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a b s t r a c t

Sr2Zn1�xNixWO6 solid solutions (with 0 � x � 1) have been synthesized by solid-state reactions, and
characterized by X-Ray diffraction and Raman spectroscopy. The X-Ray powder diffraction (XRD) data at
room temperature shows a systematical change of structure vs. nickel content: the compound adopts a
monoclinic phase with a P21/n space group with 0 � x � 0.18, a tetragonal structure with a I4/m space
group with x ¼ 0.25, and a tetragonal structure with a I4/mmm space group with 0.5 � x � 1. Further in-
situ Raman study at elevated temperature (up to 555 �C) shows the pristine monoclinic phase
(0 � x � 0.18) follows the phase path: monoclinic (P21/n) / tetragonal (I4/m) / tetragonal (I4/
mmm) / cubic (Fm3m); for the compound Sr2Zn0.75Ni0.25WO6, it involves later two phase transitions as
tetragonal (I4/m) / tetragonal (I4/mmm) / cubic (Fm3m); and for the 0.5 � x � 1 compounds, only one
phase transition I4/mmm to Fm3m was observed. The combined investigation of composition and
temperature provides us a complete understanding of chemical substitution and temperature effect on
structural phase transition.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Double perovskites with the general formula A2B0B00O6 have
attracted a lot of attention in recent years because of their exotic
physical properties such as superconductivity [1,2], dielectricity
[3,4] andmagnetoresistivity [5]. A rich variety of structures is found
in double perovskites with different chemical compositions and/or
temperatures [6,7].

The intrinsic tunneling-type colossal magneto-resistance (CMR)
phenomenon was discovered in the double perovskite Sr2FeMoO6
at room temperature, which may have applications on the detec-
tion of magnetic fields such as for magnetic memory devices. Solid
state chemists and physicists became interested in studying other
substituted phases of stoichiometry A2B0B00O6 (A ¼ alkali earths, B0,
B00 ¼ transition metals) [8,9].

Over the preceding decade it has been established that the
structural and magnetic properties of the ordered double
).
perovskites A2B0B00O6 can be systematically tuned by altering the
number of d-electrons of the B-site cation or the size of the cations.
These substitutions can result in significant structural distortions
which, in turn, have a critical influence on the electric andmagnetic
properties of these oxides [10e12].

After extensive studies on other members of the A2B0B00O6
family, it is found that the presence of the colossal magneto-
resistance is a common feature for some of them. Thus, large
intragrain (bulk) CMR above room temperature has been described
in double perovskites with different A cations, such as Ba2FeMoO6
[13] or Ca2FeMoO6 [14], or different B00 from second and third-row
transition metals like Sr2FeReO6 [15].

Recently, several research groups have studied series Sr2MWO6
materials (M ¼ Ni, Cu, Mg, Co, Zn, Ca) [16,17]. The structure of
Sr2NiWO6 crystal, at room temperature has been reported as cubic
phase by Zhao et al. [11], but was described by Daisuke Iwanaga
et al. [18], Gateshki et al. [16] and S.Z. Tian et al. [19] as tetragonal
phase with I4/m space group. For Sr2ZnWO6 compound, many
structures are proposed at room temperature too, such as tetrag-
onal by Kupriyanov and Fesenko [20], monoclinic I2/m by Reinen
et al. [21], and monoclinic P21/n by Gateshki et al. [16].
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The high temperature Raman spectroscopy studies of the phase
transitions in Sr2ZnWO6 and Sr2NiWO6 double perovskite oxides
were investigated byManoun et al. recently [22,23], they found two
phase transitions, from P21/n to I4/m around 80 �C and from I4/m to
Fm3m at 480 �C for Sr2ZnWO6, and a one phase transition from I4/m
to Fm3m around 300 �C for Sr2NiWO6.

As Sr2ZnWO6 and Sr2NiWO6 can be synthesized together as solid
solution, we are reporting here the structural determination and
phase transition behavior of Sr2Zn1�xNixWO6 (0 � x � 1) with
varied Ni content and temperature with X-ray diffraction and
Raman spectroscopy. We discovered four stable structural phases
(P21/n, I4/m, I4/mmm, and Fm3m) at different Ni content and tem-
perature range, which provides key information on the structural
stability and phase transition mechanism.

2. Experimental

2.1. Synthesis and characterization

Phases of nominal compositions Sr2Zn1�xNixWO6 (0 � x � 1)
were synthesized by conventional high-temperature solid-state
reaction. Stoichiometric amounts of high purity (99.9%) SrCO3, ZnO,
NiO andWO3 according to the equation (a) were intimately ground
and heated in air at 600 �C for 12 h to decompose the carbonates.
The powder samples were ground again and heated in air at 900 �C
for 24 h. The obtained product was heated at 1100 �C for 24 h with
intermittent grinding.

ðaÞ: 2SrCO3 þ ð1� xÞ ZnOþ xNiOþWO3/Sr2Zn1�xNixWO6

þ 2CO2[

2.2. XRD measurements

The final products of Sr2Zn1�xNixWO6 (0 � x � 1) have been
controlled by X-ray powder diffraction analysis. The analysis of
powders by X-ray diffraction showed SrWO4 impurity with low
intensity. The structural refinements were undertaken from the
powder data. Diffraction data were collected at room temperature
on a D2 PHASER diffractometer, with the BraggeBrentano geome-
try, using CuKa radiation (l ¼ 1.5418 Å) with 30 kV and 10 mA. The
XRD patterns were scanned through 2W range 15e100� with
stepsize of 0.01�. The full pattern refinements were carried out by
means of the Rietveld method using the Fullprof program [24] in-
tegrated in Winplotr software [25]. 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 atomic position parameters and
isotropic atomic displacement parameters of individual atomswere
also refined.

