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Abstract: The compound 0.9[KNbO3]-0.1[(BaNij /;Nby /,03_5] (KBNNO), a robust eco-friendly (lead-
free) ferroelectric perovskite, has diverse applications in electronic and photonic devices. In this work,
we report the dielectric, ferroelectric, and structural phase transitions behavior in the KBNNO com-
pound using dielectric, X-ray diffraction, and Raman studies at ambient and as a function of tempera-
ture. Analyses of X-ray diffraction (XRD) data at room temperature (rtp) revealed the orthorhombic
phase (sp. Gr. Amm?2) of the compound with a minor secondary NiO cubic phase (sp. Gr. Fm3m).
A direct optical band gap Eg of 1.66 eV was estimated at rtp from the UV-Vis reflectance spectrum anal-
ysis. Observation of non-saturated electric polarization loops were attributed to leakage current effects
pertaining to oxygen vacancies in the compound. Magnetization studies showed ferromagnetism at
room temperature (300 K) in this material. XRD studies on KBNNO at elevated temperatures revealed
check for orthorhombic-to-tetragonal and tetragonal-to-cubic phase transitions at 523 and 713 K, respectively.
updates Temperature-dependent dielectric response, being leaky, did not reveal any phase transition. Electrical
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conductivity data as a function of temperature obeyed Jonscher power law and satisfied the correlated
barrier-hopping model, indicating dominance of the hopping conduction mechanism. Temperature-

) dependent Raman spectroscopic studies over a wide range of temperature (82-673 K) inferred the
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rhombohedpral-to-orthorhombic and orthorhombic-to-tetragonal phase transitions at ~260, and 533 K,
respectively. Several Raman bands were found to disappear, while a few Raman modes such as at 225,
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Publisher’s Note: MDPI stays neutral tions in energy storage capacitors, dynamic random access memories, nonvolatile memories,
with regard to jurisdictional claimsin  S€nsors, actuators, and transducers [1-6]. Lead-based ABOj3 perovskites have been studied
published maps and institutional affil- ~ €xtensively in recent years due to their many technological applications [3,7-9]. However,
iations. their high lead toxicity suggests that these materials are not promising in the coming
technological era [10-13]. Potassium niobate (KNbO3) is one of the most investigated and

technologically important lead-free and eco-friendly ABOj3-type ferroelectric materials that
- possesses promising electro-optical coefficients, electromechanical coupling factors [14],
Copyright: © 2021 by the authors.  and Jarge nonlinear optical coefficients (deg = 10.8-27 pm V! at A = 1064 nm) [15], useful
Licensee MDPI, Basel, Switzerland. £ yarious electronic and photonic device applications: ferroelectric memories, electronic
resonators, electro-strictive actuators, sensors, and optical harmonic generators [10,16,17].
The pristine KNbO3 has an orthorhombic structure (Figure 1). Upon increasing tempera-
ture, it exhibits rhombohedral-to-orthorhombic phase transition at 263 K, orthorhombic-to-
tetragonal phase transition at 493 K and tetragonal-to-cubic phase transition at 693 K [18].
The cubic phase is paraelectric, while all other three phases are ferroelectric. However, the
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high band gap (~3.2 eV) of this material places a serious limitation on its solar energy har-
vesting applications [19]. To minimize the electronic optical band gap without degrading
the electro-physical properties, such as relative dielectric permittivity, Curie temperature,
electrical conductivity, and ferroelectric coercivity of KNbOj;, Ba?* and Ni** ions were
co-substituted at the A- and B-sites occupied with K* and Nb>* cations, respectively, that
yielded an ambient ferroelectric [KNbO3]; _x[BaNij /;Nbq /pO03_5]x withx =0.1 and = 0.25
(KBNNO) [20]. The KBNNO perovskite has an orthorhombic structure at room temper-
ature and shows ferroelectric, piezoelectric, and pyroelectric properties together with a
narrow band gap [20]. In addition, KBNNO is thermodynamically stable. Hence, this
material can pave the way for the development of hybrid energy harvesters and sensors
for simultaneous conversion of thermal, solar, and kinetic energy into electricity [21-25]
in the standalone material. Being a ferroelectric material, it self-organizes into electric
dipoles, and under the influence of physical change, the electric dipoles are misaligned
and that generates electric current. Currently, several attempts have been carried out on
this material to optimize and improve its conversion efficiency [20]. Additionally, KBNNO
exhibits a narrow band gap of ~1.63 eV, which is significantly lower than that of KNbO3
(KNO), and its photocurrent density is reported as approximately 50 times higher than
the well-known ferroelectric (Pb/La)(Zr/Ti)O3 [5]. Interestingly, KBNNO is found to
absorb six times more solar energy than the undoped ferroelectric KNO [5]. Thus, this
material opens a viable exploration path for their applications in solar cells. Recently,
electronic band gap and multiferroic behaviors in (KNbOj3);_x (BaNigs5Nbs503_5)x for
x = 0.1-0.3 compounds were investigated [19], and it was observed that the compound was
multiferroic for only x = 0.1, while the compounds with x > 0.2 exhibited paramagnetic
behavior at room temperature. The band gaps of these compounds were found to be quite
narrow (<1.5 eV). Temperature-dependent X-ray diffraction (XRD), relative dielectric per-
mittivity, and phonon spectroscopic measurements on these ceramics revealed a sequence
of phase transitions from rhombohedral-to-orthorhombic-to-tetragonal-to-cubic phases.
These transitions occur at the closely similar temperatures as those observed in pristine
KNbOj [26]. Specifically, the thermal evolution of six Raman active phonons were studied
for x = 0.1 sample [26] to understand the phase transition behaviors. The temperature-
induced anomalous behavior of these phonons was used to identify the phase instabilities
around 275, 523, and 736 K. The temperature-dependent phase diagram for x = 0-0.5 [27]
ferroelectric ceramics have been reported using Raman, X-ray diffraction, and computa-
tional results. For x = 0.2, the structural transitions from rhombo-to-ortho, ortho-to-tetra,
and tetra-to-cubic were reported around 293, 468, and 693 K, respectively. However, for the
fascinating narrow band gap ferroelectric compound with x = 0.1, the studies on electrical
properties such as electrical conductivity, dielectric, and ferroelectric properties are still
incomplete and scarce in the literature. In addition, combined temperature-dependent
phase stability studies involving XRD, Raman, and dielectric studies on x = 0.1 are also
missing in the literature till now. In this work, we reported a combined study on microstruc-
tural, optical, dielectric, electrical conductivity, magnetic and ferroelectric (FE) properties
of the multifunctional KBNNO compounds, and revisited their structural phase transitions.
The material was synthesized by the solid-state reaction method, and its electro-physical
properties were studied in detail. The ferroelectric and magnetic ordering at room tem-
perature (multiferroic) was examined. In addition, the phase stability of the material was
investigated using dielectric and Raman spectroscopy as a function of temperature and
complemented by thermal evolution of peak positions in the X-ray diffraction patterns.
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Figure 1. ABOj3 type perovskite structure of KNbOj3, drawn using VESTA software.

