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ABSTRACT 

Polycrystalline double perovskite-type Sr2(Co1-xFex)TeO6 with various stoichiometric 

compositions (x = 0, 0.25, 0.5, 0.75, and 1) were synthesized by solid-state reactions in the air. The 

crystal structures and phase transitions of this series at different temperature intervals were determined 

by X-ray powder diffraction, and from the obtained data the crystal structures were refined. It has been 

proven that for the compositions x = 0.25, 0.50, and 0.75 the phases crystallize at room temperature in 

the monoclinic space group I2/m. Down to 100 K, depending on the composition, these structures 

experience a phase transition from I2/m to P21/n. At high temperatures up to 1100 K their crystal 

structures show two further phase transitions. The first one is a first-order phase transition, from 

monoclinic I2/m to tetragonal I4/m, followed by a second-order phase transition to cubic Fm3̅m. 

Therefore, the phase transition sequence of this series detected in a temperature range from 100 K to 

1100 K is: P21/n → I2/m → I4/m → Fm3̅m. The temperature-dependent vibrational features of the 
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octahedral sites were investigated by Raman spectroscopy, which furthermore complements the XRD 

results. A decrease in the phase-transition temperature with increasing iron content has been observed 

for these compounds. This fact is explained by the progressive diminishing of the distortion of the 

double-perovskite structure in this series. Using room-temperature Mössbauer spectroscopy, the 

presence of two iron sites is confirmed. The two different transition metal cations Co and Fe on the B 

sites allow exploring their effect on the optical band-gap. 

Key words: Double-perovskites oxides; X-ray powder diffraction; phase transition; Rietveld 

refinements; Raman and Mössbauer spectroscopy; crystal structure; octahedral distortion. 

1. INTRODUCTION 

Nowadays, perovskite oxides with the general formula ABO3 are among the most interesting and 

studied classes of inorganic compounds, where "A" and "B" are two cations of different identities and 

"A" atoms are larger than "B" atoms [1- 4]. The ideal cubic structure has the cation B in six-fold 

coordination, surrounded by an anion octahedron, whereas the cation A is coordinated by 12 neighbors 

in the form of a cuboctahedron [5-6]. The structural stability of these materials depends largely on the 

size of the cations at sites A and B, a slight change is capable of distortion leading to a reduction of 

symmetry [7]. To estimate the perovskite structure's stability, it is recommended to use the tolerance 

factor as a geometric parameter that measures the deviation of the structure from the ideal compact 

stacking position of atoms. Based on ionic radii and assuming a spherical model where the anions and 

cations are concerned, the tolerance factor of perovskite can be expressed by the equation 𝑡 =  
𝑟𝐴+𝑟𝑂

√2(𝑟𝐵+𝑟𝑂)
 

where 𝑟𝐴 is the radius of the A cations, 𝑟𝐵 the ionic radius of the B cation and rO is the ionic radius of 

oxygen, which are tabulated by Shannon [8]. If t > 1, the perovskite structure is hexagonal. When is 

approximately between 0.96 < t < 1, several tilt systems can be obtained leading to the following space 

groups: Fm3̅m, I4/m, I2/m, and P21/n. The latter is observed when t is smaller than 0.96. In this case, 

the structure can only be described with the tilt system a-a-a+ [9-10]. 

A substitution of 50:50 of ion ratio on the A and B sites produces a subclass of compounds known 

as double perovskite with stoichiometries AA’B'B’O6 and/or A2BB’O6, where the arrangement of cations 

in B sites could be in three forms; a random disordered, an order rock-salt, or a layered ordering. These 

ordering types depend on the difference in ionic charge and size of B cations. In the case of identical 

charges and sizes of B cations, the structure shows a disordered arrangement, but if the dissimilarity is 

equal to 2 or higher the cations' order is in the rock-salt structure [11-13]. 

The ability of this structure to incorporate almost all the elements of the periodic table, except for 

rare gas elements, beryllium, and phosphorus, has given these materials a variety of technologically 

important properties, such as giant magnetoresistance found for Sr2CrWO6 [14-15]. Double perovskite 

showed dielectric properties, [16-18], piezoelectric [19-21], ferroelectric [22-24], or superconducting 
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[25-27] behavior. Therefore, these properties allow these materials to be used in many technological 

applications such as lasers, LEDs, electrode materials for supercapacitors, and solar cells, which is the 

most widespread application of these materials [28-32]. 

Double-perovskite oxides containing iron on the B-sites got the interest of the scientific community 

owing to the important magnetic properties that they showed such as high Curie temperatures [33]. 

Therefore, this type of material has been extensively studied in recent years [34-39]. Their properties 

are quite attached to the type of magnetic element sitting with iron on the B-sites, and as mentioned 

above, they depend strongly on the degree of order between iron and B’ elements [40]. From a magnetic 

point of view, this family of double perovskite has an interesting magnetic behavior as they show 

ferrimagnetism at room temperature, which conducts to a half-metallic character that can give rise to 

magnetoresistance [41]. Technologically, the capability to adjust the magnetic properties of these 

materials by using an applied electric field received special attention for electronic devices with low 

energy consumption [42-43]. Furthermore, Sr2MMoO6 double-perovskite molybdates (M = Ni, Mg, Fe) 

exhibited an interesting electrochemical performance leading to use them as an anode material for solid 

oxide fuel cells [44, 80- 82]. On the other hand, further studies have been performed on double-

perovskite oxides containing cobalt. For instance, a new family of double perovskite cobaltite's Ba1–

xGd1–yLax+yCo2O6−δ (x = 0.5 and y = 0.2; and x = 0, and y = 0.2; and x = 0, and y = 0.7) has been 

developed, which can be used for the photo-electro-chemical device for efficient water splitting [45].  

It is well known that the stability of these structures is sensitive to different effects such as 

temperature, pressure, and identities of A and B cations [46-50, 76 - 79]. Depending on temperature, 

e.g., Sr2MnTeO6 undergoes two phase transitions according to the sequence P21/n → I4/m → Fm3̅m 

[53] At high temperatures the two double perovskites SrCaCoTeO6 and SrCaNiTeO6 show a phase 

transition sequence of P21/n (a-a-c+) → I2/m (a-a-c0) → I4/m (a0a0c-) → Fm3̅m (a0a0a0) [54, 56, 80 - 84].   

Herein, we report a complete study about the crystal structures of double perovskite                     

Sr2(Co1-xFex)TeO6 (x = 0, 0.25, 0.5, 0.75, and 1). Using X-ray powder diffraction and Raman 

spectroscopy, the temperature-induced structural phase-transitions at low and high temperatures are 

investigated. Spectroscopic analysis shows the effect of substituting cobalt by iron on the stability of the 

structure.  

2. EXPERIMENTAL 

2.1. Sample preparation: 

Different compositions of the polycrystalline series Sr2(Co1-xFex)TeO6 (x = 0, 0.25, 0.5, 0.75, and 

1) were synthesized by conventional high-temperature solid-state reaction from stoichiometric amounts 

of TeO2 (Sigma-Aldrich-99.9 %) and Fe(NO3)3.9H2O (Sigma-Aldrich-99.9 %), CoCO3(Sigma-Aldrich-

99.98 %) and SrCO3(Sigma-Aldrich-99.9 %), and without further purification of these precursors, the 

following reaction was performed: 
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2SrCO3 + (1-x)CoCO3+ xFe(NO3)3.9H2O + TeO2  → Sr2Co1-xFexTeO6 + 2CO2↑ + (6+3x)H2O↑ 

+ (x+2)NH3↑ + (4+9x)/4O2↑  

The samples were well mixed in an agate mortar and heated in alumina crucibles in air, at 

progressively higher temperatures, starting from 875 K/12h, and 1075 K/12h, to eliminate all organic 

components. Subsequently, the resulting powders were heated at 1175 K/24h, 1275 K/24h and 1325 

K/24h with periodic intermediate grinding. The purity of the obtained materials was confirmed using 

XRPD, pure powders were obtained. 

