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Abstract: Sry_,Pb Fe,TeO, (x = 1.50, 1.88 and 2.17) were
synthesized in polycrystalline form via the solid-state reac-
tion route in air, and were studied at room temperature
using powder X-ray diffraction and ultraviolet visible spec-
troscopy techniques. The crystal structures were resolved
by the Rietveld refinement method; x = 1.50 and 1.88 adopt
a tetragonal phase (space group I4/mmm) while x = 2.17
adopts a hexagonal phase (space group R3m). The direct
bandgap energy (E,) of ~1.89 eV for (x = 1.50), ~1.87 eV
for (x = 1.88) and ~1.74 eV for (x = 2.17) was estimated
from the Tauc plots of (ahv)? versus photon energy. The
Urbach energy (E,;) was determined from the plots of log-
arithmic absorption coefficient versus ho. Plots of the inci-
dent photon energy dependence of optical parameters such
as refractive index, extinction coefficient, real and imag-
inary parts of the dielectric function, dielectric loss, real
and imaginary parts of the complex optical conductivity,
linear and nonlinear optical susceptibilities, real and imagi-
nary parts of the electric modulus, real and imaginary parts
of the impedance were obtained by means of ultraviolet
visible spectrophotometer experiments. Additionally, the
estimated values of the single oscillator energy, dispersion
energy, static refractive index and high-frequency dielectric
constant were obtained from the linear portion of the (n?
— 1)t versus (hv)? plots using the Wemple—-DiDomenico
model.
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1 Introduction

Perovskite compounds with general formula A;B,B’0q
demonstrate a huge variety of interesting functional proper-
ties such as ferroelectricity, piezoelectricity, pyroelectricity,
electrostrictive, magnetic ordering, colossal magnetoresis-
tance, superconductivity, nonlinear optics, etc. due to their
compositional and structural diversity [1-4]. There are few
materials that simultaneously possess two or more kinds
of order parameters in the same phase such as ferroelec-
tric, ferromagnetic and/or ferroelastic orderings [5], for that
reason the coupling between electric and magnetic order-
ing in multiferroic materials leads to an electromagnetic
effect, offering a wide range of potential applications such
as memories, sensors, and communication [6]. Lead-based
perovskites with magnetic cations in the B-sites more often
exhibit a magnetoelectric effect; which are potentially excel-
lent candidates for both magnetic and electric orderings
[5, 7]. The lead-based compound Ph(Fe,;;W;,3)0; belongs to
the multiferroic materials; it has been reported to exhibit
coexistence of ferroelectric and antiferromagnetic proper-
ties with both Fe** and W cations disorder on the octahe-
dral B-sites [4].

The ordered perovskites Pb,FeTaO; and Pb,FeNbOg
have been widely studied since both demonstrate antiferro-
magnetic order below Néel Temperature (Ty) ~ 150 K and
ferroelectric order close to room temperature [8, 9]. For
these types of materials, the displacements of the B-cations
as well as the tilt of the BOg octahedra are responsible for
the spontaneous polarization.

The coexistence of ferroelectric and magnetic proper-
ties at room temperature is very rarely reported. It was
found that Pb(Fe,Ti;,_,)O; perovskite oxides [5] exhibit fer-
roelectric and ferromagnetic properties at room tempera-
ture. In the reported Pb,MnTeO,; compound [10], the phase
transition from I2/m to C2/c is accompanied by a displace-
ment of the Pb?* cations from the center of the polyhe-
dra due to the lone-pair electrons in the outermost shell
(6s%). The existence of p-block elements in some perovskite
compounds such as tellurium could be useful in stabilizing
ferroelectric properties. The study of the optical properties
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of many perovskite compounds, including optical constants,
optical conductivity, complex dielectric function, electrical
modulus, and impedance, has proven to be very useful in
elucidating optoelectronic applications of the materials.

The evaluation of optical refractive indices of cer-
tain materials is of great importance for applications in
integrated optical devices such as filters, modulators and
switches, etc., where the refractive index is one of the
most important and fundamental characteristics of materi-
als used in optical design [11].

Recently, we reported the synthesis method, crystal
structure, magnetic state and optical bandgap energy of the
compositions Sr;_, Pb, Fe,TeO,4 (0 < x < 2.25) [12].

