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Abstract

A new solid solution system of (1-x)Bi, sNa, sTiO34+xCaNiO;_5 compounds were synthesized by the sol—gel technique. The
x-ray diffraction and Raman scattering structural studies indicated that the CaNiO; 5 compound was well solid soluble in the
host Bi,, sNa sTiO5 crystals to form solid solutions. The random incorporation of Ca and Ni cations into the Bi, sNa, 5TiO5
host materials resulted in a distortion of lattice parameters, subsequently, in modification of the electronic band structure, and
induced complex magnetic properties of the host materials. An enhancement of the magnetic properties of Bij sNa, sTiO5
materials resulted from complex-site preferences of A-sites via Ca cations together with transition Ni cations substituted
for the B-site in the perovskite structures. Our results were essential to point out that the co-modification of both A and the
B-sites via alkaline earth and transition metals, respectively, in lead-free ferroelectric Bij sNa, sTiO; materials had opened
a new method to improve magnetic performance for smart electronic applications.
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Introduction

Lead-free ferroelectric BijsNaj ;TiO; materials, which
were first synthesized in the early 1960s by Smolenski
et al.,"? exhibit a large remnant polarization (P,) and high
Curie temperature (T) of P, ~ 38 pC/cm? and T ~ 320 °C,
respectively. However, because of high conductivity and a
high coercive field (E), it is difficult to pole the materials
by applying an external electrical field, resulting in a low
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piezoelectric coefficient (ds3) of 74-95 pC/N and dielec-
tric constant (&) of 425.'7 Therefore, the electrical perfor-
mance of lead-free ferroelectric Bij sNa, sTiO; materials
is far lower than that of Pb(Zr, Ti)O5-based (PZT-based)
materials at this time.' Thus, the materials were undevel-
oped for a long time because of health and environmen-
tal protection concerns due to large quantities of toxic Pb
element (~ 60 wt.%).l'6 In the past, lead-free ferroelectric
Bi, sNa,, sTiO; materials attracted much research attention
for development, such as via using dopants/solid solution
method and/or by searching for active dopants with accord-
ant concentrations of fabrication condition.'’~1° Recently,
our review work pointed out that the electrical performance
of Big sNa, sTiO3-based materials was rapidly improved
compared with PZT-based materials and started to be trans-
ferred to real applications.!!! Recently, the observation of
room-temperature ferromagnetism in lead-free ferroelec-
tric Bi, sNa, sTiO; material promised to extend functional
materials for the next generation of electronic devices by
using the biferroic property of one of the materials.'>!> Both
theoretical and experimental studies have suggested that the
origin of ferromagnetic ordering in undoped lead-free fer-
roelectric Bi, sNa, sTiO; materials is mostly raised from Na
and/or Ti vacancies.'>!*!> However, the main problem is
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that the magnetization of intrinsic Bi, sNa, sTiO5 materials
is low, only about ~ 1 memu/g at room temperature, and
strongly influenced by the diamagnetic components of Ti**
cations.'>!¢ Therefore, improving the magnetic performance
of lead-free ferroelectric Bij, sNa, sTiO5-based materials is
the next challenge for developing new functions in smart
electronic devices. In fact, the simple method to inject the
ferromagnetism into lead-free ferroelectric Bij sNa, 5TiO;
materials is via using impurities such as transition metals
(e.g., Fe, Co, Ni, Mn, and Cr).16’22 Thanh et al."® pointed
out that the magnetic properties of Cr-doped Bi, sNa sTiO;
materials were slightly enhanced due to the magnetic behav-
ior of oxygen vacancies. In addition, Thanh et al.'” reported
that the magnetic properties of Bij sNa, sTiO; materials were
greatly enhanced by injecting Mn cations where the ferro-
magnetic order originated from the interaction of Mn>*/3*
cations through oxygen vacancies (0), e.g., Mn*™3*-0-
Mn?*3*, Wang et al.'® and Dung et al.'” also reported that
the ferromagnetic exhibition at room temperature of Fe-
doped Bi, sNa, sTiO; materials resulted from the interac-
tions of Fe** cations through oxygen vacancies such as
Fe3*-0O- Fe**, which were similar to the case of Mn-doped
Bi,, sNa, sTiO; materials. The results were also well consist-
ent with the observation in Ni-doped Bi, sNa,, sTiO; materi-
als where the possible interactions of Ni cations through oxy-
gen vacancies were favored for ferromagnetic order at room
temperature, e.g., Ni>*3*-0- Ni**"** 2 However, unlike the
case of Fe-, Mn-, Ni-, or Cr-doped Bi sNa,, ;TiO; materials,
the origin of ferromagnetic order at room temperature of
Co-doped Bi, sNa, sTiO; materials was contrasted in recent
reports.>!> Wang et al. ** reported that the ferromagnetic
at room temperature of Co-doped Bi, sNa, sTiO; materials
originated from the magnetic behavior of Co clusters formed
during hydrothermal synthesis, while Dung et al.>* reported
that the room-temperature ferromagnetism of Co-doped
Bi, sNa, sTiO; materials might be raised from interactions
of Co cations through oxygen vacancies such as Co**3*-0-
Co**3*, as an intrinsic phenomenon. Interestingly, theo-
retical calculations of the electronic band structure for Fe-,
Ni-, and Co-doped Bi sNa,, sTiO; materials showed that
the possible charge transfers from transition metals to the
empty state of the d orbital of Ti cations results in induced
nonzero magnetic moments.'#2%22 Even though the reports
were not clear and even contrasted, the results were impor-
tant to show that the magnetic moments of transition metal-
doped Bij sNa, sTiO; materials were greatly enhanced as
expected in comparison with magnetic moments of pure
Bi, sNa, sTiOj arising from self-defects.'>!®>2 Herein, the
current issues are still debated, including (i) the origin of fer-
romagnetic order via interaction of transition metal cations
randomly incorporated in host lattice, and (ii) the number
limitation of the transition metals in the periodic table hin-
dered the expansion in research since the strong influence
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of paramagnetic of isolated transition cations and/or anti-
ferromagnetic coupling between magnetic polarons. There-
fore, understanding the role of transition metal interaction
to favor the magnetic order to control the magnetic moment
and searching for a new method to inject the ferromagnetism
into lead-free ferroelectric materials are important keys for
the development of ferromagnetism based on lead-free fer-
roelectric materials.