2. Experimental Details

KBNNO sample was prepared via the solid-state reaction method using the stoichio-
metric ratio of high purity precursor powder materials K,COj3 (99.5%), BaCOj3 (99.95%),
NipO3 (99.9%), and NbyOs5 (99.9%). These powders were first dried at 473 K for overnight,
weighed, and then mixed homogeneously using high-energy Ball milling using zirconia
vials and balls in a Planetary Ball Mill (Pulverisette Fritsch Planetary mill, model P7) in
an ethanol medium for 10 h. The Ball Mill was operated in bi-directional mode with a
milling rate of 45 Hz. The powder mixture was dried on a hot plate followed by being
pulverized using a mortar and screened using a 180 pm mesh to obtain a fine powder of
uniform particle size. The powder was calcined at 1198 K for 10 h with a temperature
ramp of 5 K/min. The calcined powder was pulverized by mortar and pestle for 30 min.
KBNNO pellets of 13 mm diameter and 0.7 mm thickness were prepared by using a 7-ton
uniaxial hydraulic press for 2 min, and the pellets were sintered at 1393 K for 2 h using a
slow ramp rate of 3 K per min. The bulk density of sintered pellets estimated using the
weight and dimensions of the sample was 3.923 gm/cm3 and the ceramics showed ~83 %
relative density. The XRD measurements were carried out using a Rigaku Ultima III X-ray
diffractometer equipped with CuK radiation (A = 1.5418 A) operated in a Bragg-Brentano
(60-20) geometry at 40 kV and 44 mA. The phase purity of the sample was checked in slow
scan mode (0.25° /min). The reflectance spectrum was measured from the polished surface
of the pellet in the energy range 1.41-2.06 eV using a Perkin Elmer Lambda 25 UV /VIS
spectrometer. Temperature-dependent X-ray diffraction measurements were carried out
from 298-823 K using a Rigaku SmartLab X-ray diffractometer attached with a Rigaku HT
1500 high-temperature attachment with temperature stability of +0.1 K. A platinum strip
was used as sample holder to carry out the high temperature XRD measurement. The room
temperature XRD pattern was analyzed using reported structural details of KBNNO. The
peak profiles of XRD data were generated using pseudo-Voigt profile function, while the
backgrounds of the data were modeled using a sixth-order polynomial function. All the
analyses of the XRD data were carried out using FullProf Suite software 3.00 (version June
2015). The structural transitions in the sample were identified from the evolution of Bragg’s
peak positions, with temperature and the lattice parameters of different phases at elevated
temperatures being obtained by using Le Bail analysis.

Raman spectroscopic studies were carried out employing a HORIBA Jobin Yvon micro-
Raman spectrometer (model: T64000) equipped with a 50 x long working distance objective
lens in a back-scattering geometry (180°) using a 514.5 nm line of an Ar* ion laser (Coherent,
Innova 70-C). Laser power and acquisition time were optimized to record Raman spectra
with improved signal-to-noise ratio. The scattered light from the sample was dispersed
employing a triple monochromator and detected by a liquid N; cooled Charge-Coupled



Crystals 2022, 12, 35

40f19

Device (CCD) detector. The spectrometer resolution was about 1 cm ! for 1800 lines/mm
grating. Raman spectra as a function of temperature were measured from 90 to 673 K in a
close temperature interval using a Linkam stage with temperature stability of 1 K. Raman
spectra were analyzed using a Lorentzian function employing Jandel peakfit software
(version 4.12) to obtain the spectral parameters. The morphology of the powder sample was
obtained at room temperature using a scanning electron microscope (SEM) (model: JEOL
JSM 6480LV) operated at an accelerating voltage of 20 kV at 5000x magnification. SEM-
energy dispersive X-ray analyses (EDX) (model: SD Dry 30) were carried out on the surface
of the sintered pellet to infer the presence of chemical compositions in the compound.

