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Abstract
In this report, solid solutions of (1−x)Bi1/2Na1/2TiO3+xSrNiO3-δ materials were synthesized by a chemical method.   X-ray 
diffraction and Raman scattering were used to study the structural properties of the (1−x)Bi1/2Na1/2TiO3+xSrNiO3-δ solid 
solutions. All studied samples had rhombohedral symmetry, where the Sr and Ni cations tended to randomly incorpo-
rate with the host Bi1/2Na1/2TiO3 lattices during the formation of solid solutions. The random incorporation of Sr and Ni 
cations into the host lattices resulted in structural distortion and reduced the optical band gap from 3.04 eV for the pure 
Bi1/2Na1/2TiO3 to 2.63 eV for the 9 mol.% SrNiO3-δ-modified Bi1/2Na1/2TiO3 sample. The complex magnetic properties of 
(1−x)Bi1/2Na1/2TiO3+xSrNiO3-δ system were investigated as a function of SrNiO3-δ concentrations. We expected that our 
simple and flexible method could be used to integrate the ferromagnetic properties in current advanced functional lead-free 
materials.
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Introduction

Lead-free ferroelectric Bi1/2Na1/2TiO3-based materials are 
environmentally friendly and less harmful to the human 
body than Pb(Zr,Ti)O3-based materials.1,2 Because they 
have good piezoelectric (piezoelectric coefficient d33 of 
74.0–94.8 pC/N), ferroelectric (large remnant polariza-
tion Pr of 38 µC/cm2 and a high Curie temperature TC of 

320°C), and dielectric properties (dielectric constants ε at 
room temperature of 425), the Bi1/2Na1/2TiO3-based mate-
rials are currently active in replacing Pb(Zr,Ti)O3-based 
materials in electronics devices.1,3 Recently, Bi1/2Na1/2TiO3 
materials showed promise in extending functional materials 
due to observation of room-temperature ferromagnetism.3 
The observation of room-temperature ferromagnetism in 
lead-free Bi1/2Na1/2TiO3 ferroelectric materials is very 
important for transferring materials to the next general elec-
tronic devices, where the magnetization is controlled by an 
applied external electric field, and vice versa, the electri-
cal polarization is tuned by an applied external magnetic 
fields such as magnetic field sensors, mechanical ME anten-
nas, or nonvolatile memory.4 However, the current issue of 
using lead-free ferroelectric Bi1/2Na1/2TiO3 materials by 
converting magnetoelectric behaviors is that the magneti-
zation of about 1 memu/g at room temperature is too small 
and has a strong influence on diamagnetic components.3,5 
Thus, improving magnetization of lead-free ferroelectric 
Bi1/2Na1/2TiO3-based materials is an important requirement 
for the development of their magnetic performance. There 
are two simple ways to improve the magnetic moment of 
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lead-free ferroelectric Bi1/2Na1/2TiO3 materials, including 
compositing and doping methods.6

By compositing, ferromagnetic phases are distrib-
uted in a matrix of lead-free ferroelectric phases, thus 
improving the magnetic moment of lead-free ferroelectric 
Bi1/2Na1/2TiO3 materials such as Bi1/2Na1/2TiO3-CoFe2O4 
or Bi1/2Na1/2TiO3-NiFe2O4 systems.7,8 In addition, the 
performance of lead-free ferroelectric Bi1/2Na1/2TiO3 
materials is improved by compositing such as expansion 
to 0.97(Bi1/2Na1/2TiO3)-0.03(K0.47Na0.47Li0.06Nb0.74Sb0.06
Ta0.2O3) or [72.5(Bi1/2Na1/2TiO3)-22.5(Bi1/2K1/2TiO3)-
5(BiMg1/2Ti1/2O3)] and instead of ferrite spinel CoFe2O4 by 
modified-ferrite spinel Co0.6Zn0.4Fe1.7Mn0.3O4.9,10 However, 
the main problem is that high leakage current in the compos-
ites due to interface defects between ferroelectric/ferromag-
netic grains leads to a low polarized electric field because 
of the hindrance of dipole alignments.7–11 Therefore, the 
magnetic properties of lead-free ferroelectric Bi1/2Na1/2TiO3 
materials should be improved by doping methods.5,12–17

The magnetic moment of lead-free ferroelectric 
Bi1/2Na1/2TiO3 materials has recently been significantly 
improved by incorporating transition metals into Ti-
sites.5,12–17 However, the origin of the ferromagnetic 
order by interactions with transition metal cations is still 
unclear, even though the magnetization of lead-free ferro-
electric Bi1/2Na1/2TiO3 materials increases, where various 
possible sources are favored for the magnetic order. Wang 
et al. reported that observation in ferromagnetic ordering 
at room temperature via Fe-doped lead-free ferroelectric 
Bi1/2Na1/2TiO3 materials as possible from the interaction 
of Fe3+ cations through oxygen vacancies.12 In contrast, in 
another study by Wang et al., they also pointed out that the 
ferromagnetic ordering at room temperature in the case of 
Co-doped lead-free ferroelectric Bi1/2Na1/2TiO3 materials 
originated from ferromagnetic Co clusters.13 Dung et al. 
reported that ferromagnetic behaviors were obtained at 
room temperature for Fe-, Co- and Ni-doped Bi1/2Na1/2TiO3 
materials, where the complex interaction of transition ions 
through oxygen vacancies (□) was favored for the ferro-
magnetic order, while the magnetic polarons were super-
interactions to favor an antiferromagnetic-like behavior.14–16 
Thanh et al. also pointed out that the magnetic properties 
of lead-free ferroelectric Bi1/2Na1/2TiO3 materials possibly 
resulted from the interactions of Mn2+/3+ cations through 
oxygen vacancies, e.g., Mn2+-□-Mn2+ or Mn2+-□-Mn3+.17 
In addition, Thanh et al. suggested that oxygen vacancies 
could induce non-zero magnetic moments when studying 
the influence of Cr impurity on the magnetic properties of 
Bi1/2Na1/2TiO3 materials.5 However, the number of transition 
metals in the periodic table poses a limitation in the mag-
netic sources for injection of the magnetic properties of lead-
free ferroelectric Bi1/2Na1/2TiO3 materials. Moreover, so far, 
the role of A-site and B-site co-controlling via alkaline-earth 

and transition metals, respectively, on the magnetic proper-
ties of lead-free ferroelectric Bi1/2Na1/2TiO3 materials are 
not well reported.

