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The new double perovskite oxides Sr2Mn1−xNixTeO6 with x = 0.25, 0.5 and 0.75 have been synthe-
sized in polycrystalline form by a conventional solid-state reactions process at 1180 °C, in the air. The
structural and vibrational properties of these materials were studied by means XRPD, Raman, and IR
spectroscopy. It has been proven that all the materials show typical double perovskite structures with a
monoclinic symmetry, but with two different space group, P21/n for the compositions (x = 0.25 and
0.5), while the composition (x = 0.75) crystallizes in the space group I2/m. The lattice parameters
obtained are in agreement with those of the two pure extremes Sr2MnTeO6 and Sr2NiTeO6. The
monoclinic structural distortion involves long range ordering between Te6+ (in 2b site) and a random
mixture (Mn2+/Ni2+) (in 2a site) for the two compositions (x = 0.25 and 0.5) that crystallize in P21/n.
For the material (x = 0.75) with I2/m, similar distortion, ordering and mixing occur at the B and B’
double perovskite sites. It was observed that Vegard Law is satisfied, taking into account the cell
parameters of both extremes. The effect of the partial substitution of Mn by Ni was also seen in
Raman and IR data where a significant mode shift was observed with nickel content increase.
© 2019 International Centre for Diffraction Data. [doi:10.1017/S0885715619000411]
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I. INTRODUCTION

Over the last few decades, the double-perovskite structure
compounds with the general formula A2BB’O6 (A = alkaline,
alkaline-earth, or rare-earth ions, B and B’ = transition metal
ions) have been studied extensively for their potential applica-
tions in ferroelectrics, catalysis, magnetic media, and micro-
wave dielectrics (Gandhi and Keshri, 2015; Tasca et al.,
2017; Halder et al., 2018; Li et al., 2018). Depending on
their valences and relative radii, the B (B’) sites can be occu-
pied by two different transition metal ions; therefore, a broad
range of chemical and physical properties may be expected in
this system (Zamkova et al., 2013). The double perovskite
oxides structures A2BB’O6 can be reported as a modification
of the simple structure ABO3 with the B positions occupying
by the association of BO6 and B’O6 octahedral of acceptable
charge and size. If B and B’ are satisfactorily different the
ordered double perovskite structure is produced. However,
the combinations of lattice distortions and orderings of differ-
ent types of B (B’) cations lead to the reduction of symmetry
from the ideal cubic structure Fm�3m, and even small changes
produced in the tilting of the B/B’O6 octahedral can lead to
either a tetragonal or a monoclinic distortion in these materials
(Pena and Fierro, 2001; Knapp and Woodward, 2006; Ochi
et al., 2013). The distortions of double perovskite, sometimes

very subtle, are often the cause of the important physical, elec-
tronic, and magnetic properties of them (Mugavero et al.,
2005; Bernardo et al., 2014; Ghimire et al., 2016).

The materials of double perovskite structure are known by
a phase transition behavior under the effect of isomorphic sub-
stitutions in sites A and B of the double perovskite structure,
temperature and/or pressure (Han et al., 2013; Orayech
et al., 2015; Zaraq et al., 2016).

Many studies have been done on double perovskites with
hexavalent cations, such as Sb, Nb, Mo, Re, W, Ta, and Te
(Cecilia Blanco et al., 2014; Musa Saad 2014). As reported
by (Tang et al., 2016, 2017) the p-block elements such as tel-
lurium can be strongly stabilized in the B-sites of the perov-
skite structure, presenting the required spherical symmetry
and adequate ion size. From the 1940s, Sr2NiTeO6 oxide
has been a great importance in the scientific community.
The first studies focused on its properties, such as dielectric
material for capacitors (Venevtsev et al., 1974). The symmetry
of the crystal of Sr2NiTeO6 is I2/m and its cell parameters
are: a = 7.9174(4) Å, b = 7.8765(4) Å, c = 7.916(1) Å, and
β = 90.378° (Ortega-San Martin et al., 2005a, 2005b).
Concerning the oxides, Sr2MnTeO6 have shown that this
material has a monoclinic structure with P21/n space group
(Ortega-San Martin et al., 2004).

In this work, we present a complete analysis by XRPD,
Raman, and infrared (IF) spectroscopy of double perovskite
oxides Sr2Mn1−xNixTeO6 (with x = 0.25, 0.5, and 0.75).
The change in this series with the composition (x) is pro-
posed for the first time. Furthermore, the structural phase

a)Author to whom correspondence should be addressed. Electronic mail:
assmaa.zaraq@gmail.com

S48 Powder Diffraction 34 (S1), September 2019 0885-7156/2019/34(S1)/48/11/$18.00 © 2019 JCPDS-ICDD S48

https://doi.org/10.1017/S0885715619000411 Published online by Cambridge University Press

mailto:assmaa.zaraq@gmail.com
https://doi.org/10.1017/S0885715619000411


transition at room temperature and with the nickel change is
also analyzed.