2.3. Raman spectroscopy

The Raman spectroscopy measurements were carried out in the
Department of Earth Sciences, Uppsala University [26,27]. The key
system components include a high-throughput, single stage im-
aging spectrometer (HoloSpec f/1.8i, Kaiser Optical Systems, Inc.)
equipped with a holographic transmission grating and thermo-
electrically cooled two-dimensional multichannel CCD detector
(Newton, Andor Technology, 1600 � 400 pixels, thermoelectrically
cooled down to �60 �C), a diode-pumped laser (Cobolt AB, 532.42
nm, 150 mW), and an optical imaging system (magnification 20 � ,
spatial resolution ~1 mm). Two holographic notch filters (Kaiser
Optical Systems, Inc.) blocked the Rayleigh line. The spectrometer
was calibrated by fluorescence lines of a neon lamp. Non-polarized
Raman spectra were collected in the back-scattering geometry, in
the range of 40e1680 cm�1, at a resolution of about 3 cm�1. Ac-
curacy and precision of spectral measurements, as estimated from
the wavelength calibration procedure and peak fitting results, were
1.5 and 0.1e0.4 cm�1, respectively. The acquisition time varied from
30 s to 5 min.

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 variac
transformer. Temperature changes during the heating/cooling cy-
cles were induced and controlled by adjusting the transformer's
voltage (0e240 V) 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.

3. Results and discussions

3.1. Structure determination and description of the structure

The X-ray powder diffraction patterns of Sr2Zn1�xNixWO6

(0 � x � 1) in the15e100� 2W range are showed in Fig. 1, where the
phase transition from monoclinic to tetragonal is clearly shown.
The crystal structures of seven different Ni contents were refined
from the high resolution XRD patterns acquired at room tempera-
ture. The structures of Sr2Zn1�xNixWO6 with 0 � x � 0.18 were
determined as monoclinic phase with space group P21/n, the
Sr2Zn0.75Ni0.25WO6 as the tetragonal phase with space group I4/m
and the Sr2Zn1�xNixWO6 (0.25 < x� 1) as the tetragonal phasewith
space group I4/mmm. The data analysis revealed the presence of
minor impurities of SrWO4, the concentration of SrWO4 is between
2% and 7% except for x ¼ 0.25 where the percentage is around 12%.
The composition dependence of the lattice parameters is illustrated
in Fig. 2. Due to the smaller ionic radius of Ni2þ (0.69 Å) compared
to Zn2þ (0.74 Å) [28], there is a gradual decrease in cell parameters
as substituting Zn2þ by Ni2þ. This smaller size of Ni2þ is also
responsible for the tetragonal and monoclinic distortion when Zinc
is substituted by Nickel.

The Rietveld refinements of the data were performed with the
program FullProf [24], and the results are listed in Table 1. The
refined atomic coordinates for Sr2Zn1�xNixWO6 (0 � x � 1) com-
positions in the tetragonal and monoclinic systems are given in
Table 2.

The structure refinements were performed with space group
P21/n (SG #14) for compounds Sr2Zn1�xNixWO6 (0 � x � 0.18) with
starting model from Ref. [29]. In this model Sr2þ, Zn2þ/Ni2þ and
W6þ are placed at wyckoff positions 4e (x, y, z), 2b (0, 0, 1/2) and 2a
(0, 0, 0), respectively; and the oxygen atoms are placed at three
different positions 4e (x, y, z). The Sr2Zn075Ni025WO6 was refined
with space group I4/m (SG #87) and starting model from Ref. [30]
where Sr2þ, Zn2þ/Ni2þ and W6þ are placed at 4d (0, 1/2, 1/4), 2a
(0, 0, 0) and 2b (0, 0, 1/2) positions, respectively; and the oxygens at
4e (0, 0, z) and 8h (x, y, 0) sites. Finally for the compounds
Sr2Zn1�xNixWO6 (0.5 � x � 1), the refinement of the structure was
done with the space group I4/mmm (SG #139), in this model taken
from Ref [31], and the Sr2þ, Zn2þ/Ni2þ and W6þ are placed at 4d (0,
1/2, 3/4), 2a (0, 0, 0) and 2b (0, 0, 1/2) respectively; the oxygen atoms
at 4e (0, 0, z) and 8h (x, x, 1/2). The various inter-atomic distances for
Sr2Zn1�xNixWO6 (0 � x � 1) compositions in the monoclinic and
tetragonal structures are given in Tables 3 and 4.

The excellent agreement between observed and refined XRD



Fig. 1. X-ray powder diffraction patterns for Sr2Zn1�xNixWO6 (0 � x � 1).

Fig. 2. Variation of the lattice parameters as a function of composition for the series Sr2Zn1�xNixWO6 (0 � x � 1). The a values in the tetragonal cells and the a and b values in the
monoclinic cells have been multiplied by 21/2 for clarity. The monoclinic to tetragonal (I4/m) transition is observed between x ¼ 0.18 and x ¼ 0.25, the tetragonal (I4/m) to tetragonal
(I4/mmm) transition is observed between x ¼ 0.25 and x ¼ 0.5.
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profiles of the monoclinic structure (P21/n) for Sr2ZnWO6, tetrag-
onal structure (I4/m) for Sr2Zn0.75Ni0.25WO6 and tetragonal struc-
ture (I4/mmm) for Sr2NiWO6 are illustrated in Fig. 3.

