of temperature; the phase transition is clearly recognized.

These results agree well with those of Mössbauer spectroscopy
where the magnetic to paramagnetic transition was observed and
probably changing the structure from tetragonal at low tempera-
tures to cubic at high temperatures. The main difference between
these two structures is the rotation of the BO6 and B′O6 octahedra
around the tetragonal axis in the tetragonal phase. These distor-
tions must occur due to the competing bonding preferences of the

Ba/Sr and the two Fe/W site ions. At high temperatures both the
expanded cell, and the greater thermal motion of the atoms, allow
those to form a cubic cell, however, on cooling the increased bond
strain drives the tetragonal distortion.



B. Manoun et al. / Journal of Alloys and

F
t

4

s
X
t
r
p
t
c
a
a
B
a
t
T
n
t
o
M
R

[
[

[
[
[

[

[
[

[
[

[

[
42 (2007) 776.
ig. 9. Intensity ratio changes (I830/I450) (a) and (I830/I720) (b) as a function of
emperature, the transition is observed above 380 K.

. Conclusions

The tungsten oxide Ba1.6Sr1.4Fe2WO9 has been synthe-
ized via solid-state reaction process, and characterized by
RPD, high temperature Mössbauer spectroscopy and high

emperature Raman spectroscopy. The structural study by X-
ay powder diffraction indicates that all intense diffraction
eaks can be indexed according to a double perovskite struc-
ure with tetragonal I4/m symmetry, with a = b = 5.6477(2),
= 7.9874(3)Å. The crystallographic formula can be written
s (Ba1.07Sr0.93)4d(Fe0.744W0.256)2a(Fe0.585W0.415)2bO6, Ba and Sr
toms occupy the 2d special positions in the A-site whereas the
-site contains a random distribution of Fe3+ and W6+ cations at
lternating 2a and 2b crystallographic positions. The Mössbauer
echnique supported the existence of iron cations as Fe3+ only.
he Mössbauer measurements show a transition from ferromag-

etic to paramagnetic state at temperatures below 405 ± 10 K. The
ransition was gradual ≈20 K suggesting a temperature dependent
rdering of the magnetic spins. The site occupancy obtained from
össbauer data are in fair agreement with those obtained from

ietveld refinement and the parameters also support the existence

[
[
[
[
[

Compounds 509 (2011) 66–71 71

of the magnetic order and are consistent with the presence of high-
spin Fe3+ cations located in the octahedral B-site. The results of
the study with high temperature Raman spectroscopy are indica-
tive of minor structural changes, not revealed from Mössbauer
spectroscopy. The senility of Raman shifts observed at increasing
temperature may therefore be associated with relaxation phenom-
ena in the structure at the transition. This structural transformation
might be from the tetragonal symmetry at low temperatures to the
cubic symmetry structure at high temperatures.
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