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Abstract

In this work, Ni-doped lead-free ferroelectric Ba(Ti 3Zr, ,)O; materials were well synthesized by a simple chemical route.
The complex magnetic behavior of the materials was explained by the random distribution of Ni cations into the Ba(Ti, ¢Zr ,)
O; host lattice. As increasing the Ni concentration to 9 mol%, nonlinear electric polarization behavior remained unchanged
in the Ba(Ti, ¢Zr,,)O; materials. The observations in nonlinear magnetization and electric polarization in Ni-doped
Ba(Ti ¢Zr, ,)O; materials suggested an extension of new material functions to the development of advanced materials for

electronic devices.

Keywords BaZrO, - BaTiO; - Lead-free ferroelectric - Ferromagnetic - Ni dopants

1 Introduction

Common ferroelectric Pb(Zr,T1)O5-based (PZT) ceramic
materials have been widely applied in electronic devices
[1]. However, the current environment and human health
are affected because these materials contained a consider-
able amount of Pb (~ 60 wt.%) [1]. Lead-based ferroelectric
materials are toxic to the human body and damage the envi-
ronment [1, 2]. It is thus necessary to develop a new type
of lead-free ferroelectric materials to replace the PZT in
current electronic devices. Among the lead-free ferroelectric
materials, BaTiO;-based materials such as (Sr,Ba)TiO; are
developed, which could replace PZT-based materials in elec-
tronic devices, such as dynamic random access memories,
ferroelectric random access memory, capacitors, or micro-
wave components [3—7]. However, the unstable phase of Sr
modified at the Ba site in BaTiO5 materials is a challenge in
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research because the radius of Sr cations is smaller than that
of Ba cations, resulting in local chemical compression. The
hopping of electrons between Ti** and Ti** cations became
easier when the distance between Ti** and Ti** cations was
closer via chemical strain. As a result, the leakage current of
Sr-modified BaTiO; materials increased, larger than that of
BaTiO; materials [3]. Note that the Ti3* defects existed in
BaTiO;-based materials because oxygen vacancies promoted
the reduction in the valence state of Ti**. Recently, the leak-
age current issue in (Ba,Sr)TiO; materials is addressed by
Zr impurities as a substitute for Ti sites [3, 8—11]. Bada-
panda et al. reported that Zr-modified BaTiO; compounds
existed in more stable phases than Sr-modified BaTiO;
compounds [3]. In addition, Bootchanont et al. reported that
the Ti off-center displacements were dependent on the Zr
concentration-doped BaTiO; materials [8]. The Ba(Ti,_,Zr,)
O; compounds exhibited traditional ferroelectric behaviors
for x smaller than 10 mol%, whereas a typical relaxor fer-
roelectric behavior for x exhibited in the range of 0.26-0.4
[9, 10]. Yu et al. reported that the large unipolar strain lev-
els of 0.18-0.25% and the remanent polarization of 13—-18
uC/cm? were obtained for BaZrO;-modified BaTiO; with
BaZrO; dopants ranging from 3 to 8 mol% [11]. Mahajan
et al. reported that the BaZrOj; solid solution into the host
BaTiO; with 15 mol% increased the dielectric constant
from 1675 to 10,580 at room temperature (RT), whereas the
maxima dielectric constant value increased from ~ 13,626
to 21,023 with diffuse phase transition compared with pure
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BaTiO; [12]. Huang et al. reported an improvement in
charge trapping in nonvolatile memory based on Zr-doped
BaTiO; materials [13]. Therefore, the Ba(Ti,Zr)O5 system
can be used to replace PZT-based materials in currently used
electronic devices. According to Bera et al. and Yu et al.,
(1-x)BaTiO5 +xBaZrO; compounds with x <0.1 showed
traditional ferroelectric behavior, while the similar systems
with x the range 0.26 — 0.4 showed a typical relaxor ferro-
electric behavior [9, 10]. Yu et al. also reported that a large
unipolar strain level of 0.18-0.25% was obtained in that
BaZrO;-modified BaTiO; materials with 0.03 —0.08 mol%
of BaZrO;, while the remnant polarization was estimated
at 13-18 pC/cm? [11]. Liu et al. reported that the normal
ferroelectric properties of BaTiO; could change to relax-
ors by adding BaZrO; with high concentration levels up to
40 mol% [14]. The main problem was that the solid-state
reaction method to synthesize the BaTiO;—BaZrO; system
required too high sintering temperatures up to 1300 °C
onwards [9]. The reduction in sintering temperatures for
synthesizing BaTiO5-BaZrO; systems was archived by
using a sol-gel method where the phase forming could start
from 400 °C [15]. Among a wide range of Ba(Ti,Zr)O; sys-
tems, Ba(Ti, ¢Zr, ,)O; materials show continuous conduct-
ance change for both increasing and decreasing and good
potential for resistive switching memory devices (memris-
tors or ReRAM), indicating that the synaptic weight change
is responsible for the biological learning process as artifi-
cial synapses in the neuromorphic systems [16]. Therefore,
injecting ferromagnetism in current lead-free ferroelectric
Ba(Ti, gZr, ,)O5 compounds is interesting for the extension
of function materials for smart electronic applications.
Recently, doping transition metals into host lead-free
ferroelectric materials is a potential method for creating
a new material type that exhibited ferroelectric and ferro-
magnetism for smart electronic devices [17—-19]. Therefore,
novel functions of lead-free ferroelectric materials are stud-
ied by combining them with ferromagnetism at room tem-
perature. Room temperature ferromagnetism (RTF) in lead-
free ferroelectric materials has been reported for Fe-, Co-,
Ni-, Mn-, and Cr-doped Bi, sNa,, sTiO; materials [20-24].
RTF in Bi, 5K, sTiO; materials is also achieved via doping
transition metals, such as Fe, Co, Mn, Ni, and Cr [25-29].
RTF is reported for Co-, Fe-, and Mn-doped KNbO; samples
[30-33]. Tiwari et al. reported that diamagnetic properties
were exhibited in Ba- and Sc-co-doped KNbO; materials
[34]. In addition, ferromagnetic ordering at RT is reported
for various BaTiO; materials doped with transition metals,
including Fe, Co, Ni, Mn, and Cr [35-39]. The observation
in the ferromagnetic state of transition metal-doped lead-free
ferroelectric materials is important in creating a new type of
electronic devices, such as a four-state multiferroic memory
[40]. The Ba(Ti, ¢Zr, ,)TiO; composition shows good elec-
trical properties among a wide range of Ba(Ti,Zr)O5-based
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compositions [14, 41, 42]. Recently, there is the observation
in complex ferromagnetism at room temperature in Fe-, Mn-,
and Co-doped Ba(Ti, ¢Zr, ,)O; materials [43—45]. In addi-
tion, the room temperature ferromagnetism was obtained in
various Ni-doped lead-free ferroelectric materials such as
Bi,,Na,,TiO5, Bi,,K, , TiO5, BaTiO; materials [22, 28, 37].
However, so far, there was no report on the influence of Ni
impurity-doped Ba(Ti, 3Zr,,)O; materials on the optical,
magnetic, and electrical properties.

