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Abstract : BaCOs, SrCOs, NiO, MoOs precursors were used as starting materials in the synthesis of double perovskite
Bai/sSrasNiMoOg, and their crystal structure at room tempertaure was solved using X-ray powder diffraction. The Rietveld
analysis of X—ray powder diffraction patterns show that both compounds adopt a tetragonal structure with space group
14/m, with unit cell parameters a= 5.58537(1) A, c=7.9066(2) A. The structure can be represented as a three-dimensional
network of alternating NiOs and MoOg octahedra, with Ba and Sr atoms occupying the interstitial spaces. Temperature-
induced phase transitions of BaissSrassNiMoOg were investigated by mean of Raman spectroscopy technique at high
temperature up to 392 °C. remarkable in the behaviuor of temperature dependence of the modes has been interpreted as a

phase transition from the tetragonal (14/m) to the cubic ( Fm 3m ) structure.

Keywords: BaissSrasNiMoOs; X-ray diffraction; High temperature Raman spectroscopy; phase transition; Rietveld

refinements.

1. Introduction

Double-perovskite oxides with general formula
AA’BB’Os, in which A, and A' are rare earth metal (Ca*,
Sr?* or Ba%*...) and B and B’ are transition metal cations,
constitute a wide family of materials displaying varied
and appealing electronic and magnetic properties.
Recently, a few detailed structural studies have shown
that double perovskites exhibit diverse properties such
as ferroelectricity [1], ferri- and ferromagnetic [2],
superconductivity [3] and catalytic properties [4]. The
renewed interests in these compounds arise because of
the room temperature colossal magneto-resistance [5,6]
(CMR) discovery in Sr.FeMoOQe. In addition to their
technological applications, these perovskites have also
great crystallographic interest, which is very important
for the literature.

Barium and strontium perovskites have revealed a
variety of magnetic structures. Thereby, they were the
subject of several studies like the study of BaCoWOs
and Ba2NiWOs [7,8], Baz2FeReOs [9], Ba2MnReO¢ [10,11],
Sr2FeMoOs [12], SraFeTiOs [13] and SraNiMoOs [14,15].
Also, for the same reason, other researchers have tried
to replace some of the barium (or strontium) by
strontium (or Barium).

* Corresponding author: E-mail: manounb@gmail.com (Bouchaib MANOUN)

On the other hand, the double perovskites
Ba:NiMoOs and Sr2NiMoOs were thoroughly studied by
many researchers in the sixties although they were
forgotten for more than 30 years [16]. Ba2NiMoOs
crystallizes in the cubic system with £, 3, (n° 225)
space group and has the lattice parameter of a = 8.04 A
[16,17) and a = 5.54 A, c = 7.89 A in Sr2NiMoOs [18, 19].
Concerning this last double perovskite, all the studies
that have been made to date have shown that the
Sr2NiMoOs crystallizes in the tetragonal system with
14/m space group [16-18, 20].

Furthermore, the crystallographic phase transitions
as a function of temperature are common in this type of
perovskite; these transitions are due to the tilting of
BOe/B’Os octahedra. Thus, these structural changes are
often intimately related to the physical properties of
materials. In recent years, many researchers have been
interested in the study of double perovskites such as
A2A’xBB’Os (A/A’ =Ba, Sr ; B/B’ = Co, Ni, Zn / Te, W).
Manoun et al [21] report the studies crystal structure
stability as function of composition and temperature of
Ba2xSrxMWOe (M= Ni, Co) using X-ray powder
diffraction and Raman spectroscopy at elevated
temperatures, up to 350°C, the result show that the
tetragonal composition has a phase transition induced
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by the temperature from tetragonal (/4/m) to cubic
(7m3m ) structure. Also, Nomura and Nakagawa [20]
have shown that Sr2NiMoOs has a structure tetragonal
at room temperature and a phase transition to cubic
occurred at about 230°C. However, according Faik et al.
[22], the evolution of the structure Sr.CrSbOe at high
temperature shows the presence of two phase
transitions  12/m->14/m—> F 3, . Also, according
Tamraoui et al. [23], the structure BaxxSrxMgTeOs
presents the composition-induced phase transition
sequence: 2/m=>14/m=> r, 3, , the monoclinic to
tetragonal transition occurs at around 102 °C and the
tetragonal to cubic transition at about 303 °C, while
Sr2ZnWOs [24] exhibits the P21/n>14/m-> ¢ ,, 5, phase
transition sequence.