II. EXPERIMENTAL

A. Sample preparation

The polycrystalline phases of the compositions
Sr2Mn1−xNixTeO6 with (x = 0.25, 0.5, and 0.75) were synthe-
sized by conventional high-temperature solid-state reaction
from stoichiometric amounts of TeO2 (99.9%), Mn
(NO3)2.4H2O (99.999%), and Ni(NO3)2.6H2O (99.9%) with
the appropriate metal carbonate of SrCO3 (99.9%). All com-
pounds used as received from Sigma-Aldrich. The samples
were heated in air, in alumina crucibles, at progressively
higher temperatures (300 °C/6 h, 600 °C/12 h, 800 °C/12 h,
900 °C/24 h, 1000 °C/24 h, and 1180 °C/24 h) with periodic
intermediate grinding.

The chemical reaction is:
2SrCO3 + (1−x)Mn(NO3)2.4H2O + xNi(NO3)2.6H2O +

TeO2→Sr2Mn1−xNixTeO6 + 2CO2↑ + (1 + 2x)H2O↑ + 2NH3↑
+ 5/2O2↑(x = 0.25, 0.5, and 0.75)

B. XRPD measurements

The final products of chemistry reactions were character-
ized by X-ray powder diffraction (XRPD) at room temperature
with an Analytical X’Pert-PRO (θ−2θ) diffractometer, using
CuKα radiation (45 kV, 40 mA). The data were collected
from 13 to 80° 2θ, through steps of 0.01 (2θ). The refinements
of the structures were achieved by the Rietveld method
employing the FullProf program (Rodriguez-Carvajal, 1997;
Roisnel and Rodriquez-Carvajal, 2001). The peaks of the
XRPD lines were defined using a pseudo-Voigt function, con-
cerning the background, is adapted with a fifth order polyno-
mial. The structural refinement by the Rietveld method of the
observed XXRPD data is begun with scale and the others
parameters are refined according to this order: scale factor,
zero shift, the cell parameters, background, atomic positions,
asymmetry parameters, and the parameters of thermal motion
of the atoms.

C. Raman and infrared spectroscopy

The Raman spectra were reported on DXR2 Raman
Microscope. The spectral range is 3500–100 cm−1 captured
with a single exposure of the CCD for avoids stitching arti-
facts, a laser type diode pumped, solid state (DPSS)
(Spectra-Physics, 600 nm, 8 mW), and an optical system
(with spectral resolution 2 cm−1 FWHM). All measurements
were carried out at room temperature.

The IF spectra were recorded in the form of KBr pellets in
the wave number range 4000–400 cm−1 using a Mattson 7000
spectrometer, then they are treated using the Win-IR software.

III. RESULTS AND DISCUSSION

A. Indexing and refinement of structures by the Rietveld

method

The XRPD patterns of Sr2Mn1−xNixTeO6 (x = 0.25, 0.5,
and 0.75) represented in Figure 1, indicated that the peak posi-
tions of the XRPD lines are analogous to those observed in the

literature of the other double perovskite-type (e.g.,
Sr2CoTeO6; Sr2CaTeO6. . .) (Prior et al., 2005; Ortega-San
Martin et al., 2005a, 2005b). The double perovskite formula
Sr2Mn1−xNixTeO6 is isostructural with double perovskite-
type phases Sr2MnTeO6 and Sr2NiTeO6 crystallizing in the
space groups P21/n and I2/m, respectively (Ortega-San
Martin et al., 2004; Ortega-San Martin et al., 2005a, 2005b).

The tolerance factors, t, at room temperature of the titled
series, have been calculated using the ionic radius suggested in
Shannon database (Shannon, 1976) and the obtained values
are listed in Table I. The values of tolerance factor suggest,
in the one hand, that the room-temperature structures of both
compounds should not be cubic, and, in the other hand, that
Sr2Mn0.75Ni0.25TeO6 and Sr2Mn0.5Ni0.5TeO6 compounds
will be more distorted than Sr2Mn0.25Ni0.75TeO6.

For a structural study of this double perovskite series
Sr2Mn1−xNixTeO6, we had to choose between the two space
groups (P21/n and I2/m). And of course, Miller’s index always
comes down to minimizing the number of space groups to be
considered in the structural study, for that, two 2θ regions
were analysis. The first region of (24–26°) corresponds to
the reflections [(�1 11) (111)] and the second region of (52–
53°) concerns the reflections [(−311) (311), (131) (−131)],
these reflections characterize the primitive peaks h + k + l =
2n + 1 of the usual P21/n (a−a−c+) space group.

Moreover, in Figure 2, we have observed the presence of
the characteristic systematic reflections [(�1 11) (111)] and
[(−311) (311) (131) (−131)] in the X-ray diffraction pattern
of the two compositions (x = 0.25 and 0.5), while these reflec-
tions disappeared from the X-ray diffraction pattern of the
composition (x = 0.75).