The atomic projections along (001) direction of the monoclinic
(P21/n), tetragonal (I4/m) and tetragonal (I4/mmm) phases of
Sr2Zn0.94Ni0.06WO6, Sr2Zn0.75Ni0.25WO6 and Sr2Zn0.25Ni0.75WO6
respectively are shown in Fig. 4. The rotation of the octahedron
induced by increasing substitution of Znþ2 by Niþ2 transforms the
monoclinic (P21/n) structure for (0 � x � 0.18) to the tetragonal
structure (I4/m) for (x¼ 0.25) and finally to the tetragonal structure
(I4/mmm) for (0.5 � x � 1).

The examination of crystallographic parameters indicates that
the (Zn/Ni)2þ and W6þ are octahedrally coordinated with the ox-
ygen atoms. For P21/n (0 � x � 0.18): (Zn/Ni)O6 and WO6 are



Table 1
Details of Rietveld refinement parameters of the monoclinic and tetragonal compositions for Sr2Zn1�xNixWO6 (0 � x � 1).

Composition x ¼ 0 x ¼ 0.06 x ¼ 0.12 x ¼ 0.18 x ¼ 0.25 x ¼ 0.5 x ¼ 0.75 x ¼ 1

Wavelength (Å) lka1 ¼ 1.5406 lka1 ¼ 1.5406 lka1 ¼ 1.5406 lka1 ¼ 1.5406 lka1 ¼ 1.5406 lka1 ¼ 1.5406 lka1 ¼ 1.5406 lka1 ¼ 1.5406
Step scan increment (�2W) 0.01623 0.01623 0.01623 0.01623 0.01623 0.01623 0.01623 0.01623
2W range (�) 15e100 15e100 15e100 15e100 15e100 15e100 15e100 15e100
Program FULLPROF FULLPROF FULLPROF FULLPROF FULLPROF FULLPROF FULLPROF FULLPROF
Zero point (�2W) 0.0337 (1) �0.0092 (8) 0.0132 (7) 0.0158 (10) �0.0170 (7) 0.0180 (5) 0.0343 (3) 0.0538 (3)
Pseudo-Voigt function PV¼ ɳ Lþ (1� ɳ) G ɳ ¼ 0.705 (6) ɳ ¼ 0.851 (7) ɳ ¼ 0.719 (7) ɳ ¼ 0.707 (8) ɳ ¼ 0.612 (6) ɳ ¼ 0.755 (6) ɳ ¼ 0.737 (6) ɳ ¼ 0.605 (5)
Caglioti parameters U ¼ 0.007 (2) U ¼ 0.029 (3) U ¼ 0.057 (3) U ¼ 0.086 (5) U ¼ 0.148 (6) U ¼ 0.071 (3) U ¼ 0.045 (2) U ¼ 0.019 (1)

V ¼ 0.011 (2) V ¼ 0.002 (2) V ¼ �0.025 (3) V ¼ �0.027 (4) V ¼ �0.006 (4) V ¼ 0.007 (3) V ¼ 0.001 (2) V ¼ �0.007 (1)
W ¼ 0.0028
(3)

W ¼ 0.0037
(4)

W ¼ 0.0098
(5)

W ¼ 0.010 (7) W ¼ 0.0093
(7)

W ¼ 0.0052
(5)

W ¼ 0.0057
(1)

W ¼ 0.0058
(2)

No, of reflections 305 306 306 308 80 61 61 58.5
No, of refined parameter 34 34 34 34 24 22 22 22
Space group P21/n P21/n P21/n P21/n I4/m I4/mmm I4/mmm I4/mmm
a (Å) 5.6326 (6) 5.6313 (1) 5.62604 (5) 5.62612 (2) 5.5893 (7) 5.5798 (6) 5.5704 (4) 5.5619 (3)
b(Å) 5.6080 (7) 5.6065 (5) 5.6043 (2) 5.6039 (5) 5.5893 (7) 5.5798 (6) 5.5704 (4) 5.5619 (3)
c(Å) 7.9249 (9) 7.9219 (2) 7.9175 (2) 7.9210 (3) 7.9621 (1) 7.9518 (10) 7.9349 (8) 7.9196 (5)
b� 90.021 (3) 90.01 (6) 89.98 (6) 89.98 (11)
V (Å3) 250.33 (5) 250.11 (7) 249.64 (7) 249.734 (3) 248.74 (6) 247.57 (5) 246.21 (4) 244.99 (2)
Z 2 2 2 2 2 2 2 2
Atom number 4 5 5 5 5 5 5 4
RF/RB 7.57/4.43 6.17/5.60 6.48/4.90 5.48/5.43 1.84/2.22 2.04/2.72 2.81/3.18 2.69/3.09
Rp/Rwp 7.29/10.3 7.50/10.8 8.90/12.5 9.81/13.3 5.07/6.69 5.39/6.93 5.35/7.09 5.11/7.08
cRp/cRwp 7.30/10.4 7.49/10.8 8.90/12.5 9.82/13.3 5.06/6.69 5.35/6.88 5.33/7.09 5.10/7.11

Table 2
Refined structural parameters for Sr2Zn1�xNixWO6 (0 � x � 1).