The main purpose of this work is the synthesis of
new double perovskite oxide with general formula
Bai/sSrasNiMoQOs  using  solid  state reaction, the
investigation of its crystal structure at room
temperature, and phases change at extreme condition
of temperature using conventional X-ray diffraction and
high temperature Raman spectroscopy techniques as
sensitive tools.

2. Experimental procedure
2.1. Solid-state synthesis

Well-crystallized powder sample of Bai/sSrasNiMoOs
were synthesized using solid state interaction method
and many different treatments were applied in order to
get single phase for the sample.

Raw materials of BaCOs, SrCOs, NiO, MoOs (supplied
by Sigma-Aldrich) with >99.9% purity were used to
prepare sample. The sample was prepared by using the
reaction in a solid state by mixture of all the raw
materials. The mixture is ground thereafter in an agate
mortar and heated in air in alumina crucible. The
following heat treatment procedure was used: The
sample was heated to progressively higher
temperatures from 100°C to 1300°C with a step of
100°C and periodic intermediate regrinding to improve
the homogeneity. Each step lasts 24 hours. After each
heating treatment, the sample was cooled down to
room temperature, slowly at 5°C/min.

Proper stoichiometric molar ratios of the starting
compounds were mixed according to the following
chemical reaction:

ail

ra

0o =Cl
—
1/5 BaCOs + 4/5 SrCOs inA_R

Bai/sSrasNiMoOs + 2CO;

+ NiO + MoOs

2.2. XRD measurements

The final product of BaisSrassNiMoOs have been
controlled by X-ray powder diffraction analysis using a
D2 PHASER diffractometer, with the Bragg—Brentano
geometry, using Cu Ka radiation (A=1.5418 A) with 30
KV and 10 maA, Soller slits of 0.02 rad on incident and
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diffracted beams; divergence slit of 0.5°; antiscatter slit
of 1°; receiving slit of 0.1 mm; with sample spinner, and
a Lynxeye detector type with a maximum global count
rat >1000.000.000 cps. The pattern was scanned
through steps of 0.010142° (28), between 15 and 105°
(28) with a fixed-time counting of 2 seconds/step.

The dataset were analyzed by the Rietveld method
using the Fullprof program [25] integrated in Winplotr
software [26]. The Rietveld refinement of the observed
powder XRD data is initiated with scale and background
parameters and successively other profile parameters
are included. The background is fitted with a fifth order
polynomial. The peak shape is fitted with a pseudo-
Voigt profile function. After an appreciable profile
matching the position parameters and isotropic atomic
displacement parameters of individual atoms were also
refined.

2.3. Raman spectroscopy

Experiments have been carried out using Raman
spectroscopic system designed and built at the
Department of Earth Sciences, Uppsala University
[27,28]. The key system components include a high-
throughput, single stage imaging spectrometer
(HoloSpec f/1.8i, Kaiser Optical Systems, Inc.) equipped
with a holographic transmission grating and
thermoelectrically cooled two-dimensional
multichannel CCD detector (Newton, Andor Technology,
1600x400 pixels, thermoelectrically cooled down to -
60°C), an argon-ion laser (Spectra-Physics, 514.5nm,
20mW), and an optical imaging system (magnification
20x%, spatial resolution~1um). Two holographic notch
filters (Kaiser Optical Systems, Inc.) blocked the Rayleigh
line. 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 180-2280cm™, at a resolution of about 3cm™.
Accuracy and precision of spectral measurements, as
estimated from the wavelength calibration procedure
and peak fitting results, were 1.5cm™ and 0.1- 0.4cm™,
respectively. The acquisition time varied from 30s to
S5min.