The sintered pellets were polished, followed by being coated with silver paste on both
surfaces to fabricate KBNNO capacitors (metal-insulator-metal configuration) for electrical
measurement. The area of the silver contact was 1.497 x 10~° m2, and the thickness of the
pellet was 6.55 x 10~* m. The electrode capacitors were dried at 413 K for 12 h to remove
any moisture. Temperature-dependent dielectric measurements were carried out in the
temperature range of 90-720 K using an Agilent HP4294A Precision impedance analyzer
using a K-20 Programmable Temperature Controller equipped with a cryogenic cooling
and Joule Thompson thermal stage system from MMR Technologies, Inc. (San Jose, CA,
USA), with temperature stability of £0.5 K. The oscillation voltage of the AC signal used
for the dielectric spectroscopic measurement was 500 mV. The temperature-dependent
X-ray diffraction, Raman and dielectric spectroscopic measurements were carried out using
a heating rate of 5 K/min with a dwell time of 15 min for temperature equilibrium.

The ferroelectric loops were measured at 50 Hz using an automatic P-E hysteresis loop
tracer system RT6000 HVS Radiant Technologies Inc. that utilizes a modified Sawyer Tower
test circuit to reduce noise by using a virtual ground. Before realizing the measurements, the
pellets were polled at 500 V for 24 h. X-ray photoelectron spectroscopy (XPS) experiments
were carried out using a Physical Electronics PHI 5600 ESCA system using a monochromatic
Al Ko X-ray radiation source (hv =1486.6 eV). The samples were loaded for XPS analysis
onto double-sided carbon tape, and the high-resolution spectra were collected using a
0.7mm X 0.3 mm sample area. A pass energy of 11.75 eV, eV/step of 0.100 eV, and an
anode voltage of 15 kV were used for XPS measurement. The XPS spectra were analyzed
using Voigt function and Shirley background employing MultiPak software (version 9.0).

Magnetic hysteresis loops were measured in the temperature range 5-300 K using
a physical properties measurement system (PPMS, Quantum design), operated in the
VSM module.

3. Results and Discussion
3.1. Room Temperature Characterizations

The formation of the orthorhombic phase of the KBNNO sample was confirmed
from the powder XRD data recorded at ambient temperature. Few weak peaks observed
around 37-38, 43-44, and 62-63 degree of the XRD pattern could be assigned to cubic
NiO phase (~0.18 wt. %). The structural parameters of pristine KNbOj3 (orthorhombic,
sp. Gr. Amm?2) [28] and that for NiO (cubic, sp. Gr. Fm3m) [29] were considered for the
analyses of the powder XRD data. The details on the structure of the KBNNO are explained
in a later section. The EDX spectrum was measured on fracture surface of the sintered
pellet as shown in Figure 2, suggesting the presence of all the constituent chemical elements.
The elemental composition determined by EDX analyses is given in Table 1. Most of the
cationic compositions are close to the average expected compositions. Oxygen deficiency
on the sample is evident. It can be mentioned that to get compositional weight percentages
from the EDX spectrum, one requires calibration with standards. Hence, only the presence
of all the chemical species in KBNNO could be ascertained from the present EDX spectrum.
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Table 1. The average elemental compositions determined by EDX analysis for KBNNO sample
(theoretical values are given in the bracket).

Element Content of the Elements, Weight %
K 20.12 (18.75)
Nb 55.92 (47.02)
Ba 7.49 (7.31)
Ni 1.30 (1.56)
0 15.17 (25.36)

Intensity (arb. units)

Energy (keV)

Figure 2. EDX spectrum for the KBNNO. Inset: SEM micrograph for the powder sample.

The SEM micrograph (inset: Figure 2) recorded on powder sample indicates irregular
shaped grains with an average grain size of 1-3 um and few agglomerates of ~3-7 pm;
the grain boundaries are clean. Figure 3a shows the XPS survey spectrum of KBNNO,
which identifies the presence of chemical species K, Nb, Ni, Ba, and O, suggesting the
successful incorporation of Ni and Ba chemical species in KNbOj in accord with the EDX
data. The high resolution XPS spectra for each element that compound the sample, i.e., K2p,
Ba3d, Nb3d, Ni2p, and Ols, are shown in Figure 3b—f. The observation of a doublet in
each XPS spectra is due to a spin—orbit coupling effect. Employing MultiPak software, the
observed doublets were deconvoluted using Voigt functions and a Shirley background
(see Figure 3b—f). A doublet corresponding to 2ps,, and 2p1/; states of the K2p spectrum
was observed at 292.630 and 295.464 eV with a spaced spin—-orbit AE = 2.834 eV. In the
Ba3d spectrum, a doublet of 3d5,, and 3d3/, states was observed at 779.363 and 794.726 eV
with AE = 15.363 eV corresponding to their respective binding energy. The analyses of
Nb 3d peak suggest that the spin—orbit doublet 3ds5,, and 3d3,; is located at 208.217 eV
and 210.881 eV, respectively, with AE = 2.664 eV. Due to low concentration of Ni in the
sample (~0.05 %), the XPS peak of Ni 2p had a little higher noise; however, the doublet
2p3,2 and 2p1» of Ni 2p edge centered around 854.248 and 871.784 eV with AE = 17.536 eV
is discernible by the curve fitting (Figure 3e). The Ols spectrum shows an asymmetric
shape, which could be deconvoluted into two components corresponding to Ni-O, and
Nb-O bonds located at 529.712 eV and 531.538 eV (Figure 3f). Hence the chemical elements
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in the compound are in K*, BaZ*, Nb°*, and Ni%* oxidation states, and are consistent with
the earlier reports [11,30].
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Figure 3. (a) XPS survey spectrum for KBNNO. High resolution XPS spectra for (b) K2p, (c) Ba 3d,
(d) Nb 3d, (e) Ni 2p, and (f) O 1s electronic states. The sum and individual deconvoluted doublet
peaks are also shown.