In this work, the Ni-doped Ba(Ti, 3Zr, ,)TiO; compounds
are fabricated by a simple chemical route method. The com-
plex random incorporation of Ni into the Ba(Ti, ¢Zr ,) TiO;
host lattice enhances the magnetic properties of host mate-
rials. We obtained the nonlinear electric polarization of
Ba(Ti gZr, ,)TiO; materials by incorporating Ni impurities
into the host lattice.

2 Experimental

Ba(Ti, ¢Zr,,)O4 and Ni-doped Ba(Ti, ¢Zr,,)O; materi-
als with 0.5, 1, 3, 5, 7, and 9 mol% Ni (namely BZT and
BZT-xNi with x=0.5 -9, respectively) were synthesized
by a chemical route method. Precursors included barium
carbonate BaCOj, tetraisopropoxytitanium IV C,H,30,Ti,
ZrO(NOs),-xH,0, and Ni(NOs),-6H,0. The solvents used in
this study included acetic acid, acetylacetone, and de-ion-
ized water. Firstly, raw BaCO; was weighed and dissolved
in a mixed solution of acetic acid and de-ionized water at
the volume ratio of 1:5. Secondly, ZrO(NO;),-xH,O and
Ni(NO;),-6H,0 were weighed as an estimation of dop-
ing levels and then added to the solutions. After 2-3 h of
magnetic stirring, homogeneous transparent solutions
were obtained. Subsequently, consistent amounts of the
C,,H,30,Ti solution were reduced in the later solutions.
After 5 h of magnetic stirring, homogeneous sols were
formed from the final solutions. The sols were then left in an
oval at 100 °C to obtain dry gels. The dry gels were annealed
at 900 °C in the air for 3 h, then naturally cooled to room
temperature, and ground to form powder samples. The chem-
ical composition of the samples was measured by energy-
dispersive X-ray spectroscopy (EDX, S-4800 Hitachi) and
further confirmed by using an electron probe microanalyzer
(EPMA, Shimadzu EPMA 1600). The surface morphologies
of pure BZT and Ni-doped BZT compounds were achieved
by field-emission scanning electron microscopy (FE-SEM,
S-4800 Hitachi). The crystal structures of the samples were
detected by X-ray diffraction (XRD, Brucker D8 Advance)
spectroscopy. Raman measurements were carried out at
room temperature using a Renishaw in Via Micro Raman
Microscope system (Renishaw plc.) equipped with a 633-nm
laser. Ultraviolet—visible (UV—Vis, Jasco V-670) absorption
spectroscopy measurements were carried out to characterize
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the optical properties of the samples. The magnetic proper-
ties of pure BZT and Ni-doped BZT compounds at RT were
obtained by using a vibrating sample magnetometer (VSM,
Lakeshore 7404). Each powder sample was mixed with 5
wt.% polyvinyl alcohol as a binder and pressed into a disk
pellet at 98 MPa by using a 24-Ton pellet presser (MP24A,
Across International) with cylindrical dies ¢y =6 mm. The
pellets were sintered at 1100 °C for 3 h in the air and then
naturally cooled to RT. The pellet’s surface was polished
and covered by silver paste, and then thermally treated at
700 °C for 30 min in the air. Electrical measurements were
conducted by a Precision LC II ferroelectric test system
(Radiant Technologies Inc.) and an HP 4192A LF imped-
ance analyzer.