2.2. X-ray diffraction: 

Room-temperature X-ray powder diffraction data were collected on a Bruker D8 Discover 

powder diffractometer using Bragg–Brentano geometry with CuKα1,2 (λkα1 = 154.05929(5) pm, λkα2 = 

154.4414(2) pm) radiation. The data were collected in 2θ range from 15 to 100° with a step size of 0.016 

and a data collection time of 1 s/step. Temperature-dependent X-ray powder diffraction data were 

collected on a Bruker Advance D8 diffractometer, equipped with a Vantec high-speed one-dimensional 

detector, with 3° of angular aperture, and using CuKα radiation. To prepare the samples for the 

measurements, they were mixed with acetone. To control the temperature, the samples were put inside 

an Anton Parr HTK2000 heating chamber on a Platinum holder. The parameters are calculated based on 

cyclic refinements of 48 X-ray powder diffraction profiles collected at different temperatures from 300 

K to 1100 K, with a successive increment of 25 K, covering the 15° - 100° 2θ range. A similar 

diffractometer was used for low-temperature measurements, with a Nickel sample holder, and an MRI-

TC wide low-temperature camera from 100 K – 500 K. Data sets were recorded from 100 K to 298 K 

every 5 K. The crystal structures of the series at different range of temperature were performed based 

on the Rietveld method [53] using the FullProf suite [54] and “DiffracPlus Topas 6” software (Bruker 

AXS GmbH, Karlsruhe, Germany).  

2.3. Raman spectroscopy: 

The Raman analysis of these materials were carried out using a T64000 a Horiba Jobin-Yvon 

Raman spectrometer associated with an Olympus BX41 microscope, coupled with a confocal system 

and a CCD detector cooled with liquid nitrogen. The irradiation of the samples is carried out using an 

Argon / Krypton laser (Innova, Coherent) delivering a monochromatic radiation of 532 nm wavelengths. 

The power was 0.2 mW and the optical system had a spectral resolution of 0.15 cm-1 FWHM.  

2.4. Mössbauer spectroscopy: 

The Mössbauer spectroscopy study of Sr2(Co1-xFex)TeO6 oxides (x = 0.25, 0.5, 0.75, and 1) was 

carried out using a constant acceleration HALDER type spectrometer using a source of 57Co (Rhodium 

matrix) at room temperature for iron core. The samples, finely ground, contain on average 10 mg of iron 
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per cm2. For this concentration, the widening effects of the lines can be neglected. In this work the 

spectra were recorded at room temperature. 

3. RESULTS AND DISCUSSION 

3.1. Crystal structures at different range of temperatures 

3.1.1. At room temperature 

The X-ray powder diffraction patterns of the double-perovskite series Sr2(Co1-xFex)TeO6 (x = 0, 

0.25, 0.5, 0.75, and 1) collected at room temperature are presented in Fig. 1. Since the ionic radius of 

the high-spin state for six-fold coordinated Fe3+ (64.5 pm) is smaller than the respective ionic radius of 

Co2+ (74.5 pm), a very small shift of the reflections in the patterns was observed to higher 2θ angles 

when the iron content increases. A visual observation of the diffractograms peaks show a splitting of 

certain reflections, which reveals the distortion of the structure from the cubic form.  

 

Fig. 1: Superposition of room-temperature X-ray diffractograms data for the double-perovskite series 

Sr2(Co1-xFex)TeO6.  

As the parents’ materials Sr2CoTeO6 and Sr2FeTeO6 crystallize in the different space groups, 

P21/n and I2/m, respectively, the compounds with x = 0.25, 0.5, and 0.75 are expected to belong to one 

of these space groups [41, 55]. To confirm the suitable one, structure refinements were performed within 

the two pace groups. The best results with good reliability factors were found using space group I2/m. 

In addition, from a visual analysis of the X-ray diffraction data, the primitive doublet reflections [(-111) 

(111)] and [(-311) (311), (131) (-131)] with the extinction condition h + k + l = 2n + 1, characterizing 

space group P21/n (a-a-c+), located in the 2θ ranges from 25 ° to 27 ° and from 52 ° to 53 ° are absent in 

the patterns of the samples with x = 0.25, 0.50 and 0.75. Therefore, and as indicated by Ortega-San 

Martin et al. [41], the monoclinic space group I2/m (non-standard I12/m1 setting of I2/c, No. 12 ITA) 
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is assigned to the three compositions of this double-perovskite series at room temperature. In this model 

(I2/m), strontium atoms (Sr) are located on the Wykoff position 4i (x, 0, z), and Co/Fe and Te are found 

on 2d (½, ½, 0) and 2a (0, 0, 0) sites, respectively. The oxygen atoms occupy the sites 4i (x, 0, z) and 8j 

(x, y, z). The refinements result in negative values for the Co/Fe displacement parameters at the 2d sites, 

with high values for the displacement parameters at the 2a sites. Negative values of the displacement 

parameters mean an electronic deficit at the 2d sites, and high values of these parameters reveal an 

overabundance of electronic density at the 2a sites [56]. Since the results of Rietveld refinement were 

obtained based on X-ray data, it was very difficult to solve the site disorder, vacancies and the Fe-doping 

on the B-site. However, the followed Rietveld refinement strategy of these parameters (occupancies, 

vacancies and site disorder) were used. First, a free refinement of Fe occupancy on the 2d site was 

allowed, and then the Fe/Te occupancies on the 2a site get another parameter which is Teocc. = 1 - Feocc. 

As a result, a partial disorder occurs when the atoms of Fe set together with Te (a cationic distribution 

of Fe from 2d site to 2a site is happened), with the appearance of vacancies in 2d site, and this to make 

charge compensation of the Fe3+ cations in the system. This strategy gave similar results to the one 

reported by Ortega-San Martin et al. and Zaraq et al. [41 and 57]. Concerning the other compositions 

with Fe-doping for x = 0.25 and 0.50, the same method of refinement was used with keeping the Co 

atoms only on the 2d site. As the formation of the vacancies are related to the location of Fe with Te, it 

is normal that the number of vacancies is increasing as Fe quantity increases, as well as there is an 

increase in the degree of disorder in these systems (x = 0.25 and 0.50), in which these two compositions 

of this series of double perovskites go from full site order at x = 0 to partial disorder with vacancies for 

x = 1.  For the composition x = 0.75, the Rietveld refinement is happened without following the previous 

strategy, and it shows a good results. It is worth to mention that the B-site occupancies are subject to 

significant uncertainty, and that the displacement parameters for all the atoms (Sr2+, Fe3+, Co2+, Te6+ and 

O2-) first were refined during the refinement with fixing the occupancy, then the displacement 

parameters were fixed and refine the occupancy. 

The successful refinement of the cation distribution results in the following crystallographic 

formulas (Sr2 B[Co0.75Fe0.15(3)□0.10(3)]2d
 B’[Fe0.10(3)Te0.90(3)]2aO6 for x = 0.25, Sr2 B[Co0.50Fe0.39(3)□0.11(3)]2d 

B’[Fe0.11(3)Te0.89(3)]2aO6 for x = 0.5, Sr2 B[Co0.25Fe0.75]2d B’[Te]2a O6 for x = 0.75), and (Sr2 

B[Fe0.86(3)□0.14(3)]2d
 B’[Fe0.11(3)Te0.89(3)]2aO6 for x = 1, (□: is meaning vacancy) in which the total content 

of Co, Fe and Te atoms over 2a and 2d sites should respect the stoichiometry of the initial compound, 

otherwise the model is not able to correctly reproduce the experimental intensity of many peaks in the 

diffractograms [57]. The obtained cationic distributions are in good agreement with the calculated bond 

valence sum (BVS) of Co/Fe and Te, which confirms as well that the system could keep the formal 

valences of these elements. It is worth noting that the thermal displacement parameters during the 

refinement were fixed. Fig. S1(a), S1(b), S1(c), S1(d) and S1(e) in supplemental information show the 

diffraction patterns of the final structural refinements which revealed a good agreement between the 
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observed and calculated data. Details of the Rietveld refinement conditions of this series are given in 

Table 2. In Table 3 the atomic positions, displacement parameters and site occupations are listed. Table 

4 gives the interatomic angles and distances.  