KBNNO exhibits a direct band gap [5] due to a band-to-band (Ak = 0) electronic
transition between the top of valence band to the bottom of conduction band. The valence
band of KBNNO consists of hybridized Ni 3d and O 2p states and that of the conduction
band is composed of Nb 4d state. Figure 4 shows the plot of [hv F(R)]? as a function of hu
for the sintered pellet, where h corresponds to Planck’s constant, v is the photon frequency.
The Kubelka-Munk (K-M) function F(R) = (1 — R)?/R is a function of reflectanceR and is
directly measured by the UV-Visible spectrometer. It can be mentioned that theoretically,
the K-M function F(R) is directly proportional to the optical absorption coefficient o of
the sample [30,31]. Therefore, it can be substituted in place of « in the Tauc equation
(e hv)™* = A(hv — Eg) to estimate band gap Eg, where A is the proportionality constant, and
n = 2 for the direct band gap material, and n = % for indirect material. Upon substitution,
the Tauc equation turns out to be [hv F(R)]? = A(hv — Eg) for the direct bandgap in KBNNO.
Hence, the tangent of the linear part of the curve touching the horizontal axis when the
value on the vertical axis became zero turns out to be ~1.66 eV and represents the band gap
Eg of the compound, which is similar to the value reported in earlier studies, [19] and is
found to be 2 times less than that observed in pristine KNbOj3 (3.2 eV) [32]. The narrow
band gap of KBNNO is understood to be due to the presence of the Ni 3d state arising due
to B-site co-substitution of the Ni element in the pristine KNO perovskite.

The room temperature electric polarization hysteresis loops of KBNNO measured
at different electric fields are shown in Figure 5. Upon rising electric field, the remanent
polarization is found to increase and reached a maximum value of 1.6 uC/ cm? at 1800 V.
The non-saturation of the polarization loops is expected [33] due to a leakage current effect
originating from the oxygen vacancies in the compound. The remanent polarization of
KBNNO is found to be nearly the same as that reported in pristine KNO [11] and remains
unaltered by the substitution of Ni?* in place of Nb>* at B-site.
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Figure 5. Room temperature ferroelectric hysteresis loops at different applied electric fields of
KBNNO capacitors.

3.2. Variable Temperature Characterizations

Figure 6 shows the M-H curves of KBNNO measured at several temperatures from
5 to 300 K. At room temperature (300 K), a typical ferromagnetic (FM)-like hysteresis curve
is seen, suggesting the ferromagnetic behavior of the compound. The coercive field and
remanent magnetization values of the M-H curve at room temperature (300 K) are evident
from the enlarged view of the M-H curve shown in the inset to Figure 6. The remanent
magnetization and the coercive field of the sample are 0.2 memu/g and 136 Oe, respectively.
At 300 K, the magnetic saturation value was found to be 2.8 memugm ! at 6 kOe, close to
the magnetic behavior reported in Fe-doped ferroelectric PbTiO3 [34]. It can be mentioned
that the pristine KNO shows diamagnetism at rtp. The ferromagnetism in KBNNO is
argued to be due to the availability of defects such as oxygen deficiencies and possible
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vacancies at the potassium site due to volatilization loss [19]. In fact, these defects acted
as donor for conduction electrons and that established a long-range exchange interaction
between the spin polarized conduction electron and the spin polarized electron of the
Ni?*-cation, which results in magnetic alignment of Ni**-cations and renders FM ordering
in KBNNO. At low temperature, the FM behavior is expected to improve due to negligible
spin thermal fluctuation but that could not be seen, possibly due to the rhombohedral
crystal structure of KBNNO at low temperature (<260 K). Note that the magnetization and
crystal structure are closely correlated in oxides [35].
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Figure 6. Magnetic moment (M)-field (H) curves measured at several temperatures from 5 to 300 K.

Inset: Enlarged view of M-H curve at 300 K.

Temperature-dependent XRD measurements were carried out from 298 to 823 K to
understand the phase transitions in KBNNO (Figure 7a). The XRD reflection peaks are
asymmetric, and their peak positions are not discernable, unlike that in pristine KNO
ceramic [27]. Therefore, we carried out the evolution of 20 peak positions with temperature
in order to identify structural transition(s) in KBNNO. Figure 7b shows the evolution of
XRD peak positions (shown by arrows) of (022) and (200) doublet spread in 26 range from
44° to 46.5°. As expected, the doublet at 298 K i.e., (022), located at 44.8° and (200) centered
around 45.5°, shifts systematically towards the lower 20 range at elevated temperature due
to thermal expansion of the sample. However, as can be seen, the intensity of the 44.8°
peak is found to dominate over the nearby peak located at 45.5° up to 523 K. Subsequently,
a reversal in their relative intensity behavior is inferred above 523 K. This change in the
relative intensity behavior of the doublet can be attributed to orthorhombic-tetragonal
phase transition at around ~523 K, consistent with the reported sequence of the phase
transitions [26,27] in KNO and our Raman results (discussed later). Interestingly, this
doublet is found to merge at higher temperatures above 713 K, and it is represented by a
(200) single peak (Figure 7b), corresponding to the phase transition from tetragonal to high
symmetry cubic phase, as in KNO [27]. The refined X-ray diffraction patterns of the KBNNO