3 Results and discussions

The appearance of expected chemical compositions in the
pure BZT compound was qualified by using EDX spectrum,
as shown in Fig. la. All expectation chemical elements,
including Ba, Ti, and O, appeared in the EDX spectrum by
indexing the typical emission energy. As shown in Fig. 1b,
the impurity Ni elements were clearly observed in the EDX
spectrum of 9 mol% Ni-doped BZT materials. The result
confirmed the presence of Ni cations in the as-prepared sam-
ples. The quality EDX results showed direct evidence for
the presence of all expected chemical elements in both pure
BZT and Ni-doped BZT samples.

The FE-SEM images in Fig. 2 showed the influence
of Ni concentration on the surface morphology of BZT
samples. The inset of each figure showed the size distri-
bution of frequent particles. The distribution of pure BZT
material exhibited homogeneous surface morphologies in
Fig. 2a. The grain size of pure BZT material was estimated
at approximately 50—80 nm. Figure 2b—g shows the surface
morphologies of the Ni-doped BZT samples with various
Ni concentrations in the range of 0.5-9 mol%, exhibiting
an inhomogeneous grain size distribution. As shown in
Fig. 2g, the grain size of the 9 mol% Ni-doped BZT sample
decreased to approximately 10-30 nm. The complex grain
growth of BZT materials concerning Ni concentrations
could be explained by two main mechanisms associated
with oxygen vacancies and impurities. In general, oxygen
vacancies promoted grain growth, whereas impurities hin-
dered grain growth [46-49]. Oxygen vacancies were natural
defects and possibly enhanced by substituting Ni**** for
Ti** to balance valence states in oxide materials. By con-
trast, increased levels of Ni impurity hindered grain growth,
thereby leading to an inhomogeneous distribution of grain
size. As a result, the compensative interaction of oxygen
vacancies and impurities during phase formation resulted in
the inhomogeneous distribution of grain size.

Intensity (arb. units)

Intensity (arb.units)

o 1 2 3 4 5 6 7 8
Energy (eV)

Fig. 1 Energy-dispersive X-ray, EDX, spectra of a pure BZT and b
9 mol% Ni-doped BZT samples. The inset of each figure shows a
selected area for chemical composition measurements, respectively

To better understand the role of Ni doping on the structure
of the studied samples, XRD measurements were performed.
XRD patterns of pure BZT and BZT-xNi samples in Fig. 3a
revealed the influence of Ni doping on the host BZT lattice.
Based on the XRD peak positions and their relative inten-
sity, all studied samples were assigned to a tetragonal crystal
structure (P4mm symmetry). No additional peak related to
either Ni impurity or phase separation was observed in the
XRD patterns of Ni-doped BZT samples, indicating that the
structure of Ni-doped BZT remains unchanged after Ni dop-
ing. This observation confirmed the random incorporation
of Ni impurities into the host BZT lattice. The incorporation
of Ni into the BZT lattice via Ni cation substitution is illus-
trated in Fig. 3b, where the XRD patterns of pure BZT and
Ni-doped BZT samples were enlarged from 30.0° to 32.5°
for satellite peaks (101)/(110). As shown in Fig. 3b, the
peak around 31.2° shifted to higher angles as increasing Ni
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Fig. 2 Field-emission scanning electron microscopy (FE-SEM) images a pure BZT and Ni-doped BZT samples with b 0.5, ¢ 1,d 3, e 5, f 7, and
€ 9 mol%. The inset of each figure shows the size distribution of frequent particles
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concentrations, indicating compression of lattice parameters
in our studied samples. Furthermore, the lattice parameters
a and c of the pure BZT and the Ni-doped BZT according
to Ni doping level are shown in Fig. 3c. The results show
that distorted lattice parameters of BZT compound are not
linear as a function of Ni doping amounts, which has com-
plexed distortion in lattice parameters. The lattice distortion
of the Ni-modified BZT compounds could be understood
by considering the radii of the impurity cations and the
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host cations. Shannon reported that the sizes of Ti*" and
Zr** cations in the coordination number (CN) of VI were
0.605 and 0.72 10\, respectively [50]. However, the size of Ni
cations was complex, depending on theirs valence and spin
states [50]. At the CN of VI, the radius of Ni** cations was
0.690 A [50]. Having the same CN of VI, Ni’* cations had
a radius of 0.56 and 0.60 A for the lower spin and high spin
states, respectively, whereas Ni** cations had a radius of
0.48 A at the low spin state [50]. Consequently, the complex
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local lattice distortion can be obtained by randomly incor-
porating Ni cations into Ti or Zr sites in BZT compounds.
The same trend of lattice compression was expected when
the Ni** cations with either low spin or high spin states and
the Ni** cations incorporated into the Ti sites because the
radius of the Ni**** cations was smaller than that of the Ti**
cations. However, the lattice parameters of BZT compounds
might be expanded when Ni** was incorporated on the Ti
sites. In addition, the oxygen vacancies were created by ran-
dom incorporation of Ni** and Ni** cations for the Ti*" or
Zr** site to maintain charge neutrality. Notably, the size of
oxide vacancies in perovskite-structured oxides was 1.31 A,
which was lower than that of oxygen anion (1.4 A) [51]. So,
the random presence of oxygen vacancies in the host lat-
tice caused the lattice parameter to shrink. The relationship
of lattice parameter compressing via oxygen vacancies and
transition metal dopants was reported in Refs. [22, 24, 28,
29]. Recently, Chen et al. reported that the Ni cations pos-
sibly filled at the A sites in perovskite lead-free ferroelectric
Bi, sNa, sTiO; materials [52]. Shannon reported that the
radius of the Ba>* cations was 1.60 A which was larger
than that of Ni** cations [50]. Consequently, the substitution
of Ni** at the A site of the BZT compounds resulted in the
compression of lattice parameters. So far, the origin of lat-
tice distortion in the host BZT materials via Ni dopants was
not clear, needing further investigation to stop the incorpora-
tion of the Ni valence and spin states with host BZT com-
pounds. Moreover, the compensation of the preferred site for
the substitution of Ni cations in the host BZT lattices should