The solid solution method is a new method for inte-
grating ferromagnetic properties in lead-free ferroelectric
Bi, sNa, sTiO; materials by selecting ilmenite-type (e.g.,
MnTiO;, NiTiO;, CoTiO;, and FeTiO;) and Fe-based
perovskite-type (e.g., SrFeO;_5, MgFeO;_ 5, CaFeO; 5, and
BaFeO;_ 5), Mn-based perovskite-type (e.g., STMnO, g,
MgMnO; 5, CaMnO; 5, or BaMnO; ), Co-based per-
ovskite-type (e.g., MgCo0O;_5, SrCo0;_5, CaCoO; 5, and
BaCoO;_5) materials as impurities for solid solutions into
host Bi, sNa, sTiO; materials.'>*~%° The important results
showed that the co-modification of (Bi,;Na, 5) and Ti by
alkaline earth and transition metals, respectively, enhanced
the magnetic properties of the host Bij sNa, sTiO; mate-
rials. In fact, the random distribution of alkaline-earth
and transition metal co-modified lead-free ferroelectric
Bi, sNa, sTiO; materials were complex modified magnetic
properties of host Bij sNa, sTiO; materials. The imbalance
of alkaline-earth cations with Bi** and Na* host cations
of host Bi, sNa, sTiO; materials resulted in complex point
defects in the host Bij sNa, sTiO; materials. Oxygen vacan-
cies were generated when alkaline-earth cations were substi-
tuted for Bi**-sites, while Na vacancies were created when
alkaline-earth cations were incorporated with Na*-sites.
Both experimental observation and theoretical predictions
have confirmed that Na vacancies directly induced nonzero
magnetic moments.'>323% Our recent theoretical study pre-
dicted that oxygen vacancies did not directly induce mag-
netic moments.>? However, the oxygen vacancies promoted
the reduction of the Ti valence state from Ti** to Ti**.!3
The appearance of Ti** lattice defects induced the ferromag-
netism and Ti** vacancies.>*>? Therefore, we expected that
the co-modification of alkaline-earth cations and transition
metals in lead-free ferroelectric Bij sNaj sTiO; materials
could exhibit larger magnetic moments than in the case of
a single transition metal dopant.'®-® Recently, Dung et al.
obtained ferromagnetism at room temperature in Ni-doped
Bi, sNa, sTiO, materials.>* The complex magnetic properties
were also reported for NiTiO3-modified Bi,,,Na,,,TiO; and
Bi(Ti,,Ni,,)05-modified Bi, sNa, sTiO; materials.>***37
However, so far, there is no report on the magnetic proper-
ties of alkaline-earth nickel-based perovskite AeNiOj; 5 solid
solutions in lead-free ferroelectric Bij sNa, sTiO5 materials.
Among alkaline-earth nickel-based perovskite AeNiO; g
family members (Ae = Ba, Ca, Sr, and Mg), CaNiO;
is interesting because the O deficiency in three exiting



Magnetic Properties of a (1-x)Bij sNa, s TiO3+xCaNiO; 5 Solid Solution System... 1907

compounds of CaNiO;, CaNiO, and Ca,Ni,O; (referred
to as CaNiQ, 5) could be used to control the structural and
magnetic properties.®**° Theoretical studies have predicted
that Ca,Ni,O5 and CaNiO; materials have an orthorhombic
perovskite crystal structure, while CaNiO, has a tetragonal
structure.*®" In addition, the theoretical using first-prin-
ciples calculation predicted that the CaNiO, and CaNiO,
materials exhibited zero magnetic moments, while Ca,Ni,O;
have ferromagnetic behavior with a magnetic moment of
0.451 pp/f.u 840

So far, the solid solution between Ni-based perovskite-
type materials has not been well reported. Among Ni-
based nickelate perovskite-type materials, CaNiO; 5 is not
well reported as a solid solution in lead-free ferroelectric
Bi, sNay sTiO; materials. Therefore, we expected that by
solid solution methods, Ca and Ni cations would randomly
incorporate with the host Bi, sNa, sTiO; lattice, resulting
in ferromagnetic order. In addition, the sol-gel method was
used to flexibly control the chemical compositions.'>>3-3741

In this work, CaNiO; s-modified Bi, sNa,, sTiO; materi-
als were well synthesized by a simple sol-gel method. The
lattice parameter distortion of Bij sNa, sTiO; materials via
solid solution CaNiO; 5 materials resulted from the random
distribution of Ca and Ni into the host lattices. The incor-
poration of Ca and Ni into the host Bi; sNa, sTiO; lattice
exhibited a reduction of the optical bandgap and suppressed
the photoluminescence. The complex magnetic properties
of Bi, sNa, sTiO; materials were obtained as a function of
CaNiO; 5 concentration in the solid solutions.