In this work, we continued to evaluate the other optical
parameters that characterize these three selected composi-
tions (x = 1.50, 1.88 and 2.17) such as the refractive index,
extinction coefficient, real and imaginary parts of the com-
plex optical conductivity, real and imaginary parts of the
dielectric function, linear and nonlinear optical susceptibil-
ities, real and imaginary parts of the electrical modulus, real
and imaginary parts of the impedance and dissipation fac-
tor. In addition, we determined the values of Urbach energy,
single oscillator energy, dispersion energy, static refractive
index from the spectral plots of In(a) versus hv and (n?> —
11 versus (hv)2.

2 Experimental procedures

Polycrystalline samples of ceramics Sr;_,Pb Fe,TeOy (x =
1.50, 1.88 and 2.17) [12] were synthesized by a solid-state
reaction route, in air. High-purity powders SrCO; (99.995 %),
PbO (>99.9 %), Fe, 04 (>99.98 %) and TeO, (>99 %) were used
as starting materials. Stoichiometric amounts of reagents
were weighed in order to obtain appropriate metal ratios,
then mixed and ground in an agate mortar to a uniform
powder. The resulting samples were placed in alumina
crucible and then heated progressively at higher tempera-
ture with intermittent grinding at 600 °C/12 h, 800 °C/12 h,
900 °C/12 h, and 950 °C/20 h, in air. The samples were
cooled to room temperature for regrinding several times to
improve their homogeneity. The X-ray diffraction (XRD) pat-
terns of the studied samples were recorded at room temper-
ature on a D2 PHASER diffractometer, using Cu-K, radiation
(A = 1.54056 A). The XRD patterns were scanned through
steps of 0.010142° (26), between 15 and 105 (260, Bragg posi-
tion) with a fixed time counting 2 s/step. The UV-visible
diffuse reflectance spectra of the Sry_,Pb, Fe,TeO, (x = 1.50,
1.88 and 2.17) samples were measured at room temperature
in the wavelength range 250—-800 nm. The analyses were
carried out using a Lambda 1050 UV/Vis/NIR spectrometer
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along with 150 mm integrating sphere (PerkinElmer, Inc.).
The measurements were used to determine the optical prop-
erties. The thickness (e) of the samples was found to be
250 nm. Moreover, the area (A) of the samples was deter-
mined to be 1.32732 X 104 m?.

3 Results and discussion

3.1 Structural characterization

Figure 1 presents the powder XRD patterns of
Sry_,Pb,Fe,TeO, perovskites with x = 1.50, 1.88 and
2.17. The inset in Figure 1 shows excellent agreement
between the observed and calculated patterns. The crystal
structures were resolved using the Rietveld refinement
method; it revealed that x = 1.50 and 1.88 adopt a tetragonal
phase of space group I4/mmm (#139) and it also revealed
that x = 2.17 adopts a hexagonal phase of space group
R3m (#166). For x = 1.50 and 1.88, the Sr2*/Pb%*+ cations
were located at the 4d (0,1/2,3/4) positions of D,; symmetry,
Fe(1)/Te(1) at 2a (0,0,0) and Fe(2)/Te(2) at 2b (0,0,1/2) sites
of Dy, symmetry, and O?~ anions at the 4e (0,0,z) and 8h
(x,x,1/2) positions (C,, and C,, symmetries, respectively).
The (Fe/Te)y, —Ogp 4¢— (Fe/Te),;, bond angles are constrained
to be 180° by I4/mmm space group. For this reason, the
tilting angle of the (Fe/Te)O, octahedra is considered to be
null. For x = 2.17, the Sr¥*/Ph%* cations were situated at the
6¢ (0,0,2) positions of C5, symmetry, Fe(1)/Te(1) at 3a (0,0,0)
and Fe(2)/Te(2) at 3b (0,0,1/2) sites of D,y symmetry, and
02~ anions at the 18h (x,—x,z) positions of C, symmetry. A
certain degree of anti-site disordering effect of TeS* and
Fe’* cations on the B-sites was detected, indicating the
presence of a partial amount of Te®*+ at Fe3* positions and
vice-versa. Recently, the current Sr;_, Pb, Fe,TeO, series
in the composition range (0 < x < 2.25) [12] was reported
by our research team exhibiting two phase transitions
from a tetragonal space group I4/m (0 < x <1) to another
tetragonal space group I4/mmm (1.25 < x < 1.88) and finally
to a hexagonal space group R3m (2.08 < x < 2.25). XRD
patterns can be used to evaluate peak broadening with
crystallite size, and lattice strain due to grain surface,
domain boundaries, dislocations, non-uniform lattice
distortions and other contributions. The crystallite size of
the compositions x = 1.50, 1.88 and 2.17 was determined
by the X-ray line broadening method using the Scherrer
formula and the Williamson—Hall (W-H) equation. The
Scherrer formula can be expressed as follows [13]:

KA

D= Pria cos(6) M
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Figure 1: XRD patterns of Sr;_,Pb Fe,TeO,
10 2I0 3|0 4|0 5|0 GIO 7|0 8I0 9|0 160 110 (x =1.50, 1.88 and 2.17) perovskites collected at
298 K. The inset shows the final Rietveld refine-
2 Theta (deg) ment plot of x =1.88.

where D is the crystallite size in nanometers, 4 is the X-ray
wavelength (Cu-K, average = 1.54178 A), K is a Scherrer
constant equal to 0.94, 0 is the Bragg angle of the most
intense peak and f}, is the line broadening, i.e., full width
at half maximum (FWHM) on the highest peak of the tetrag-
onal (112) (200) planes and the hexagonal (104) (110) planes,
which are located at around 26 = 32°.

In the Williamson-Hall (W-H) method [14], strain-
induced broadening resulting from imperfection and distor-
tions was related as follows:

Pra

€= 4 tan(@) @

where (¢ = Ad/d) is an upper limit of lattice distortion.
Assuming that the contributions of particle size and strain to
the line broadening are independent of each other and both
have a Cauchy-type profile, the observed linewidth can be
expressed from Equations (1) and (2) as:

Praa €0s(6) = 4¢ sin(6) + % ()

The unit-cell parameters, crystallite size and micros-
train of the studied samples are computed and presented
in Table 1. It can be noted that the crystallite size calculated
using the Scherrer technique is smaller than that obtained
using the W-H method.

3.2 Optical parameters

The optical properties of Sr;_, Pb, Fe,TeO, (x =1.50, 1.88 and
2.17) ceramics have been investigated using UV/Vis/NIR spec-
trophotometer measurements. Absorbance and transmit-
tance plots of the present compositions in the wavelength
range 250—-800 nm are shown in Figure 2a and b, respec-
tively. By decreasing the wavelength from 800 to 500 nm,
the absorbance spectra show a significant increase, while
the transmittance spectra show a substantial decrease.

Table 1: Unit-cell parameters, crystallite sizes and strains of Sr;_,Pb,Fe,TeOq (x =1.50, 1.88 and 2.17).

Compositions — x = 1.50 x = 1.88 x =217

Crystal system Tetragonal Tetragonal Hexagonal

Space group I4/mmm I4/mmm R3m

Lattice parameters a=b=5590A,c=7.9214A a=b=5.6066A,c=79288 A a=b=5.6086A, c=13.7424 A
a=p=y=90° a=pf=y=90° a=f=90°y=120°

Cell volume (A3) 248.06 249.24 374.38

Density (g cm™3) 7.368 7.732 8.033

Dsp, (nm) 88.18 128.04 114.95

Dy _y (nm) 128.25 135.45 117.83

Microstrain (g) 0.466113 0.053839 0.029688
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Figure 2: (a) Absorbance, and (b) transmittance spectra of Sr;_,Pb,Fe,TeO, (x = 1.50, 1.88 and 2.17) ceramics as a function of wavelength,
(c) absorption coefficient versus photon energy, (d) Tauc plots of (ahv)? against ho.

Figure 2c exhibits the absorption coefficient () as a
function of photon energy (hv) which can be computed from
the transmittance data using the following Equation [15]:

“= (1)

where T is the optical transmittance and d is the thickness
of the material.

The relation between the absorption coefficient («) and
the incident photon energy (hv) can be expressed using
Tauc’s relationship in the high absorption region of semi-
conductor as follows [16]:

@

(ehv)™ ~ B(hv — Eg) (5)

where B is a constant, hv is the photon energy (h = 6.626 X
10734 is Planck’s constant, v = ¢/A is the light frequency s )
and m represents the nature of the material transition (m =
2 for direct transition, m = 1/2 for indirect transition).