Thanks to the solid solution with various ABO3-type 
materials, the magnetic moment of Bi1/2Na1/2TiO3 materi-
als recently has been greatly enhanced. Hue et al. reported 
that the magnetic properties of Bi1/2Na1/2TiO3 materials 
were increased by solid solution with ilmenite-type MTiO3 
(M=Ni and Mn).18,19 The results were also consistent with 
ilmenite-type FeTiO3-modified Bi1/2Na1/2TiO3 materi-
als.20 Based on their reports, the ferromagnetic properties 
of Bi1/2Na1/2TiO3 materials are enhanced from the interac-
tion of transition metal cations through oxygen vacancies 
(□), e.g., Fe3+-□-Fe3+, Ni2+-□-Ni2+, or Mn3+-□-Mn3+ or 
super interaction between Fe3+-□-Fe3+ versus Fe3+-□-Fe3+ 
e.g., like-magnetic polaron interaction but also from A-site 
vacancies.18–20  In addition, observation of an anti-ferro-
magnetic-like transition metal for high doping concentra-
tion is possibly related to the magnetic polaron of super 
interaction between ferromagnetic pairs, e.g. Fe3+-□-Fe3+ 
versus Fe3+-□-Fe3+.18–20 The complex A-site vacancy (Bi, 
Na) disorder results in strong enhancement of the magnetic 
moments compared with only a single transition metal incor-
porated with Ti-sites.14–20 In addition, the magnetic proper-
ties of Bi1/2Na1/2TiO3 materials have been reported to be 
strongly influenced via co-modification by alkaline earth and 
transition metals at both (Bi, Na)-sites and Ti-sites.21–28 The 
role of substitution of alkaline earth cations into the host 
lattice of Bi1/2Na1/2TiO3 materials is complicated due to the 
compensation of charges and ionic radii. The substitution of 
alkaline earth, including Mg2+, Sr2+, Ca2+, and Ba2+ cations, 
for Bi3+-sites, creates oxygen vacancies, while those incor-
porated with Na+-sites generate Na vacancies.21–28 Recently, 
both experimental and theoretical calculation studies well 
explained the archived ferromagnetism of Na vacancies.3,21 
The oxygen vacancies do not show ferromagnetism but favor 
reducing the valence state of Ti4+ to Ti3+, resulting in large 
magnetic moments.21,26

Among alkaline-earth perovskite-type materials, alka-
line-earth nickel-based perovskite-type ANiO3-δ materials 
are interesting because of the complex magnetic properties 
that depend on the alkaline-earth cations and the valence 
states of Ni cations.29 Among alkaline-earth nickel-based 
perovskite-type ANiO3-δ materials, SrNiO3-δ materials 
exhibit various structural and magnetic ground states as a 
function of oxygen deficiencies such as SrNiO2, SrNiO2.5 
(or Sr2Ni2O5), and SrNiO3.30–34 Rahman et al. reported that 
SrNiO2 materials exhibited antiferromagnetic order with 
the Neel temperature (TN) of 85 K.30 However, Anisimov 
et al. reported that the ground state of SrNiO2 was found to 
be a diamagnetic insulator.34 Chen et al. predicted that the 
hexagonal SrNiO3 exhibited half-metallic with ferromag-
netic states.33 So far, various alkaline-earth perovskite-type 
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materials (e.g. AFeO3-δ; ACoO3-δ and AMnO3-δ) have been 
reported to enhance the magnetic moment of lead-free fer-
roelectric Bi1/2Na1/2TiO3 materials. However, so far, there is 
still no report on the influence of SrNiO3-δ on the magnetic 
properties of the host Bi1/2Na1/2TiO3 materials. By incorpo-
rating solid solute alkaline-earth SrNiO3-δ materials into host 
Bi1/2Na1/2TiO3 materials, one expects to inject the ferromag-
netism into Bi1/2Na1/2TiO3 materials via co-modification of 
Sr cations at (Bi, Na)-sites and Ni cations at Ti-sites.

In this work, the binary (1−x) Bi1/2Na1/2TiO3 +xSrNiO3-δ 
solid solutions were synthesized by sol-gel technique. 
The random incorporation of Sr and Ni cations into the 
Bi1/2Na1/2TiO3 host lattices resulted in a reduction of opti-
cal band gap and complex influence of room-temperature 
ferromagnetism.

Experimental

The (1−x)Bi1/2Na1/2TiO3+xSrNiO3-δ solid solutions (namely, 
pure BNT, and BNT-xSrNiO3-δ; x=0.5%; 1%; 3%; 5%; 
7% and 9 mol.%) were synthesized by sol-gel technique. 
The starting chemicals included bismuth(III) nitrate pen-
tahydrate (Bi(NO3)3.6H2O, Sigma-Aldrich, 98%), sodium 
nitrate (NaNO3, Sigma-Aldrich, ≥ 99.0%), strontium nitrate 
(Sr(NO3)2, Sigma-Aldrich, ≥ 99.0%), nickel(II) nitrate hex-
ahydrate (Ni(NO3)2.6H2O, Sigma-Aldrich, ≥ 98.5%), and 
titanium(IV) isopropoxide (C12H28O4Ti, Sigma-Aldrich, 
97%). Acetic acid (CH3COOH, Sigma-Aldrich, 99%) and 
acetylacetone (CH3COCH2COCH3, Sigma-Aldrich, ≥ 
99%) were selected as ligands for our experiments. At first, 
Bi(NO3)3.6H2O was weighed and dissolved in a mixing solu-
tion of acetic acid with deionized water (by volume ratio 
of 1:5) by magnetic stirring. Subsequently, Sr(NO3)2 and 
NaNO3 were weighed and dissolved in the solution. Sodium 
is a light element that is easy to evaporate during gelling 
and sintering processes that make non-stoichiometric com-
position.14–28 Thus, the sodium component was weighed 
to an amount around 40–50 mol.% larger than the initial-
estimated NaNO3 amount.14–28 To prevent hydroxylation of 
Ti4+ cations, acetylacetone was added to the solution before 
dropping the desired C12H28O4Ti solution. The solution was 
magnetically stirred until becoming transparent before add-
ing Ni(NO3)2.6H2O. The final solutions were continuously 
magnetically stirred for around 3–4 h before drying in an 
oven at around 100°C to form dry gels. Powder samples 
were obtained by annealing the dry gels at 900°C for 3 h in 
the air. The chemical composition of powder samples was 
determined by energy dispersion x-ray spectroscopy (EDX) 
and further confirmed using  an electron probe micro-ana-
lyzer (EPMA). The crystal structural symmetry of samples 
was studied by x-ray diffraction (XRD) and Raman scatter-
ing. The optical properties of the samples were investigated 