Fig.4 a Raman spectra at
room temperature of the pure
BZT and Ni-doped BZT as a
function of Ni amounts, and

be confirmed. However, Ni-induced lattice distortion was
important for the random incorporation of Ni cations into
the host BZT materials. Furthermore, the average crystalline
size of pure BZT and Ni-doped BZT samples was estimated
using the Scherrer equation Dy, = kA/f,,.cos8, where D,
is the crystallite size in the direction perpendicular to the
lattice planes, (hkl) are the Miller indices of the planes being
analyzed, k is a numerical factor frequently referred to as the
crystallite-shape factor, 4 is the X-ray wavelength, g, is the
width (full-width at half-maximum) of the X-ray diffraction
peak in radians, and 6 is the Bragg angle [53, 54]. In our
calculation method, we used k factor of approximately 0.9
[54, 55]. In our experimental, the Cu K, with a radiation
wavelength of 1.5406 A was used as X-ray sources for char-
acterization of crystal Ni-doped BZT phase. The pure BZT
materials exhibited an average crystalline size of around
16 nm. The addition of Ni impurities into host BZT materi-
als resulted in a slight increase in the average crystalline size
in the range from 18 to 20 nm. Our observation of average
crystalline sizes from XRD spectra was well consistent with
obtained results from surface morphology FE-SEM.

The role of random incorporation of Ni impurity cations
into host BZT materials would be further confirmed by using
Raman scattering studies. Figure 4a shows the Raman spec-
tra of the pure BZT and Ni-doped BZT samples measured
at room temperature. For the pure BZT sample, the Raman
spectrum could be divided into three main regions within
the wavenumber range of 150 —900 cm™!. That shape of
Raman spectra remained unchanged after Ni doping with
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up to 9 mol%, which further confirmed that no impurity-
related phase was appeared, with well consistent with the
XRD results. The observation of the main peaks around
302 cm™! and broad peaks at around 715 cm™! along with
other peaks also further confirmed the characteristic of
tetragonal structural of studied samples with XRD results
[56, 57]. It was suggested that Raman active modes of the
tetragonal structure BZT compounds followed the tetragonal
BaTiOj structure, consisting of 4E(TO+L0O)+3A,(TO+L
0)+B,(TO+LO) modes [56]. The observed anti-resonance
effect at 175 cm™' was assigned to a coupling between the
sharp A1(TO1) and broad A1(TO2) modes [56, 58]. Singh
et al. reported that the vibration Raman peaks around 270
and 304 cm™! were caused by the vibration of TiO6 group,
while the peaks at approximately 514 cm™! were related to
the vibration displacement of oxygen atoms [59]. The influ-
ence of oxygen vacancies on the active vibration modes in
BZT materials via Ni doping is shown in Fig. 4b. The center
broad peaks around 523 cm™! of pure BZT materials tended
to shift to a lower wavenumber, about 517 cm™!, as increas-
ing the Ni impurity amount up to 9 mol%, which were sug-
gested to be related to the oxygen vacancies [60]. Note that
the oxygen vacancies were created due to the difference in
valence states of Ni>*** cations that were randomly incor-
porated at the Ti sites in the host BZT materials. The evi-
dence of vacancy defects in the BZT lattices via Ni doping
was well consistent with the XRD results where BZT lattice
parameters were compressed after incorporating Ni cations
into the BZT host lattices. Vinothini et al. reported that the
mode at around 715 cm™! is a mixed A1 and E modes associ-
ated with the breathing of BO6 octahedra in the ferroelectric
phase, whereas the mode at around 780 cm™" is a stretching
mode of BOG6 octahedral related to A- or B-site substitutions
in the perovskite structure [61]. The E1(TO1) and E1(TO2)
modes associated with the tetragonal—cubic phase transition
were observed at 116 and 301 cm™, respectively, whereas
the A1(LO3) mode was found at 720 cm™!, with zirconium
(Zr) substituted at the titanium (Ti) sites. However, the

coupling between the sharp A1(TO1) and broad A1(TO2)
modes decreases as the intensity of the A1(TO2) mode
decreases [62, 63]. In addition, the peaks at 720 cm™! could
be labeled as mixed Al and E mode associated with the
breathing mode of BO6 octahedra in the ferroelectric phase,
whereas the peaks at 789 cm™! can be labeled as stretching
modes (Alg asymmetric breathing) mode of BO6 octahedra
related to Zr substitution at Ti lattice sites [64, 65]. Figure 4c
shows the magnified Raman spectra of the pure BZT and
Ni-doped BZT materials in the wavenumber range from 670
to 850 cm™'. Two Raman peaks were observed at around
717 cm™! and 787 cm™! which were well consistent with
the recent observation in BZT materials [61, 62, 64, 66].
Our results showed that the intensity of the Raman peak at
around 787 cm™! decreased after randomly incorporating Ni
cations into the host BZT lattices, that being suggested to
relate to Ni substitution at Ti lattice sites.