TABLE I. Tolerance factor calculated using the ionic radii suggested in
(Shannon, 1976).

Compound Tolerance factor

Sr2MnTeO6 0.9561
Sr2Mn0.75Ni0.25TeO6 0.9641
Sr2Mn0.5Ni0.5TeO6 0.9722
Sr2Mn0.25Ni0.75TeO6 0.9805
Sr2NiTeO6 0.9881

Figure 1. (Colour online) X-ray powder diffraction patterns for
Sr2Mn1−xNixTeO6 (x = 0.25, 0.5, and 0.75).
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Via the method of Rietveld and using a FullProf analysis
program the crystal structures of the compositions
Sr2Mn1−xNixTeO6 (x = 0.25, 0.5, and 0.75) were tested. We
have done the structural refinement with both models of
symmetry P21/n and I2/m for all the series. We noticed
good values of reliability factors for the compositions
(x = 0.25 and 0.5) with the symmetry space group P21/n
(International Tables, No. 14) (Glazer notation a+a−a−)
(Glazer, 1975). While for the composition (x = 0.75) the
refinement with the symmetry P21/n leads to relatively larger
values of reliability factors (e.g., RB = 8.6%).

But when we have done the structural refinement with
I2/m symmetry (International Tables, No. 12), (Glazer nota-
tion a0b−b−) (Glazer, 1975) of the formula with (x = 0.75),

surprisingly, this refinement led to acceptable reliability fac-
tors (e.g., RB = 4.24%). The details of Rietveld refinement
conditions of this series are recorded in Table II.

The variation at room temperature of the lattice parame-
ters and the unit cell volume as a function of the tolerance fac-
tor, of the series Sr2Mn1−xNixTeO6 is shown in Figure 3. As
can be seen from Figure 3(a) there is a gradual decrease in
the cell parameters when the nickel amount increases, and
that owing to the lower ionic radius of Ni2+ (0.69 Å) compared
to Mn2+ (0.83 Å). This difference between the size of Ni2+ and
Mn2+ is responsible for the monoclinic distortion between the
compositions of this double perovskite series. The decreasing
of the volume of the BO6 octahedral leads to the decrease in
the tilt systems which is observed by decreasing the

Figure 2. (Colour online) Selected 2θ intervals for the
three compositions of the Sr2Mn1−xNixTeO6 series (x =
0.25, 0.5, and 0.75) determined the reflections
characterizing the primitive peaks of the usual P21/n
space group with h + k + l = 2n + 1. (a) The reflections [(�1
11)(111)] located around 25.01 and 25.06°. (b) The
reflections [(−311)(311), (−131)(131)] located around
52.57 and 52.90°.

TABLE II. Refined parameters for Sr2Mn1−xNixTeO6 at room temperature from XRPD data.

Compositions x = 0 x = 0.25 (PW) x = 0.5 (PW) x = 0.75 (PW) x = 1

Wavelength (Å) kα1 = 1.54056 kα1 = 1.54056 kα1 = 1.54056 kα1 = 1.54056 kα1 = 1.54056
2θ step scan increment (°) 0.010 0.010 0.010 0.010 0.010
2θ range (°) 10–100 10–100 10–100 10–100 10–100
Program FullProf FullProf FullProf FullProf FullProf
Zero point (2θ°) −0.23773 −0.23793 −0.03383 0.05022 −0.02843
Pseudo-Voigt function 0.30897
PV = η L + (1− η) G 0.50628 0.46154 0.55141 0.58645
No. of refined parameters 31 29 30 63 15
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P21/n P21/n P21/n I2/m I2/m
a (Å) 5.7009(1) 5.6542(1) 5.6476(1) 5.6285(1) 5.6166(1)
b (Å) 5.6770 (1) 5.6172(1) 5.6290(1) 5.6250(1) 5.5807(1)
c (Å) 8.0334 (1) 7.9979(1) 7.9514(1) 7.9430(1) 7.8797(1)
β (°) 90.085 (1) 90.089(2) 90.047(2) 90.030(2) 90.048(2)
V (Å3) 259.994(10) 254.023(10) 252.781(10) 251.953(10) 246.97(10)
Z 2 2 2 2 2
Atom number 4 10 10 9 4
Rp 8.0 7.43 6.97 7.09 9.2
Rwp 14.7 10.2 9.40 9.43 13.1
Rexp 5.1 7.06 7.96 7.71 5.2
RB 2.40 6.30 5.40 4.24 4.00
RF 4.20 5.90 5.95 3.56 5.00
χ2 2.10 2.09 1.39 1.50 2.1

(PW), Present work.
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monoclinic angle [see Figure 3(b)]. Therefore, when the size
of the cations in site B is small, the tilt of the octahedron is
weak and the structure is symmetrical.