Atom x y z B (A2) Occ

0 W 0 0 0 1.76 (1) 1
Zn 0 0 0.5 1.92 (2) 1
Sr 0.0014 (1) 0.5055 (6) 0.2498 (4) 2.33 (2) 2
O1 0.0527 (6) 0.0183 (4) 0.2397 (1) 0.43 (3) 2
O2 �0.2418 (3) 0.2417 (5) �0.0233 (3) 0.43 (3) 2
O3 0.2136 (6) 0.2312 (1) �0.0552 (8) 0.43 (3) 2

0.12 W 0 0 0 2.21 (2) 1
Zn 0 0 0.5 2.22 (8) 0.88
Ni 0 0 0.5 2.22 (8) 0.12
Sr 0.0002 (3) 0.4935 (4) 0.2509 (5) 2.75 (5) 2
O1 �0.04037 (8) 0.0053 (3) 0.2451 (5) 0.07 (1) 2
O2 �0.2142 (12) 0.2629 (2) �0.0325 (6) 0.07 (1) 2
O3 0.2477 (7) 0.2136 (1) 0.0436 (4) 0.07 (1) 2

0.18 W 0 0 0 2.12 (2) 1
Zn 0 0 0.5 2.01 (9) 0.82
Ni 0 0 0.5 2.007 (9) 0.18
Sr 0.0002 (9) 0.4934 (6) 0.2508 (1) 2.75 (6) 2
O1 �0.0464 (2) 0.0050 (3) 0.2448 (2) 0.07 (1) 2
O2 �0.2140 (3) 0.2628 (2) �0.0324 (7) 0.07 (1) 2
O3 0.2478 (1) 0.2135 (3) 0.0406 (5) 0.07 (1) 2

0.25 W 0 0 0.5 0.39 (2) 1
Sr 0 0.5 0.25 1.10 (3) 2
Ni 0 0 0 0.63 (4) 0.25
Zn 0 0 0 0.63 (4) 0.75
O1 0 0 0.2695 (9) 1.35 (14) 2
O2 0.2326 (5) 0.3041 (15) 0 1.35 (14) 4

0.5 W 0 0 0.5 0.37 (5) 1
Sr 0 0.5 0.75 1.08 (10) 2
Ni 0 0 0 0.89 (8) 0.5
Zn 0 0 0 0.89 (8) 0.5
O1 0 0 0.2644 (10) 2.29 (11) 2
O2 0.2332 (3) 0.2332 (3) 0.5 2.29 (11) 4

1 W 0 0 0.5 0.48 (2) 1
Sr 0 0.5 0.75 1.01 (3) 2
Ni 0 0 0 0.91 (5) 1
O1 0 0 0.2676 (8) 1.99 (9) 2
O2 0.2312 (5) 0.2312 (5) 0.5 1.990 (91) 4

Table 3
Selected inter-atomic distances and O-W-O angles for Sr2Zn1�xNixWO6

(0 � x � 0.18).

Monoclinic P21/n x ¼ 0 x ¼ 0.06 x ¼ 0.12 x ¼ 0.18

2(W-O1) 1.9256 (3) 1.9562 (4) 1.9541 (4) 1.9567 (7)
2(W-O2) 1.9303 (2) 1.9272 (2) 1.9205 (3) 1.9194 (4)
2(W-O3) 1.8222 (2) 1.8734 (3) 1.8691 (3) 1.8649 (5)
2(Zn/Ni-O1) 2.0864 (3) 2.0264 (4) 2.0311 (4) 2.0384 (7)
2(Zn/Ni-O2) 2.0610 (2) 2.0981 (3) 2.1019 (3) 2.1028 (5)
2(Zn/Ni-O3) 2.2507 (2) 2.1740 (3) 2.1704 (3) 2.1667 (4)
Sr-O1 2.7487 (3) 2.7442 (2) 2.7456 (6) 2.7495 (2)
Sr-O1 2.8913 (4) 2.8783 (3) 2.8780 (6) 2.8796 (3)
Sr-O1 2.6039 (5) 2.6130 (5) 2.5879 (2) 2.5540 (6)
Sr-O1 3.1228 (3) 3.0201 (5) 3.0401 (3) 3.0741 (4)
Sr-O2 2.9308 (2) 2.8619 (1) 2.8564 (3) 2.8556 (4)
Sr-O2 3.1048 (5) 3.1370 (2) 3.1363 (3) 3.1375 (2)
Sr-O2 2.5141 (3) 2.5132 (1) 2.5108 (2) 2.5113 (3)
Sr-O2 2.6921 (5) 2.7530 (3) 2.7551 (4) 2.7565 (2)
Sr-O3 2.6588 (5) 2.6568 (2) 2.6632 (3) 2.6783 (6)
Sr-O3 2.4539 (4) 2.4764 (2) 2.4868 (2) 2.5031 (3)
Sr-O3 3.1679 (7) 3.1880 (3) 3.1746 (4) 3.1582 (4)
Sr-O3 2.9573 (6) 2.9685 (4) 2.9548 (5) 2.9367 (4)
1ˣ O1-W-O1 180 180 180 180
2ˣO1-W-O2 99.52 (3) 93.17 (4) 92.78 (4) 92.18 (6)
2ˣO1-W-O2 80.48 (2) 86.83 (4) 87.22 (4) 87.82 (7)
2ˣO1-W-O3 84.41 (2) 82.91 (5) 83.88 (4) 85.38 (8)
2ˣO1-W-O3 95.59 (2) 97.09 (5) 96.12 (4) 94.62 (8)
1ˣO2-W-O2 180 180 180 180
2ˣO2-W-O3 93.26 (3) 90.18 (4) 90.08 (3) 90.01 (2)
2ˣO2-W-O3 86.74 (2) 89.82 (3) 89.92 (3) 89.99 (5)
1ˣO3-W-O3 180 180 180 180
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connected by O1 and O2 along a and b axis, and by O3 along c-axis.
The tilt of the octahedra is observed from the three bond angles
(Zn/Ni)-O1-W (165.42�), (Zn/Ni)-O2-W (163.52�) and (Zn/Ni)-O3-
W (157.81�) and satisfies the aþbþc� tilt system in Glazer's
notation [32], for I4/m (x¼ 0.25): (Zn/Ni)O6 andWO6 are connected
by O1 along c-axis, and by O2 along a and b axis. (Zn/Ni)-O1-Wwas
180� indicating no tilt with respect to a- and b-axes. The tilt of the
octahedra is observed from the (Zn/Ni)-O2-W bond angle (163.6�);
the tilt pattern of the octahedral units satisfies the a0a0c� tilt sys-
tem in Glazer's notation [32]. For I4/mmm (0.5 � x � 1): (Zn/Ni)O6
andWO6 are connected by O1 along c-axis, and by O2 along a and b
axes. The tilt pattern of the octahedral units satisfies the a0bþbþ tilt
system in Glazer's notation [32].