 Table 1 lists the tolerance factors of this series which are calculated using the ionic radius 

suggested by Shannon [8]. In Fig. 2 the evolution of the crystal structure parameters as well as the 

volume of the Sr2(Co1-xFex)TeO6 series as a function of the tolerance factor at room temperature are 

displayed. The evolution of these parameters is influenced by the increase of the iron concentration. As 

mentioned before, the big gap between the ionic radius of iron and cobalt occurs this reduction. 

Therefore, the volume of the octahedral space diminishes, which imposes a decrease in the parameters 

of the crystal lattice as well. Their evolution varies linearly with the degree of substitution of the 

compositions with respect to the entire series (x = 0, 0.25, 0.5, 0.75 and 1), which indicates that Vegard 

law is proven [58]. These results indicate a homogeneous distribution of the cations in the crystal 

structure at room temperature.  

Table 1: Tolerance factors of double perovskite series Sr2(Co1-xFex)TeO6. 

Composition Tolerance Factor 

Sr2CoTeO6 0.977(3) 

Sr2(Co0.75Fe0.25)TeO6 0.983(3) 

Sr2(Co0.50Fe0.50)TeO6 0.988(3) 

Sr2(Co0.25Fe0.75)TeO6 0.992(3) 

Sr2FeTeO6 0.999(3) 
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Fig. 2: Variation of lattice parameters as a function of tolerance factor (bottom axis) and Fe 

stoichiometry, x (top x axis) for the of the double perovskite series, Sr2(Co1-xFex)TeO6 (x = 0, 0.25, 0.5, 

0.75 and 1). The values of a and b have been scaled by a factor of √2 for clarity.  

Table 2: Details of the Rietveld refinement results for Sr2(Co1-xFex)TeO6 (x = 0, 0.25, 0.5, 0.75 and 1) 

room temperature data.  

Compositions x = 0  x = 0.25 x = 0.5  x = 0.75  x = 1  

Space group 

a /pm 

b /pm 

c /pm 

β /° 

V /106pm3 

Z 

RB 

RF 

RP 

RWP 

χ2 

P21/n 

564.09(2) 

560.96(2) 

792.63(2) 

90.065(2) 

250.96(2) 

2 

2.49 

6.16 

4.90 

6.37 

1.06 

I2/m 

562.89(2) 

560.69(2) 

792.54(2) 

90.025(2) 

250.35(2) 

2 

2.68 

3.55 

6.89 

10.1 

1.67 

I2/m 

562.94(2) 

560.47(2) 

791.82(2) 

90.018(2) 

249.55(2) 

2 

2.51 

2.96   

7.98 

10.8 

2.84      

I2/m 

561.23(2) 

559.88(2) 

791.19(2) 

90.010(2) 

247.94(2) 

2 

3.54 

2.34 

8.23 

10.04 

2.37 

I2/m 

561.80(2) 

559.65(2) 

788.97(2) 

89.98(2) 

246.84(2) 

2 

5.06 

3.77 

10.02 

14.1 

2.62 

Table 3: Atomic positions, thermal displacement and occupation parameters of Sr2(Co1-xFex)TeO6 (x = 

0, 0.25, 0.5, 0.75 and 1) obtained from the Rietveld refinements against XRD data collected at room 

temperature, (□) presents: vacancy. 

Atom x y Z B/106pm2 Occupation 

Sr2CoTeO6 (P21/n)  

Sr 

Co 

Te 

O1 

O2 

O3 

0.5069(3) 

0 

0 

0.945(3) 

0.254(3) 

0.729(3) 

0.0060(3) 

0 

0 

0.0028(3) 

0.297(3) 

0.241(3) 

0.2493(3) 

0 

0.5000 

0.743(3) 

0.985(3) 

0.018(3) 

1.69(2) 

2.8(3) 

2.02(3) 

1.8(5) 

1.8(3) 

1.9(3) 

1 

1 

1 

1 

1 

1 

Sr2(Co0.75Fe0.25)TeO6 (I2/m)  

Sr 

Co/Fe1/(□) 

Fe2/Te 

O1 

O2 

0.4983(2) 

0.5 

0 

0.002(5) 

0.2447(3) 

0.0000 

0.5 

0 

0 

0.2263(2) 

0.7493(3) 

0 

0 

0.7626(2) 

1.024(2) 

1.96(3) 

2.46(2) 

1.17(3) 

2.37(3) 

1.37(3) 

1 

0.75(1)/0.15(3)/0.10(3) 

0.10(3)/0.90(3) 

1 

1 

Sr2(Co0.5Fe0.5)TeO6 (I2/m)  

Sr 

Co/Fe1/(□) 

Fe2/Te 

O1 

O2 

0.5098(2) 

0.5 

0 

0.080(3) 

0.2448(3) 

0 

0.5 

0 

0 

0.2473(3) 

0.7493(3) 

0 

0 

0.7605(3) 

1.0180(3) 

0.68(2) 

0.46(2) 

0.36(2) 

2.1(3) 

1.698(3) 

1 

0.5(1)/0.39(3)/0.11(3) 

0.11(3)/0.89(3) 

1 

1 

Sr2(Co0.25Fe0.75)TeO6 (I2/m)  
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Sr 

Co/Fe 

Te 

O1 

O2 

0.4898(3) 

0.5 

0 

0.043(3) 

0.225(3) 

0 

0.5 

0 

0 

0.262(3) 

0.7541(3) 

0 

0 

0.755(3) 

1.009(3) 

1.92(2) 

1.48(3) 

1.56(2) 

1.65(3) 

1.65(3) 

1 

0.25(1)/0.75(1) 

1 

1 

1 

Sr2FeTeO6 (I2/m)  

Sr 

Fe1/(□) 

Fe2/Te2 

O1 

O2 

0.5 

0.5 

0 

0.0395 (1) 

0.2390 (1) 

0 

    0.5 

    0 

    0 

0.2540 (1) 

0.75 

0 

0 

0.755 (1) 

0.0157 (1) 

1.91(2) 

1.02 (2) 

0.61 (2) 

1.4 (2) 

2.03 (2) 

1 

0.86(3)/0.14(3) 

0.11(3)/0.89(3) 

1 

1 

Table 4: Selected room-temperature interatomic distances /pm and angles /° for Sr2Co1-xFexTeO6 (x = 

0, 0.25, 0.5, 0.75, and 1).  

Composition x = 0  x = 0.25  x = 0.25 x = 0.25 x = 1  

2d Octahedra 

(Co/Fe/□) – O1 

(Co/Fe/□) – O2 

Co – O3 

Average distance /pm 

Predicted distance /pm 

 

213.6(3) 

214.5(4) 

207.5(3) 

208.7(1) 

214(1) 

 

206.0(3) 

207.2(2) 

- 

207(1) 

208(1) 

 

205(2) 

204(3) 

- 

205(1) 

207(1) 

 

205.5(3) 

203.4(2) 

- 

203.6(1) 

207(1) 

 

203(1) 

201.1(1) 

- 

201.7(1) 

204(1) 

2a Octahedra  

(Te/Fe) – O1 

(Te/Fe) – O2 

Te – O3 

Average Distance /pm 

Predicted distance /pm 

 

195.5(4) 

197.4(3) 

192.5(4) 

194.9(1) 

196(1) 

 

196.7(3) 

193.7(2) 

- 

195.2(1) 

196(1) 

 

195.3(2) 

196(3) 

- 

195.6(1) 

196(1) 

 

195.9(3) 

197(2) 

- 

196.4(1) 

196(1) 

 

197(1) 

196.8(1) 

- 

197.1(1) 

196(1) 

O1 – (Co/Fe/□)2d – O2 

O2 – (Co/Fe/□)2d – O2 

O2 – (Co/Fe/□)2d
 – O3 

90.60(1) 

90.60(1) 

91.20(1) 

92.50(2) 