The optical bandgap energy of the compositions x =
1.50, 1.88 and 2.17 was determined using the expression of a

direct bandgap semiconductor, m =2, close to the band edge,
with hv greater than )5‘g of semiconductors, i.e., (ahv)* ~
B(hv — E,). Plots of (ahv)? versus photon energy hv (known
as Tauc plots [16]) for some selected compositions are dis-
played in Figure 2d. The values of the direct bandgap energy
were estimated by extrapolating the linear region of the
Tauc plots to the energy axis with a condition of (ahv)* =
0 (as seen in Figure 2d). Therefore, Eg values are estimated
to be ~1.89 eV for (x = 1.50), ~1.87 eV for (x = 1.88) and
~1.74 eV for (x = 2.17). The bandgap energy (E,) reduces
with increasing Pb concentration in the system, indicating
that the hybridization between the metal and oxygen orbital
is enhanced. It can be confirmed that the observed values
of E, obtained by multiplying the absorption coefficient by
hv (Equation (5)) are slightly lower than those obtained in
Reference [12] using the (F(R) X hv)* Kubelka—Munk (K—M)
equation [17] for the same compositions. The absorption and
refraction of a medium can be described by a single quan-
tity called the complex refractive index which is written as
follows [18]:
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n*=n+ik (6)

where the real part n is called the refractive index, and
the imaginary part k is called the extinction coefficient. The
refractive index (n) is an important parameter for the appli-
cation of optical materials in optics-based devices because
of its direct relationship to energy dispersion. The extinc-
tion coefficient (k) vanishes for lossless materials. The both
parameters (n and k) are collectively called the optical con-
stants of the material, were calculated using the following
expressions [19, 20]:

al

4R — 12 —
+‘/(1—R)2 k% and k_4”

Lo 1R

= p ™

where n is computed from the reflectance and extinc-
tion coefficient data. The photon energy hv dependence of
refractive index (n) and extinction coefficient (k) of ceram-
ics Sry_,Pb,Fe,TeO, (x = 150, 1.88 and 2.17) is depicted
in Figure 3a and b, respectively. It was found that the
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refractive index (n) of the studied samples strictly decreases
when the photon energy rises from 1.60 to 2.50 eV; then it
becomes saturated in the high photon energy region.

However, the behavior of the extinction coefficient
(k) differs from the refractive index (n); where k strictly
increases when the photon energy rises from 1.70 to 2.43 eV
to reach the maximum at 0.1709 for (x = 1.50), at 0.1789 for
(x = 1.88), and at 0.1826 for (x = 2.17); then a considerable
decrease was observed above k., with increasing photon
energy.

The complex dielectric function (£*) is usually defined
in terms of its real and imaginary parts using the following
Equation [18]:

£ =g + g, = (") = (n + ik)? )

The real (g;) and imaginary (g,) parts of the dielec-
tric permittivity were evaluated using the relations derived
from the complex refractive index as follows:
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Figure 3: (a) Refractive index, and (b) extinction coefficient dependence on ho for the Sr;_,Pb, Fe,TeO, (x = 1.50, 1.88 and 2.17) perovskites, (c) real,
and (d) imaginary parts of the dielectric permittivity as a function of photon energy.
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)

The variation of &; and &, as a function of photon
energy hv of the samples (x =1.50, 1.88 and 2.17) is presented
in Figure 3c and d, respectively. It can be noted that the real
part (g,) of the dielectric function exhibits the same behav-
ior as the refractive index (n), where it strictly decreases
when the photon energy rises from 1.60 to 2.50 eV; and
then becomes saturated in the high photon energy region
(>2.50 eV). In contrast, the imaginary part (¢,) shows a sharp
decrease with increasing photon energy from 2.50 to 4.94 eV.

An obvious consistency between the spectral plots of
Figure 3a and c was observed, because there is a relation-
ship between the dielectric permittivity (¢;, £,) and the opti-
cal constants (n, k):

g =n*—k* and g, =2nk

1
n=-——- e +eiteg (10)
2
1
k=— e +el—g (11)
2
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It can be seen that the real part (g;) shows the same
trend as the refractive index (n) when the photon energy hv
increases from 1.54 to 4.94 eV, and the values of the real part
are larger than those of the imaginary part.