The Ni doping into host BZT materials results in a com-
plex reduction in the optical bandgap. Figure 5a presents
UV-Vis absorption spectra of pure BZT and BZT-xNi sam-
ples, indicating the modification of the absorption spectra
of BZT compounds via random incorporation of Ni into the
host lattice. The absorption spectra of pure BZT showed a
single absorption edge with a shoulder, which was related
to the surface defects and/or self-defects when samples were
nanosized [3, 67-69]. Furthermore, as incorporating of Zr
cations into BaTiOj; to form BaTiO;-BaZrO;, one observed
a shoulder in UV—Vis spectrum that presented a new local
defect of Zr cations in the electronic structure of BaTiO;
because of the zirconium 4d and titanium 3d states located
below the conduction band [3, 68]. The bandgap decrease
in BaTiO; via Zr incorporation was due to a structure sym-
metry break because of the presence of [ZrO6] cluster [70,
71]. Xin et al. reported that the optical band gap energy of
BaTiO; compounds was dependent on Zr dopant concentra-
tion, where the large crystal splitting of the Zr 4d states was
due to the deformation of the BZT crystal structure with
increasing Zr amounts [72]. For Ni-doping BZT samples,

Fig.5 a UV-Vis spectra and T T T T
b plots of (ahy)? values versus %

photon energy (hy) for the pure
BZT and Ni-doped BZT com-
pounds with various Ni concen-
trations. The inset of Fig. 5b
shows the E, values of the BZT
compounds as a function of Ni
impurity concentrations

Absorbance (arb. units)

()

3.24 )
[ 48
— 322{ |\ . W
Bzt D s '\-/ e
—— BZT-0.5Ni trs
—— BZT-Ni S | /
—— BZT-3Ni 3 ate]
BZT-5Ni 2 314 "
BZT-Ni = 12
BZT-9Ni ~ "T0 2 4 6 8 10 [
0’1_\ Ni amounts (mol.%) ) —BZT
> ——BZT-0.5Ni |
N K= Jf ——BzT-ANi
SN 3L ——BZT-3Ni ]
- Y / BZT-5Ni
L /) BZT-7Ni J
( b) ,,// 2 BZT-9Ni

@ Springer

300 400 500 600 700 800 900 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Wavelength (nm)

hv (eV)



Magnetic and electrical properties of Ni-doped Ba(Ti; gZr, ,)0; materials

Page70f13 567

the absorption spectroscopy of samples was modified, where
the absorption edges of BZT compounds were distorted.
Moreover, the double hump in the absorption spectroscopy
was obtained in the absorption range of 600 — 900 nm with
increasing intensity as the Ni concentration increased. This
observation was well consistent with recent reports on the
double humps in absorption spectra of Ni-doped lead-free
ferroelectric materials, such as Ni-doped Bi, sK,, sTiO; or
Ni-doped Bi sNa, s TiO5; materials [22, 28, 52, 73, 74]. The
double hump was related to a 3d-3d interband transition
of Ni cation’s electron because of 3d energy in octahedral
under crystal field [20-22, 25-27, 29]. However, unlike the
absorption spectra of Ni-doped Bi, sNa,, ;TiO; materials
or Ni-doped Bi 5K sTiO; materials, the absorption spec-
tra of Ni-doped BZT materials indicated the presence of a
shoulder in the range of 400-500 nm, as the Ni concentra-
tions increased. The appearance of a shoulder and a hump
in the absorption spectra of Ni-doped BZT materials was
related to the presence of a multivalence state of Ni cati-
ons randomly incorporated at the A and B sites. By using
Wood-Tauc relation between phonon energy hv and band-
gap E,: (ahv) =A(hz/-Eg)”, the optical bandgap E|, of studied
samples was deduced, where n is a constant associated with
different types of electronic transitions (n=2, 1/2, 3, or 3/2
or 3 for indirect allowed, direct allowed, indirect forbidden
and direct forbidden transitions, respectively, and « is the
absorption coefficient; A is a constant [75]. Thus, the E,
values of pure BZT compounds and Ni-doped BZT com-
pounds were evaluated by extrapolating the linear portion
of the curve or tail. Recently, Ba(Zr,Ti; g)O; compounds
were reported to be direct allowed transition materials in
Ref. [76]. As a result, in this study, the value n=1/2 was
used in the Wood-Tauc equation to obtain relation (ahv)?
proportional to photon energy (hv), as shown in Fig. 5b.
The E, values were then estimated by extrapolating the lin-
ear portion of the plot (ahv)? versus (hv) to (ahv)*>=0. The
estimation of E, values for pure BZT compounds with the
direct transition had values of 3.16 eV, which consisted of
the recent observation from the first principle theoretical
calculation for E, values from 2.60 eV to 3.45 eV or was
estimated from the experiment for E, ranging from 2.92 eV
to 3.84 eV, based on the amount of Zr dopants and method
of fabrication [3, 68, 70-72, 76-78]. The addition of Ni
impurities incorporated with the host BZT lattices resulted
in the complex distortion of the E, values, where the E,
value and Ni concentration changed from 3.23 to 3.14 eV
and from 0.5 to 9 mol%, respectively, in BZT compounds.
The inset in Fig. 5b shows in more detail the dependence
of BZT’s E, values as a function of Ni doping concentra-
tion. The figure indicated that E, values did not follow the
trend recently reported in transition metal-doped lead-free
ferroelectric materials [20-30]. In recent studies [20-29], we
have suggested three main factors that affect the distortion