As indicated in several reports, in materials of double perov-
skite structure and holding rare earth ions, the kind and the size
of the elements seems to be the reason of selective occupancy of
their sites B and B’ (Azad et al., 2004). As many articles dem-
onstrate that both B and B’ sites, in the double perovskite for-
mula A2BB’O6, are able to be occupied either by manganese
and/or nickel and also tellurium atoms as it was noticed, for
example, in Sr2MnTeO6 (Ortega-San Martin et al., 2004) and
Sr2NiTeO6 (Ortega-San Martin et al., 2005a, 2005b) [(Mn/Ni)
B6(Te)B’O6]. It is quite common that Te6+ (rVI Te

6+ = 0.56 Å)
ion favor to keep the octahedral B’ site of A2BB’O6 double
perovskite, and the Ni2+ and Mn2+ cations (rII Ni

2+ = 0.69 Å,
rII Mn2+ = 0.83 Å) prefer to be in site B, we recognize that
there is a comparatively important difference between their
ionic radii (Shannon, 1976). In order to clarify the cationic dis-
tribution in the double perovskite series Sr2Mn1−xNixTeO6, the
structural refinement was based on two main assumptions.

In the first proposed Rietveld model, starting atomic posi-
tions for the Rietveld refinement of Sr2Mn0.75Ni0.25TeO6 and

Sr2Mn0.5Ni0.5TeO6 were based on those reported for
Sr2MnTeO6 (P21/n space group) (Ortega-San Martin et al.,
2004). For Sr2Mn0.25Ni0.75TeO6 the beginning atomic posi-
tions were based on those mentioned for Sr2NiTeO6 (I2/m
space group) (Ortega-San Martin et al., 2005a, 2005b). For
the two compositions (x = 0.25 and 0.5) the Mn and Ni
atoms were restricted to be in the 2a (0 0 0) positions
(B site) and the Te atoms are assumed to be only in the 2b
(0, 0, ½) positions (B’ site). Concerning the material Sr2
Mn0.25Ni0.75TeO6, the (Mn, Ni) and Te atoms are supposed
to reside at the 2d (½, ½, 0) and 2a (0, 0, 0) positions, respec-
tively. The occupancy factors for (Mn/Ni) and Te atoms
within the two possible positions were not allowed to vary.
This first refinement resulted in negative values for the dis-
placement parameters (Biso) of Mn and Ni in (2a and 2d )
sites, and big values of (Biso) for Te (2b and 2a) sites for
the two symmetries P21/n and I2/m. Actually, the negative
values for the displacement parameters of Mn and Ni indicate
an electronic deficit within the 2a site in P21/n and the same
thing happened into 2d site in the I2/m space group.
Concerning the highest values of (Biso) for Tellerium atoms
reveal an overabundance of electronic density. Even though

Figure 3. (Colour online) Variations of (a) the cell
parameters and (b) β angle as a function of the tolerance
factor for Sr2Mn1−xNixTeO6 (x = 0.25, 0.5, and 0.75).
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the results of this refinement are not too favorable, they clearly
demonstrate the essentiality of assuming the distribution of a
heavier atom than Ni and Mn in the B sites of the compounds
Sr2Mn1−xNixTeO6. Absolutely, given that Sr2Mn1−xNixTeO6

contains Tellerium atoms, which have a comparatively high
atomic number [Z(Te) = 52].

In the second proposed Rietveld model for the two mate-
rials Sr2Mn0.75Ni0.25TeO6 and Sr2Mn0.5Ni0.5TeO6, (Mn, Ni,
and Te) atoms are distributed between the two 2a and 2b posi-
tions of the B and B’ sites. The same thing about the com-
pound Sr2Mn0.25Ni0.75TeO6, these atoms are distributed
between 2d and 2a of the B and B’ sites of the double perov-
skite structure. The contrast provided between (Mn2+/Ni2+)
and Te6+ allowed the free refinement of the occupancy factors
of these atoms over the B and B’ sites during refining X-ray
diffraction data. This fact is to conserve the total cation con-
tents to be the same as the stoichiometry as the initial synthe-
sized mixture. If not, the model is not able to correctly
reproduce the experimental intensity of many peaks in the pat-
tern. The occupancy rates of the oxygen atom sites have not
been refined because they can only be measured accurately
by neutron diffraction. In particular, this structural refinement
leads to acceptable values for the coefficients of thermal
motion (Biso) for all the double perovskite series, in addition
it gave very satisfactory factors of reliability.

The final obtained cationic distribution that satisfactorily
reproduces all the characteristics of the pattern is [Sr2
(Mn0.623Ni0.226Te0.177)B (Mn0.127Ni0.024Te0.823)B’O6 for x =
0.25, Sr2 (Mn0.434Ni0.366Te0.166)B (Mn0.066Ni0.134Te0.834)
B’O6 for x = 0.5, and Sr2 (Mn0.195Ni0.605Te0.155)B (Mn0.055
Ni0.145Te0.845)B’O6 for x = 0.75].