The optical conductivity is one of the important quan-
tities that describe the optical properties of solids, and it is
mainly used to detect any further allowed interband optical
transition of a material. The complex optical conductivity
(o* =04 +i0,)isrelated to the real and imaginary parts (g,
g,) of the complex dielectric function (£*) by the following
expressions [21]:

01 = weygy and o, = we g 12)

where w (=27v) is the angular frequency and g, (=8.854 X
10~ F m~1) is the free space dielectric constant. The photon

energy (hv) dependence of the real and imaginary parts
(o4, 0,) of the complex optical conductivity (6*) of ceramics
Sry_,Pb,Fe,TeO, (x = 1.50, 1.88 and 2.17) is presented in
Figure 4a and b, respectively.
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Figure 4: (a) Real, and (b) imaginary parts of the complex optical conductivity versus photon energy for the Sr;_,Pb,Fe,TeO, (x =1.50, 1.88 and 2.17)

ceramics, (c) optical conductivity oy,

and (d) dissipation factor as a function of ho.
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It can be seen that the real part (c,) progressively rises
with increasing photon energy, while the imaginary part
(c,) decreases in the low photon energy region to reach
the minimum at ~2.50 eV for (x = 1.50), at ~2.37 eV for
(x = 1.88), and at ~2.32 eV for (x = 2.17); then it shows a
significant increase above its minimum in the high photon
energy region. The observed values of the real part (c,) are
much smaller than those observed in the imaginary part
().

To evaluate the optical conductivity of the present com-
positions x = 1.50, 1.88 and 2.17, we used the refractive
index and its relationship with the absorption coefficient as
follows [22]:

anc

Gopt = E (13)

Figure 4c shows the variation of optical conductivity as
a function of photon energy. It can be observed that the plots
of o, as a function of ho exhibit the same behavior as that
observed in the plots of the real part (o,) of the complex
optical conductivity versus ho.

In physics, the dissipation factor (or dielectric loss),
tand, is a measure of the rate of energy loss from a mechan-
ical or electrical oscillation mode in a dissipative system.
For example, electrical energy in all dielectric materials is
generally dissipated in the form of heat. The dissipation
factor (tand) can be written as follows [23]:

tan 6 = ¢, /¢, (14

The variation of tané as a function of photon energy
ho for the samples x = 1.50, 1.88 and 2.17 is displayed in
Figure 4d.

The dispersion of the refractive index depends on the
frequency of the light beam. As part of the energy evaluation
that characterizes our compounds, we also investigated the
dependence of the photon energy on the refractive index
using the single effective oscillator model proposed by Wem-
ple—DiDomenico [24] as:

15)

where E, and E; are single oscillator constants. E; is the
single oscillator energy, which is considered to be the aver-
age excitation energy of the electronic transitions; it is pro-
portional to the bandgap, while E is the dispersion energy,
which is considered as a direct measure of the average
strength of the optical transitions between the bands.

The curves of refractive index factor (n> — 1)~! versus
(hv)? of ceramics Sr,_, P, Fe,TeO, with x = 1.50, 1.88 and 2.17
are shown in Figure 5a. The plots of Equation (15) allow us to
determine the single oscillator constants (E, and E) directly
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from the slope 1/(E,E4) and intercept (E,/E,) of the linear fit.
The estimated values of E, and E; are listed in Table 2.

The results indicate that the values of E, follow the
same variation of E, and we can observe that E, ~ E,,
while the values of E; change in the opposite direction
with increasing x. The dispersion energy E; may depend on
the charge distribution within a unit cell, which is closely
related to chemical bonding.

The values of the static refractive index (n,) are calcu-
lated by extrapolating the Wemple-DiDomenico dispersion
equation to (hv — 0), which is given by:

£,(0) = lim(n*(hv)) = ng =1+ %
- 0

(16)

The values of n; are calculated to be ~1.79 for (x =1.50),
~1.62 for (x = 1.88) and ~1.95 for (x = 2.17). The high fre-
quency dielectric constant &, = (n,)? is 3.204 for (x = 1.50),
2.624 for (x = 1.88) and 3.803 for (x = 2.17). According to the
model mentioned above, the single oscillator parameters
E, and Ej are correlated to the imaginary part (g,) of the
complex dielectric function and the —1 and —3 moments of
the &, optical spectrum can be derived from the following
expressions [25]:

3

M
=M ang Ei=_-1
-3 M_,

E2

2 an

The values of the M_, and M_; moments are summa-
rized in Table 2, where M _, is dimensionless and M_; is in
(eV)2.

The Urbach energy is generally defined as the width of
the tail of localized defect states in the bandgap. In fact, the
disorder is associated with structural defects in a material,
leading to an elongation of the density of states in the band
tails. The impurities can cause band defects, which increase
the intermediate levels within the bandgap region.

