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Supplementary File

S1. Study of phase formation and crystal structure

The phase formation of samples was studied by recording the XRD pattern of both samples 

obtained at as prepared, 1000oC, 1200oC and 1350oC and shown in Fig. S1. The as prepared 

XRD pattern of both samples shows the unreacted raw materials SrCO3 and SnO2. However, 

the pattern obtained at 1000oC indicate the formation of phase SrSnO3 with tiny amount of 

SrCO3 and SnO2 (indicated by @ and #).  Further increase of temperature to 1200oC results the 

single-phase formation of both phase SrSnO3 and Sr2SnO4. Further increasing the temperature, 

the diffraction pattern of both the samples shows increase of the intensity as well as the 

sharpness of peaks. The reported crystallographic open database (COD) numbers 1530998 for 

SrSnO3 and 1539931 for Sr2SnO4 are well matched with all of the diffraction peaks present in 

both samples 1,2. 
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Fig. S1: Room temperature XRD pattern of samples at different temperatures (a) SSO, (b) 
S2SO.

S1.1 Evaluation of crystallite size and micro-strain.

The XRD peak's broadening suggests the presence of a number of factors, including 

instrumental broadening, microstrain, and lower crystallite sizes. By using the Debye-Scherrer 

formula, the crystallite size of the samples was linked with the fullwidth half maximum 

(FWHM) of the XRD peak 3:

(3)
𝐷 =

𝑘𝜆
𝛽 𝐶𝑂𝑆 𝜃𝑚𝑎𝑥

Here λ denotes the wavelength (1.54Å for Cu-kα radiation) of X-ray, β is the FWHM of XRD 

peak in radian and k is Scherrer’s constant equivalent to 0.94. Since the FWHM peak has 

several contributions, so it can’t be used directly in eq. (3). In order to correct the FWHM of 

sample’s XRD peak from instrumental broadening, it is necessary to obtained a XRD pattern 

of Si-single crystal. Now, the corrected β can be obtained by following eq 4: 

(4)𝛽2 = 𝛽 2
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ‒ 𝛽 2

𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡𝑎𝑙

The crystallite size for samples SSO1, SSO2, S2SO1, and S2SO2 was determined by eq. (5) 

using  from eq. (6) and given in Table S1. In comparison to the sample S2SO exhibit larger 𝛽

crystallite size than SSO. The obtained value of crystallite size may not be accurate, as the 

contribution of micro-strain was not separated from the FWHM of XRD peak. The literature 

suggests an alternative approach to determine crystallite size and micro-strain, name "Size-

Strain Plot" (SSP) 5. The SSP plot uses a Lorentzian function to represent the crystallite size of 

samples and a Gaussian function to represent strain. The SSP method was mathematically 

represented by following equation 6:

(5)
(𝑑ℎ𝑘𝑙𝛽𝑐𝑜𝑠𝜃

𝜆 )2 =
𝑘𝜆
𝐷 (𝑑 2

ℎ𝑘𝑙𝛽𝑐𝑜𝑠𝜃

𝜆2 ) + (𝜀
2)

Here denotes the interplanar spacing equivalent to the plane (hkl), variable ɛ represents  𝑑ℎ𝑘𝑙 

the micro-strain induced in the lattice, and the parameter β, λ and D is same as define in the 

Debye-Scherrer’s equation and k denotes the Scherrer constant which is equal to 3/4. The plot 

of versus  for SSO and S2SO are shown in Fig. S2.(𝑑ℎ𝑘𝑙𝛽𝑐𝑜𝑠𝜃

𝜆 )2 (𝑑 2
ℎ𝑘𝑙𝛽𝑐𝑜𝑠𝜃

𝜆2 )
The slope and intercept of the fitted curve (shown by the red line) were used to calculate the 

crystallite size and micro-strain values, while the slope of the graphs and the square root of the 



intercept were used to get the lattice strain values. Table S1 displays the lattice strain and 

crystallite size obtained from SSP plots for the two samples. Table S1 shows that, despite 

following a similar pattern, the value of crystallite size obtained via SSP was larger than Debye-

Scherrer. Williamson-Hall (W-H) plot was another literary strategy that was covered.

Moreover, it is noted that the crystallite size and microstrain of S2SO were found to be higher 

than those of SSO. Another parameter named “Dislocation density” is also an important 

parameter in materials characterization which is defined as the number of dislocations in a unit 

volume of a crystalline material. The dislocation density can be calculated by formula 7:

                                                                                  (6)
𝛿 =

1

𝐷2

Here, D is the dimension of the crystal (obtained from W-H plot). Table S1 displays the value 

of dislocation density obtained using eq. (6). Dislocation density was observed to be less for 

SSO2 than SSO1, and remains same for S2SO1 and S2SO2. It is a well-known phenomenon 

that, as crystallite size decreases, dislocation density increases, and vice versa. Thus, here we 

say that the phase SrSnO3 has lower dislocation density than Sr2SnO4. 

Fig. S2: Size-strain plot of samples, (a) SSO1, (b) SSO2, (c) S2SO1, (d) S2SO2 obtained 
using eq. (5).



Fig. S3: Williamson–Hall plot of sample (a) SSO1, (b) SSO2, (c)S2SO1, (d) S2SO2 
generated using eq. (6).