Experimental

(1-x)Bij sNay sTiO;+xCaNiO; 5 (x =0, 0.5, 1, 3, 5, 7, and
9 mol.%, designated as BNT pure and BNT-xCaNiO; g,
respectively) were synthesized using a simple sol-gel tech-
nique. The starting materials were bismuth (III) nitrate pen-
tahydrate (Bi(NO;);.5H,0, Sigma-Aldrich, 98%), sodium
nitrate (NaNO;, Sigma-Aldrich, 99.0%), calcium carbon-
ate (CaCO;, Sigma-Aldrich, >99.0%), nickel (II) nitrate
hexahydrate (Ni(NO;),.6H,0O, Sigma-Aldrich, 99.0%), and
titanium (IV) isopropoxide (C,;,H,30,Ti, Sigma-Aldrich,
98%). A selected chemical ligand was a mixing solution of
acetic acid (CH;COOH, Sigma-Aldrich, > 99%) and acety-
lacetone (CH;COCH,COCH;, Sigma-Aldrich, >99%) in
deionized water with the volume ratio of 1:1:2. Firstly, raw
CaCO; was weighed with the identified dopant concentra-
tion and dissolved in the former solution by magnetic stir-
ring until transparent and without CO, bubbles. Secondly,
Bi(NO;);.5H,0 was weighed and dissolved in the solution
by continuous magnetic stirring. Subsequently, NaNO; and
end-off Ni(NO;),.6H,0 were weighed and dissolved in the
final solution. When the chemical solution was transparent,

C,,H,30,Ti was dropped into the solution to form the gel.
The final solution was maintained under continuous mag-
netic stirring for about 3-5 h to form the homogeneous
chemical solution. Thus, the dry gels were prepared by
heating the gel in an oven at around 100-120°C. The dry
gels were rout gridded before thermal annealing at around
800°C for 5 h in air to form powder samples. After thermal
treatment, the samples were naturally cooled to room tem-
perature. The powder samples were simply gridded before
characterization of their properties. The chemical composi-
tions were measured by energy-dispersive x-ray spectros-
copy analysis (EDS, S-4800 Hitachi) and further confirmed
by electron probe x-ray microanalysis (EPMA, Shimadzu
EPMA 1600) measurements. Because Na cations could eas-
ily evaporate from the solution during drying and sintering
processes, the Na source was weighed to an extra amount of
30-40 mol.%.!7-2%42 Crystal structures were confirmed by
x-ray diffraction (XRD, Bruker D8 Advance) and Raman
scattering (with a 473-nm LASOS laser and a DU420A-
Oe defector) techniques. The influence of Ca and Ni on the
optical properties of the host Bij, sNa,, sTiO; materials was
characterized by ultraviolet—visible (UV-Vis, Jasco V-670)
spectroscopy and photoluminescence (PL, exciter with
473-nm LASOS laser and a DU420A-Oe defector) spec-
tra. Magnetic properties of (1-x)Bi, sNaj, s TiO;+xCaNiO; g
compounds were investigated by a vibrating sample mag-
netometer (VSM, Lakeshore 7404). All measurements were
performed at room temperature.

Results and discussion

The evidence for the presence of chemical elements in
pure and CaNiO; s-modified Bi, sNaj sTiO; materials are
shown in Fig. 1a and b, respectively. The EDS spectra in
Fig. 1a and b confirm the presence of the constituent ele-
ments, including Bi, Na, Ti, and O in the pure BNT sample,
and Bi, Na, Ti, O, Ca, and Ni in the 5-mol.%-CaNiO; -
modified BNT sample, respectively. The EDS spectrum of
the pure BijsNa( sTiO; material, shown in Fig. la, con-
firmed the presence of all expected elements, including
Bi, Na, Ti, and O. Two additional typical peaks for Ca and
Ni elements are observed in the EDS spectrum of 5 mol.%
CaNiO; s-modified Bi, sNa, sTiO; material, presenting solid
evidence of the existence of Ca and Ni impurity elements in
the host Bij sNa, s Ti0; compounds.

The homogeneous distribution of Ca and Ni impurity ele-
ments of CaNiO; g-modified Bij sNa, sTiO; samples with 5
mol.% of CaNiOs g is proved in Fig. 2. Figure 2a and b show
a selected area for chemical mapping and the final chemical
mapping of all elements, respectively. The element map-
pings of host elements, including Bi, Na, Ti, O, and impurity
elements of Ni and Ca, are shown in Fig. 2c-h, respectively.
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The results pointed out that both host and impurity elements
were homogeneously distributed in our studied samples.
The roles of Ca and Ni cations in the Bi, sNa,, sTiO5 host
lattices were studied by XRD measurements, as shown in
Fig. 3a for pure Bi,sNa,sTiO; and CaNiO, s-modified
Bi sNa, sTiO5 samples with various CaNiO; g concentra-
tions. Based on the peak positions and their relative intensity,
the crystal structure of Bij sNa, sTiO; materials was indexed

BNT pure|

—_

Intensity (arb. units)

1 2 3 4 5 6 7 8
Energy (keV)

Fig. 1 EDS spectral for (a) the pure BiysNaysTiO; and (b) 5 mol.%
CaNiO;_ s-modified Bi, sNa, sTiO; solid solution.

oo o EENENR

as a rhombohedral structure (JCPDS card no. 00-036-0340,
space group R3c). This result was consistent with recent
observation on the crystal symmetry of Bi, sNa, s TiO5 mate-
rials synthesized by the sol-gel method.!”2%%> The addi-
tion of CaNiO;_5 with concentration up to 9 mol.% into host
Bi,, sNa,, sTi0; materials did not change the crystal structure
of host Bi, sNa, sTiO; materials, where no extra peaks of
impurity phase and/or phase separation were observed under
the resolution of the XRD method. This important result
pointed out that CaNiO; 5 was well dissolved into the host
Bi sNa, sTiO; materials to form solid solutions. Further-
more, the roles of Ca and Ni cations randomly incorporated
with the Bi,, sNa,, sTiO; host lattices during the formation of
solid solutions are shown in Fig. 3b, where the XRD pat-
terns are magnified in the 26 range from 31.0° to 34.0°,
showing the overlapping of (012)/(110) double peaks due
to rhombohedral symmetry. The (012)/(110) satellite peaks
were distinguished by Lorentzian fitting with r-square val-
ues over 0.99. Based on the results of fitting XRD for pure
and CaNiO; g-modified Bij sNa, sTiO; samples, the peak
position was complexly distorted as a function of CaNiO; 5
concentrations. Furthermore, the lattice parameters a and
¢ of the pure Bij;Naj sTiO; and the CaNiO;_s-modified
Bij sNaj sTiO5 according to CaNiO;_g addition amounts
are shown in Fig. 3c. The results show that distorted lattice
parameters of Bij, sNa, sTiO; compound are not linear as a
function of CaNiO;_g amounts that have complex distortion
in lattice parameters. This could be attributed to the radius
difference between impurity Ca and Ni cations and Bi, Na,
and Ti cations of the host materials. The complex distortion
of lattice parameters was possibly explained by the radius
difference between impurity (Ca or Ni) cations with host
cations, such as Bi/Na cations at A-sites and/or Ti cations