92(3) 

- 

93(3) 

92(2) 

- 

93(2) 

91(14) 

- 

91.0(2) 

93.70(2) 

- 

O1 – (Te/Fe)2a – O2 

O2 – (Te/Fe)2a – O2 

O2 – (Fe/Te)2a
 – O3 

90.50(2) 

90.80(2) 

90.50(2) 

92.3(2) 

92(3) 

- 

92(2) 

91(2) 

- 

92(2) 

91(1) 

- 

90.90(1) 

92.0(1) 

- 

(Co/Fe1/□)2d–O1–(Te/Fe2)2a 

(Co/Fe1/□)2d–O2–(Te/Fe2)2a
 

(Co/Fe1/□)2d–O3–(Te/Fe2)2a 

163.7(3) 

165.6(3) 

168.1(3) 

160.74(3) 

171.04(3) 

- 

155(3) 

174.4(3) 

- 

167.0(3) 

167.4(3) 

- 

167.2(3) 

172.0(2) 

- 

SrO12 icosahedron 

Sr – O1  

Sr – O2 (x 2) 

Sr – O2 (x 2) 

 

 

 

2.67(3) 

2.534(3) 

2.643(2) 

 

2.82(3) 

2.56(3) 

2.67(3) 

 

2.67(3) 

2.56(3) 

2.74(3) 

 

 

The analysis of the crystallographic parameters of this series suggests that the cation sites [Co/ 

Fe1/ □]2d and [Te/ Fe2]2a of compositions x = 0, 0.25, 0.50, 0.75 and 1 are coordinated by six oxygen 

atoms in a distorted octahedral arrangement. The oxygen atoms connect these octahedra in three 

dimensions, and the space existing between corner sharing octahedra is occupied by Sr atoms forming 

a cuboctahedra environment of 12- coordination. The bond distance values listed in Table 4 are in good 
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agreement with those observed for other compounds related to double perovskites, as well as they are 

reasonable with the bond lengths values calculated from the ionic radii listed in Shannon table [41 and 

55]. Figure S2(a) (see supplementary information) shows the crystal structure of this series, illustrating 

the connection between (Co/Fe1/□)2dO6 and (Fe2/Te)2aO6 octahedra and showing the effect of the 

inclination of these octahedral along the three axes of the double perovskite. Fig. S2(b) shows the tilt 

rotations which could be expressed with the Glazer notation (a0b-c-) [59]. Fig. S2(c) represents the 

environment of the SrO12 polyhedra. 

 The connection between the octahedra (Co/Fe/Te)2dO6 and (Co/Fe/Te)2aO6 is realized by the 

oxygen atoms O(1) along the axis c, and by the atoms O(2) in the ab-plane. The effect of the monoclinic 

tilting for the space group I2/m is observed from the inclination of the octahedra through the two bonding 

angles (Co/Fe1/□)2d - O(1) - (Fe2/Te)2a and (Co/Fe1/□)2d - O(2) - (Fe2/Te)2a which are between 155° 

and 174.4 °, respectively, with the tilt system (a0b-c-). 

3.1.2. Low-temperature diffraction: 

It has been mentioned in the literature that this type of structures exhibits phase transitions at 

low and high temperatures [50 and 60]. The evolution of several reflections can easily indicate these 

phase transitions which could be investigated with temperature-dependent powder diffraction to 

examine their symmetry changes. Respective experiments were performed from 100 K to 293 K using 

a temperature interval of 5 K. Two space groups were proposed for the investigated double-perovskite 

family at low temperature: P21/n and I2/m. By using their starting structural models suggested by Luis 

Ortega-San Martin et al. [41 and 55], Rietveld refinements were performed. In general, the choice of the 

correct space group below room temperature is based on some superlattice reflections sensitive to 

structural phase transition in double perovskite. Furthermore, Bragg reflection splitting can provide 

more information about the crystal system [61, 62]. To distinguish between the two monoclinic space 

groups P21/n and I2/m, it is necessary to inspect the Miller indices located in two 2θ regions 

(23.5 - 25.5°) and/or (51 - 53°) containing the reflections [(1̅11) (111)] and [(311) (- 311), (131) (- 131)], 

respectively, of the primitive Bragg peaks with h + k + 1 = 2n + 1 condition, characterizing the usual 

space group P21/n. These superlattice reflections should not appear in the diffractograms if the nominal 

space group is I2/m [61, 62]. As shown in Fig. 3(a), the reflections [(1̅11) (111)] are clearly visible in 

the diffractograms of the composition x = 0.75 up to 138(5) K. The dark red color corresponds to high, 

the green color to low intensities. This fact proves that this material is crystallizing into P21/n space 

group in a range of temperature from 100(5) to 138(5) K. The alternative monoclinic space group I2/m 

can be considered above Tc ≈ 138(5) K. The same results were found for x = 0.25 and x = 0.50 leading 

to transition temperatures of Tc ≈ 170(5) K and Tc ≈ 160(5) K, respectively (see Fig. 5). As a result, only 

the P21/n model was considered for crystal structures refinements at low temperature for this series. 

Subsequently, this series goes through continuous phase transitions around 170 K, 160 K, and 140 K for 

x = 0.25, 0.50, and 0.75, respectively, from the primitive monoclinic space group P21/n to the body-
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centered monoclinic space group I2/m, which is the first phase transition occurring in this series at low 

temperature. 

3.1.3. At high temperature 

In response of increasing the temperature in double-perovskite material, the crystal structure 

symmetry increases as well. To inspect this fact, the three main diffraction intervals of 23 - 27°, 45 - 46°, 

and 82 - 85° are considered as being sensitive regions to determine structural changes in double-

perovskite structure [50 and 61]. The first corresponds to the primitive monoclinic doublet Bragg 

reflection [(1̅11) (111)], the second interval relative to the reflections [(004), (220)] and (400) 

characterizing the tetragonal symmetry I4m and the cubic symmetry Fm3̅m, respectively. The third 2θ 

range from 82° to 85° is related to the reflection group [(044), (-404), (404)] describing the body-

centered monoclinic space group I2/m, which transform to the doublet (044), and then to (444), 

identifying the tetragonal system I4/m, and the cubic symmetry Fm3̅m, respectively [50]. The 

temperature-dependent diffraction patterns plotted in Fig. 3(a) reveal the total disappearance of the 

reflections [(1̅11), (111)] from the diffractograms of x = 0.75 in the whole temperature range from 300 

K to 1100 K. These obtained results confirm the crystallization of this composition in the centered 

monoclinic space group I2/m.  

Fig. 3(b) shows the Bragg reflection [(220), (004)] evolution in the 2θ range from 44° to 46°. 

As long as the symmetry is monoclinic, a significant splitting of the reflections is clearly observed which 

decreases with increasing temperature. This can be noticed as well from temperature-dependent 

diffraction patterns in Fig. 3(b) by projecting these reflections at high temperature where the doublet is 

representing by red color and it’s losing the splitting character up to the transformation complete of a 

single reflection (400), which is relative to the cubic Fm3̅m aristotype (representing by dark red color). 

Close to the side of 2θ = 46°, a shoulder of this reflection appears at approximately 540(5) K, which is 

not describing the monoclinic or the cubic symmetries. This shoulder is a feature of an intermediate 

tetragonal phase with space group I4/m, although the presence of such a shoulder can clearly be seen in 

the XRD data reproduced by A. Faik et al. [64]. From Fig. 3(b), the second phase transition from I2/m 

to I4/m is clearly observed. 