of the BZT’s E, values via incorporation of impurities: (i)
appearance of a new local state in the middle of the bandgap
of BZT compounds, (ii) creation of oxygen vacancies state
locating below the conduction band, and (iii) lattice distor-
tion caused by defects. By using theoretical DFT calcula-
tion, Ref. [49] predicted that, depending on density states,
transition metal impurity atoms will incorporate with A sites
or B sites of the lead-free ferroelectric perovskite structure.
In Ref. [28], Thiet et al. reported the relation of the concen-
tration of Ni cation incorporated into the host lattice and
the decrease in E, values in Ni-doped lead-free ferroelectric
materials, whereas the phase segregated increased the E,
values. In this study, we observed a single perovskite phase
of Ni-doped BZT compounds by XRD analysis. However,
the possible phase segregation and Ni cations located at the
interstitial site could not be detected by the XRD method. As
a result, the complex variation in Eg values of BZT materials
as a function of Ni concentrations needed further research.
At least at present, the distortion of Eg values as a function
of Ni impurity concentrations was confirmed by complex
random incorporation of Ni with the host BZT lattices.
The observation in complex magnetic properties at room
temperature of Ni-doped BZT materials was shown as a
level of Ni doping concentrations. Figure 6 shows M-H loop
curves of the pure BZT and BZT-xNi samples. The anti-S-
shape of the pure BZT’s M-H loop in Fig. 6a may be derived
from the compensative interaction of diamagnetism with
weak ferromagnetism as low saturation magnetization. The
diamagnetic signal of the pure BZT material originated from
empty states of 3d orbital of Ti** cations [24, 29, 39, 79]. A
typical M—H curve of pure BZT was obtained and is shown
in the inset of Fig. 6a after subtracting the diamagnetic parts,
which revealed the weak ferromagnetism property of pure
BZT compounds. Figure 6a also exhibits a saturation mag-
netization M of 3.1 memu/g with nonzero remanent mag-
netization M, of 0.4 memu/g and nonzero magnetic coercive
field H; of 0.98 Oe, confirming ferromagnetic ordering of
the materials at RT. As mentioned in our previous studies
[43-45], the weak ferromagnetism of pure BZT material at
RT was related to surface effects and/or self-defects (e.g.,
Ti** defects and Ti** vacancies). The incorporation of Ni
into the host BZT lattices enhanced the magnetic behav-
ior. The diamagnetic signal of the BZT compounds was
suppressed and the ferromagnetic signal was enhanced
after doping Ni impurities (Fig. 6b—e). The opposite side
observation for low Ni concentrations from 0.5 to 5 mol%
is shown in Fig. 6b—e, which enhanced the ferromagnetic
signal after introducing the Ni cation impurities. Positive
and negative magnetization with the direction of the applied
external magnetic field was obtained for 7 and 9 mol% Ni
dopants, respectively (Fig. 6f, g). However, anti-S-shapes
remained in the M-H curves as increasing Ni concentration
up to 9 mol%. The results indicated that the ferromagnetic
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properties of BZT materials were enhanced via the incor-
poration of Ni impurities compared with self-defect and/or
surface effect induced (ferromagnetism in BZT). However,
the Ni cations randomly incorporated with the host lattice
BZT compound induced weak ferromagnetism, where the
diamagnetic properties of samples were still affected by Ni-
doped BZT samples. The weak ferromagnetic ordering at
RT in Ni-doped lead-free ferroelectric materials in various
families (Bi, sNa sTiO3, Bij sK sTiO3, BaTiO3, or KNbO;)
was recently reported [22, 28, 37, 80].

To further understand the weak ferromagnetism in Ni-
doped BZT materials, we introduced the possible spin con-
figurations in Fig. 7. Notably, Ni cations possibly exist in

multivalence states, such as NiZ*, Ni**, and Ni** states,
where Ni* and Ni** cations could only be stable in a low
spin state, whereas Ni** cations could be stable in both low
and high spin states [50], as illustrated in Fig. 7a—c, respec-
tively. Consequently, if the magnetic moment was contrib-
uted only from the spin magnetic moment, then the spin
moment of Ni** (3d4%45°) cations in the spin configuration of
o[ T111T]]e [11] was 1 pp/Ni, and the spin moment of Ni**
(3d°4s°) cations in the spin configuration of Lo TIT1T]el]
was 0 pg/Ni. In addition, the spin moments of Ni** (3d74s°)
cations in the low spin configuration of 7,,[1{1]1]]e,[1] and
in the high spin configuration of 7,,[1T{1]Tle,[11] were 0.5
and 1.5 pg/Ni, respectively. In Refs. [§1-83], the authors
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(a) (b)