Table S1: Comprehensive analysis of crystallite size, microstrain, and dislocation density 
across all samples.

Crystallite size (nm) Strain (ɛ)×10-3S. 
No.

Sample 
name Debye-

Scherrer
W-H 
plot

SSP plot W-H plot SSP plot
Dislocation 

Density (m-3) 
(x 1014)

1. SSO1 28.79 73.75 40.97 6.71 6.192 8.75
2. SSO2 28.73 42.72 25.02 3.35 0.369 4.64
3. S2SO1 33.79 61.73 40.97 5.28 4.090 12.05
4. S2SO2 46.38 52.50 32.81 4.02 0.566 12.11

S2. Variation of power exponent as function of temperature

The conduction and relaxation process has been further explored from the thermal variation of 

power exponent (n) as described in literature 8. The fluctuation of n as a function of temperature 

is seen in Fig. S4. The strength between the host lattice and the mobile charge carrier, as well 

as the dimension of conduction, are both represented by the power exponent. In order to 



investigate the conduction and relaxation mechanisms involved in the sample, several models 

were explored in the literature. Here is a list of those models; 

1. Applications of the quantum mechanical tunnelling (QMT) model were made to 

systems where the power exponent n is frequency-dependent but temperature-

independent.

2. For systems where the power exponent n rises with temperature, the non-overlapping 

small-polaron tunnelling (NSPT) model was used.

3. When exponent n initially falls with temperature, reaches a minimal value, and 

subsequently grows with temperature, the overlapping of large polaron tunnelling 

(OLPT) model was used.

4. When the barrier height is independent of intersite separation, the hopping over barrier 

(HOB) model was used, and the value of the frequency exponent n is projected to be 

unity.

5. When the value of the exponent n decreases with increasing temperature, the correlated 

barrier hopping (CBH) model was used.

Fig. S4: Variation of power exponent, n with temperature.

Based on the variation observed in power exponent with temperature for sample SSO indicate 

decrease in n with increasing temperature suggesting correlated barrier hopping (CBH) 9model 

suitable explain the conduction and relaxation mechanism involved in it, whereas for S2SO, 

the value of power exponent n increases with temperature suggesting nearly small polaron 

tunneling (NSPT) model 10suitably explain the conduction and relaxation process involved in 

it. Since both has different crystal structure as well as their size and dislocation density, which 

might be the possible reason for difference in conduction mechanism.



In CBH model the conduction between two sites such as  takes place via crossing 
𝑉 ∙∙

𝑂 ‒ 𝑆𝑛 2 +
𝑆𝑛4 +

,,

the barrier potential (formed by  and ) through hopping of electron between Sn-𝑉 ∙∙
𝑂

𝑆𝑛 2 +
𝑆𝑛4 +

,,

sites or via orientation of dipole to the vacant sites (see activation energy given in inset of 

Figure). However, in NSPT model the conduction and relaxation process takes place via the 

overlapping of the wavefunction associated with the potential barrier site with increasing 

temperature via the transfer of electron between Sn-sites (see activation energy given in inset 

of Figure).

S3. Modulus Spectroscopy studies

Fig. S5 depicts the real part of the electric modulus ( ) in the frequency range (1 Hz – 2 MHz) 𝑀'

from temperature 180 oC to 600 oC for both samples. The modulus spectrum shows three 

distinct regions suggesting the various kinds of behaviour of charge carrier in the frequency 

range. Region first observed below 100 Hz, second in between 101 Hz to 10 KHz and the third 

one observed above 10 KHz. The region 1 observed at different temperature approaches zero 

exclude the contribution of the electrode sample contribution from the interfacial polarization 

(as discussed in dielectric properties section) 11. Region-2, a dispersion region founds to be 

shifted towards higher frequency with increasing temperature suggests a thermally dependent 

relaxation process in the sample while region 3 indicates a higher value of  suggesting the 𝑀'

diminutive nature of forces governed by the mobility of charge carrier under the presence of 

field.

Fig. S5: Variation in real part of modulus ( ) as a function frequency at different temperatures 𝑀’
(a) SSO, (b) S2SO.



Further to study the conduction and relaxation process whether having similar mechanism or 

not, the imaginary part of impedance ( ) and modulus ( ) were shown as a function of 𝑍'' 𝑀''

frequency at different temperatures for sample SSO in Fig. S6 and for sample S2SO in Fig. S7. 

It has been observed from both figure that with increasing temperature the separation between 

the Z’’ and M’’ exist at all temperature with reducing the gap between it for both sample which 

suggests that the relaxation mechanism and conduction mechanism even though having similar 

kinds of charge carrier but they had different localized motion (mobility of charge carrier) 12.  

Fig. S6: Variation of  with  at different temperature for sample SSO.𝑍''/𝑀'' log 𝑓



On comparing with both structures, it has been noticed that the gap between and  in SSO 𝑍’’ 𝑀’’

is larger whereas in S2SO it is small which might be due to either larger hopping of charge 

carrier or lighter charge carrier concentration (electronic migration). This reconfirms the 

assumption made in the conductivity study.

Fig. S7: Variation of  with  at different temperature for sample S2SO.𝑍''/𝑀'' log 𝑓

Thus here, we say that even though the charge carriers remain same in conduction and 

relaxation process but they had differed in charge carrier concentration or the mobility of the 

charge carrier.
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