by both absorption spectroscopy (UV–Vis) and photolumi-
nescence (PL). The magnetic properties of samples were 
measured by a vibrating sample magnetometer (VSM). All 
measurements were performed at room temperature.

Results and Discussion

The chemical composition of the pure Bi1/2Na1/2TiO3 and 
SrNiO3-δ-modified Bi1/2Na1/2TiO3 materials was determined 
by EDX measurements. Figure 1a and b showed EDX spectra 
of the pure Bi1/2Na1/2TiO3 sample and the BNT-5%SrNiO3-δ 
sample. The inset of each figure showed an area selected for 
chemical composition measurements. The EDX spectrum 
of the pure BNT sample exhibited typical peaks of constitu-
ent elements, including Bi, Na, Ti, and O. In addition, the 
EDX spectrum of BNT-5%SrNiO3-δ exhibited two additional 
typical peaks for Sr and Ni, which was clear evidence for the 
presence of impurity cations in the host material.

The distribution of Sr and Ni impurity cations in the 
Bi1/2Na1/2TiO3 host matrix is shown in Fig. 2 for chemi-
cal mapping of the BNT-5%SrNiO3-δ sample. The chemical 
mappings of the host elements, Bi, Na, Ti, and O, and impu-
rity elements Ni and Sr are shown in Fig. 2b–g, respectively, 
while the image of the selected area for chemical mappings 
is shown in Fig. 2a. The results indicate that the chemical 
elements of the host and addition components were homo-
geneously distributed. In other words, the chemical mapping 

Fig. 1   Energy-dispersive x-ray spectra of (a) pure Bi1/2Na1/2TiO3 
and (b) 5 mol.%-SrNiO3-δ-modified Bi1/2Na1/2TiO3 materials. The 
selected areas on samples for chemical determination are shown in 
the insets of each figure, respectively.



2719Synthesis and Characterization of (1−x)Bi1/2Na1/2TiO3+xSrNiO3‑δ Solid Solution…

1 3

images provided solid evidence for the homogeneous distri-
bution of additional elements into the host materials.

Furthermore, the random distribution of Sr and Ni cati-
ons in the host Bi1/2Na1/2TiO3 lattices was investigated 
using XRD. XRD patterns of the pure Bi1/2Na1/2TiO3 and 
SrNiO3-δ-modified Bi1/2Na1/2TiO3 materials with various 
SrNiO3-δ concentrations are shown in Fig. 3a. Based on the 
positions and relative intensity of diffraction peaks, the pure 
Bi1/2Na1/2TiO3 material was determined to have rhombohe-
dral symmetry. This result is consistent with recent reports 
for the Bi1/2Na1/2TiO3 materials synthesized by the sol-
gel technique.14–28 No additional peak was observed after 
SrNiO3-δ addition, indicating that the SrNiO3-δ-modified 
Bi1/2Na1/2TiO3 materials had the same structure as the pure 
Bi1/2Na1/2TiO3 material. The results also demonstrated that 
no secondary and/or impurity phase was detected under 
XRD resolution. In other words, SrNiO3-δ was well incorpo-
rated in the host Bi1/2Na1/2TiO3 materials. To further confirm 
the random incorporation of Sr and Ni cations into the host 

Bi1/2Na1/2TiO3 lattices, the diffraction spectra were enlarged 
in the 2θ-range of 31.0°–34.0° as shown in Fig. 3b. The 
figure indicates that the satellite (012)/(110) peaks of the 
rhombohedral structure overlapped. Each diffraction peak 
was well distinguished by Lorentzian fitting with r-squared 
greater than 0.99, as shown by blue lines in Fig. 3b. The 
couple (012)/(110) peak position tended to shift to a lower 
diffraction 2θ-angle with increasing SrNiO3-δ concentration, 
indicating an expansion of lattice parameters. The lattice 
parameter distortion of the Bi1/2Na1/2TiO3 materials could 
be explained by considering the radius difference between 
Sr and Ni impurity cations and the host cations (Ba, Na, and 
Ti). Based on Shannon’s report, Bi and Na cations located 
at A-sites have radii of 1.17 Å (in the coordination of VIII) 
and 1.39 Å (in the coordination of XII), respectively.35 Ti 
cations located at B-sites (in the coordination of VI) have a 
radius of 0.605 Å.35 The radius of Sr cations (in the coordi-
nation of XII) is 1.44 Å.35 Therefore, lattice parameters of 
the pure Bi1/2Na1/2TiO3 materials should be expanded when 

Fig. 2   (a) The selected area for chemical mapping of 5 mol.% SrNiO3-δ-modified Bi1/2Na1/2TiO3 materials, and chemical mappings of (b) Bi, (c) 
Na, (d) Ti, (e) O, (f) Ni and (g) Sr.