Ni2* (3d84s°)
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Fig.7 Spin configuration of Ni cations located at the octahedral site because of the spin and valance states of a Ni**, b Ni**, and ¢ Ni** cations
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reported that an additional orbital might contribute to the
magnetic moment of an ion through relaxation of orbital
angular momentum quenching. This assumption seemed to
be convincing because the magnetic moment decreased as
increasing Ni amount due to an enhancement of quenching
through increasing antiferromagnetic super-exchange cou-
pling strength between two neighboring magnetic impurity
ions via adjacent 0>~ ions [52, 55]. Recently, Dung et al.
reported that the possible Ni cations were more stable at
a low spin state, resulting in a low magnetic moment [22].
The results were also consistent with the recent observation
of the divalent state of Ni ions in Ni-doped Na, sBi, sTiO;
materials [84]. Consequently, based on the observation in
the low magnetic moment of Ni-doped BZT compounds, we
suggested that the original ferromagnetism ordering at RT
in Ni-doped Na, sBi, sTiO; was majorly originated from a
low spin state interaction of Ni ion in Bij, sNa, s TiO; materi-
als. However, the observation of nonzero H and M, values
in pure BZT and Ni-doped BZT compounds confirmed the
presence of ferromagnetic states at RT. Consequently, the
ferromagnetic properties are successfully combined in lead-
free ferroelectric BZT materials.

To characterize the dielectric properties of studied sam-
ples, the dielectric constant was measured and is presented
in Fig. 8a, b. As shown in Fig. 8a, the dielectric constant of
each sample was almost a constant in the frequency range
of 1 kHz-5 MHz, indicating a negligible effect of mobile
charge carriers. In addition, the dielectric constant increased
with frequency in the range of 5-13 MHz, which might
relate to system resonance conditions [85]. We suggested
that, at such high frequencies, the excess vibrations in the
BZT materials promoted electronic polarization and resulted
in the increase in the dielectric constant. The dielectric con-
stant of pure BZT is about 80 +4 in the frequency range
of 1 kHz-5 MHz. With doping 0.5 mol% Ni amounts, the
dielectric constant of the material was strongly increased
up to 1020 + 10, nearly 13 times higher than that of the pure
BZT, as shown in Fig. 8b. However, the dielectric constant
decreased monotonously with increasing Ni contents and

reached a saturated value of about 360 + 10. The dielectric
constant of BZT-9Ni sample is still about four times higher
than that of the pure PZT. The enhancement of dielectric
constant possible resulted from electric heterogeneous
nature and stronger polarization of perovskite structure by
Ni doping. We suggested that the compression of BZT lat-
tice parameters by Ni doping, as mentioned in the previous
section, resulted in stronger polarization and subsequently
caused the dielectric constant enhancement. According to
Thakur et al. [85], the increase in dielectric constant with
frequency at the high-frequency range for all studied sam-
ples might relate to system resonance conditions. Jie et al.
reported that the dielectric properties of BZT materials
were enhanced by Mn doping [86]. The enhanced dielectric
behavior of BZT materials via Mn doping was suggested
to cause by the compensation of the contribution of oxy-
gen vacancy and the reorientation of defect complexes [86].
The dielectric properties of (Ba,Sr)TiO; materials were
also reported to be enhanced via doping with Mn [87]. Li
et al. reported that leakage current of (La,Fe)-co-doped
Bi, sNa, sTiO5-based materials was reduced; the ferroelec-
tric and dielectric properties were enhanced, resulting from
decreasing the carrier concentration by suppressing the oxy-
gen vacancies, forming defect complex, and turning electron
hopping through Ti*" and Ti** via lattice distortion [88].
The defect complexes of Fe cations Fe}i and oxygen vacan-
cies V;, (Fe,,V; Fep,) hindered the free movement of oxy-
gen vacancies [89, 90]. Cai et al. reported that the dielectric
constant of Ni-doped BZT ceramics was influenced by many
factors such as crystallinity, grain size, and phase, where
slightly doping of Ni strongly enhanced the dielectric con-
stant [91]. In addition, Yan et al. reported that the dielectric
constant of Fe-doped Ba(Zr Ti, )O3 materials increased
with decreasing compressive stresses and/or with increas-
ing tensile stresses [92]. Our structural and microstructural
studies on the Ni-doped BZT materials indicated that the
lattice parameters tended to be compressed while the grain
size was reduced as increasing the Ni doping concentrations.
Therefore, at this moment, we could not conclude the main
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reason for the observation of the complex dielectric proper-
ties of the Ni-doped BZT materials. Note that the natural
defects of oxygen vacancies always existed in perovskite
oxide materials. Thus, we suggested that low Ni concentra-
tions exhibited defect complexes formed between Ni cations
and natural defects of oxygen vacancies in BZT materials,
e.g., Ni’Tl. V;)Ni’n., resulting in enhancement of the dielectric
constant because of reduction of free electrons generated
from oxygen vacancies. However, with further doping of
Ni cations into the host BZT crystal, the oxygen vacancies
were created and increased simultaneously with increas-
ing the Ni concentrations because of unbalanced valence
states between Ni>*/3* impurity cations substituted for Ti**
cations. Increasing the amounts of oxygen vacancies and
reduction in grain size as increasing the Ni concentrations
in BZT materials led to decreasing the dielectric constant
of BZT compounds as increasing the Ni concentrations. In
addition, our X-ray diffraction studies on the influence of the
Ni-doped BZT compounds showed that the lattice param-
eters of the BZT compounds tended to be compressed as
increasing the Ni doping concentrations in BZT materials.
The electron hopping between Ti’* and Ti*" cations was
easier than that without doping. However, the defect com-
plex between Ni**”** and oxygen vacancies (Ni****-V;) has
dipole moment which could be oriented to align dipole along
the direction of the applied electric field, resulting to would
contribute to the dielectric process. As a result, the improve-
ment in the dielectric constants in Ni-doped BZT materials
overcomes by that of the pure BZT materials.