The evolution of the tolerance factor (obtained from the
experimental distances) as a function of the composition is a very
interestingway to illustrate the phase transitions (Fig. 5). The phase



Table 4
Selected inter-atomic distances and O-W-O angles for Sr2Zn1�xNixWO6 (0.25 � x � 1).

Tetragonal (I4/m) x ¼ 0.25 Tetragonal (I4/mmm) x ¼ 0.5 x ¼ 0.75 x ¼ 1

2ˣxW-O1 1.8350 (7) 2ˣxW-O1 1.8735 (2) 1.8607 (2) 1.8411 (6)
4ˣxW-O2 1.8531 (8) 4ˣxW-O2 1.8399 (14) 1.8276 (1) 1.8182 (3)
2ˣx Zn/Ni -O1 2.1462 (7) 2ˣx Zn/Ni -O1 2.1024 (3) 2.1067 (2) 2.1191 (6)
4ˣx Zn/Ni -O2 2.1403 (8) 4ˣx Zn/Ni -O2 2.1056 (2) 2.1112 (1) 2.1153 (3)
4ˣxSr-O1 2.7989 (4) 4ˣxSr-O1 2.7922 (3) 2.7879 (2) 2.7845 (3)
4ˣxSr-O2 2.6170 (5) 8ˣxSr-O2 2.8038 (2) 2.79891 (2) 2.7945 (3)
4ˣxSr-O2 3.0142 (6) 1ˣx O1-W-O1 180 180 180
1ˣx O1-W-O1 180 8ˣxO1-W-O2 90 90 90
8ˣxO1-W-O2 90 2ˣxO2-W-O2 180 180 180
2ˣxO2-W-O2 180 4ˣxO2-W-O2 90 90 90
4ˣxO2-W-O2 90
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transitions from monoclinic P21/n to tetragonal I4/m and to
tetragonal I4/mmm are clearly illustrated in the Fig. between the
compositions 0.18 and 0.25 for transition P21/n / I4/m and be-
tween the composition 0.25 and 0.5 for transition I4/m/ I4/mmm.

3.2. Raman spectroscopy studies

3.2.1. Group theory analysis
Doubles perovskites of the general formula A2BB0O6, with ideal

cubic structures will be presented by materials with tolerance
factors close to or greater than 1. However, the most interesting and
frequent cases are shown by ordered, yet untilted lattices with
Fm3m symmetry (O5

h , No. 225, and Glazer's notation a0a0a0) [32].
This configuration allows a classification of the normal modes at
the Brillouin zone centre as:

G ¼ A1gðRÞ þ EgðRÞ þ 2F2gðRÞ þ F1gðsÞ þ 4F1uðIRÞ þ F2uðsÞ
þ F1uðasÞ

The symmetry analysis of the irreducible representations above
indicates that four modes are Raman active (Ag, Eg, 2F2g), and
another four modes are infrared active (4F1u). For our compounds,
XRD data showed that in this solid solution of doubles perovskites
three low symmetries are adopted with increasing the nickel con-
centration from the small distorted pseudo-cubic I4/mmm (D17

4h, No.
139, Glazer's notation a0bþbþ) to I4/m (C5

4h, No. 87, Glazer's notation
a0a0c�), then to a lower symmetry P21/n (C4

2h, No. 14, Glazer's no-
tation aþbþc�). According to the factor group analysis [33], twenty-
four Raman-active modes, represented as GR

P21=n ¼ 12Ag þ 12Bg
should be present for the monoclinic compositionwith system P21/
n. Only nine Raman-active modes can be observed for the tetrag-
onal compositions, represented as GR

I4=m ¼ 3Ag þ 3Bg þ 3Eg, and
GR
I4=mmm ¼ 2A1gþ A2gþ B1gþ 2B2gþ 3Eg, for space groups I4/m and

I4/mmm, respectively. Most of the bands are weak; there are only
seven strong bands and they are observed at wavenumbers around
855.76 cm�1, 572.44 cm�1, 447.06 cm�1, 436.63 cm�1, 166.38 cm�1,
151.89 cm�1 and 138.17 cm�1 for the monoclinic Sr2ZnWO6 and
four strong bands around 859.88 cm�1, 614.70 cm�1, 140.41 cm�1,
445.26 cm�1 for the tetragonal Sr2NiWO6.