Crystals 2022, 12, 35

90f19

powder sample at selected temperatures are depicted in Figure 7c. At ambient temperature
298 K, all of the reflection peaks can be indexed to the orthorhombic phase of the pristine
KNbOj3 (JCPDF card # 71-0946) except for very small intense unindexed lines around 37-38,
43-44, and 62-63 degrees. The phase and the lattice parameters of KBNNO were obtained
by Le Bail refinement of the measured powder X-ray diffraction data. A linear interpolation
of data points was considered to create a smooth background of the diffraction pattern.
Pseudo-Voigt function was used to model the Bragg reflection peaks. The initial structural
parameters of the pristine KNbOj3 (orthorhombic, sp. Gr. Amm2) [28] and that of NiO (cubic,
sp. Gr. Fm3m) [29] were considered for refinement. The refinements were successfully
carried out on scale factor, unit cell parameters, profile half width parameters, position
co-ordinates, and isothermal parameters of atoms. The residuals of the refinement are
shown inside the plot. The refined unit cell parameters of KBNNO, obtained at ambient
temperature 298 K, are agyno = 3.9823(5) A, bortno = 5.6970(5) A, Coptho = 5.6745(6) A, and
V =128.738(2) A3, and these values are close to the reported unit cell parameters [25]. Both
the orthorhombic and tetragonal phases of KBNNO can be derived from the high symmetry
ideal cubic structure. In the orthorhombic and tetragonal phases, the oxygen site of the
cubic phase splits into two oxygen sites, and the oxygen anions also displace from the
special positions, which resulted in a lowering of the symmetry from cubic-to-tetragonal-
to-orthorhombic phase transitions.

To have a better comparison of the unit cell parameters of the orthorhombic (sp. Gr.
Amm2, Z = 2), tetragonal (sp. Gr. P4mm, Z = 1), and cubic (sp. Gr. Pm3m, Z = 1) phases, the
unit cell parameters of the orthorhombic phase were transformed into a primitive pseudo-
cubic unit cell by the relationship aop = agrtho, 0P = bortho/ V2, and COp = Cortho/ V2. The
temperature evolution of the primitive unit cell parameters of these three phases is shown
in Figure 7d. The unit cell parameter aop of the ambient orthorhombic phase shows an
increasing trend and approaches towards cop, and at the phase transition, they resulted
in an average value. The cop has a slow initial rise with increasing temperature, and
afterwards, it has a tendency to decrease. This can be attributed to the displacement of
oxygen atoms towards the special positions. The calculated unit cell parameters of KBNNO
are at = 4.0030(9) Aandcr= 4.0416(7) A (at 573 K), and at = 4.0086(9) and ct = 4.0357(8)
(at 703 K). In the tetragonal phase, the unit cell parameter at shows a monotonously
increasing trend, while the cell parameter ct exhibits a continuous decreasing trend with
increasing temperature, and hence these approach each other with increasing temperature.
A clear approaching trend of the cell parameters in the tetragonal phase was observed,
resulting in sharp intense peaks (Figure 7a) in the high temperature cubic (Pm3m) phase.
The refined XRD data measured at 773 K is shown in Figure 7c. The unit cell parameter of
KBNNO at 773 K is ac = 4.0218(5) A.

Figure 8 shows the temperature-dependent behavior of relative dielectric permittivity
er and loss tangent as a function of temperature from 90 to 720 K in the frequency range
100 Hz to 1 MHz. The room temperature relative dielectric permittivity was found to be
~900 at 10 kHz. The relative dielectric permittivity is observed as being almost constant up
to 235 K and gradually increases above this temperature. As is known, the dielectric behav-
ior of a compound is strongly associated with its involved conduction mechanism [36,37].
At high temperature, the charge carrier mobility and rate of hopping of oxygen vacancies
increases due to the influence of thermal energy, causing an increase in the relative dielectric
permittivity [33] (Figure 8a). The room temperature dielectric loss was found to be ~0.03 at
10kHz. One can notice that there is a nearly constant loss tangent value (tan 6) up to 400 K
at several signal frequencies up to 1 MHz (Figure 8b). The rise in dielectric loss values at
high temperature above 400 K is expected due to space charge polarization [36]. It can be
mentioned that the dielectric response does not show any discernable phase transition as a
function of temperature, which could be due to the leaky dielectric behavior of the sample.
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Figure 7. (a) Temperature-dependent XRD data of KBNNO at elevated temperatures. (b) The short
20 range from 44 to 46.5° of the diffraction patterns at elevated temperatures infers orthorhombic-

to-tetragonal phase transition above 523 K and tetragonal-to-cubic phase transition above 713 K.
(c) Representative refined XRD patterns for different phases of KBNNO: orthorhombic (300 K), tetrago-
nal (623 K), and cubic (773 K). Experimental data (0) and calculated pattern (red solid line) are depicted

together with the residuals (blue solid line) of the refinement. The vertical ticks show the position of

the fitted Bragg’s reflection for the respective phase of KBNNO (upper panel ticks), and the negligible

impurity cubic phase (sp. Gr. Fm3m) of NiO is shown by lower panel ticks. (d) Primitive unit cell

parameters of KBNNO at different temperatures in orthorhombic, tetragonal, and cubic phases.
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Figure 8. (a) Relative dielectric permittivity ¢, as a function of temperature, (b) dielectric loss tangent
versus temperature.