An additional investigation of the reflections group [(044), (-404), (404)] projected in the 2θ 

interval from 84° to 86° shows the transformation of these reflections to (044) and then to (444) by 

increasing the temperature, as given in Fig. 3(c). Near 560(5) K these reflections transform into a single 

reflection (044) with the appearance of a shoulder close to 2θ = 85° confirming the phase transition from 

monoclinic I2/m to tetragonal I4/m. At around 720 K the shoulder disappears and this reflection changed 

to (444) characterizing the cubic Fm3̅m. These phase transitions were observed as well for the other 

compositions x = 0.25, and x = 0.50.  
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Fig. 3: Temperature dependent XRPD patterns from 100 K to 1100 K showing the evolution of some 

reflections with temperature for the composition x = 0.75. (a) Temperature-dependent diffraction 

patterns in the range of the primitive reflections [(1̅11) (111)] of space group P21/n. The horizontal lines 

indicate transition temperatures. (b) evolution of Bragg reflections (220) and (004), revealing the 

disappearance of the monoclinic splitting with increasing temperature till the transformation to a singlet 

reflection (400) at around 720(3) K. (c) evolution of the monoclinic reflections (404), (-404) and (044) 

located at the interval (83° <2θ <85°). Below 550 K, the splitting is obvious strong revealing a 

monoclinic crystal system in this temperature interval, which transforms to a singlet (004) and (444) 

with increasing the temperature, confirming the following phase transition sequence: I2/m → I4/m → 

Fm3̅m at high temperature. Red color represents high intensity of these reflections. 

The transformations observed in the diffractograms of this series at high temperature have been 

confirmed as well by the structure refinements. Fig. 4 presents the Rietveld plots for the composition x 

= 0.25 crystalizing in I4/m and Fm3̅m at 560 K and 750 K, respectively, showing the good fit in these 

models. The appearance of the above-mentioned reflections characterizing each symmetry are distinctly 

noticed from the insets of Fig. 4(a) and 4(b). The results of the Rietveld refinements at selected 

temperatures for double-perovskite series Sr2(Co1-xFex)TeO6 with x = 0.25, 0.50, and 0.75 are listed in 

Table S1.  
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Fig. 4: Rietveld refinement for composition x = 0.25 at high temperature with structural models (a) 

tetragonal I4/m and (b) cubic Fm3̅m. The presence of the reflections [(220) (004)] and (116) 

characterizing the space group I4/m and the reflections of the peak (444) corresponds to the cubic 

symmetry Fm3̅m is clearly observed from the Figures in insets. 

The evolution of the temperature-dependent lattice parameters within different space groups are 

shown in Fig. 5(a), 5(b) and 5(c) for x = 0.25, 0.50 and 0.75, respectively. Towards higher temperatures 

the lattice parameters tend to increase as well, and their values become very close. Obviously, the 

continuity and discontinuity of these parameters are easily observed, which demonstrates the first-order 

and second-order phase transition of this series, respectively. The values of phase transition temperatures 

are diminished with cobalt substitution by iron. This decreasing is due to the difference between the 

ionic radius of Co2+ and Fe3+ of 74.5 pm and 64.5 pm, respectively.  
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Fig. 5: Evolution of the metric parameters (normalized on the cubic symmetry) as a function of 

temperature for the compositions (a) x = 0.25, (b) x = 0.50 and (c) x = 0.75 obtained from refinement 

of 48 X-ray diffraction profiles collected from 100 to 1100 K. 

The following figure (Fig. 6) represent the evolution of the unit cell volume of this series with 

temperature, which demonstrates the discontuniety of this parameter at the level of the transition from 

the monoclinic I/2m to the tetragonal I4/m. 
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Fig. 6: Evolution of the unit cell volume of monoclinic I2/m, tetragonal I4/m and the cubic Fm-3m as a 

function of temperature for the compositions (a) x = 0.25, (b) x = 0.50 and (c) x = 0.75 showing the 

discontinuity of the volume. 

Obviously, the structural analysis of double-perovskite, series Sr2(Co1-xFex)TeO6 suggests that 

there are three phase transitions, at low and high temperature, according to the following transition 

sequence: P21/n → I2/m → I4/m → Fm3̅m. This phase-transition sequence has already been reported 

for the same materials of tellurium family [8, 9]. Fig. 7 shows a schematic view of the crystal structures 

corresponding to different phases. 

 

Fig. 7: A schematic representations of crystal structures at different range of temperatures of double 

perovskites Sr2(Co1-xFex)TeO6 generated by Vesta [63]. The small red spheres are oxygen atoms, the big 

green spheres are Sr atoms, the blue octahedra are 2d sites and the light brown octahedra represent 2a 

sites. 

3.2. Microstructural analysis of the studied samples using Scanning electron 

microscopy and energy-dispersive X-ray: 

The surface morphology of the series Sr2(Co1-xFex)TeO6 (x = 0, 0.25, 0.50, 0.75 and 1) was 

investigated by scanning electron microscope to examine possible changes. According to the respective 
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images (see Fig. S3 in supplemental information), the samples look similar, and the homogeneity of 

particles is clearly observed with diffident size which is between 0.2 up to 1 µm. This diversity in the 

size occurs while the preparation of the samples (because of high temperature calcination) and some 

very small particles appear through grinding the samples [48]. Besides, the boundaries of the particles 

are easily observed form these SEM images. Fig. S4 in supplementary information shows the energy-

dispersive X-ray (EDX) spectra taken for the series. The EDX data showed that the samples contained 

only Sr, Co, Fe, Te, and O as expected with additional carbon from the substrate detected, and some 

gold trace from flashing the samples. The results show very good matches of the Co, Fe and Te numbers 

with the respective stoichiometries (Please see Table S2 of EDX analysis). The transition metals and 

Te ratios were in reasonable agreement with the expected trend as Fe replaced Co in this double 

perovskite structure. 

3.3. Spectroscopic studies of double perovskites: 

3.3.1. Mössbauer study of iron in the series Sr2(Co1-xFex)TeO6 (x = 0.25, 0.5 

and 0.75) at room temperature: 

To get information about the oxidation state of iron and its crystallographic environment, 

Mössbauer spectroscopy was performed at room temperature. Fig. S5 in supplemental information 

illustrates the respective Mössbauer spectra of Sr2(Co1-xFex)TeO6 (x = 0.25, 0.5 and 0.75). These spectra 

consist of a singlet, a paramagnetic quadrupole doublet, and a magnetic sextet. The hyperfine parameters 

obtained from the fitting of Mössbauer spectra are given in Table 5. 

Table 5: Hyperfine parameters of double perovskite series Sr2(Co1-xFex)TeO6 (x = 0.25, 0.5 and 0.75) 

at 300 K, (: centre shift, ∆: quadrupole splitting, Γ: the line width given as half-width, half-maximum 

(FWHM)). 

  / mm s-1 ∆ / mm s-1 Γ / mm s-1 Intensity /% 

 x = 0.25 

Paramagnetic-

doublet 

0.36(2) -0.226(2) 0.4(2) 18 

Iron - Site (2a) 0.39(2) 0.191(2) 0.46(2) 58 

Iron - Site (2d) 0.46(2) 1.121(2) 0.52(3) 24 

 x = 0.5 

Paramagnetic-

doublet 

0.36(3) -0.291(2) 0.63(2) 20 

Iron - Site (2a) 0.37(3) 0.206(2) 0.45(2) 32 

Iron - Site (2d) 0.43(3) 1.197(2) 0.48(2) 47 

 x = 0.75 

Iron - Site (2a) 0.43(3) 0.254(2) 0.52(2) 46 

Iron - Site (2d) 0.44(3) 1.241(2) 0.44(2) 54 
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The quadrupole doublet and the singlet reveal the presence of two different iron sites. This was 

suggested previously in the crystal structure part of this manuscript, where the XRD analysis show a 

degree of anti-site disorder, which means that iron exists in this structure in two different electronic 

environments. After considering the Mössbauer results, which show that the values of the centre shifts 

vary between 0.39 mm/s and 0.46 mm/s with a quadrupole splitting varying between 0.191 mm/s and 

1.254 mm/s, the predominantly of iron 3+ in a high-spin state in two octahedral sites is confirmed. The 

quadrupole splitting has a significant dependency with increasing iron into the two sites. Its values can 

give suggestion regarding the degree of octahedral deformation; more the quadrupole splitting is high, 

more the octahedral is irregular (showing a significant deformation) [61]. 