Heating was accomplished by using a mica insulated
band heater (DuraBand, 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 (0-240V) and monitored with an
accuracy of +1°C by the K-type thermocouple adjacent
to the sample. During the spectral acquisitions,
temperatures were stabilized to within 1 and 3°C, for
the low and high temperature measurements,
respectively.
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3. Results and discussion
3.1. Crystal structure at room temperature

Fig.1 shows the final plots of the observed and
calculated profiles at ambient temperature. While Table
1 collects the details of Rietveld refinement parameters
for Bai/sSrasNiMoOs-tetragonal phase. In order to solve
the crystal structure of this compound an indexing of X-
ray powder diffraction pattern was performed by means
of the computer program Dicvol [29]. The first 15 peak
positions, with a maximal absolute error of 0.03°(26),
were used as input data. The X-ray diffraction pattern
was assigned to a tetragonal symmetry with (/4/m) as a
space group. The lattice parameters that were refined
using the complete powder diffraction data sets are
listed in Table 1.
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Fig.1. Final Rietveld plots for Ba1/sSr4sNiMoQg. The upper
symbols illustrate the observed data (circles) and the
calculated pattern (solid line). The vertical markers show
calculated positions of Bragg reflections. The lower curve is the

difference diagram. The non-indexed peaks are unidentified.
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The following structural and instrumental
parameters were refined from the XRD data: scale
factor, background coefficients, zero-point error, unit-
cell parameters, pseudo-Voigt corrected for asymmetry
parameters, Caglioti parameters (U, V, and W), atomic
positions, and an overall isotropic thermal factor. The
starting data needed for Rietveld refinements are the
atomic positions and unit cell parameters, the model
was taken from work reported by Y. Tamraoui et al.
[23]. In this model Ba?*/Sr?*, Ni** and Mo®* are placed at
4d(0, 1/2, 1/4), 2a(0, 0,0) and 2b(0, 0, 1/2) sites,
respectively. There are two crystallographically distinct
oxygen atoms 01(0,0,z) and 02(x,y,0), present in the
unit cell.

The refinements of the occupancies of all the atoms
show no significant deviation from their stoichiometric
values. Significantly good residuals of the refinements
are obtained. The refined position coordinates along
with other crystallographic data are given in Table 2.

Table 1
Details of Rietveld refinement conditions for Bai/sSrasNiMoOs
tetragonal-phase.

Ba1/55r4/5NiM006
Symmetry Tetragonal
Wavelength (A) Aka1=1.5406
Step scan increment (°26) 0.010142
20 range (°) 15-105
Program FullProf
Zero point (°20) 0.0312
Pseudo-Voigt function
PV =nL+ (ﬁn)e n=0.54
U=0.090
Caglioti parameters V=-0.019
W=0.008
No. of reflections 86
No. of refined parameter 23
Space group 14/m
a (A) 5.5854(1)
c (A) 7.9066(2)
v (A3) 246.66(1)
Atom number 5
RF 3.81
RB 3.14
Rp 4.62
Rwp 6.25
cRp 4.17
cRwp 5.35
Table 2

Details of Rietveld refinement conditions of the tetragonal
Bai/5Sr4/sNiMoOg tetragonal-phase.

Atom | x y z B(/&Z) Occ
Mo 0 0 0.5 0.473(4) | 1

Ni 0 0 0 0.647(7) | 1
Ba/Sr | 0 0.5 0.25 0.639(3) | 0.4/1.6
o1 0 0 0.2595(1) | 0.913(1) | 2

02 0.2522(3) | 0.2899(8) | 0 0.913(1) | 4
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The analysis of refined crystallographic parameters
indicates that Ni?* and Mo®" cations are octahedrally
coordinated with the oxygen atoms. The NiOs and MoOs
octahedra are alternatively connected and extended in
three dimensions. The O(2) atoms connect the NiOg and
MoOs octahedra along the c-axis. In ab-plane NiOs and
MoOs octahedra are connected through the O(1) atoms.
The typical Ni—O(1)-Mo bond angle constrained to 180°
by space group 14/m and O(1) position coordinates
(0,0,z), indicating no tilt with respect to c-axis. The
appreciable tilt of the octahedra is observed from the
Ni—-O(2)-Mo bond angle (169°). The tilt pattern of the
octahedral units satisfies the (a°a°c) tilt system in
Glazer’s notation [30,31]. A (001) projection indicating
the typical polyhedral arrangement and the tilt pattern
is shown in Fig.2. In Fig.3 we illustrate the Ba/Sr
environment.
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Fig.2. lllustrations of the effect of tilting of the NiOs and MoQOg
octahedra in tetragonal structure.