Fig. 3   (a) X-ray diffraction patterns of pure Bi1/2Na1/2TiO3 and SrNiO3-δ-modified Bi1/2Na1/2TiO3 materials with various SrNiO3-δ, concentra-
tions and (b) the magnification with deconvolution of x-ray diffraction patterns in the 2θ-range from 31.0° to 34.0°.
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Sr cations were randomly incorporated with Bi- and/or Na-
sites. However, unlike Sr cations, Ni cations have complex 
valance states, and the radius of Ni cations depends on 
their valence spin states.35 The radius of Ni2+ cations (in 
the coordination of VI) is 0.690 Å, while radius of Ni3+ 
cations (in the coordination of VI) at the low-spin state 
and high-spin state are 0.56 Å and 0.60 Å, respectively.35 
In addition, the Ni4+ cations (in the same coordination of 
VI) only existed at a low-spin state with a radius of 0.48 
Å.35 Therefore, the substitution of Ni3+ or Ni4+ cations for 
Ti4+ resulted in compression of lattice parameters while the 
substitution of Ni2+ cations for Ti4+ resulted in expansion 
lattice parameters. In fact, in addition to the radius difference 
between the impurity cations and the host cations, numer-
ous other things could affect the lattice parameters as well. 
Firstly, oxygen vacancies could be created via substituting 
Ni2+/3+ cations for Ti4+ and/or by random incorporation of 
Sr2+ cations into Bi3+-sites. The size of oxygen vacancies 
was estimated at 1.34 Å in the perovskite structure, which 
is lower than the oxygen anion size of 1.40 Å.36 Secondly, 
the random substitution of Sr2+ cations for Na+ sites resulted 
in generating Na-vacancies. Both O- and Na-vacancies were 
suggested to affect the lattice parameters. Thirdly, the Ti4+ 
cations could reduce their valence state to Ti3+ and/or even 
Ti2+ by surrounding oxygen vacancies.37 The reduction in 
the Ti valence state from 4+ to 3+ or even 2+ should give 
a certain tension to the lattice because the radius of Ti3+ 
(0.670 Å, in the coordination of VI), and Ti2+ (0.86 Å, in the 
coordination of VI) is larger than that of Ti4+ (0.0605 Å, in 
the coordination of VI).35 At this time, we cannot identify 
the main source of the lattice parameter distortion in the 
Bi1/2Na1/2TiO3 materials via SrNiO3-δ modification. How-
ever, the lattice parameter distortion provided us with solid 
evidence for the random incorporation of Sr and Ni cations 

into the Bi1/2Na1/2TiO3 host lattices during solid solution 
formation.

Figure 4a shows Raman scattering spectra of the pure 
Bi1/2Na1/2TiO3 and SrNiO3-δ-modified Bi1/2Na1/2TiO3 mate-
rials. The Raman scattering peaks overlapped together and 
appeared as broad bands, which come from the random 
distribution of Bi and Na cations at A-sites in perovskite 
structure.38 We tried to distinguish the Raman peaks by 
using the Lorentzian fitting with r-squared greater than 
0.99. The deconvolution of Raman scattering peaks is shown 
in Fig. 4b for the pure BNT, and BNT-xSrNiO3-δ samples 
with x=1 mol.%, 3 mol.%, and 7 mol.%. The observation 
of Raman peaks after the deconvolution was well matched 
with recent results from both theoretical and experimental 
studies.18–28,38 Niranjan et al. predicted that low-frequency 
modes in the range of 109–134 cm−1 originated from the 
displacement of Bi-O ions, modes at higher frequency in 
the range of 155–187 cm−1 were related to Na-O vibra-
tions, whereas vibration modes in the frequency range of 
246–401 cm−1 were ascribed to TiO6 vibrations, and modes 
in the 413–826  cm−1 range were ascribed to the vibra-
tion of oxygen atoms.38 Zhu et al. reported that the pos-
sible Ti-O vibration modes were in the frequency range of 
150–450 cm−1 while the TiO6 vibration modes were assigned 
to the frequency range of 450–700 cm−1.39 Domenico et al. 
and Sczancoski et al. noted that a specific vibration mode 
at approximately 540 cm−1 was reported for O-Ti-O sym-
metric stretching vibrations of octahedral [TiO6] clusters, 
while the distortion mode of [TiO6] clusters was obtained 
at around 813 cm−1.40,41 Barick et al. reported that vibra-
tions of oxygen displacements in perovskite titanate-based 
materials were dominated by modes at 486 cm−1, 526 cm−1, 
and 583 cm−1.42 The shift of vibration modes at approxi-
mately 322 cm−1 further suggested a distortion of Ti-O or 

Fig. 4   (a) Raman scattering spectra of pure Bi1/2Na1/2TiO3 and SrNiO3-δ-modified Bi1/2Na1/2TiO3 materials with various SrNiO3-δ concentrations 
and (b) deconvolution of Raman scattering peaks for selected SrNiO3-δ-modified Bi1/2Na1/2TiO3 samples.
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TiO6 vibration modes, because Ni cations (molecular mass 
~58.69 g/mol) are heavier than Ti cations (~47.87 g/mol). 
This result is further evidence for substitution of Ni cations 
in Ti-sites of the host Bi1/2Na1/2TiO3 compounds. The crystal 
structure studies using X-ray diffraction and Raman scatter-
ing confirmed that the SrNiO3-δ was well incorporated into 
the host Bi1/2Na1/2TiO3 compounds.