The influence of Ni doping amounts on the polari-
zation of BZT materials as a function of the applied
external electrical field was studied. Figure 9a—g shows

polarization—electric field hysteresis loops (P-E curves)
of the pure BZT and BZT-xNi samples with x=0.5, 1,
3, 5,7, and 9 mol%, respectively, indicating unsaturation
polarization under applied external electrical field at RT
of all samples. The electrical remanent polarization (P,)
and coercive field (E¢) of the pure BZT compound were
estimated at around 3.32 pC/cm? and 0.59 kV/mm, respec-
tively, which confirmed the natural ferroelectric property
of BZT materials. With randomly incorporating Ni cations
into the BZT host lattice, slim P—FE curves were obtained
and both P, and E values were reduced. For the BZT-
0.5Ni sample, the P, and E- values were decreased to 0.71
pC/cm? and 0.36 kV/mm, respectively. For the BZT-9Ni
sample, doped with 9 mol% Ni, the P, and E values were
estimated around 0.03 pC/cm? and 0.05 kV/mm, respec-
tively, indicating a strong reduction in the ferroelectric
properties. The addition of Ni impurities into the host
BZT compounds decreased the ferroelectric properties of
the host BZT compounds, which were well understood
via theoretical prediction [93]. Based on the first princi-
ple calculation for the compensative interaction between
ferroelectric and ferromagnetic states in the perovskite
structure, Hill et al. reported that the ferroelectric state
required an empty 3d-orbital state for off-center distortion,
while the ferromagnetic state was adapted for partially fill-
ing of electrons in the 3d orbital [93]. Consequently, the
random distribution of Ni cations at Ti sites reduced the
ferroelectric polarization and ferroelectric performance
of the host BZT materials; the more the Ni doping, the
slimmer the P-E hysteresis as shown in Fig. 8. Moreo-
ver, the unsaturation polarization shown in P-E curves
of all studied samples was likely derived from surface
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Fig.9 Polarization hysteresis loops at room temperature of a pure BZT compounds and Ni-doped BZT with various levels of Ni dopants: b 0.5,

cl,d3,e5,f7,and g9 mol%
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effect and impurity defects. Our microstructural study of
the influence of Ni-doped BZT compounds showed that
surface morphology was inhomogeneous at nano-size. The
large surface area with defects induced low conductivity,
thereby increasing the leakage current [94]. As a result, it
was difficult to polarize the samples to a high electric field.
By increasing the Ni concentrations, large amounts of oxy-
gen vacancies were created via random incorporation of
Ni2*3* with the Ti** sites, which exhibited large leakage
currents in polarized samples at a high external electric
field, resulting in unsaturation in the P—E hysteresis loop.
Moreover, the crystal structure of BZT and Ni-doped BZT
compounds indicated that the lattice parameter tended to
shrink as the amount of Ni dopants increased. Therefore,
we suggested that under an external electrical field, elec-
tron hopping between the Ti** < Ti**, Ni?*3+ < Ti3*,
and/or Ni**** < Ni**3* was easier for Ni-doped BZT
compounds than that between Ti** < Ti** of pure BZT
compounds, resulting in unsaturation and slim P-E hys-
teresis loops [95, 96]. The reduction in P, and E val-
ues of BZT compounds by Ni doping indicated that the
ferroelectric performance of BZT compounds decreased.
However, the observation in non-rezo P, and E values of
BZT compounds doped up to 9 mol% Ni confirmed that
ferroelectric remained but was weak. While the combina-
tion of multiferroic orders in one-phase materials is still
a challenge in current research, our observations clearly
showed stable ferroelectric properties at RT in the ferro-
magnetic state of Ni-doped BZT compounds.

4 Conclusions

To conclude, biferroic Ni-doped BZT compounds were
successfully prepared via a chemical route. Self-defects
and/or surface defects caused the weak ferromagnetism
and compensated the natural diamagnetism in pure BZT
compounds. The diamagnetism of BZT compounds tended
to suppress the ferromagnetic state after Ni doping. The
ferroelectric state of pure BZT compounds remained
unchanged with the introduction of Ni impurity. The influ-
ence of surface defects and Ni defects reduced the BZT’s
ferroelectric performance. We hypothesized that both
ferroic states of green ferroelectric Ni-doped BZT com-
pounds could be used in novel smart electronic devices.
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