Fig.2 Chemical mapping for 5 mol.% CaNiO; s-modified Bi, sNa,, sTiO; solid solution: (a) the selected area for EDS mapping, (b) the total con-
tribution of all elements, (c—h) separation of chemical mapping for Bi, Na, Ti, O, Ni, and Ca, respectively.
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Fig.3 (a) X-ray diffraction patterns and (b) convolution satellite
(012)/(110) peaks in the 20 range from 31.0° to 34.0° of the pure
Bi, sNa, sTiO; and CaNiO; s-modified Bi,sNa, sTiO; solid solutions

at B-sites of Bij sNa, sTiO; materials. The radius of Bi**
cations (in the coordination number of VIII), Na*t cations
(in the coordination number of XII), and Ti** cations (in
the coordination number of VI) are 1.17, 1.39, and 0.605
A, respectively.* The radius of Ca** cations (in the coor-
dination number of XII) is 1.34 A which is about 14.5%
larger than that of Bi** cations and 3.6% smaller than that
of Na* cations.*® Therefore, the substitution of Ca** cations
for Na-sites would result in compressing lattice parameters;
otherwise, the lattice parameter was expanded when Ca®*
was incorporated with Bi- or Ti-sites in the host lattices.
However, unlike Ca cations, Ni cations exhibited various
radius values, which strongly depended on their valence
and spin states.* At the coordination number of VI, the
Ni2* cations have a radius of 0.690 A, while Ni* cation
low-spin (LS) and high-spin (HS) states have radii of 0.56
A and 0.60 A, respectively.*’ The Ni** cations have only
exhibited at LS state with a radius of 0.48 A.*> Thus, lattice
parameters of the host Bij sNa, sTiO; materials would be
expanded if Ni* or HS-state Ni** cations were incorporated
with Ti** cations at B-sites, while the compressor lattice
parameter was dominant when the Ni cations were stable
at Ni** (for LS state) and Ni** (for LS state). The Ni cati-
ons were recently reported to exhibit various valence states
when they are randomly incorporated with the host lattices

(b) —~ | % &
L N o
& BNT-9CaNiO,
S/ k BNT-7CaNio, ,
! A A BNT-5CaNiO, , ]

2y
5 /O BNT-3CaNiO, ,
[ Z;& BNT-1CaNiO; ;]
[ Z% BNT-0.5CaNiO; ,|
S & BNT pure

31.0 31.5 32.0 32.5 33.0 33.5 34.0
20 (deg.)

—a— a
—e—C

D

Intensity (arb. units)

—
(2]
N
e
N
[+

6.72}
3

5.507

5.48;

Lattice (a,c) parameter (A)

546 r T r r
0 2 4 6 8 10

CaNiO; ; amounts (mol.%)

with various CaNiOs g concentrations, and (c) lattice constants of
the pure BijsNa, sTiO; and CaNiO;_g-modified Bi,sNa, sTiO5 solid
solutions at 0.5, 1, 3, 5, 7, and 9 mol.% of CaNiO;_.

of Bij sNa, s TiO5-based materials.’***374* At this time, the
direct evidence of Ni concentration effects on the valence
and spin states is unclear in current research; therefore, it is
hard to point out the main reason for distortion lattice param-
eters which were contributed by Ni cations substituted at the
Ti-site. The origin of the lattice parameter distortion of the
host Bij sNa, ;TiO; materials became more complex when
the random Ca cations were incorporated with a specific
A-site, which is consistent. The imbalance of valence states
between Ca®* impurity cations and the host cations Bi** and
Na* resulted in complex results. Oxygen vacancies were cre-
ated when Ca®* cations were incorporated with the Bi**-site,
and Na* vacancies were generated when Ca>* cations were
substituted for the Na™-site. In addition, the number of oxy-
gen vacancies was also increased because of the substitution
of low-valence states Ni>*/3* for Ti*-sites. Note that the
size of oxygen vacancies of 1.31 A was smaller than the
size of the oxygen anion of 1.4 A.* Na non-stoichiometry
also induced the distortion of lattice parameters.*>-4¢~48
Moreover, the enhancement of oxygen vacancy concentra-
tion bonding around Ti** cations promoted the reduction
of the valence state to Ti*", resulting in expansion of the
lattice parameter.'>*° Note that the radius of Ti** cations
(in the coordination number of VI) are 0.670 10\, which is
larger than that of Ti** cations of 0.605 A with the same
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coordination number.*> Thus, the main origin of the lattice
parameter distortion of the host Bi,, sNa, s TiO5 materials was
complex where the various parameters were possibly co-
effective via the random incorporation of Ca and Ni cations
into the host lattice. However, the lattice parameter distor-
tion as a function of CaNiO;_5 amounts was direct evidence
for the random incorporation of Ca and Ni cations during
solid solution formation. In other words, the Bij, sNa, sTi05
materials effectively carried the impurity CaNiO; 5 phase
as solid solutions.