Considering the internal vibration modes (n1, n2, n5) of the oc-
tahedron and the translational modes T and L the irreducible rep-
resentation for the cubic double perovskite with Fm3m as space
group can be writing as
GR
Fm�3m ¼ n1(A1g) þ n2(Eg) þ n5(F2g) þ T(F2g) þ L(F1g)(s), where the

n1 mode is the symmetric oxygen stretching vibration ofW-O in the
WO6 octahedra, appears as a strong peak at higher
frequencies � 700 cm�1 [34], the n2 vibration mode is the asym-
metric stretching vibration W-O is located in the range
450e600 cm�1, and the O-W-O bending mode labeled as the n5
mode is expected to occur in the range between 300 and 450 cm�1
due to the bending mode motion in the WO6 octahedron [34,35].
The translational lattice modes T are located in the range of fre-
quencies below 300 cm�1, and the mode labeled with L also
considered as lattice modes but is silent for the cubic double
perovskite. Lowering the symmetry to I4/mmm and I4/m tetragonal
system, the irreducible representation of the Raman active modes
can be written as G ¼ n1(A1g) þ n2(A1g þ B1g) þ n5(B2g þ Eg) þ
T(B2g þ Eg) þ L(A2g þ Eg) for the I4/mmm system, and
G¼ n1(Ag)þ n2(Ag þ Bg) þ n5(Bg þ Eg) þ T (Bg þ Eg)þ L (Ag þ Eg) for
the I4/m system. When the monoclinic structure takes place with
P21/n as space group only Ag and Bg modes are expected, in this
structure the symmetric stretch n1 exhibits a single band, a doublet
for the asymmetric stretching n2, and triplet for banding mode n5.
The irreducible representation can be written as
G¼ n1(Agþ Bg)þ n2(2Ag þ 2Bg)þ n5(3Ag þ 3Bg)þ T (3Agþ 3Bg)þ L
(3Ag þ 3Bg). In the studied series the experimentally observed
bands for the tetragonal and the monoclinic compositions are
shown in Table 5.

In Fig. 6 we show the compatibility relations for the space
groups present in the phase-transition sequence: P21/n/ I4/m/

I4/mmm/ Fm3m.
The Raman spectra of Sr2Zn1�xNixWO6 (0 � x � 1) recorded at

ambient conditions are illustrated in Fig. 7. For all the composition
ranges, the observed Raman modes can be classified into three
general families of lattice vibrations: Srþ2 translations, as well as
translational and rotational modes of the WO6-octahedra, at fre-
quencies below 300 cm�1; OeWeO bending Vibrations, in the
300e500 cm�1 region; and WeO stretching modes, at frequencies
over 500 cm�1. These frequency families were also observed in
double perovskites, such as Sr2ZnWO6 [22] and in Sr2ZnTeO6 [36],
A2CoBO6 (A ¼ Sr and Ca, B ¼ Te and W) [37].

The analyses of the composition dependence of modes, ration
intensity and FWHM of those modes indicate the presence of two
phase transitions induced by composition. The composition
dependence of the modes is illustrated in Fig. 8 as a function of the
nickel content. The modes centered at 436.61 cm�1 and 447 cm�1

merged at the composition x ¼ 0.25 (Fig. 8a). the mode centered at
855.75 cm�1 showa remarkable change in slope as a function of the
nickel amount indicating the first phase transition from the mono-
clinic symmetry P21/n to the tetragonal symmetry I4/m between
x ¼ 0.18 et 0.25 (Fig. 8b). The second phase transition from the
tetragonal symmetry I4/m to another tetragonal system I4/mmm
between x¼ 0.25 and 0.5 (Fig. 8a, b). To better understand the phase
transitions induced by composition in the series Sr2Zn1�xNixWO6,
the relative intensity ratio and FWHM dependence of modes were
examined. The behaviors of composition dependence of intensity
ratio of themodes are illustrated in Fig. 8(c, d) showing the first and
second phase transitions. The monoclinic symmetry is adopted in
the composition range between x ¼ 0 to 0.18, then the structure
moves to tetragonal symmetry I4/m for x ¼ 0.25, and then the



Fig. 3. The Rietveld refinement plots for monoclinic (P21/n) Sr2ZnWO6, tetragonal (I4/m) Sr2Zn0.75Ni0.25WO6 and tetragonal (I4/mmm) Sr2NiWO6. 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.
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tetragonal system with I4/mmm as space group is adopted for the
composition x > 0.25. The FWHMof the translational lattice mode T
centered at around 151.89 cm�1 and the asymmetric vibration n5
centered at around 447 cm�1 are clearly affected by the monoclinic
(P21/n) / tetragonal (I4/m) / tetragonal (I4/mmm) distortion;
Fig. 8(e, f) showa clear change in the compositiondependence of the
FWHM on those modes; all these features are consistent with the
Rietveld refinement studies.



Fig. 4. Illustrations of the effect of tilting of the WO6 and Ni/ZnO6 octahedra in the different space group structure in Sr2Zn1�xNixWO6.

Fig. 5. Observed tolerance factor (obtained from the Rietveld refinements) as a function of the Nickel amount in Sr2Zn1�xNixWO6 (0 � x � 1).
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Table 5
Raman shifts (in cm�1) for the observed modes in the series Sr2Zn1�xNixWO6, with assignment of internal and external modes n1, n2, n5, T, and L.