Figure  5a shows the absorption spectra of the pure 
Bi1/2Na1/2TiO3 and SrNiO3-δ-modified Bi1/2Na1/2TiO3 mate-
rials as a function of SrNiO3-δ concentrations. The spectrum 
of the pure BNT sample exhibited a single absorption edge 
with a slight tail. This tail is related to the intrinsic defects 
from Bi, Na, Ti, or O vacancies and possibly Ti3+ .21 The 
addition of SrNiO3-δ into host Bi1/2Na1/2TiO3 materials as 
solid solutions resulted in a shift of the absorption edge to 
a higher wavelength, and the appearance of a hump in the 
range of 600–900 nm. The humps in the absorption spec-
tra of the SrNiO3-δ-modified Bi1/2Na1/2TiO3 materials were 
related to the presence of Ni cations in the host lattices, 
which caused electrons to transfer among 3d-3d orbitals 
of Ni cations.16,18,43 Our results are consistent with recent 
studies on the optical properties of Ni-doped lead-free fer-
roelectric Bi1/2K1/2TiO3 or Bi1/2Na1/2TiO3 materials.16,18,43,44 
The optical band gap (Eg) was estimated from the absorp-
tion spectral data using the Wood-Tauc method.45 Recently, 
our theoretical prediction of the electronic structure of 
Bi1/2Na1/2TiO3 materials indicated that Bi1/2Na1/2TiO3 mate-
rials have a direct band gap.46 Therefore, we used n=1/2 for 
the Wood-Tauc equation. Thus, the (αhν)2 versus photon 
energy (hν) is plotted as a function of SrNiO3-δ content in the 
solid solutions in Fig. 5b. The estimated Eg values are plot-
ted as a function of SrNiO3-δ concentrations in the solid solu-
tions in the inset of Fig. 5b. The pure Bi1/2Na1/2TiO3 materi-
als exhibited an approximate Eg value of 3.04 eV, which was 

consistent with recent observations of Bi1/2Na1/2TiO3 optical 
band gap in the range of 3.02–3.06 eV.14–28,43 The addition of 
SrNiO3-δ resulted in a reduction of the optical band gap Eg, 
from 3.04 eV for the pure Bi1/2Na1/2TiO3 sample to 2.63 eV 
for the 9 mol.% SrNiO3-δ solid solution. Moreover, Eg values 
of Bi1/2Na1/2TiO3 materials decreased as a non-monotonic 
function of SrNiO3-δ concentration. The reduction of optical 
band gap might result from complex parameters that could 
create new states for indirect electron transfer rather than 
band-to-band electron transitions of the SrNiO3-δ modi-
fied Bi1/2Na1/2TiO3 materials. Both X-ray diffraction and 
Raman scattering results confirmed that SrNiO3-δ was well 
incorporated into the host Bi1/2Na1/2TiO3 crystals, which led 
to random incorporation of Sr and Ni cations in the host 
Bi1/2Na1/2TiO3 lattices. Recently, Ref. 16 reported that the 
incorporation of Ni cations in Ti-sites induced a new local 
state in the electronic band structure of Bi1/2Na1/2TiO3 mate-
rials. In addition, the imbalance of valence states between 
Ni2+/3+ cations and Ti4+ cations created oxygen vacancies. 
Oxygen vacancies reduce the optical band gap because their 
energy level is located below the conduction band edge in 
the upper half of the band gap.21,46 Moreover, A-site modifi-
cation via Sr cations at Bi- and Na-sites during the formation 
of SrNiO3-δ-Bi1/2Na1/2TiO3 solid solutions affect the elec-
tronic band structure of the host Bi1/2Na1/2TiO3 materials in 
a complicated manner. Firstly, Sr cations at A-sites induced 
a new local state in the electronic band structure of the host 
Bi1/2Na1/2TiO3 materials. Secondly, the imbalance of valence 
states between Sr2+ and Bi3+ cations created oxygen vacan-
cies when Sr2+ cations substituted for Bi3+ cations, whereas 
the replacement of Sr2+ for Na+ cations generated Na vacan-
cies. The Na vacancies also induced a new local state in the 
electronic band structure of Bi1/2Na1/2TiO3 materials.21 In 
addition, oxygen vacancies promoted a change of the Ti4+ 

Fig. 5   (a) The absorption spectra and (b) the (αhν)2 versus photon energy (hν) of pure Bi1/2Na1/2TiO3 and SrNiO3-δ-modified Bi1/2Na1/2TiO3 
materials with various SrNiO3-δ concentrations.
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valence state to Ti3+ (also Ti2+) when they were located 
around Ti4+.37 Recently, our theoretical study also predicted 
that both Ti3+ and Ti2+ cations can also modify the electronic 
band structure of Bi1/2Na1/2TiO3 materials.21 Moreover, the 
possible valence states of transition metals (e.g. Co, Mn) 
were recently reported possibly to be changed via compensa-
tion with Ti3+-defects, such as Co3++Ti3+→ Co2++Ti4+.47 
Therefore, we suggested that the valence states of Ni cations 
were possibly changed via compensation with Ti3+ defects 
by following the equation Ni3++Ti3+→ Ni2++Ti4+. The 
complex changes in the Ni valence states importantly con-
tributed to the band gap of host Bi1/2Na1/2TiO3 materials. 
Until now, we could not show the main reason for optical 
band gap reduction in Bi1/2Na1/2TiO3 materials via a solid 
solution of SrNiO3-δ. However, the observation of the influ-
ence of SrNiO3-δ concentration on the optical band gap of 
the host Bi1/2Na1/2TiO3 materials showed solid evidence for 
random incorporation of Sr and Ni cations into the host lat-
tice during the formation of solid solutions.

The influence of SrNiO3-δ on the photoemission prop-
erties of Bi1/2Na1/2TiO3 materials was also characterized. 
Figure 6a shows the photoluminescence (PL) spectra of pure 
Bi1/2Na1/2TiO3 and SrNiO3-δ-modified Bi1/2Na1/2TiO3 mate-
rials with various SrNiO3-δ concentrations. All PL spectra of 
pure Bi1/2Na1/2TiO3 and SrNiO3-δ-modified Bi1/2Na1/2TiO3 
materials exhibited a broadband, where the large photolumi-
nescence intensity was achieved around 480–495 nm. The 
highest PL peaks were obtained at around 485 nm, as shown 
in the inset of Fig. 6a where the PL spectra are magnified 
in the photon wavelength range of 478–505 nm. The addi-
tion of SrNiO3-δ into Bi1/2Na1/2TiO3 materials resulted in 
PL intensity suppression with increasing the SrNiO3-δ con-
tent, as shown in the inset of Fig. 6a. The dependence of 
the main PL peaks on SrNiO3-δ concentration is shown in 