Figure 4a presents the Raman scattering spectra of the
pure Bij sNa, sTiO; and CaNiO;_s-modified Bij sNa, sTiO;
materials as a function of CaNiO;_ 5 concentrations, showing
the influence of Ca and Ni cations on the vibration phonon
modes of the host Bij sNa,, 5TiO; crystal. The broadband in
Raman spectra was obtained for all studied samples, pos-
sibly resulting from a random arrangement of Bi and Na
cations at the A-site in the perovskite structure.’® However,
the Raman spectra of all samples could be divided into three
overlapping regions. Similar shapes were obtained for the
pure and CaNiO; s-modified Bij sNa,, sTiO; samples, provid-
ing evidence for the remaining structure of Bij sNa, sTiO5
materials. The results were consistent with the observation
of the maintained structure of the pure Bi, sNa, sTiO; mate-
rials with CaNiO; s-added Bi, sNaj sTiO; up to 9 mol.%,
as predicted by XRD measurement. The Raman scattering
peaks were possibly obtained using a fitting function with
approximately Lorentzian with r-square over 0.99. The
results of the approximately fitting contribution of hidden
Raman peaks for pure and CaNiO; s-modified Bij sNa, sTiO;
materials are shown in Fig. 4b. The peak positions were
well matched which theoretical prediction and experimen-
tal observation.>’=1** However, the intensity of possible
Raman scattering peaks was dependent on the CaNiO; 4

—=—BNT pure p
BNT-0.5CaNiO, 5
BNT-1CaNiO,;
BNT-3CaNiO, 5
BNT-5CaNiO;; 1

-BNT-7CaNiO, 5
BNT-9CaNiO, ;

v A S aProe

Intensity (arb. units)

200 400 600 800
Raman shift (cm™)

1000

1200

amounts in the solid solutions. The reduction of the Raman
intensity was possibly related to the destroy of the crystal
symmetry of pure Bi, sNa, sTiO; materials due to random
incorporation of Ca and Ni cations into host lattice. In addi-
tion, the distortion of vibration modes around 583 cm™' to
high frequencies with increasing CaNiO; 5 amount was sug-
gested for incorporation of Ni into Ti due to the heavier
mass of Ni cations (~58.71 g/mol) in comparison with the
mole mass of Ti cations (~ 47.90 g/mol). The shift of high-
frequency Raman peaks was recently reported for transition
metals (e.g., Mn, Co, Fe, or Ni) substituted for Ti at B-sites
in the perovskite structure of Bi, sNa, sTiO; materials.>*!
The XRD and Raman scattering studies showed that the
CaNiOj; 5 materials were well solid soluble into the host
Bi, sNa, sTiO; materials.

The random incorporation of Ca and Ni cations into
the host lattice of Bi, sNa, sTiO5 during the formation of
a solid solution resulted in modification of the electronic
band structure of the host Bij sNaj sTiO; materials. The
absorption spectrum of pure Bi, sNa, sTiO; materials and
CaNiO;_ s-modified Bi, sNa, sTiO; materials as a function
of CaNiOj 5 are plotted in Fig. 5a. The absorption spectrum
of pure Bi, sNa, sTiO; materials showed a single absorption
edge with a slight tail, which resulted from self-defect and/
or was related to surface defects.!®> The presence of self-
defect such as O or Na vacancies or Ti** defects was recently
detected by x-ray photoelectron spectroscopy.'®> The modi-
fication of the electronic structure of Bi, sNa, sTiO; mate-
rials via using CaNiO; 5 as a solid solution was shown by
two important observations of the absorption spectroscopy:
(1) the shift of the absorption edge to the high-absorption
photon wavelength and (ii) the appearance of new broad
emission via absorption spectroscopy. The shift of the
absorption edge was suggested to relate to the appearance

L :
BNT-9CaNiO, ;
= o BNT-7CaNIO,
=] e
@ BNT-5CaNIO,
S L —
= = BNT-3CaNiO,
3 ! i = 55 ]
21 BNT-1CaNiO;; |
o
- > — —
E=3 ] BNT-0.5CaNiO, o
B - BNTpure

300 400 500 600 700 800 900
Raman shift (cm™)

Fig.4 (a) Raman scattering spectra and (b) the deconvolution of the pure Bi, sNa, sTiO5 and CaNiO, s-modified Bi, sNa, sTiOj; solid solutions.
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Fig.5 (a) Absorption spectra and (b) the (ahy)® as a func-
tion of absorption photon energy (hy) of pure Bi,sNa,sTiO; and
CaNiO; g-modified Bi, sNa, sTiO; materials with various CaNiOj_ g

of new local states in the electronic band structure, such
as the levels of Ni defects and Ca defects, which were
consistent with recently reported in CaFeO;_s-modified
Bi, sNa, sTiO; materials.*> The appearance of new broad
emission in the absorption spectra of Bi, sNa,, sTiO; materi-
als with increasing CaNiO;_5 concentration was suggested to
originate from electron transfer between the inner 3d level
of Ni cations.?*?**” Moreover, the appearance of vacancy
states such as Na or O vacancies and/or Ti** defects was
also possible given the new local state in the electronic
band structure, which resulted in a reduction of the effec-
tive optical bandgap. Recently, Linh et al. predicted the
electronic band structure of Bi, sNa,, s5TiO; compound, that
the Bi, sNa, sTiO; materials have a direct bandgap transi-
tion.”! Thus, the optical bandgaps of pure Bi, sNa, sTiO;
and CaNiO; s-modified Bi, sNa, sTiO; materials were esti-
mated by the Wood—Tauc method,'>!® where the (athy)? val-
ues were plotted as a function of absorption photon energy
(hy). Figure 5b shows the proportion of (ahy)? values as a
function of absorption (hy) for pure and CaNiO; s-modified
Bij sNa, sTiO; materials. Thus, the optical bandgap (E,) val-
ues were roughly obtained from fitting curves. The depend-
ence of E, values is shown in the inset of Fig. 5b. The esti-
mation of E, values for pure Bi, sNa, sTiO; materials was
around 3.07 eV, consistent with recent reports for optical
bandgap values of pure Bij sNa, sTiO; materials which were
synthesized by a sol-gel route.'>!® The results indicated that
the optical bandgap values of pure Bi, sNa, sTiO; materials
tended to reduce to 2.75 eV with CaNiO; g increasing up to
7 mol.% in the CaNiOj;_5 solute solution in Bij sNaj sTiO5
materials and slightly increased with further addition of
CaNiO; 5 up to 9 mol.%. The reduction of optical bandgap