Assignment Sr2ZnWO6

(S.g P21/n)
Sr2Zn0.94Ni0.06WO6

(S.g P21/n)
Sr2Zn0.88Ni0.12WO6

(S.g P21/n)
Sr2Zn0.82Ni0.18WO6

(S.g P21/n)
Sr2Zn0.75Ni0.25WO6

(S.g I4/m)
Sr2Zn0.5Ni0.5WO6

(S.g I4/mmm)
Sr2Zn0.25Ni0.75WO6

(S.g I4/mmm)
Sr2NiWO6 (S.g
I4/mmm)

T 138.16 137.91 138.02 137.95 136.75 138.23 138.28 140.62
T 151.89 151.23 151.03 149.36 142.61 141.35 141.39 141.95
T 166.38 164.99 164.43 160.3
n5 436.63 436.56 436.27 437.22 442.75 442.99 443.1 445.39
n5 447.06 445.72 445.34 444.73
n2 572.44 574.33 590.85 588.63 595.42 601.84 607.77 615.15
n1 855.76 856.34 856.88 857.41 857.33 857.93 857.85 859.9

P21/n I4/m I4/mmm Fm m

3Ag

3Bg

3Eg

2A1g

A2g

B1g

2B2g

3Eg

A1g

Eg

F1g

2F2g

12Ag

12Bg

Fig. 6. Correlation diagrams for the Raman-active vibrations in the monoclinic (P21/n),
the tetragonal (I4/m), (I4/mmm) and the cubic (Fm3m) phases of Sr2Zn1�xNixWO6.

Fig. 7. Raman spectra of Sr2Zn1�xNixWO6 (0 � x � 1) recorded at ambient conditions.
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3.3. Temperature study of Sr2Zn1�xNixWO6 (0 � x � 1) double
perovskites

Recently the crystal stability of doubles perovskites at extreme
conditions especially at high and low temperatures has attracted a
great interest because of those exotic properties. For example,
magnetic and superconducting properties at high temperature
have been reported [38e41]. Currently lot of studies are devoted on
the investigations of the crystal structure and temperature induced
phase transitions, many sequence of phase transitions have been
reported, such as I2/m/I4/m/Fm3m [42], P21/n/I4/m/Fm3m
[22], I4/m/I4/mmm [16,43].

We have conducted high temperature Raman spectroscopy
study in the series of double perovskites oxide Sr2Zn1�xNixWO6
compounds to elevated temperature at ambient pressure and
observed the series of phase transitions at varies temperature.

Raman spectra of Sr2Zn1�xNixWO6 were collected at elevated
temperatures, up to 555 �C. As an example the Raman spectra ob-
tained at several temperatures for Sr2Zn0.88Ni0.12WO6,
Sr2Zn0.75Ni0.25WO6 and Sr2Zn0.25Ni0.75WO6 are presented in Fig. 9.
The temperature dependence of the modes and of their intensity
ratio and FWHM are used as index to show the temperature phase
transition.

In previous works, Manoun et al. [22,23] showed that there are
two phase transitions induced by temperature at around 80 �C and
480 �C in monoclinic Sr2ZnWO6 system, only one 300 �C for the
tetragonal Sr2NiWO6 system.

In the present study, for Sr2ZnWO6 and Sr2Zn0.94Ni0.06WO6
compounds there are three phase transitions with increasing
temperature. As shown in Fig. 10(a, b), remarkable changes of
Raman modes can be seen in Sr2Zn0.94Ni0.06WO6 system as a
function of temperature. The modes centered at 136.34 cm�1 and
855 cm�1 show a break in the slope at around 40 �C, indicating the
first temperature phase transition from monoclinic P21/n to
tetragonal system I4/m. Increasing temperature to around 70 �C
trigs the second phase transition from I4/m to I4/mmm. The third
phase transition takes place at around 470 �C.

For Sr2Zn0.88Ni0.12WO6, Sr2Zn0.82Ni0.18WO6 compounds transi-
tional effects on temperature dependence of the modes, their ratio
intensity, and FWHM of the modes are shown in Fig. 11 for
Sr2Zn0.88Ni0.12WO6 (Fig. 11a, b), and Sr2Zn0.82Ni0.18WO6 (Fig. 11c, d)
respectively. For the monoclinic Sr2Zn0.88Ni0.12WO6, three phases
transition are revealed, the first at around 25 �C from P21/n system
to tetragonal I4/m, the second at around 60 �C from I4/m system to



(e)

Fig. 8. Raman modes of Sr2Zn1�xNixWO6 vs. the composition x, the transition from the monoclinic phase to the tetragonal phase and from tetragonal phase (I4/m) to the tetragonal
(I4/mmm) shows considerable changes in the composition dependence of the modes.
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I4/mmm system, and the third from tetragonal symmetry I4/mmm
to cubic phase Fm3m at around 460 �C. Also For the monoclinic
Sr2Zn0.82Ni0.18WO6 two temperature phase transitions are observed
at around 45 �C and 450 �C, respectively.

The tetragonal phase Sr2Zn0.75Ni0.25WO6 with I4/m as space
group have two phase transitions induced by temperature adopting
the sequence I4/m/ I4/mmm/ Fm3m. the temperature depen-
dence of the mode centered at 856.81 cm�1 shows clear change in
the slope at around 30 �C indicating the first transition from
tetragonal symmetry I4/m to I4/mmm. Upon increasing tempera-
ture to 550 �C, the second transition I4/mmm/ Fm3m is observed
at around 445 �C (Fig. 12a). The temperature dependence of ratio
M442.38 (cm�1)/M856.81 (cm�1) of the modes centered at 442.38 cm�1

and 856.81 cm�1 (Fig. 12b) shows clear changes in the slope at the
same temperatures. The first change is revealed at 30 �C and the
second change is observed at around 445 �C.