Concerning the Sr2+ and [O(1), O(2), and O(3)] atoms
were allowed at the 4e (x, y, z) and 4e (x, y, z) positions,
respectively, for both compositions (x = 0.25 and 0.5).
About the composition (x = 0.75) crystalizing in I2/m space
group, the Sr2+, O(1), and O(2) atoms occupy the 4i (x, 0, z),
4i (x, 0, z), and 8j (x, y, z) sites, respectively.

The experimental and calculated XRPD from the last pro-
posed Rietveld model are compared in Figure 4, over the 2θ
range from 17 to 100°, showing a good agreement between
the profiles observed and calculated at ambient temperature.
The refined position for the three phases is also displayed in
Table III.

B. Description of the structure

In Figure 5(a), the crystal structures show the connection
between the octahedras (Mn/Ni/Te)2aO6 and (Mn/Ni/Te)2bO6

and Figure 5(c) shows the perovskite structure with P21/n
symmetry that is anticipated by the tilt system (a+a−a−)

Figure 4. (Colour online) Experimental (symbols) and calculated (line) powder diffraction profiles for the Rietveld refinement of the series (a)
Sr2Mn0.75Ni0.25TeO6, (b) Sr2Mn0.5Ni0.5TeO6 and (c) Sr2Mn0.25Ni0.75TeO6 at room temperature. The bars in the less part of the graphics symbolize the Bragg
peak positions.
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according to Glazer notation. Identically understanding from
Figure 5(b) about the connection between the octahedras
(Mn/Ni/Te)2dO6 and (Mn/Ni/Te)2aO6 defined by the I2/m
model and Figure 5(d) provides the tilt system (a−a−c0) as
suggested by Glazer for this monoclinic centered system.

A structural analysis of the monoclinic compositions
of this series was carried out suggests that the sites of the
(Ni2+/Mn2+) and Te6+ cations are coordinated by six oxygens
in a distorted octahedral arrangement. The oxygen atoms (for
x = 0.25 and 0.5) connect the (Mn/Ni/Te)2aO6 and (Mn/Ni/
Te)2bO6 octahedra along the three directions. The same fact
for the composition (x = 0.75), we have observed that the octa-
hedra (Mn/Ni/Te)2dO6 and (Mn/Ni/Te)2aO6 are bound by the
oxygen atoms in the three directions. The bond distance values
(see Table IV) are in good agreement with those found in
related double perovskite compounds (Ortega-San Martin
et al., 2004; Ortega-San Martin et al., 2005a, 2005b).

Note that many reports show that if the charge of B and B’
are different in the ordered double perovskite structure, the
oxygen ions are slightly displaced to the more charged cation
despite the fact that the octahedral symmetry of the BO6 and
B’O6 units is preserved. This determination is in agreement
with the fact that Te6+ is more charged than (Mn2+/Ni2+), mak-
ing a bigger distance between (Mn2+/Ni2+) and oxygen, unlike
the Te6+ having a smaller distance with oxygen (see Table IV).
We also noticed the values of the lengths and the angles of
connection between the cations and the oxygens reveal
some distortions of the octahedra [(Mn/NiTe)2aO6 and (Mn/
Ni/Te)2bO6] for (x = 0.25 and 0.5), and the octahedra [(Mn/
NiTe)2dO6 and (Mn/Ni/Te)2aO6] for (x = 0.75).

The liaison of the octahedra (Mn/Ni/Te)2aO6 and (Mn/Ni/
Te)2bO6-octahedra for the two compositions (x = 0.25 and 0.5)
of the series Sr2Mn1−xNixTeO6 is made by the oxygen O(1)
atoms along the c-axis, and in the ab-plane the connection is
made by the two oxygen atoms O(2) and O(3). The tilt of
the octahedral is seen from the three bond angles (Mn/Ni/
Te)2a–O(1)–(Mn/Ni/Te)2b (171.4°), (Mn/Ni/Te)2a–O(2)–
(Mn/Ni/Te)2b (153.0°), and (Mn/Ni/Te)2a–O(3)–(Mn/Ni/

Te)2b (167°). Concerning the composition (x = 0.75), the con-
nection of the octahedra (Mn/Ni/Te)2dO6 and (Mn/Ni/
Te)2aO6-octahedra is performed by the oxygen O(1) atoms
along the c-axis, and in the ab-plane the linking is made by
the O (2) atoms. The incline of the octahedral is noticed
from the two bond angles (Mn/Ni/Te)2d–O(1)–(Mn/Ni/Te)2a
(155°) and (Mn/Ni/Te)2d–O(2)–(Mn/Ni/Te)2a (171.1°) (see
Table IV).