Wavelength (nm)

concentrations as solid solutions. The inset of Fig. 5b shows the
dependence of effective optical bandgap as a function of CaNiO; g
concentration.

in CaNiO; s-modified Bi, sNa, sTiO; materials was quite
complex compared to single Ni-doped Bi, sNa, sTiO; mate-
rials where the optical bandgap of Ni-doped Bi, sNa, sTiO;
materials decreases monotonically as a function of Ni dopant
concentration.”’ The role of Ni impurities in the electronic
band structure of BijsNa, ;TiO; materials was recently
reported experimentally and was quite consistent with the
first-principles theoretical prediction that the Ni cations
induced a new local state in the middle bandgap.?’ How-
ever, the random incorporation of Ca cations with A-site (Bi,
and Na) was quite complex, where the Ca substitution for

——BNTpure
——BNT-0.5CaNiO,
BNT-1CaNiO, 1
——BNT-3CaNiO,
BNT-5CaNiO,
BNT-7CaNiO,, 4
——BNT-9CaNiO,

PL intensity/10* (arb. units)

500 550 600 650 700 750 800 850 900
Wavelength (nm)

Fig.6 PL spectra of the pure BijsNaj sTiO; and CaNiO; s-modified
Bi, sNaj sTiO; with various CaNiO; 5 concentrations as solid solu-
tions. The inset of Fig. 3 shows the magnification of PL spectra in the
photon wavelength range from 478 mm to 505 nm.
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Fig.7 M-H curves of (a) pure Bi,sNa,sTiO; materials and CaNiO; s-modified Bi,sNa, sTiO; materials with CaNiO; 5 amounts of (b) 0.5
mol.%, (c) 1 mol.%, (d) 3 mol.%, (¢) 5 mol.%, (f) 7 mol.%, and (g) 9 mol.%.

Bi-sites results in the generation of oxygen vacancies where
Ca cations incorporated for Na-sites created Na vacancies.*”
The vacancies could trap a photon or make a charge transfer,
which could affect the effective optical bandgap of the pure
Bi, sNa, sTiO5 materials. However, the optical bandgap val-
ues were slightly reduced by increasing the CaNiO;_5 con-
centration up to 7 mol.% and increased again for 9 mol.%
CaNiO; 5. The complex trend in the optical bandgap of
the CaNiO;_s-modified Bi, sNa,, sTiO; materials was pos-
sibly explained by various effects that could co-contribute.
First, the appearance of new local defects such as Ni and
Ca defects could reduce the effective optical bandgap. Sec-
ond, the appearance of vacancies, e.g., oxygen vacancies,
generated from valance-state imbalance of Ni**"** and Ti**
or Ca®* and Bi**, could also reduce the optical bandgap.’!
The complex distortion of lattice parameters due to ran-
dom incorporation of Ca cations at A-sites and Ni cations

@ Springer

at B-sites also influenced the electronic structure, leading
to a change in the optical bandgap.’> Moreover, the oxygen
vacancies promoted a change in the valence state of Ti**
to Ti*™ which also affected the electronic band structure
of Bi, sNa, sTiO; materials with new defect states.*>* In
addition, due to the limitation of XRD and Raman scatter-
ing, the possibility of clusters or phase denegation of Ni-rich
phase existed, and/or Ni cations were possibly located at
the interstitial, resulting in a contrasting trend in the optical
bandgap. However, the dependence of the optical bandgap of
Bi, sNa sTiO5 materials on the CaNiO; contents was solid
evidence for the incorporation of Ca and Ni into host lattice
Bi, sNa, 5TiO; crystal.

The influence of CaNiO;_ 5 concentrations on the pho-
toluminescence (PL) of Bi, sNaj sTiO; materials is shown
in Fig. 6. The PL of Bi,sNa, ;TiO; materials exhibited a
broad band, where strong PL was recorded in the range
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Fig.8 (a, b) Side and top views of the optimized atomic structures of intrinsic Biy sNa, sTiO; (BNT).

of 480-500 nm. Pure Bi, sNa, sTiO; materials exhibited
strong PL around 485 nm. Thus, we suggested that the
main PL peaks were not assigned to band-to-band transi-
tions. So far, the original peaks in the PL results of pure
Bi, sNa, sTiO; materials are still unclear. Unlike oxide mate-
rials, Bij sNa, sTi0O; materials are ferroelectric. Therefore,
their materials are constructed from the natural ferroelec-
tric domain. The polarization of the electrical domains pre-
vented electron—hole recombination from generating new
photons. Note that the recombination of electron—hole pairs
is basically for the PL. mechanism. Recently, the PL behav-
ior of pure Bij sNa, sTiO; materials was explained by sur-
face defects where the atoms at the surface had fewer pair
bonds than atoms inside the BijsNa, sTiO; materials.
Herein, we noted that the origin of PL peaks still needs fur-
ther investigation. The addition of CaNiOj; g into the host
Bi, sNa, sTiO5 materials as solid solutions resulted in sup-
pression of PL intensity. The magnified PL spectra as a func-
tion of CaNiO;_ 5 concentrations are shown in the inset of

Fig. 6 in the wavelength range of 478—505 nm. The results
indicated that the PL intensity of the Bij sNa,, sTiO; materi-
als was reduced by increasing CaNiO; 5 concentrations. Sup-
pression of the PL intensity of Bi, sNa,, sTiO; materials was
suggested for the photon absorption by trapping impurity
cations and/or vacancies.' The suppression of PL intensity
was well reported for lead-free ferroelectric Bij sNa, sTiO;
materials when solid-solute with various ABO;-type materi-
als.!>283% We suggested that photons generated by Ti cati-
ons at the surface were trapped by the nearest Ni defects.
Room-temperature magnetic properties of the
Bi, sNa, sTiO; materials as a function of CaNiO;_5 con-
centrations are shown in Fig. 7a—g. The figures present
complex shapes of M-H curves, indicating the complex
magnetic properties of the system. The M-H curve of
the pure Bi, ;Na, sTiO5 exhibited an anti-S shape, which
was recently explained by the combination of the Ti**
cation’s diamagnetic property and self-defects.!?!3:16:32
Thanh et al. suggested that oxygen vacancies possibly
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Fig.9 The DFT results of (a) the band structures and partial density
of states (PDOS) of BNT, (b) the contribution of each element in the
formation of the total density of states (TDOS) of BNT. The Fermi
level is set to zero energy.