The analysis of various inter-atomic distances (Table
3) shows that Ba/Sr atoms form Ba/SrOi1> polyhedra
with the Ba/Sr—0O bond lengths ranging between 2.66
and 2.93A, and the average d value is approximately
2.80A. The Ni%* and Mo® have octahedral coordination
with the Ni—O bond lengths ranging between 2.09 and
2.13A and the Mo-0 bonds lengths ranging between
1.81 and 1.87 A.

Fig.3. Coordination environment in the mixed site Ba/Sr in
tetragonal structure.

Note that the distances of Mo—O are considerably
shorter than expected (1.99 A) from the Shannon ionic
radii of Mo®* (0.59A) and 0% (1.4 A). The Ni—O values
are very close to what is expected: 2.09A. Tamraoui et
al. [23], have shown in a study of substitution of Ba%* by
Sr2* in Ba2«Sr«MgTeOs (0< x < 2) double perovskites, that
the distances Te-O contracts when the substitution of
Ba%* by Sr** becomes very important, and that as the
amount of strontium increases in the different
compositions, Te-O decreases from a critical value of x.
And for the same reasons, the short distances obtained
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for Mo-0 are due to the fact that strontium occupies a
large part of A sites in A2BB'Os. This contraction is not
due to the cation Ni?* since this one entirely occupies
the site of B while Mo® occupies the site of B'.

The observed tolerance factor, calculated from the
distances obtained from the Rietveld refinements, can
be written, for double perovskites with mixed A-site
A2xA'xBB'Os, as [32]:

(#).rﬂ-l—%.r‘;-l—rn
ﬁ.(w-l-r,})

Where ra, ra, rg, and rg' are the ionic radii of the
respective ions.

t =

It is worth noting that based on the various inter-
atomic distances (Table 3) the calculated t of
Ba1/sSra/sNiMoOe is 0.9987, which is in agreement with
our choice of system and space group, since for a
tetragonal structure with a space group /4/m, the
tolerance factor is between 1.00> t >0.97 [33].

Table 3
Selected inter-atomic distances (A), O-Mo-O angles and the
observed tolerance factor for Ba1/sSra/sNiMoOe.

2x Mo-01 1.900(9)
4x Mo-02 1.820(3)
<Mo-0> 1.8466
2x Ni-01 2.050(9)
4x Ni-02 2.150(3)
<Ni-O> 2.1166
4 x Ba/Sr-01 2.794(2)
4 x Ba/Sr-02 2.690(2)
4 x Ba/Sr-02 2.910(2)
<Ba/Sr-0> 2.798
01-Mo-01 180
01-Mo-02 90
02-Mo-02 90
02-Mo-02 180
Tolerance factor 0.9987

3.2. Group theory analysis of structural Raman-active
modes

The site symmetry group analysis performed for
14/m  space group leads to the irreducible
representation given in the Table 4.

Among all of these modes predicted by the theory,
only Ag, Bg and Eg are Raman-active modes. According to
the factor group [34] analysis, nine Raman-active modes
should be observed for the /14/m structure. Most of the
bands are weak; there are only three strong bands and
they are observed around 450, 560 and 820cm™.

Since the BaysSrassNiMoOs — specimens  are
polycrystalline powder, we cannot precisely assign the
Raman modes in the tetragonal phase (/4/m). However,
and taking into account the results obtained by Liegeois-
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Duyckaerts et al. [35], the observed Raman modes can
be classified into three general families of lattice
vibrations: Ba**/Sr?* translations, as well as translational
and rotational modes of the MoOe-octahedra, at
wavenumbers below 200cm™; 0O-Mo-O bending
vibrations, in the 200-500 cm™ region; and Mo-0O
stretching modes, at wavenumbers over 500cm™.