The Sr atoms form polyhedral (SrO12) with Sr–O bond
lengths between 2.3 and 3.3 Å and an average value d of
about 2.8 Å. For the two compositions (x = 0.25 and 0.5)
with P21/n space group, the sharing faces of SrO12 polyhedral
are connected by oxygen O(2) and O(3) along the axis c, in the
ab-plane these polyhedral are connected by four oxygen atoms
O(1) [see Figure 5(e)].

About the composition (x = 0.75) crystallizing in I2/m
space group, the connection of the face of the polyhedral
SrO12 is made by oxygen O(1) along the axis c, while in the
ab-plane they are linked by four oxygen atoms O(2). We
reveal the arrangement of atoms in the SrO12 polyhedron
sites in Figure 5(f).

C. The Raman and IR spectroscopy studies

In this section of the paper Raman and IR spectroscopy
studies were undertaken, to obtain further structural informa-
tion about the nature of bonding in this series of double perov-
skite Sr2Mn1−xNixTeO6 with (x = 0.25, 0.5, and 0.75). We
have utilized group theory to classify the vibratory states of
our double perovskite series.

The analysis of the site symmetry group (see Table V) of
the compounds Sr2Mn1−xNixTeO6 (x = 0.25, 0.5, and 0.75) of
the double perovskite structure [with P21/n and I2/m space
group, (C2/m point group)] led to the following irreducible
representation (Kroumova et al., 2003).

T (P21/n) = 3Ag (R) + 3Bg (R) + 12Au (IR) + 12Bu (IR) +
Au (ac) 2Bu (ac)

TABLE III. Atomic position, displacement parameters, fractional coordinates and occupation parameters for the series Sr2Mn1−xNixTeO6 with (x = 0.25, 0.5,
and 0.75) after Rietveld refinement from XRPD data collected at room temperature.

Atom Wyckoff site X y z B(Å2) Occ.

x = 0.25 (P21/n)
Sr 4e 0.4860(14) 0.0107(8) 0.2602(9) 1.57(5) 2.0000
Ni1/Mn1/Te1 2a 0.0000 0.0000 0.0000 0.5(4) 0.220(5)/0.620(5)/0.170(5)
Ni2/Mn2/Te2 2b 0.0000 0.0000 0.5000 2.1(3) 0.030(5)/0.13(5)/0.840(5)
O1 4e 0.958(9) −0.001(5) 0.744(5) 1.0000 2.0000
O2 4e 0.268(8) 0.247(11) 1.007(7) 1.0000 2.0000
O3 4e 0.701(6) 0.210(6) 0.022(6) 1.0000 2.0000

x = 0.5 (P21/n)
Sr 4e 0.482(2) 0.0117(8) 0.253(4) 0.76(11) 2.0000
Ni1/Mn1/Te1 2a 0.0000 0.0000 0.0000 0.1(4) 0.366(4)/0.434(4)/0.20(4)
Ni2/Mn2/Te2 2b 0.0000 0.0000 0.5000 0.9(3) 0.134(4)/0.066(4)/0.800(4)
O1 4e 1.067(8) 0.003(6) 0.742(4) 1.07(2) 2.0000
O2 4e 0.261(12) 0.270(14) 0.999(10) 1.07(2) 2.0000
O3 4e 0.802(10) 0.288(12) −0.027(14) 1.07(2) 2.0000

x = 0.75 (I2/m)
Sr 4i 0.496(3) 0.0000 0.7631(7) 1.44(10) 2.0000
Ni1/Mn1/Te1 2d 0.5000 0.5000 0.0000 0.17682 0.610(5)/0.200(5)/0.190(5)
Ni2/Mn2/Te2 2a 0.0000 0.0000 0.0000 2.68(17) 0.140 (5)/0.055(5)/0.81(5)
O1 4i −0.095(5) 0.0000 0.767(6) 1.00000 2.0000
O2 8j 0.255(5) 0.259(5) 0.984(9) 1.00000 4.0000
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Figure 5. (Colour online) Crystal structures of a double perovskite series Sr2Mn1−xNixTeO6 with (x = 0.25, 0.5 and 0.75) generated by VESTA program. (a) and
(b) show the alternation and tilting of the octahedral for the compositions Sr2Mn0.5Ni0.5TeO6 and Sr2Mn0.25Ni0.75TeO6 crystallizing in space groups P21/n and I2/
m, respectively. (c) and (d) indicate the structure in-phase (+) and out-of-phase (−) rotations of the compositions in P21/n and I2/m, respectively. (e) and (f) show
the polyhedral (Sr)O12 setting in P21/n and I2/m symmetries.
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T (I2/m) = 7Ag (R) + 5Bg (R) + 7Au (IR) + 11Bu (IR) + Au

(ac) 2Bu (ac)
The symbols stand for: R – Raman active modes, IR – IF

active modes, ac – acoustic modes.