As was mentioned in the crystal structure, the values of the atomic distances of the octahedral 

2d show a decrease with Co substitution, in contrast with the atomic distance values of the octahedral 

2a which increase with increasing Fe (see Table 4). The diminution of the atomic distance give rise to 

strong interaction between Fe and the six atoms of oxygen, which increase as well the electric field 

gradient and then increasing the quadrupole splitting (QS) [61 and 64]. As a result, the octahedral site 

(2d) could be more deformed than the octahedral (2a). 

The sextets observed in the Mössbauer spectra of the compositions x = 0.25 and 0.50 marked 

in red, increase in intensity with increasing x, such that the area increases from approximately 18.0 % 

to 20.0 % for x = 0.25 and 0.50, respectively. If these shoulders are present in the spectrum for sample 

x = 0.75, they are very weak and area ratio is approaching zero. The presence of such a component can 

clearly be seen in the spectrum reproduced by Ortega-San Martin et al. [41]. It has been demonstrated 

by A. A. Elbadawi et al. [65], that the reason behind the appearance of such a magnetic shoulder is the 

existence of two different electronic environments of iron, which leads to an internal pressure in the 

crystalline structure. As a results, the octahedral are deformed and give rise to the appearance of this 

magnetic behavior observed in Mossbauer spectrums of these samples [61 and 65]. 

3.3.2. Raman spectroscopy 

Raman measurements were carried out at room and high temperature with the aim of getting some 

insight into the rotation, tilting, and ordering of octahedra in B sites, as well as to investigate the phase 

transitions occurring in this double perovskite series. 

Although room-temperature Raman spectroscopy of the composition Sr2CoTeO6 has already been 

reported [66], to the best of our knowledge, this is the first time the structural phase transitions obtained 

at high temperature are determined by Raman spectroscopy. Concerning the composition Sr2FeTeO6, 

this is the first investigation of structural changes at room- and high temperature using Raman. 

a. room temperature investigation 

To classify vibrational states of this double-perovskite series, group theory was used (Table S3) 

[67]. As the space group assigned to this series at room temperature is I2/m, the group theory of the sites 
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occupied of the compounds Sr2(Co1-xFex)TeO6 (x = 0, 0.25, 0.5, 0.75, and 1) lead to the following 

irreducible representation: 

Ƭ (I2/m) = 7Ag (R) + 5Bg (R) + 7Au (IR) + 11Bu (IR) + Au (ac) + 2Bu (ac) 

The symbols represent: (R) active modes in Raman, (IR) infrared active modes, (ac) acoustic 

modes.  

Through factor analysis (see: Table S3) twelve Raman active modes represented by Ƭ(Raman) 

which are 7Ag + 5Bg, are predicted. However, from Fig. 8 the Lorentzian fitting peaks of Raman spectra 

demonstrates only 11, 13, and 10 Raman modes for the samples 0.25, 0.50, and 0.75, respectively, are 

observed. Maybe the remaining modes are too weak to be observed in these systems (see Figure S6 in 

supplemental information for compositions 0, 0.25, 0.75 and 1). 

Many studies classify the Raman modes observed for such kind of materials into three general 

families of vibrations modes: wave numbers lower than 350 cm-1 are assigned to Sr+2 atoms translations, 

as well as the octahedra (Te)O6 translation and rotation. The region between 350 - 500 cm-1 determines 

the bending vibrations of O - (Te) - O angles (inside the octahedra). Modes at wavenumbers above 550 

cm-1 are attributed to stretching modes of (Te) – O octahedra [56 and 68]. It was reported that for 

polycrystalline double perovskites it is not easy to determine all of the observed Raman modes using 

polarization rules, exceptionally to the modes related to octahedral [66]. Fig. 9 shows room-temperature 

Raman spectra of Sr2(Co1-xFex)TeO6 (x = 0, 0.25, 0.5, 0.75 and 1). The observed Raman active modes 

with the suggested assignments are listed in Table S4. In this figure, the effect of Co substitution by Fe 

is obviously observed from the splitting of the mode located around 140 cm-1 and 420 cm-1 which 

transformed to one peak with increasing Fe, and by the shifting of the modes located around 750 cm-1 

towards small values. Those modes are known to be affected by the monoclinic distortion in double 

perovskite, either by changing the chemical composition and/or temperature (as it will be discussed in 

next part). The splitting of Raman modes is a consequence of octahedral distortion, which was explained 

by a degeneration of the vibrational energy levels and then the appearance of Raman modes division [69 

and 70 and 83, 84]. Furthermore, the tolerance factor values of this series suggest that Sr2CoTeO6 with 

TF = 0.977 could be more distorted than Sr2FeTeO6 with a TF = 0.999, which is close to the ideal 

structure (with TF = 1). The changes observed in the values of modes located at 750 cm-1 due to the 

enhancement of (Co/Fe/Te)2a – O bond length inside the octahedra (see Table 3) produce a diminution 

in the connecting energy of these atoms with oxygen, resulting in reduced mode frequencies [66].  
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Fig. 8: Room temperature Raman data (black) for composition Sr2(Co0.5Fe0.5)TeO6 with the fitted 

Lorentzian peaks, the sum of the fitted peaks (red) and the difference curve (green). 

 

Fig. 9: Raman spectra of Sr2(Co1-xFex)TeO6 at room temperature. Insets show the transformation of 

Raman active modes around 140 cm-1 (left), and about 420 cm-1 (right) with Co substitution by Fe. 

b. high temperature investigation 

Raman active mode dependence on temperature is plotted in Fig. S7 (see supplemental 

information). As mentioned previously, the Raman active modes located at 140 cm-1, 420 cm-1, and 750 
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cm-1 are considered as soft modes to chemical substitution and/or temperature. Therefore, to identify 

phase transitions induced by temperature in this double-perovskite series, the behavior of these modes 

is in focus. From Fig. S7(a), S7(b), and S7(c), the transformation shape of the peaks with temperature 

enhancement is clearly observed (see supplementary information). In addition, most of the peaks shift 

to low mode values. Fig. 10(a), 10(b), and 10(c) display the evolution of Raman active mode located at 

140 cm-1 through increasing temperature, which are split at low temperature, and merge into one peak 

at 560 K, 480 K, and 460 K for x = 0.25, 0.50, and 0.75, respectively. This discontinuous behavior 

reveals the first phase transition of this composition from I2/m to I4/m. By increasing the temperature, 

a change in the slope of this behavior is observed around 740 K, 720 K, and 700 K, respectively, for x 

= 0.25, 0.50, and 0.75 indicating the phase transition from I4/m to Fm3̅m. Similarly, a disappearing 

splitting was remarked with increasing temperature for modes found at 420 cm-1. In Fig. 11, a linear 

shift in Raman active modes toward smaller values around 750 cm-1 was noticed. Since all those modes 

are assigned to BO6 octahedra, the observed behavior in the mode frequencies is related to the distortion 

of the octahedra in this series, which decrease with increasing the temperature. These Raman results are 

good agreement with those obtained from X-ray diffraction data. A similar behavior of Raman mode 

evolution with temperature was observed for other double perovskite oxides [71-73], too. 
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Fig. 10: Temperature-dependent Raman modes (around 140 cm-1) for (a) Sr2Co0.75Fe0.25TeO6, (b) 

Sr2Co0.5Fe0.5TeO6 and (c) Sr2Co0.25Fe0.75TeO6. 
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Fig. 11: Evolution of Raman modes located around 750 cm-1 as a function of temperature for Sr2(Co1-

xFex)TeO6 (x = 0.25, 0.5 and 0.75). The Raman modes decrease monotonically for the entire series with 

increasing temperature, as well as with increasing Fe content. 

The phase-transition temperature as a function of both composition x and tolerance factor for 

this series is plotted in Fig. 12. Interestingly, a linear decrease of the phase transition temperature with 

the Goldschmidt tolerance factor was observed. For instance, for the starting compound Sr2CoTeO6 with 

(x = 0), the transition to the ideal structure Fm3̅m, takes place at a temperature of 793 K [55], whereas 

for the composition Sr2FeTeO6 with (x = 1), the transition temperature was found around 550 K [41]. 