Table 4
Factor group analysis for BaisSrysNiMoOs at  room
temperature.
Atom | Site| Sym. Distribution
Ba/Sr | 4d -4 Au +Bg + 1Eg+ 'Eu+2Eg +%Ey
Ca | 2a| 4/m Au+ 1Eu +2Ey
Te 2b | 4/m Au + 1Ey +%Ey
o1 4e 4 Ag +Au + 1Eg+ Eu+2Eg +%Eu
02 8h m 2Ag +Au +2Bg + Eg+ 21Eu+2Eqg
+22E,

I =3Ag +5AuU +3Bg + 3'Eg+ 6'Eu+3%Eg +6°Ey
racoustic =Au+ lEu +2Eu

[Reman = 37 + 3Bg + 31Eg+ 3%E,

MR = 4A, + 5'E, + 5%Ey

3.3. Temperature study of BaissSrissNiMoOs double
perovskites

Raman spectra of Bai/sSrassNiMoOs were collected
in-situ at room-pressure and elevated temperatures, up
to 392°C. The Raman spectra obtained at several
temperatures are presented in Fig.4. In Fig.5 we
illustrate the mode 820 cm? as a function of the
temperature. Clear changes were observed in the
curves showing the tetragonal to the cubic phase
transition. The temperature dependence of the modes,
the intensity ratio and the Full Width at Half Maximum
(FWHM) are presented in Fig.6 and Fig.7.

The strongest temperature changes in wavenumbers
we observed are for modes recorded around, 450cm™,
560 cm™ and 820 cm™.
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Fig.4. The Raman spectra of Bai/sSrs/sNiMoOs obtained for
selected temperatures, as indicated.

All lattice modes show a monotonous change in
wavenumbers while temperature is increased. The
transition from the tetragonal phase to the cubic phase
shows considerable changes in the temperature
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dependence of the modes observed around at 450cm?,
560cm™ and 820cm™.
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Fig.6a. Raman modes for 450 cm™ mode as a function of

temperature.

Remarkable changes in the temperature
dependence of the modes are observed for the
positions of modes centered at 450 cm™ and at 820cm™
(Fig.6a & Fig.6b); likewise, the FWHM and the intensity
ratio of Raman modes 820 cm™ and 560 cm™ (Fig.7a &
Fig.7b) show a change in the slope at around 190°C,
indicating the phase transition from the tetragonal
(14/m) to cubic (. 3. ) structure.
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Fig.6b. Raman modes for 820 cm™ mode as a function of
temperature.

The main difference between the high temperature
structure and the low temperature one is the rotation
of the NiOs and MoOs octahedra around the tetragonal
axes in the tetragonal phases. These distortions most
likely occur due to the competing bonding preferences
of the Ba/Sr and Ni site ions. At high temperatures, both
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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.
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Fig.7a. FWHM (cm) for 820cm™ mode as a function of
temperature, the change in the slope shows the phase
transition occurrence.
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Fig.7b. Intensity ratio variation 1820/1560 as a function of
temperature, the change in the slope shows the phase
transition occurrence.

4. Conclusion

In this study, using the X-ray diffraction and Raman
spectroscopy techniques, we reported on the crystal
structure and on the high temperature induced phase
transition in Bai/sSrassNiMoOs double perovskite oxide.
This study has been done on powder sample. At room
temperature, the compound crystallize in a tetragonal
system with the space group /4/m. Increasing the
temperature leads to considerable changes in the
temperature dependence of the Raman modes. When
the temperature reached around 190°C, a large change
is observed; thus, showing the transition from the
tetragonal (/4/m) phase to the cubic ( 74 3, ) phase. For
this oxide, structural symmetry change is clearly
revealed by changes in the temperature linear
dependencies of the Raman modes which exhibit a
discontinuous alteration of their slopes upon the
transition.
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