1. Raman spectroscopy
In Figure 6 we present the Raman spectra of the series

Sr2Mn1−xNixTeO6 with (x = 0.25, 0.5, and 0.75) recorded at
room temperature CCD to avoid stitching artifacts, a laser
type DPSS (Spectra-Physics, 600 nm, 8 mW). The Raman
result is in good agreement with the literature of these double
perovskite compounds that crystallize in a monoclinic
symmetry.

When we have analyzed the factor group, we have found
that six active modes of Raman, represented by λ (Raman) =
3Ag + 3Bg, ought to be observed for monoclinic compositions
with a space group of P21/n, and twelve active modes of
Raman [λ (Raman) = 7Ag(R) + 5Bg (R)] should be observed

for monoclinic compositions with a space group I2/m. From
the analysis of the spectra, it has been found that most of
the bands of our system are weak; there are only three bands
and they are observed around (∼412, ∼550, and ∼750
cm−1). The modes observed and the assignment, are recorded
in Table VI.

According to several studies already done on this type of
material (Manoun et al., 2012; Tamraoui et al., 2014), we can
classify the Raman modes observed in our double perovskite
series Sr2Mn1−xNixTeO6 (x = 0.25, 0.5, and 0.75) into three
general families of network vibrations:

– At wavenumbers under <350 cm−1, there are translations of
the cations Sr2+, also translational and rotational modes of
the B’O6 octahedral.

– The region 350−500 cm−1, concerns the bending vibra-
tions of O–(B’)–O.

– At wavenumbers above 550 cm−1, there are stretching
modes of (B’)–O.

TABLE IV. The inter− atomic distances (Å) and angles (°) selected at room temperature for the monoclinic compositions in Sr2Mn1−xNixTeO6 (x = 0.25, 0.5,
and 0.75) series.

Compositions x = 0.25 x = 0.5 x = 0.75

Octahedra site: (2a)
Mn1/Ni1/Te1–O1 2.06(2) 2.09(6) 2.19(6)
Mn1/Ni1/Te1–O2 2.06(6) 2.12(6) 1.94(3)
Mn1/Ni1/Te–O3 2.07(6) 1.98(6) −
Average distance 2.06(6) 2.07 2.07
Predicted distance 2.00 2.02 2.04

Octahedra site: (2b)
Mn2/Ni2/Te2–O1 1.97(2) 1.96(6) 1.93(6)
Mn2/Ni2/Te2–O2 1.93(5) 1.87(6) 1.99(3)
Mn2/Ni2/Te2–O3 1.99(5) 2.08(6) −
Average distance 1.97 1.96 1.96
Predicted distance 1.95 1.94 1.92

Internal angles/°
O1–Mn1/Ni1/Te1–O2 91(3) 104(5) 103(4)
O1–Mn1/Ni1/Te1–O3 95(3) 102(5) −
O2–Mn1/Ni1/Te1–O3 105(5) 93(4) −
O2–Mn1/Ni1/Te1–O2 − − 94(2)

Internal angles/°
O1–Mn2/Ni2/Te2–O2 94(3) 101(5) 102(4)
O1–Mn2/Ni2/Te2–O3 92(3) 101(5) −
O2–Mn2/Ni2/Te2–O3 104(3) 90(4) −
O2–Mn2/Ni2/Te2–O2 − − 93(2)

External angles/°
Mn1/Ni1–O1–Te2 171.4(10) 160(2) 155(2)
Mn1/Ni1–O2–Te2 153(2) 163(2) 171.1(13)
Mn1/Ni1–O3–Te2 167(2) 139(3) −

SrO12 icosahedron SrO12 icosahedron
Sr–O1 3.26(2) 3.10(5) Sr–O1 3.18(6)
Sr–O1 2.41(2) 2.55(5) Sr–O1 2.46(6)
Sr–O1 2.84(3) 2.93(3) Sr–O1 × 2 2.850(8)
Sr–O1 2.94(3) 2.78(3) Sr–O2 × 2 2.66(4)
Sr–O2 3.23(3) 2.60(6) Sr–O2 × 2 2.98(4)
Sr–O2 2.61(3) 2.84(6) Sr–O2 × 2 2.97(4)
Sr–O2 3.19(3) 2.85(6) Sr–O2 × 2 2.65(4)
Sr–O2 2.36(3) 2.98(5) Average distance 2.8
Sr–O3 2.89(4) 3.30(6) Predicted distance 2.9
Sr–O3 2.83(4) 2.85(6)
Sr–O3 2.85(4) 2.91(6)
Sr–O3 2.71(4) 2.28(6)
Average distance 2.60 2.8
Predicted distance 2.9 2.9
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The investigation of Raman spectra recorded at room
temperature of these double perovskite compounds Sr2Mn1−x

NixTeO6 with (x = 0.25, 0.5 and 0.75) demonstrates that there
are astounding changes in Raman modes in the arrangement of
the series, this changing is between Sr2Mn0.5Ni0.5TeO6 and
Sr2Mn0.25Ni0.75TeO6.