As in other ferroelectric oxides [33,38], several factors are expected to contribute to the
electrical conduction process in KBNNO—those are oxygen vacancy, polaron hopping, and
ionic conductivity—and the total electrical conductivity (o) can be expressed as [39]

0 = 04c(T) + 0ac(T, w), 1)

where 04.(T) is the frequency-independent conductivity, and oac(T, w) is the temperature-
and frequency-dependent conductivity, governed by Jonscher power law, [39] which can
be formulated by

ac(T, w) = A(T) 0" @

where A is a temperature-dependent preexponential constant, w = 2nf is the angular fre-
quency, and n is the frequency exponent whose value is in the range 0 <n < 1. Figure 9a
shows the variation in electrical conductivity as a function of frequency at different tem-
peratures. The electrical conductivity data at each temperature were analyzed using a
least square fitting method by employing Equations (1) and (2), i.e., 0 = o4.(T) + A w",
which yields DC electrical conductivity o4, pre-exponential constant A, and exponent n
values. The values of o4, are found to increase from 4.8 x 107 to 1.58 x 10™* (Q m)~!
upon increasing temperature from 300 to 720 K. The values of exponent n are plotted as
a function of temperature (Figure 9b), which indicates that as temperature increases, the
values of exponent n decrease within the range 0 < n < 1, following the Jonscher power law.
Note that the observed values of exponent n are found to be frequency- and temperature-
dependent and that the values approach unity at low temperatures (<600 K), satisfying
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the correlated barrier-hopping model [40] and suggesting that the electron hopping con-
duction mechanism is dominant in the conductivity process in KBNNO, consistent with
other reported works on different ferroelectrics [41,42]. To obtain insight into the dominant
conduction mechanism in a certain temperature range, estimation of activation energy
E, is useful. The thermally activated conductivity process in ferroelectrics is given by an
Arrhenius law,

0 = 0o exp(—Ea/KgT) 3)

where o, is a pre-exponential constant, Kg is the Boltzmann’s constant, and T is the
absolute temperature. Figure 10 shows the logarithmic plots of the electrical conductivity
as a function of inverse of temperature at several frequencies. For better understanding of
the electrical conductivity process, we divided the plot into two temperature zones—i.e.,
one is ferroelectric phase FE I zone (4.5 to 12 K1) and another is the ferroelectric FE II
zone (2.1-4.7 K~1) (Figure 10). The activation energy E, values obtained by analyzing
the conductivity data (Figure 10) using Equation (3) are given in Table 2. The low values
of E, (<0.0006 eV) in the FEI zone (100-225 K) suggest a preponderant electron hopping
conduction mechanism [40,41] in the KBNNO compound. Similarly, the low activation
energy E, (=>0.003 eV) in the FE II zone (250-500 K) implies that the conduction process is
associated with the polaron hopping [40].

T T T T T L T 1.05 v y v v 9
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Figure 9. (a) Frequency-dependent AC conductivity of KBNNO at different temperatures and
(b) temperature dependency of the ‘n” parameter of the Jonscher relaxation law obtained from the
analysis of the AC conductivity data. The dashed line through the data is a guide to the eye.
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Figure 10. Electrical conductivity of KBNNO as a function of inverse temperature for different
frequencies. Vertical line separates the low and high temperature ferroelectric regions. The solid lines
through the data are the linear fit to the experimental data.
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Table 2. Activation energy values E,ct obtained for the low (90-225 K) and high (250-500 K) tempera-
ture ferroelectric regions at different frequencies.

Frequency (Hz) Activation Energy (eV)
FEI (<225 K) FEII (250-500 K)
102 0.0006 0.021
103 0.0003 0.014
104 0.0001 0.011
10° 0.0004 0.007
10° 0.0001 0.003