originated weak ferromagnetism at room temperature. > Ju
et al. showed evidence for observations of ferromagnetic
ordering at room temperature via controlling Na vacan-
cies.'? Recently, from both theoretical and experimental
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studies, the origin of room-temperature ferromagnetism
in pure Bij sNaj sTiO; compounds was ascribed to contri-
butions of vacancies (e.g., Na, Ti, Bi vacancies) and Ti3+
defects.'®3? The magnetic remanence (M,) and coercive
field (H) values of the CaNiO; s-modified Bi, sNaj sTiO;
materials were obtained in the range of 0.21-0.11 memu/g
and 94-146 Oe, respectively, consistent with recently
reported values for transition metal-doped Bi-based or
Pb-based materials.* The nonzero M, and H values
of the CaNiO;_ 5 addition to Bij sNaj sTiO; materials
were solid evidence for ferromagnetic ordering at room



Magnetic Properties of a (1—x)Bij sNa, s TiO3+xCaNiO; 5 Solid Solution System...

1915

(a) B(Ca)NT
&
AL

(b) BN(Ca)T

C
© (’.(’.Q

(c) BNT(Ca)

Fig. 11 Side views of the optimized atomic structures of the (a) Bi-site [B(Ca)NT], (b) Na-site [BN(Ca)T], and (c) Ti-site [BNT(Ca)] substituted
BNT. The atomic symbols are indicated at the right of the figure.
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tial [BNT+Ni] substituted BNT. The atomic symbols are indicated at the right of the figure.
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Fig. 13 The DFT results of the band structures of (a) BNT, (b) B(Ca)NT, (c) BN(Ca)T, and (d) BNT(Ca). The Fermi level is set to zero energy.

temperature. However, the addition of CaNiO; 5 into the
host Bij sNa, sTiO; materials resulted in complex mag-
netic behavior which is strongly dependent on CaNiO; g
amounts, as shown in Fig. 7b—g. The slight addition with
0.5 and 1 mol.% of CaNiO;_g into the host Bij sNa, sTiO5
materials suppressed the diamagnetic component and
induced the ferromagnetic components, as shown in
S-shaped M-H curves in Fig. 7b and c, respectively. Fig-
ure 7d and e show that the magnetic moment as a function
of the applied external magnetic field tended to saturate
for the samples with 3 and 5 mol.% of CaNiO, 5. When
continuously adding CaNiO;_ 5 up to 9 mol.%, the mag-
netic moments tended to be unsaturated with the applied
external magnetic field. The slight addition of CaNiO; g
into the host Bi, sNa,, sTiO; materials induced the interac-
tion of Ni cations through oxygen vacancies which were
possibly favored for ferromagnetic ordering, as proposed
by Coey et al.>® for F-center interaction of magnetic ions
in oxide materials. Among the three valence states of Ni
cation in nature, Ni** cations are stable at a low spin state
only, while Ni** and Ni** possibly can exist in two spin
states.*® Recently, theoretical and experimental studies
suggested that Ni cations are more favorable to stabil-
ity with a low-spin state.?® Therefore, it was suggested
that the low magnetic moments in the CaNiO; g-modified
Bi, sNa, sTiO5 system would be due to the interactions of
Ni cations with a low-spin state through oxygen vacancies.
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Fig. 15 The DFT results of the spin density of states of B(Ca)NT
(upper) and BN(Ca)T (lower). The Fermi level is set to zero energy.

Moreover, another possible magnetism source was induced
via Ti** vacancies or self-defects of Ti*™** .32 In fact, the
magnetism of CaNiO; g-modified Bi, sNaj, sTiO5 system
was complex because of possible multi-incorporation of
Ca cations at A-sites in the host lattice of Bij sNa; sTiO;
materials, where the complex of a possible defect type
was created.’? The observation of ferromagnetism in
lead-free ferroelectric Bi, sNa, sTiO; materials should be
further investigated. In other words, the complex mag-
netic properties were obtained in the CaNiO;_s-modified
Bi, sNa, sTiO5 system as a function of CaNiO;_ 5 concen-
trations because of the co-modification of A and B-sites
with alkaline earths and transition metals, respectively.
To explain the magnetic properties of Bij sNa, sTiO;
(BNT) modified by CaNiO; s, ab initio calculations were
performed using the CASTEP module in the Materials
Studio software.’® The generalized gradient approxima-
tion (GGA) formulated by Perdew, Burke, and Ernzerhof
(PBE) was used to describe the electron exchange-cor-
relation potential.’” An energy cutoff of 410 eV for the

Table | Integrated spin density

B(Ca)NT BN(Ca)T BNT(Ca)
of B(Ca)NT, BN(Ca)T, and
BNT(Ca) (g) 0.95x% 1073 -0.25% 1073 —0.15%x 1072
Integrated spin density \ 2
(g) 0.50 x 1072 0.14 x 107! 0.74 x 1073
Integrated Ispin densityl\ 2
Magnetic behavior Ferromagnetic Ferrimagnetic Ferrimagnetic
(a) BNT (b) B(Ni)NT (d) BNT(Ni) (e) BNT+Ni
9 9 9 9
>< /fiz
N > i < ° s/
3 3 3 3
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Fig. 16 The DFT results of the band structures of (a) BNT, (b) B(Ni)NT, (c) BN(Ni)T, (d) BNT(Ni), and () BNT+Ni. The Fermi level is set to

Zero energy.
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BNT+Ni. The blue and red represent the Ni and O states, respectively. The Fermi level is set to zero energy.

plane-wave basis and a k-point mesh of 5 X 5 X 2 for the
Brillouin zone integration were set for all calculations.’®
The optimization process stops when the change in the total
energy between two ionic relaxation steps is less than 5 X
107%eV.