It was discovered that, other than its effect on the cell
parameters, the concentration of the Ni and Mn cations like-
wise impacts the [(Mn/Ni)–O and Te–O] distances. We
observed that the frequency of the υ1 mode increments

straightly with expanding of the Nickel concentration in this
series of double pérovskite. To clarify these results, we con-
sidered that the frequency of the υ1 is corresponding to the
Te–O bonding energies. Table IV shows that the Te–O dis-
tances in connection to the apical and equatorial oxygens
diminish. This effect expands the Te–O bonding energy,
therefore we had an expanding of the υ1 mode frequency
(Ayala et al., 2007).

2. Infrared spectroscopy
In Figure 7 we give the IF spectra, for the arrangement of

the Sr2Mn1−xNixTeO6 mixes prepared. The most striking
component obvious from this figure is the enormous closeness
between the compounds in the IF spectra mostly for the two
compounds Sr2Mn0.75Ni0.25TeO6 and Sr2Mn0.5Ni0.5TeO6,
while the IF spectra of the compound Sr2Mn0.25Ni0.75TeO6

are different from the others, especially at the level of the
band situated around the recurrence 750 cm−1.

Accordingly, the point that can be promptly deduced from
the vibrational spectra that the degree of cation order into each
composition gives off an impression of the whole arrangement
of mixes. The sharp bands present in these spectra are demon-
strative of an arranged dissemination of Te.

IV. CONCLUSION

In this work we have presented the synthesis, the analyzed
by conventional XRPD, the refinements using the Rietveld
method. The structural analysis shows that (Mn2+ and Ni2+)
and Te6+ are divided between the B and B’ sites of the double

TABLE V. Factor group analysis of the series Sr2Mn1−xNixTeO6 with (x = 0.25, 0.5, and 0.75) at room temperature (Kroumova et al., 2003).

symmetry Atom Site Ag Au Bg Bu Modes

P21/n Te 2b 6 6 M = 6Au + 6Bu

Mn, Ni 2a 6 6 M = 6Au + 6Bu

Sr 4e 3 6 3 6 M = 3Ag + 6Au + 3Bg + 6Bu

O1 4e 3 6 3 6 M = 3Ag + 6Au + 3Bg + 6Bu

O2 4e 3 6 3 6 M = 3Ag + 6Au + 3Bg + 6Bu

O3 4e 3 6 3 6 M = 3Ag + 6Au + 3Bg + 6Bu

Ttotal = 48A + 48B = 96 Tacustic = Au + 2Bu

TRaman = 12Ag + 12Bg Tinfrared = 36Au + 36Bu

I2/m Te 2a 1 2 M = 1Au + 2Bu

Mn, Ni 2d 1 2 M = 1Au + 2Bu

Sr 4i 2 1 1 2 M = 2Ag + Au + Bg + 2Bu

O1 4i 2 1 1 2 M = 2Ag + Au + Bg + 2Bu

O2 8j 3 3 3 3 M = 3Ag + 3Au + 3Bg + 3Bu

Ttotal = 14A + 16B = 30 Tacustic = Au + 2Bu

TRaman = 7Ag + 5Bg Tinfrared = 7Au + 11Bu

Figure 6. (Colour online) Raman spectra of the series Sr2Mn1−xNixTeO6

with (x = 0.25, 0.5, and 0.75) recorded at ambient conditions. The vertical
lines on the bands of the Raman spectra to signal the small change in the
modes produced into this series of double perovskite.

TABLE VI. Raman and infrared shift (in cm−1) for the observed modes in Sr2Mn0.75Ni0.25TeO6, Sr2Mn0.5Ni0.5TeO6, and Sr2Mn0.25Ni0.75TeO6.

υ (Sr2Mn0.75Ni0.25TeO6) υ (Sr2Mn0.50Ni0.50TeO6) υ (Sr2Mn0.25Ni0.75TeO6) Assignment

Raman
136 very weak very weak T
410 411 413 υ5
550 551 553 υ2
748 749 752 υ1

Infrared
695 699 710 υ1
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perovskite structure A2BB’TeO6. We have introduced and con-
firmed by Raman and IR spectroscopy the phase transition
producing the change in the double perovskite structure
(from P21/n to I2/m) with the increase of the nickel composi-
tion in the series Sr2Mn1−xNixTeO6. Even though we
observed from the Raman and IR spectra a small number of
vibratory mode numbers, in contrast to those given by the
group theory, all the spectra show the regular band pattern
characteristic of the double perovskite structure. The vibra-
tional modes were examined as far as the oxygen octahedra
inward vibrations demonstrating that the fundamental unit in
the structures of these materials is the TeO6. This exhibit
gives a reason for the lessened number of groups seen in the
Raman spectra and gives a helpful technique in describing
the phase transitions as far as the gathering subgroup symme-
try connection of these vibrational modes.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be found at
https://doi.org/10.1017/S0885715619000411
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