The Urbach energy is taken into account as the width of
the exponential absorption edge and can be determined by
the following relationship [26]:

a=aq exp(hv>
= a, bl
Ey

where @ is a constant and Ey; is the Urbach energy. Figure S5b
shows the plots of In(«) as a function of photon energy ho for
ceramics Sr;_, Pb, Fe,TeO4 with x =1.50,1.88 and 2.17. The Ey;
values were derived from the slope (1/Ey) of the linear fit of
the In(a) versus ho plots, as shown in Figure 5b. Hence, the
Ey values are estimated to be ~1.07 eV for (x =1.50), ~1.05 eV
for (x =1.88) and ~0.99 eV for (x = 2.17).

Nonlinear optics deals with the interaction between
light and matter. In general, the optical response of a solid
varies linearly with the magnitude of the electric field.

(18)
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Figure 5: (a) Linear fitting curves of (n? — 1)~" versus (hv)?, (b) linear fitting curves of In(a) against ho, (c) linear, and (d) nonlinear optical

susceptibilities as a function of (hv)?.

Table 2: Linear and nonlinear optical parameters of Sr;_,Pb,Fe,TeOq4 (x =1.50, 1.88 and 2.17).

Ej(eV) Ey(eV) Ey(eV) Ey(eV) ng x®(x1072esu) n,(x10"2esu) M_, M_;(eV)2
x =150 1.89 3.79 1.72 1.07  1.79 0.1592 3.357 220 0.74  This work
x =188 1.87 2.82 1.75 1.05 1.62 0.0461 1.075 161 0.53  This work
x=217 1.74 423 1.52 0.99 195 0.4136 8.008 279 1.22  This work
SryFe,TeO, 2.04 - - - - - - - - n2
CasTiy o, Feq 05075 223 3498 451 1031 296 24.66 3142 - - [20]
BaTigs(FegssWo17)0; 436 2318 1540 142 158 - -2 0.07  [30]
SrFeg g/M0g.13305_s 190 1663 599 1559 194 - - - N ED

Otherwise, at high powers, the properties of the solid can
change more rapidly, resulting in nonlinear effects. The
linear and nonlinear susceptibilities are correlated to the
induced polarization as a power series of the electric field
strength of light, which can be described by the following
expression [27]:

P = £ [}((DE+ )((Z)EZ + )((3)E3 +-- ] (19)

where @ is the linear optical susceptibility, y® and y®
are second- and third-order nonlinear optical susceptibili-
ties, respectively. However, Lines et al. [28] found that y@®
equals zero for optically isotropic glasses and for centro-
symmetric crystals.

The linear optical susceptibility ™ in an isotropic
medium can be expressed from the linear refractive
index by:
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0 =m-1/4r ©0)

Figure 5c displays the linear optical susceptibility, y©,
asa function of the square of the photon energy. It was found
that y@ strictly decreases with increasing the squared pho-
ton energy in the low region and becomes saturated abhove
6 (eV)2.

The nonlinear optical susceptibility ¥ and the linear
optical susceptibility y@ are directly correlated according
to Miller’s rule [20, 29]:

where A ~ 1.7 X 107 is a constant (for ® in esu with 1 esu
equal to 1.4 X 1078 m? V—2), Figure 5d shows the plots of y®
versus (hv)? for the studied compositions x = 1.50, 1.88 and
2.17.1t can be seen that ¥ shows the same behavior as y@.
Moreover, with a tendency towards the long-wavelength
edge (ho — 0), Equation (21) becomes:

4
E
3) ~ A d
X [47r130]

4

~ A0 1)

(22)

The nonlinear refractive index (n,) can be determined
from the nonlinear susceptibility y® using the following
relation:

n, = R (23)
Ny

The calculated values of ¥ and n, are given in Table 2.
For comparison, we have also provided the values of the
optical parameters of some perovskite compounds (see:
Table 2) [30, 31].

The complex electric modulus is a very important and
convenient parameter to analyze the electric transport phe-
nomenon and the relaxation mechanism in the materials
[32], it has been defined as being proportional to the recip-
rocal of the dielectric permittivity of the materials (M* =
1/e*). The complex electrical modulus (M*) and complex
impedance (Z*) are related to the real (¢;) and imaginary
(g,) parts of the complex dielectric constant by the following
expressions [30, 33]:

)

£ ,
+J
(e+e) “(e+e)

M* =M, + jM, = 24)

g 1 M

= = 25
JjoCye*  joC, @

=Z1+jZZ’ ]'2:_1
where M, and M, are the real and imaginary parts of the
complex electrical modulus, respectively, Z, and Z, are the
real and imaginary parts of the complex impedance, @ (=
2zrv) is the angular frequency, C, = (A/e)e, denotes the
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vacuum capacitance of the cell (where g, is the permit-
tivity of free space, A = area and e = thickness of the
material).