Fig. 6b, where PL intensity was normalized to the strong-
est peak. The figure indicates a shift of main peak position 
with satellite peaks to a higher wavelength with increas-
ing SrNiO3-δ content. The approximate position of the main 
peaks at about 485 nm corresponded to the photon energy of 
2.56 eV, which is smaller than the band gap of the materials 
(~3.04 eV). Therefore, we suggested that the main PL peaks 
did not come from electron transition from the conduction 
band to the valence band (band-to-band transition). The 
Bi1/2Na1/2TiO3 materials are ferroelectric that exhibit spon-
taneous polarization.1,3 Therefore, hole-electron pair genera-
tion from the absorbance of the photon energy was suggested 
to recombine which prevents photon generation. However, 
the surface of Bi1/2Na1/2TiO3 materials has un-paired bond-
ing that possibly absorbed electrons, resulting in absorption 
of the photon energy during recombination with trapped sur-
face defects.48 The PL intensity of Bi1/2Na1/2TiO3 materials 
was suppressed by increasing SrNiO3-δ concentration in the 
solid solution which was suggested to be related to photon 
trapping of impurities and/or stress to surface defects.

Furthermore, the role of randomly incorporated Sr and Ni 
cations on the magnetic properties of the host Bi1/2Na1/2TiO3 
materials is shown in Fig. 7. The M-H hysteresis loop of 
the pure Bi1/2Na1/2TiO3 had an anti-S-shape, as shown 
in Fig. 7a, revealing compensation between diamagnet-
ism and weak ferromagnetism. The diamagnetism of pure 
Bi1/2Na1/2TiO3 materials originated from an empty state of 
Ti4+ cations, while the weak ferromagnetism was related 
to self-defects such as Na+, Bi3+ or Ti4+ vacancies.5,14–28 
This result was consistent with recent reports on magnetic 
properties of pure Bi1/2Na1/2TiO3 materials, where the weak 
ferromagnetism was dominated by intrinsic defects.3,5,14–28 
The addition of SrNiO3-δ into host Bi1/2Na1/2TiO3 materials 
induced complex magnetic properties, as shown in Fig. 7b-g 

Fig. 6   (a) PL spectra and (b) the normalized PL spectra of pure 
Bi1/2Na1/2TiO3 and SrNiO3-δ-modified Bi1/2Na1/2TiO3 materials with 
various SrNiO3-δ amounts. The insets of (a, b) show the magnifica-

tion of photoluminescence spectra in the wavelength ranges of 478–
505 nm and 483–489 nm, respectively.
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for the SrNiO3-δ-modified Bi1/2Na1/2TiO3 materials with 0.5 
mol.%, 1 mol.%, 3 mol.%, 5 mol.%, 7 mol.%, and 9 mol.% 
of SrNiO3-δ, respectively. The diamagnetic signals were 
suppressed as increasing SrNiO3-δ concentrations up to 3 
mol.%, as shown in Fig. 7b-d. However, the anti-S-shape 
remained in all M-H curves of BNT-xSrNiO3-samples 
with x=0.5, 1, and 3 mol.%, revealing that the ferromag-
netic signal was not high enough in comparison with the 
diamagnetism signal. Magnetization tended to saturate by 
increasing the SrNiO3-δ concentration up to 5 mol.%, as 
shown in Fig. 7e, which provided solid evidence of typi-
cal ferromagnetic behavior. Further addition of SrNiO3-δ 
into host Bi1/2Na1/2TiO3 materials showed an unsaturated 
magnetic moment on the externally applied magnetic field, 
as shown in Fig. 7f and g for samples with 7 and 9 mol.%, 
respectively. The observed remnant magnetization (Mr) 
and coercive field (HC) values of the pure Bi1/2Na1/2TiO3 
and SrNiO3-δ-modified Bi1/2Na1/2TiO3 samples were in the 
ranges of 0.1–0.2 memu/g and 120–283 Oe, respectively. 
The non-zero remnant magnetization and coercive field 
indicated typical ferromagnetism for all studied samples. 
The complex magnetic behavior of SrNiO3-δ-modified 
Bi1/2Na1/2TiO3 materials could be explained by assuming 
random incorporation of Sr and Ni cation impurities into 
the Bi1/2Na1/2TiO3 host lattices during the formation of solid 
solutions. The dominant contribution of ferromagnetism in 
SrNiO3-δ-modified Bi1/2Na1/2TiO3 materials originated from 
the interactions of Ni cations through oxygen vacancies (□) 
such as Ni2+/3+-□-Ni2+/3+ which was reported in transi-
tion metal-doped Bi1/2Na1/2TiO3 materials.14–17 Recently, 
both experimental and theoretical studies predicted that Ni 

cations might be stable at a low-spin state when incorpo-
rated into Bi1/2Na1/2TiO3 host lattices.16 Note that the spin 
magnetic moments of Ni cations at the low spin states of 
Ni2+ (3d84so), Ni3+ (3d74so), and Ni4+ (3d64so) are 1 μB/Ni, 
0.5 μB/Ni and 0 μB/Ni, respectively. Therefore, the highest 
magnetic moment is obtained for Ni2+-□-Ni2+ pair inter-
actions, while the lowest magnetic moment is favored for 
Ni3+-□-Ni3+ pair interactions. However, unlike single-transi-
tion-metal-doped Bi1/2Na1/2TiO3 materials, the modification 
of the A-sites (Bi- and Na-sites) by Sr cations also indirectly 
induced the magnetic moment via complex compensation 
of valence states between the host and impurity cations. 
Replacing Sr2+ cations for Bi3+ cations creates oxygen 
vacancies, while substituting Sr2+ cations for Na+-sites gen-
erates Na vacancies. Recently, both experimental and theo-
retical studies predicted that Na vacancies induced non-zero 
magnetic moments.3,21 Oxygen vacancies indirectly induce 
the magnetic moments because they facilitate the reduction 
of the valence state of Ti4+ cations to Ti3+ or Ti2+.21,26,37 
Ti3+ or Ti2+ cations had non-zero magnetic moments, which 
led to the contribution of strong magnetic moments.14–16,21 
Moreover, complex valence transitions were obtained 
for competition between Ti and Ni cations, including Ni 
valence reduction from high valence states of Ni3+/4+ to a 
lower valence state of Ni2+, and the valence increase from 
Ti2+/3+ to Ti4+ via Ti3++Ni3+→Ti4++Ni2+.43,47 The change 
in the valence states of Ni cations was important in chang-
ing the number of magnetic moments in Ni2+/3+-□-Ni2+/3+ 
pairs. The unsaturated magnetic moment on the applied 
magnetic field for the BNT-xSrNiO3-δ samples with high 
SrNiO3-δ concentrations could be linked to the contribution 