Figure 8a, b illustrate the hexagonal representation of
a unit cell of intrinsic BNT with lattice parameters a = b
=5.4939 A and ¢ = 13.8345 A, and containing three Bi
atoms, three Na atoms, six Ti atoms, and 18 O atoms. The
calculated electronic structures of the pure BNT in Fig. 9a
indicate that BNT is a 2.86-eV direct-bandgap semiconduc-
tor, close to the experimental value of 3.07 eV. Using density
functional theory (DFT) calculation of perovskite structures,
one often gets estimated E, values smaller than experimental
values.>® The partial density of states (PDOS) of BNT indi-
cate that the valence and conduction bands are dominated
by the 2p and 3d orbital states of O and Ti, respectively. Fig-
ure 10 shows that all the orbital majority and minority spin
states of intrinsic BNT were entirely degenerated, suggesting
that BNT is a nonmagnetic material, in good agreement with
previous calculation.>33-60
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The effects of CaNiO;_5 on the host material BNT are
simply investigated by substituting Ca and Ni atoms into
the host lattice. The A-site doping model was created by
replacing one Bi or Na atom with one Ca/Ni atom, denoted
as B(Ca/Ni)NT and BN(Ca/Ni)T, respectively. The B-site
doping model was formed by introducing one Ca/Ni atom to
replace one Ti atom, denoted as BNT(Ca/Ni), all illustrated
in Figs. 11a—c and 12a—c, respectively. An extra model of
interstitial doping into BNT lattice was built for the Ni atom,
denoted as BNT+Ni, as shown in Fig. 12d.

Figure 13 presents the band structures of BNT, B(Ca)
NT, BN(Ca)T, and BNT(Ca) models, calculated using the
CASTEP package. For the B(Ca)NT model, the Fermi
level is located just above the valence band, and this can be
referred to as a p-type semiconductor, originating from the
deficit of electrons in the unit cell. The scarcity of electrons
originated from the valence difference between Bi** and
Ca?* ions. In contrast, the Fermi level in BN(Ca)T shifts
upward and touches the conduction band bottom, suggest-
ing that BN(Ca)T behaves as an n-doped semiconductor.
The bandgap values of B(Ca)NT, BN(Ca)T, and BNT(Ca)
are 2.30 eV, 2.65 eV, and 1.22 eV, respectively, smaller than
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Fig. 18 The DFT results of the spin-resolved total density of states
(TDOS) of B(Ni)NT, BN(Ni)T, BNT(Ni), and BNT+Ni. The Fermi
level is set to zero energy.

that of intrinsic BNT, and in agreement with their DOS in
Fig. 14.

Figure 14 presents the spin-resolved DOS of BNT, B(Ca)
NT, BN(Ca)T, and BNT(Ca) in the range of —20 eV to 10
eV. It can be seen that all majority and minority spin states
of all four models are completely degenerated, suggesting
that the intrinsic and Ca-doped BNT are nonmagnetic mate-
rials. However, the spin DOS of B(Ca)NT and BN(Ca)T in
Fig. 15 suggest that these models exhibit weak magnetic
properties with a small magnetic moment per unit cell, in

good agreement with integrated spin densities of B(Ca)NT,
BN(Ca)T, and BNT(Ca) in Table 1.°!

Figure 16b—d illustrate the band structure of B(Ni)NT,
BN(Ni)T, BNT(Ni), and BNT+Ni models, respectively. The
Ni dopant gives rise to new midgap states in all four band
structures and reduces the bandgap, in agreement with the
partial density of states in Fig. 17. The PDOS in Fig. 17 also
indicates that the hybridization of Ni and O atoms leads to
the formation of these new midgap states. For the BINi)NT
and BNT(Ni), the Fermi levels shift to the top of the valence
bands, opposite of BN(Ni)T and BNT+Ni in which the
Fermi level lies just below the conduction bands. This means
that B(Ni)NT and BNT(Ni) are p-type semiconductors, and
BN(Ni)T and BNT+Ni behave as n-type semiconductors.

Figure 18 presents the spin-resolved densities of states
of BANi)NT, BN(Ni)T, BNT(Ni), and BNT+Ni in the range
of —20 eV to 10 eV. The clear asymmetry of the major-
ity and minority spin states in the range of —5 eV to 5 eV
suggests that B(Ni)NT and BN(Ni)T are strong magnetic
materials, opposite of BNT(Ni) and BNT+Ni, which may
only exhibit weak magnetic properties, in good agreement
with integrated spin densities of Ni-doped BNT models in
Table II. The results in Table II also indicate that B(Ni)
NT and BN(Ni)T exhibit ferromagnetic properties, whereas
BNT(Ni) and BNT+Ni are ferrimagnetic materials.®!

Conclusion

The complex CaNiO; g-modified Bi, sNaj sTiO5 system
was well synthesized by the sol-gel method. The Ca and
Ni cations were found to be well incorporated with the host
of Bij sNa sTiO; crystal, resulting in distortion of the lat-
tice structure. The random influence of Ca and Ni cations
in the host lattice of Bij sNa, ;TiO; materials displayed a
reduction of optical bandgap and induced complex magnetic
properties as a function of CaNiO; 5 amounts. Controlling
the optical and magnetic properties of lead-free ferroelectric
Bi, sNa sTiO; materials promises to extend the function of
the material for application in smart electronic devices.

Table Il Integrated spin
density of BANi)NT, BN(Ni)T,

BNT(Ni), and BNT+Ni

B(Ni)NT BN(N)T BNT(Ni) BNT+Ni
( n ) 0.12 x 1072 1.00 —0.39 x 1073 —0.27x 107*
Integrated spin density \ 2
(g) 0.18 x 1072 1.80 0.32x 1073 0.36 x 1073
Integrated Ispin densityl\ 2
Magnetic behavior Ferromagnetic Ferromagnetic Ferrimagnetic Ferrimagnetic
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