Now we discuss the Raman spectroscopic results in KBNNO. As mentioned earlier, the
pristine KNO exhibits a sequence of phase transitions from rhombohedral-to-orthorhombic-
to-tetragonal-to-cubic phases with increasing temperature. The low temperature rhombo-
hedral phase of KNO has one formula unit per unit cell (sp. Gr. R3m, Z = 1), which results
in 15 vibrational degrees of freedom and consists of 3 acoustic and 12 optical phonons.
The optical phonons are 3A; + A, + 4E, where A; and E modes are Raman and infrared
active phonons, and the A, mode is optically silent. Therefore, seven Raman active phonon
modes are expected. The room temperature orthorhombic phase (sp. Gr. Amm2, Z = 2)
has 12 Raman active optical phonons distributed as 4A;+A+4B;+3B,. Similarly, for the
high temperature tetragonal phase (sp. Gr. P4mm, Z = 1), eight Raman active phonon
modes (3A; + By + 4E) are expected. On the other hand, the distribution of vibrational
optical modes in centrosymmetric cubic phase (sp. Gr. Pm3m, Z = 1) is 3F;,+Fp,, where the
F14 mode is only infrared active and the F,,, mode is optically silent. Thus, no first-order
Raman active phonon modes are expected in the primitive cubic phase. Since KBNNO
has the same sequence of symmetries as in KNO, the same sets of Raman modes are
expected in KBNNO. The Raman spectra of KBNNO at several temperatures are shown
in Figure 11a. At 82 K, low temperature, seven prominent peaks and one shoulder are
discernible. The most intense Raman bands are located at 188, 218, 270, 528, and 831 cm 1.
Upon increasing temperature, the spectral features change: band intensity decreases, band
frequency red shifts, and the peak broadens. The bands at 218 cm~! and 259 cm~! and
a shoulder at 579 cm™ reduce their intensity with increasing temperature and disappear
at 260 K. Interestingly, a band at 225 cm ™! decreases in intensity with further rising tem-
perature and could not be followed up above ~533 K. The band at 173 cm~! broadens
with temperature and merges with the nearby band at 188 cm~! at 533 K. The distinct
bands at 528 cm ! and 598 cm ! broaden and could not be distinguished above 653 K. To
study the temperature effect on Raman spectra, a quantitative analysis was carried out to
obtain the Raman parameters employing the curve-fitting method. A suitable background
and a minimum number of peaks were considered to obtain a good fit to the measured
spectra [35]. The individual deconvoluted components and the total fitted spectrum for the
measured spectrum at 82 K is shown in Figure 11b: twelve modes could be identified in the
spectral range 40-1000 cm !, as listed in Table 3, and are assigned in comparison with those
in KNO [43]. Similar analyses were carried out for all other spectra measured at different
temperatures. The mixed A;-E character of few Raman modes were expected due to the
existence of randomly oriented grain in the polycrystalline sample, resulting in random
phonon propagation direction with respect to crystallographic axes. The Raman bands
observed in the low frequency range <400 cm ™! correspond to lattice translational vibration
of the A-site (K/Ba) ion and external vibration of rigid (Nb/Ni)Og octahedra, while those
in the frequency range >400 cm ™! are associated with the internal vibrations involving
(Nb/Ni)Og octahedra [26]. At elevated temperature, 260 K, only nine bands at 553 and
673 K and only six Raman bands could be observed from the Raman spectra analysis in the
same frequency range (Table 3). As representative spectra, the individual components for
spectra measured at high temperature 573 and 673 K are shown in Figure 12. The Raman
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spectrum fit to the sum of six Lorentzian peaks for 573 and 673 K. The modes in the high
temperature are found to be even broader than expected due to shorter phonon lifetime
and due to merging of nondegenerate phonon modes of the low temperature phase. It can
be mentioned that the disappearance of 218, 259, and 579 cm~! Raman modes is observed
at around 260 K. In addition, modes at 225, 270, 289, and 831 cm ™! exhibit discontinuity
across 260 K (Figure 13). The modes at 188 and 225 cm ! disappear; while other modes at
270 and 831 cm ™! exhibit a slope change around 533 K (Figure 13).
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Figure 11. (a) Raman spectra of KBNNO at various temperatures. The 218, 578 cm~! modes that
disappear across the thombohedral-to-orthorhombic phase are shown by arrow mark, while the
110, 188 cm ™! modes that disappear across orthorhombic-to-tetragonal phase are shown by a single
asterisk symbol. (b) Raman spectrum of rhombohedral KBNNO measured at 82 K. Raman spectrum
fitted to the sum of 12 Lorentzian peaks. Individual fitted peaks are also shown.
Table 3. Mode frequencies of curve-fitted Raman bands at 82 K and at other different phases of
KBNNO. The numbers in the parenthesis are the standard errors in the least significant digit. Error
more than the obtained fitted value is considered as zero. The assignment of the observed modes in
rhombohedral phase at 82 K is in accord with that reported in KNbOj [43].
Rhombohedral Phase 82 K Orthorhombic Phase 260 K Tetragonal Phase 553 K
Mode Frequency T-Coefficient Mode Frequency T-Coefficient Mode Frequency T-Coefficient
(cm~1) (103 cm~1K-1) (cm~1) (103 cm~1K-1) (cm~1) (103 em~1K-1)
110 (E + Ay) —25(3) 107 —20(2) 100 —10(5)
173 (E + Aq) —43 (1) 167 14 (4) 178 —-11(2)
188 (E + Aq) -2(1) 187 4(1) - -
218 (E+ Aq) —17(8) - - - -
225€ 67 (4) 228 —54 (5) - -
259 (E + Aq) —94 (1) - - - -
270 (A1) —28(2) 263 —69 (5) 241 —130 (1)
289 (E+ A1) 0 287 -30(1) 277 —38(4)
528 € -10(1) 528 -31(3) - -
579 (E+ Aq) —83(7) - - - -
598 (A1) —21(5) 590 —40 (4) 588 —24(1)
831 (E+ A1) -2(1) 830 —14 (1) 827 -33(3)
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Figure 12. Raman spectrum fitted to sum of six Lorentzian peaks for 573 K and 673 K. Individual
fitted peaks are also shown.