For tetragonal compounds with I4/mmm the Raman spectra are
also de-convoluted with “LABSPEC” program. Temperature induced
the external and bending mode changes lead to a phase transition
from symmetry I4/mmm to cubic Fm3m as presented in Fig. 13. For
Sr2Zn0.5Ni0.5WO6, pronounced changes in the temperature depen-
dence of the modes, are detected; the Raman modes ratio centered
at 138 cm�1 and 858 cm�1 show a change in the slope at around
400 �C, indicating the phase transition from the tetragonal (I4/
mmm) to cubic (Fm3m) structure (Fig. 13a). For Sr2Zn0.25Ni0.75WO6
the temperature dependence of Raman shift centered at 857.3 cm�1

show spectacularly change in slope indicating the transition to
cubic system at around 340 �C (Fig. 13b).

The temperature phase transition as a function of the compo-
sition is plotted in Fig. 14, the extrapolation of the curve shows that
the composition induced phase transition is between x ¼ 0.18 and
x ¼ 0.25 and between x ¼ 0.25 and x ¼ 0.5, thus confirming our
Raman and X-ray diffraction results studied above.

4. Conclusions

The composition effects on the structural stability and phase
transition of Sr2Zn1�xNixWO6 (0 � x � 1) have been studied using



Fig. 9. Raman spectra of monoclinic compound x ¼ 0.12, tetragonal compounds x ¼ 0.25 and 0.75 obtained for selected temperatures, as indicated.
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Fig. 10. Raman modes of Sr2Zn0.94Ni0.06WO6, vs. temperature. The temperature dependence of the modes centered at 136.34 cm�1(a), 855 cm�1 (b) respectively.

Fig. 11. Raman modes of Sr2Zn0.88Ni0.12WO6, vs. temperature. (a) Temperature dependence of the modes centered at 856.15 cm�1. (b) Temperature dependence of the FWHM of the
modes centered at 137 cm�1 and Raman modes of Sr2Zn0.82Ni0.18WO6, vs. temperature. (c) Temperature dependence of the modes centered at 444.42 cm�1. (d) Temperature
dependence of the FWHM ratio of the modes centered at 136 cm�1 and 855.37 cm�1. The transition from one symmetry to another symmetry shows considerable changes in
temperature dependence of the modes.
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the X-ray powder diffraction and Raman spectroscopy techniques.
The crystal structures were determined using the Rietveld re-
finements of laboratory X-ray powder diffraction data. With
increasing the Ni composition, Sr2Zn1�xNixWO6 shows two phase
transitions from monoclinic structure with the P21/n space group
for 0 � x � 0.18 to tetragonal structure with the I4/m space group
for x ¼ 0.25 and finally to tetragonal structure with the I4/mmm
space group for 0.5 � x � 1. The high temperature Raman spec-
troscopy studies of the phase transitions in Sr2Zn1�xNixWO6
(0 � x � 1) double perovskite oxides show three phase transitions
for monoclinic compounds 0 � x � 0.18, the first from monoclinic
P21/n to tetragonal I4/m, the second from tetragonal I4/m to
tetragonal I4/mmm and the third from tetragonal I4/mmm to cubic
structure Fm3m. For the tetragonal compound Sr2Zn0.75Ni0.25WO6,
there are two phase transitions, the first from tetragonal I4/m to
tetragonal I4/mmm and the second from tetragonal I4/mmm to
cubic Fm3m and finally for the tetragonal compounds with the
compositions ranging between 0.5 � x � 1 one phase transition is
observed from tetragonal I4/mmm to cubic Fm3m.

We discovered four stable structural phases (P21/n, I4/m, I4/
mmm, and Fm3m) at different Ni content and temperature range,
which provides key information on the structural stability and
phase transition mechanism. Moreover, this is the first time to
discover that Sr2NiWO6 crystallizes with the space group I4/mmm,
this space group is also adopted for Ni rich compositions. In fact
when the pseudosymmetry search is restricted to the minimal



Fig. 12. Raman modes of Sr2Zn0.75Ni0.25WO6, vs. temperature. (a) temperature dependence of the mode centered at 856.81 cm-1 (b) temperature dependence of the ratio of the
modes (442.38 cm�1)/(856.81 cm�1).

Fig. 13. Raman modes of Sr2Zn0.5Ni0.5WO6 and Sr2Zn0.25Ni0.75WO6, vs. temperature. (a) FWHM ratio of the mode centered at 442.97 cm�1 over 858 cm�1 of Sr2Zn0.5Ni0.5WO6. (b)
Temperature dependence of the modes centered at 857.3 cm�1 of Sr2Zn0.25Ni0.75WO6.

Fig. 14. Phase diagram of Sr2Zn1�xNixWO6 (0 � x � 1) as a function of the composition
of nickel and temperature.
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supergroups, the result obtained for Sr2NiWO6 is that it has pseu-
dosymmetry with the I4/mmm space group. It should be pointed
out that, for the case of double perovskite structures with I4/m
space group, I4/mmm is the only minimal supergroup that can be
accessed with displacements of the atoms.

Our combined study on the structural evolution by the XRD and
Raman spectroscopy measurements as a function of composition
and or temperature provides a comprehensive understanding of
this type of double perovskite from the lattice, bond strength, and
vibrational points of view. We expect that these materials will be of
great interest in electric transport field.
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