The decrease in the phase-transition temperature can be explained by a progressive decrease in structural 

distortion in Sr2(Co1-xFex)TeO6, which is due to an increase in the iron content in the structure, indicating 

that the Fe3+ and Co2+ ions content plays an important role in the distortion of this structure, giving for 

the phase transitions in these materials. Moreover, from Fig. 12, it is obvious that the monoclinic interval 

of the samples decreases linearly from x = 0 to x = 1 with increasing iron content. This observation 

indicates that the temperature at which the distortion disappears is affected by the interval of the 

octahedra distortion at room temperature. The large the interval, the more the system is distorted. 
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Fig. 12: Transition temperature as a function of chemical composition parameter x (bottom axis) and 

tolerance factor (top x axis) for the series Sr2(Co1-xFex)TeO6 (x = 0, 0.25, 0.50, 0.75 and 1). 

3.3.3. Optical properties: 

The optical properties of the double perovskite series Sr2(Co1-xFex)TeO6 were studied by UV/Vis 

diffuse reflectance spectroscopy to determine their optical band-gap energy. The obtained data could 

determine as well the type of transition if it is direct or indirect and to observe the effect of substituting 

Co by Fe on the optical band gap. Fig. 13(a) demonstrates the UV/Vis diffuse reflectance spectrum for 

all the samples, whereas Fig. 13(b) exhibits the absorption spectrum of this series which were 

determined by using the Kubelka-Munk function F(R) = (1 - R)2/2R, where R is the reflectance of 

compounds [1] (see ESI). The spectra for x = 0 and x = 0.25 show an absorption band at around 580 nm 

assigned to the Co2+ ion spin transition 4T1g(F) → 4T2g(F). The band gap energy is calculated based on 

the formula Eg = 1240/λ, (λ is the absorption edge’s wavelength). To determine the transition type either 

direct or indirect, Tauc method is used based on the following formula: [F(R)*hυ]1/n = A(hυ - Eg) with n 

= 2 or 1/2 for indirect and direct band gap transitions, respectively [74 and 75], hv is photon energy, and 

A is proportional constant.   
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Fig. 13: (a) UV/vis Diffuse Reflectance (R) and (b) Kubelka-Munk function F(R) for double perovskite 

series Sr2(Co1-xFex)TeO6 (x = 0, 0.25, 0.50, 0.75, and 1). 

To determining the optical band gap, a combination of two methods was used, Tauc [56] and 

DASF [57]. The idea is to fit the DR-UV-Vis data in order to extract the band gap energies. As a result, 

an obtained absolute value is estimated to be the band-gap energy. Moreover, the difference found 

between these values of the band gap and Ei and Ed can help to determine the type of transition. Indeed, 

the nearest value for Eg represents the spin transition [42 and 4 (see ESI references)]. Fig. 14 and Fig. 

S8 in supplemental information display the direct and indirect band-gap energy of this series, and they 

represent also the diagram obtained from the combination of Tauc and DASF, which suggests a direct 

transition for this double perovskite series. It is possible that the presence of numerous transition 

elements in our system with the overlapping of the transitions levels between conduction and valence 

bands of cobalt and iron lead to broad and weak peaks of DASF curves. In Table 6, the wavelength 
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shows an increase by increasing iron content in this series, which results in a decrease in the band gap 

energy values.  

 

 

Fig. 14: Tauc plots for direct (hʋ * F(R))1/2 and indirect (hʋ * F(R))2 (top) with DASF plots (bottom) for 

composition Sr2(Co0.25Fe0.75)TeO6. 

Table 6: Absorbed wavelength from Kubelka–Munk plot, and the experimental values of the absolute 

band gap energy Eg obtained from different graphic methods for double perovskite Sr2(Co1-x Fex)TeO6. 

Sample Sr2CoTeO6 x = 0.25 x = 0.5 x = 0.75 Sr2FeTeO6 

λabs /nm 320(2) 398(2) 430(2) 438(2) 441(2) 

Direct (hʋ * 

F(R))2  

3.86(2) 2.95(2) 2.78(2) 2.48(2) 2.74(2) 

Indirect (hʋ * 

F(R))1/2 

3.09(3) 

and 

2.23(3) 1.96(3) 1.76(3) 1.87(3) 
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1.4(3) 

Eg  3.88(3) 3.11(3) 2.88(3) 2.83(3) 2.81(3) 

Transition 

gap-energy 

Direct  Direct Direct Direct Direct 

3.3.4. Thermal analysis 

The thermal behavior of this series at high temperature was investigated by TGA/DSC. The TG 

and DSC curves plotted in Fig. S9a and Fig. S9b show a negligible mass change for all the 

compositions. These results confirm the stability of our series at high temperature.  

4. SUMMARY 

The crystal structures of double perovskite Sr2(Co1-xFex)TeO6 have been determined through X-

ray powder diffraction data analysis performed at low-, room- and high-temperatures. The investigation 

at room temperature shows that the compositions x = 0.25, 0.50, 0.75 and 1 adopt the monoclinic space 

group I2/m. The structure reveals that iron is distributed between both obtained octahedral sites of the 

structure (at site symmetry 2a and 2d) with appearance of vacancies to balance the charge of the Fe3+ 

cation in comparison to Co2+ of Sr2CoTeO6. Indeed, the difference of charge and size between Co2+/Fe3+ 

and Te6+ ions on the B-sites cause the anti-site disorder in the structure. The Rietveld refinement of this 

series at different temperature ranges reveals the presence of the phase-transition sequence P21/n → 

I2/m → I4/m → Fm3̅m. In addition, from the temperature-dependent behavior of the Raman modes, 

which are assigned to TeO6 octahedral (site symmetry 2a), it was observed that the octahedral distortions 

decrease with increasing the temperature as well as when the Fe-ion content increases. This fact confirms 

the high correlation between the distortion of the structure and the transition temperature. The larger the 

distortion, the lower is the transition temperature. The room-temperature Mössbauer measurements 

show the presence of Fe3+ in a high-spin state in an octahedral environment. Furthermore, the obtained 

values of the quadrupole splitting confirm the crystal structure refinement results regarding the cation 

distribution of Fe on the B-sites. Diffuse reflectance UV/Vis results showed an increase in the band-gap 

energies with a direct optical transition for all the samples. SEM images confirm the similarity of the 

microstructures of the prepared samples. Each is composed of large particles, with a relatively narrow 

particle size distribution. 
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6. SUPPLEMENTAL INFORMATION 

Tables:  

Table S1: Rietveld refinement of double perovskite, series Sr2(Co1-xFex)TeO6 (x = 0.25, 0.5 and 0.75) 

defined in the tetragonal I4/m and cubic Fm3̅m space groups, from in situ X-ray diffraction data taken 

at high temperatures. 

Table 2S: EDX results for the elements of double perovskite series Sr2(Co1-xFex)TeO6 

 

Elements 

Sr2CoTeO6 Sr2(Co0.75Fe0.25)TeO6 Sr2(Co0.50Fe0.50)TeO6 Sr2(Co0.25Fe0.75)TeO6 Sr2FeTeO6 

Atomic 

% 

Atomic 

% 

Atomic 

% 

Atomic 

% 

Atomic 

% 

O  33.83(4) 36.46(4) 38.56(4) 40.64(3) 44.92(4) 

Te  15.80(3) 15.30(5) 15.18(3) 14.94(3) 10.07(3) 

Composition x = 0.25 x = 0.50 x = 0.75 

Space group I4/m Fm3̅m I4/m Fm3̅m I4/m Fm3̅m 

Temperature 

/K 
560 730 750 470 700 730 470 700 720 

a /pm 

c /pm 

V / 106pm3 

Sr 

x 

y 

z 

B /10-4pm2 

Co/Fe 

x 

y 

z 

B /10-4pm2 

Te 

x 

y 

z 

B /10-4pm2 

O(1) 

x 

y 

z 

B /10-4pm2 

O(2) 

x 

y 

z 

B /10-4pm2 

Rp /% 

Rwp /(% 

Rexp /% 

χ2 

562.2(1) 