The modes at 173 and 188 cm~! merge to become a single band that centered at
178 cm™! above 533 K. Furthermore, the Raman modes at 528 and 598 cm ™! merge to give
rise to a new band at 572 cm ! at 533 K. It can be mentioned that the disappearance of sev-
eral Raman modes and change in slope of mode frequencies at ~260 K and 533 K occurred
as the KBNNO material underwent phase transitions from rhombohedral-to-orthorhombic
and orthorhombic-to-tetragonal phases, respectively, with increasing temperature. These
structural phase transitions are attributed in analogy with the sequence of phase transitions
reported in KNO [26,27] and also from our T-dependent XRD studies. Although one can
expect a large number of modes in low symmetry orthorhombic phase at 260 K due to
splitting of modes of low temperature high symmetry rhombohedral phase, we did not
observe such modes, which could be either due to insufficient intensity of few Raman
modes, possibly either due to their smaller polarizability (I « (5x/8q)?) or accidental degen-
eracy of phonon energy. However, the smaller number of modes in the high temperature
(>553 K) phase is expected due to the merging of phonon modes of the low symmetry phase
while transitioning to the high symmetry phases of KBNNO. As mentioned earlier, no
first-order Raman active modes are expected in the cubic phase (sp. Gr. Pm3m). However,
the observation of six Raman bands located at 100, 168, 228, 276, 570, and 825 cm ! at 673 K,
which have conformity with the bands of tetragonal phase, suggests that the material still
requires a high temperature to undergo cubic phase transition, consistent with the high
temperature XRD results and Hawley et al. Raman spectroscopic results [26].
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Figure 13. Temperature dependence of mode frequency (a) 225 cm 1, (b) 270 cm™1, () 289 cm 1,
and (d) 831 cm 1. Vertical dashed lines correspond to mode frequency discontinuity, indicating the
rhombohedral-to-orthorhombic phase transition around 260 K and orthorhombic-to-tetragonal phase
transition around 533 K in KBNNO. Lines through the data are a guide to the eye.

The temperature coefficients of the phonon modes of the different phases were ob-
tained from the linear least square fitting of the temperature dependence of Raman mode
frequencies and are listed in Table 3. One can notice that most of the modes of the or-
thorhombic phase have large T-coefficient values as compared with other phases, suggest-
ing that there is more anharmonicity involved in the orthorhombic ferroelectric phase. The
observation of a positive slope (hardening) of a few lattice modes such as 173, 188 cm ™!
of the orthorhombic phase could be due to a steepening of the potential well formed by
oxygen atoms surrounding the (K/Ba) cations. Such hardening of the lattice mode with tem-
perature had been inferred in several oxides such as Sc;(MoO4); [44] and Zr(WOy), [45].
One can notice that most of the modes exhibit negative slope values, indicating their
normal softening behavior with rising temperature. This is normally expected due to a
decrease in the bond strength of atoms involved in the mode vibration, mainly due to
temperature-induced thermal expansion of the crystal.

The reduced slope (1/w dw/dT) of the modes of different phases suggests that low
frequency lattice and external modes have larger values compared with those of internal
modes—for example, the reduced slope of the 110 cm ! lattice mode of the rhombohedral
phase is nearly 7 times larger than that of the 598 cm™! stretching vibration involving
(Nb/Ni) octahedra. Similarly, in tetragonal phase, the reduced slope of that lattice mode
is nearly 1.5 times larger than that obtained for 588 cm~! internal mode. Therefore, it
is expected that with increasing temperature, the lattice vibrational involving (K/Ba)-O
bonds become weaker and flexible. The instability of the lattice cations is expected to
distort the (Nb/Ni)Og octahedra, which in turn is likely to create lattice instability with
temperature, and KBNNO undergoes sequence of phase transitions. Recently, the influence
of such lattice modes on the phase stability in other oxides such as Sr,ZnGe;O7 [46] and
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BaTe;O¢ [47] have been reported. In fact, the sequence of phase transition in KNbO3
resulted from lattice deformation and the distortion in the NbOg octahedra [48].

Based on these above studies, a detailed structural and ferroelectric behavior is pre-
sented that can provide insight about the design and tuning of the physical properties of
lead-free ferroelectric materials.

4. Summary and Conclusions

The optical, dielectric, ferroelectric, and temperature-dependent structural phase
transition behaviors in ferroelectric 0.9[KNbO3]—0.1[(BaNi; /,Nb; /,03_5] compound were
investigated. Nearly single orthorhombic phase (sp. Gr. Amm2) of KBNNO compound
was prepared by the solid-state reaction method. A direct optical band gap Eg of 1.66 eV
in KBNNO was estimated at room temperature using the UV-Vis diffuse reflectance
spectrum. Non-saturated electric polarization loops were observed and was attributed to
leakage current effects pertaining to oxygen vacancies in the compound. A ferromagnetic
hysteresis curve with the magnetic saturation value of 2.8 memugm~! was observed
at 300 K. The existence of room temperature ferromagnetic and ferroelectric ordering in
KBNNO indicated that the compound is a room temperature multiferroic. The T-dependent
XRD studies of KBNNO revealed orthorhombic-to-tetragonal and tetragonal-to-cubic phase
transitions at 523 and 713 K, respectively. Temperature-dependent dielectric behavior, being
leaky, did not identify any phase transition. Temperature variation electrical conductivity
in the material obeys the Jonscher power law. The frequency exponent ‘n’ value was
found to satisfy the correlated barrier-hopping model and indicated the dominance of
the hopping conduction process. The low activation energies obtained from conductivity
analyses were related to the hopping conduction mechanism. Several Raman bands were
found to disappear, while a merging of nearby modes occurred across the rhombohedral-
to-orthorhombic and orthorhombic-to-tetragonal phase transitions at ~260 and 533 K,
respectively. The low frequency lattice modes were found to be more anharmonic.
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