Fig. 7   Magnetic hysteresis loops of (a) pure Bi1/2Na1/2TiO3, and SrNiO3-δ-modified Bi1/2Na1/2TiO3 materials with (b) 0.5 mol.%, (c) 1 mol.%, (d) 
3 mol.%, (e) 5 mol.%, (f) 7 mol.% and (g) 9 mol.% SrNiO3-δ as solid solutions.
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of paramagnetic or antiferromagnetic-like phases. The 
paramagnetic signal of the high-concentration-SrNiO3-δ-
modified Bi1/2Na1/2TiO3 materials originated from Ni iso-
lated cations randomly incorporated into the Bi1/2Na1/2TiO3 
host lattices, whereas the antiferromagnetic-like signal might 
be related to boundary polarons among Ni2+/3+-□-Ni2+/3+ 
pairs, such as Ni2+/3+-□-Ni2+/3+ versus Ni2+/3+-□-Ni2+/3+. 
Moreover, we recently obtained strain-mediated ferromag-
netic order in antiferromagnetic materials.49 Therefore, we 
suggest that the lattice distortion by randomly incorporat-
ing Sr and Ni cations into the Bi1/2Na1/2TiO3 host lattices 
might be affected by the Ni2+/3+-□-Ni2+/3+ pair interactions 
or even Ni2+/3+-□-Ni2+/3+ versusNi2+/3+-□-Ni2+/3+ pairs, 
which resulted in a change of the magnetic ordering magni-
tude. The origin of ferromagnetic order in SrNiO3-δ-modified 
Bi1/2Na1/2TiO3 materials is very complex and requires 
further investigation. However, the observation of room 
temperature ferromagnetism in lead-free ferroelectric 
Bi1/2Na1/2TiO3 materials is important for the future applica-
tion of the materials to smart electronic devices.

For further investigation, ab initio calculation on elec-
tronic structures of SrNiO3-δ-modified Bi1/2Na1/2TiO3 mate-
rials was performed using CASTEP module in the Materials 
Studio software.50 The exchange energy was described by 
the generalized gradient approximation (GGA) while the 
potential proposed by Perdew, Burke, and Ernzerhof (PBE)51 
was used for the correlation energy. A 410-eV cutoff energy 
was used for the plane-wave basis and the k-point mesh52 for 
the Brillouin sampling is 5×5×2.

Figure 8 shows the unit cells of perfect and Sr/Ni-doped 
Bi1/2Na1/2TiO3 at different positions. Both A-site and B-site 
doping are considered for Sr (see Fig. 8b–d) and Ni (see 
Fig. 8e-g), and an interstitial doping model was created for 
the case of Ni doping. Figure 9a illustrates the calculated 
electronic band structure of pure Bi1/2Na1/2TiO3 with a band 
gap value of 2.86 eV and the Fermi level just over the top of 
the valence band. The bottom of the conduction band and 
the top of valence band occur at the same k-point, suggest-
ing that pure Bi1/2Na1/2TiO3 is a direct band gap semicon-
ductor, agreeing with the detailed partial densities of states 

Fig. 8   3D views of the optimized unit cells of (a) pure, (b)-(d) Sr-doped and (e)-(h) Ni-doped Bi1/2Na1/2TiO3 at different sites.
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(PDOSs) in Fig. 9a. The band structures of Bi1/2Na1/2TiO3 
doped with Sr at Bi-sites, Na-sites and Ti-sites are shown in 
Fig. 9b-d, respectively. All Sr-doped Bi1/2Na1/2TiO3 materi-
als are indirect band gap semiconductors with a slight shift 
of the valance highest energy states out of gamma point. 
The substitution of Sr into host material lattice leads to the 
reduction of band gap energies; the estimated band gap from 
the bottom of the conduction bands to the top of valence 
bands are 2.20 eV, 2.67 eV, and 2.34 eV for Bi-site, Na-
site and Ti-site doping positions. The valence bands of Sr-
doped Bi1/2Na1/2TiO3 are dominated by the hybridization of 
O-2p, Ti-3d, and Bi-6p, but the conduction bands are mainly 
formed of Bi-6p, Ti-3d, and O-2p orbitals. When doped into 
host material lattice, Sr atoms contribute to the top of con-
duction bands via the interaction of Sr-5s and Sr-3d orbitals. 
It can be seen that the influence of Sr atoms on Bi-6s is the 
origin of new midgap states in the interstitial doping case 
of Sr into Bi1/2Na1/2TiO3 lattice, as shown in Fig. 9d, due to 
the presence of oxygen vacancies.21,26,53

Figure 10a-d illustrate the spin-resolved density of states 
of pure and Sr-doped Bi1/2Na1/2TiO3 at Bi-, Na- and Ti-sites, 
respectively. All spin-up and spin-down states are degener-
ate, suggesting that pure and Sr-doped Bi1/2Na1/2TiO3 behave 
as nonmagnetic materials. Further calculations on the spin 
density of states of Sr-modified Bi1/2Na1/2TiO3 in Fig. 10e 
and f indicate that the substitution of Sr atoms into Bi-sites 
and Na-sites produces small magnetic moments, while none 
of the magnetic behaviors can be observed with the dop-
ing of Sr into Ti-sites or interstitial sites in Bi1/2Na1/2TiO3 
material.