797.1 (2) 

251.9(1) 

 

0 

½ 

¼ 

0.5(1) 

 

0 

0 

½ 

0.5(1) 

 

0 

0 

0 

0.5 

 

0 

0 

0.2291(1) 

2.01 

 

0.2471(2) 

0.2165(1) 

0 

2.1(1) 

4.21(1) 

5.83(1) 

3.37(1) 

2.9(1) 

562.3(1) 

797.6(1) 

252.2(1) 

 

0 

½ 

¼ 

0.5(1) 

 

0 

0 

½ 

0.5(1) 

 

0 

0 

0 

0.5 

 

0 

0 

0.2286(1) 

2.01 

 

0.2472 

0.2166 

0 

2.1(1) 

4.01(1) 

5.70(1) 

3.36(1) 

2.88(1) 

797.9(1) 

 

507.9(1) 

 

¼ 

¼ 

¼ 

0.5(1) 

 

0 

0 

0 

0.5(1) 

 

½ 

½  

½  

0.5 

 

0.259(2) 

0 

0 

2.00 

 

 

 

 

 

4.38(1) 

6.14(1) 

3.41(1) 

2.25(1) 

562.0(2) 

796.9(2) 

251.7(1) 

 

0 

½ 

¼ 

0.5(1) 

 

0 

0 

½ 

0.5(1) 

 

0 

0 

0 

0.5 

 

0 

0 

0.2283(1) 

0.5 

 

0.2470(1) 

0.2157(1) 

0 

0.5 

4.96(1) 

5.87(1) 

3.51(1) 

2.9(1) 

563.5(1) 

797.8(2) 

253.3(1) 

 

0 

½ 

¼ 

0.5(1) 

 

0 

0 

½ 

0.5(1) 

 

0 

0 

0 

0.5 

 

0 

0 

0.2293(1) 

0.5 

 

0.2472(1) 

0.2168(1) 

0 

0.5 

4.94(1) 

5.71(1) 

3.51(1) 

2.9(1) 

797(1) 

 

506.3(1) 

 

¼ 

¼ 

¼ 

0.5(1) 

 

0 

0 

0 

0.5(1) 

 

½ 

½  

½  

0.5 

 

0.244(2) 

0 

0 

0.5 

 

 

 

 

 

5.58(1) 

6.10(1) 

3.51(1) 

2.76(1) 

560.7(1) 

795.5(1) 

250.0(1) 

 

0 

½ 

¼ 

0.5(1) 

 

0 

0 

½ 

0.5(1) 

 

0 

0 

0 

0.5 

 

0 

0 

0.2287(1) 

0.5 

 

0.2471(1) 

0.2200(1) 

0 

0.5 

4.23(1) 

6.97(1) 

4.37(1) 

2.96(1) 

562.1(2) 

795.9(1) 

251.5(1) 

 

0 

½ 

¼ 

0.5(1) 

 

0 

0 

½ 

0.5(1) 

 

0 

0 

0 

0.5 

 

0 

0 

0.2278(1) 

0.5 

 

0.2471(1) 

0.2170(1) 

0 

0.5 

4.62(1) 

6.82(1) 

4.09(1) 

2.86(1) 

795.6(1) 

 

503.7(1) 

 

¼ 

¼ 

¼ 

0.5 

 

0 

0 

0 

0.5(1) 

 

½ 

½  

½  

0.5 

 

0.243(2) 

0 

0 

0.50 

 

 

 

 

 

5.65(1) 

6.59(1) 

4.10(1) 

2.45(1) 
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Fe  - 3.87(3) 7.14(5) 10.22(3) 14.87(3) 

Co  15.08(3) 11.75(3) 7.67(3) 3.76(3) - 

Sr  33.81(4) 32.59(4) 31.42(4)            30.42(4) 30.04(4) 

Gold 1.49 - - - 0.06 

Sum 100 100 100 100 100 

 

Table 3S: Analysis of the factor group for Sr2(Co1-xFex)TeO6 at room temperature [67]. 

Atom Wyckoff site Symmetry Distribution of modes 

Sr 

Co/Fe 

Te 

O1 

O2 

4i 

2d 

2a 

4i 

8j 

-1 

2/m 

2/m 

-1 

m 

Au + 2Bu + 2Ag + Bg 

Au + 2Bu 

Au + 2Bu 

Au + 2Bu + 2Ag + Bg 

3Au +3Bu + 3Ag + 3Bg 

Ƭ total = 7Ag (R) + 5Bg (R) + 7Au (IR) + 11Bu (IR) + Au (ac) + 2Bu (ac) 

Ƭacoustic = Au + 2Bu 

ƬRaman=7Ag + 5Bg 

ƬInfrared= 7Au + 11Bu 

 

Table S4: Raman shift /cm-1 for the room temperature modes observed in Sr2Co0.75Fe0.25TeO6, 

Sr2Co0.5Fe0.5TeO6 and Sr2Co0.25Fe0.75TeO6. 

ʋ (Co) ʋ (Co0.75Fe0.25) ʋ (Co0.50Fe0.50) ʋ (Co0.25Fe0.75) ʋ (Fe) Assignment 

140 141 143 145 146 T 

410 / 416 / 427 411 / 423 410 / 419 421 422 ʋ5 

557 550 554 558 563 ʋ2 

751 752 750 748 744 ʋ1 
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Figures: 
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Fig. S1: Room-temperature data Rietveld plots of the double-perovskite series Sr2(Co1-xFex)TeO6 using 

a monoclinic structural model I2/m, (a) x = 0, (b) x = 0.25, (c) x = 0.5, (d)  x = 0.75 and (e) x = 1. 
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Fig. S2: Crystal structures generated by VESTA program [62], (a) alternation and the tilting of the 

octahedra B’O6 = (Co/Fe/Te)O6 2d-site and B”O6 = (Te/Co/Fe)’O6 2a-site, and (b) the tilt rotations (a0b-

c-), (c) the environment of the polyhedra SrO12. Red spheres representing oxygen atoms. 

 

 

 



41 

 

 

 

 

Fig. S3: SEM images of double perovskite series Sr2Co1-xFexTeO6. (a) Sr2CoTeO6, (b) 

Sr2Co0.75Fe0.25TeO6, (c) Sr2Co0.5Fe0.5TeO6, (d) Sr2Co0.25Fe0.75TeO6 and (e) Sr2FeTeO6. 
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Sr2CoTeO6: 

 

Sr2Co0.75Fe0.25TeO6: 

 

Sr2Co0.5Fe0.5TeO6: 
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Sr2Co0.25Fe0.75TeO6: 

 

Sr2FeTeO6: 

 

Fig. S4: EDX spectra for the double perovskite series Sr2(Co1-xFex)TeO6 (x = 0, 0.25, 0.50, 0.75 and 1) 
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Fig. S5: Room-temperature Mössbauer spectrums of double perovskite series Sr2(Co1-xFex)TeO6. The 

weak sextets in spectra for samples Sr2Co0.75Fe0.25TeO6 and Sr2Co0.50Fe0.50TeO6 indicates a magnetic 

behavior of these samples. 
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Fig. S6: Lorentzian fitting of Raman data for the Sr2(Co1-xFex)TeO6 with x = 0, 0.25, 0.75, and 1 at room 

temperature. 
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Fig. S7: Raman spectra of the compositions: (a) x = 0.25, (b) x = 0.50 and (c) x = 0.75, obtained at 

different temperatures. The black lines are a guide of eyes. 
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Fig. S8: Tauc plots for direct (hʋ * F(R))2 and indirect (hʋ * F(R))1/2 (left) with DASF plots (right) for: 

(a) Sr2CoTeO6, (b) Sr2Co0.75Fe0.0.25TeO6, (c) Sr2Co0.50Fe0.50TeO6, and (d) Sr2FeTeO6. 
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Fig. S9. (a). TG and (b). DSC analysis of DP Sr2(Co1-xFex)TeO6. 
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