For example, the diameter of the pellets is 1.30 cm (=
1.30 X 10~ m) and their thickness (¢) = 250 X 107 cm
(= 250 X 10° m). The area (A) of the samples = 1.32732
% 10~* m?, and therefore, the C, = (1.32732 X 10~* m?/250
X 107° m) X (8.854 x 1072 F m~!) = 4.70084 X 10~° F
which is equal to 4.70084 nF. Figure 6a and b illustrates
the variation of the real (M,) and imaginary (M,) parts of
the complex electric modulus as a function of the photon
energy ho.

The M, curves show the dispersion in the high pho-
ton energy region, which may have arisen due to the con-
ductivity relaxation. A continuous sigmoidal increase was
observed for the real part M, with increasing photon energy
ho, which may be due to the short-range mobility of charge
carriers. In addition, M, exhibits a saturation tendency at
maximum asymptotic values in the high energy region,
which is likely related to a lack of restoring force governing
the mobility of charge carriers under the influence of an
induced electric field. This behavior originates from the
long-range mobility of charge carriers that cause electrode
polarization.

On the other hand, the variation of the imaginary part
M, as a function of photon energy gives important informa-
tion about charge transport processes such as the electri-
cal transport mechanism, conductivity relaxation and ion
dynamics. The region in which the peaks occur indicates
the transition from long-range to short-range mobility of
the charge carriers with increasing photon energy ho. The
low-energy region of the M, peaks represents the range
in which the charge carriers (ions) are mobile over long
distances, i.e., ions can perform successful hopping from
one site to the neighboring site. Whereas the high-energy
region represents the range in which the charge carriers
are confined to the potential wells, i.e., they are mobile over
short distances and the ions can perform localized motion
within the well.

Figure 6¢ and d presents the variation of the real (Z;)
and imaginary (Z,) parts of the complex impedance versus
photon energy ho. It can be noted that the plots of Z, and Z,
as a function of ho for the present compositions (x = 1.50,
1.88 and 2.17) show the same behavior with broad peaks.
This behavior indicates the occurrence of relaxation pro-
cesses in the studied samples. All these results indicate that
the difference in electronegativity between Sr and Pb plays
a fundamental role in the variation of the bandgap and the
optical properties.
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Figure 6: Variation of (a) real, and (b) imaginary parts of the complex electric modulus, (c) real, and (d) imaginary parts of the complex impedance as a

function of photon energy.

4 Conclusions

Using powder XRD and UV-visible spectroscopy techniques
at room temperature, we report the crystal structure and
optical properties of Sr;_ Pb Fe,TeO, ceramics with x =
1.50, 1.88 and 2.17. Rietveld refinement analysis of the XRD
data reveals that x = 150 and 1.88 adopt a tetragonal
phase (space group I4/mmm), and it also reveals that x =
2.17 adopts a hexagonal phase (space group R3m). Direct
bandgap energy of ~1.89 eV for (x = 1.50), ~1.87 eV for
(x = 1.88) and ~1.74 eV for (x = 2.17) was estimated from
the Tauc plots of (ahv)? versus photon energy. The Urbach
energy was found to be ~1.07 eV for (x = 1.50), ~1.05 eV for
(x =1.88) and ~0.99 eV for (x = 2.17) obtained from the lin-
ear fitting curves of the logarithmic absorption coefficient
versus photon energy. The spectral dependence of optical
parameters such as refractive index, extinction coefficient,
real and imaginary parts of the complex dielectric function,

dielectric loss, real and imaginary parts of the complex
optical conductivity, linear and nonlinear optical suscep-
tibilities, real and imaginary parts of the complex elec-
tric modulus, real and imaginary parts of the complex
impedance were performed in the photon energy range
(1.54-4.94 eV) by means of UV-Vis spectrophotometer
experiments. The estimated values of the single oscillator
energy, dispersion energy, static refractive index and high-
frequency dielectric constant were deduced from the linear
portion of the (n? — 1)~! versus (hv)? plots using the Wem-
ple-DiDomenico model.
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