Figure 11a-d presents the calculated band structures 
of Bi1/2Na1/2TiO3 doped with Ni atoms (a) at Bi-sites, (b) 
Na-sites, (c) Ti-sites and (d) interstitial sites. All Ni-doped 
Bi1/2Na1/2TiO3 are indirect band gap semiconductors with 
the corresponding band gap values of 2.62 eV, 2.78 eV, 
2.61 eV, and 2.67 eV, calculated from the bottom of con-
duction bands to the top of valence bands, respectively. The 
Fermi levels shift to the top of valence bands for Bi-site and 

Fig. 9   The DFT results of the spin-resolved total density of states 
(TDOS) of (a) pure Bi1/2Na1/2TiO3, Sr-doped Bi1/2Na1/2TiO3 at (b) 
Bi-sites, (c) Na-sites and (d) Ti-sites. The black and red lines repre-

sent the spin-up and spin-down orbital states, respectively. The spin 
density of states of Sr-doped Bi1/2Na1/2TiO3 at (e) Bi-sites and (f) Na-
sites. The Fermi level is set to zero energy.
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Ti-site substitutions and lie below the conduction bands for 
Na-sites and interstitial doping, agreeing with the projected 
density of states in Fig. 11e-h. It can be seen that the interac-
tion between Ni-3d with O-2p orbitals leads to the presence 
of new midgap states, decreasing the optical band gap of 
doped materials54–56.

Figure 12 shows the spin-up and spin-down total density 
of states (TDOSs) of (a) Bi-sites, (b) Na-sites, (c) Ti-sites 
and (d) interstitial Ni-doped Bi1/2Na1/2TiO3. The symmet-
ric shapes of spin-up and spin-down imply that all states 
are degenerate and doped Bi1/2Na1/2TiO3 are nonmagnetic 
materials, except for the case of a Ni atom doped into the 
site of Na. The clear asymmetry of TDOSs of Na-site dop-
ing Bi1/2Na1/2TiO3 indicates a strong magnetic moment 

for this material. To confirm the magnetic behaviors of 
Ni-doped Bi1/2Na1/2TiO3 materials, their spin density of 
states was calculated, the results show that Bi-site and Na-
site Ni doping leads to the presence of magnetic proper-
ties, opposite to the doping of Ni into Ti-sites or interstitial 
positions54–56. Figure 13a and b presents the contributions 
of Bi, Na, Ti, O, and Ni atoms to the total spin density of 
states of Ni-doped  Bi1/2Na1/2TiO3 at Bi-sites and Na-sites, 
suggesting that the magnetic behaviors originated from the 
Ni dopant, and a small fraction belongs to the neighboring 
O atoms, consistent with the PDOSs results in Fig. 11a and 
b. The contour plot of the calculated spin density distribu-
tion within a slice passing through the Ni atom in Ni-doped 
Bi1/2Na1/2TiO3 at Bi-sites and Na-sites are shown in Fig. 13c 

Fig. 10   The DFT results of 
the spin-resolved total density 
of states (TDOS) of (a) pure 
Bi1/2Na1/2TiO3, and Sr-doped 
Bi1/2Na1/2TiO3 at (b) Bi-sites, 
(c) Na-sites and (d) Ti-sites; 
the spin density of states of 
Sr-doped Bi1/2Na1/2TiO3 at (e) 
Bi-sites and (f) Na-sites. The 
black and red lines represent the 
spin-up and spin-down orbital 
states, respectively. The Fermi 
level is set to zero energy.
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Fig. 11   The DFT results of the band structures of Ni-doped 
Bi1/2Na1/2TiO3 at (a) Bi-sites, (b) Na-sites, (c) Ti-sites and (d) intersti-
tial. The total density of states and the contribution of Bi, Na, Ti, O, 

Ni atoms of Ni-doped Bi1/2Na1/2TiO3 at (e) Bi-sites, (f) Na-sites, (g) 
Ti-sites and (h) interstitial. The Fermi level is set to zero energy.
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and d, respectively. It is clear that the increase of spin densi-
ties is significant around Ni and O atoms, in good agreement 
with the spin projected densities of states in Fig. 13a and b. 
In other words, the substitution of magnetic atoms Ni into 
the position of Bi or Na in Bi1/2Na1/2TiO3 lattice produces 
significant magnetic moments in materials.

Conclusion

The (1−x)Bi1/2Na1/2TiO3+xSrNiO3-δ solid solutions were 
synthesized by sol-gel method. The complex magnetic prop-
erties were obtained in SrNiO3-δ-modified Bi1/2Na1/2TiO3 
materials as a solid solution. The observation of weak fer-
romagnetism with strongly induced diamagnetism for pure 
Bi1/2Na1/2TiO3 materials changed to typical ferromagnetism 
because of the random incorporation of Sr and Ni cations 
into the host Bi1/2Na1/2TiO3 lattices during the formation 
of SrNiO3-δ as solid solutions. The magnetic polaron inter-
action in the SrNiO3-δ-modified Bi1/2Na1/2TiO3 system was 
achieved for high SrNiO3-δ addition. The observation of 
room-temperature ferromagnetism in the SrNiO3-δ-modified 
Bi1/2Na1/2TiO3 materials is promising to transfer to smart 
electronics applications. The DFT calculation predicted that 
the selection of distribution of Sr and Ni cations into host 
Bi1/2Na1/2TiO3 crystals at A-sites and B-sites importantly 
influenced the electronic structure of host Bi1/2Na1/2TiO3 
materials. We expect that our method can be applied for 
the integration of ferromagnetism in lead-free ferroelec-
tric materials in current developing green multifunctional 
materials.

Fig. 12   The DFT results of the spin-resolved total density of states 
(TDOS) of Ni-doped Bi1/2Na1/2TiO3 at (a) Bi-sites, (b) Na-sites, (c) 
Ti-sites and (d) interstitial. The black and red lines represent the spin-
up and spin-down orbital states, respectively. The Fermi level is set to 
zero energy.
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Fig. 13   The DFT results of the spin density of states of Ni-doped Bi1/2Na1/2TiO3 at (a) Bi-sites and (b) Na-sites. Contour plot of the calculated 
spin density distribution within a slice passing through the Ni atom for Ni-doped Bi1/2Na1/2TiO3 at (c) Bi-sites and (d) Na-sites.
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