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Abstract
The injection of ferromagnetism properties to ferroelectric materials is a feasible strategy for integrating new functionalities to
create next-generation electronic devices. In this study, Ni-doped lead-free ferroelectric Na0.5Bi0.5TiO3 materials were synthe-
sized using the sol-gel method. The optical band gap was reduced from 3.12 eV to 2.23 eV for un-doped and 9 mol% Ni-doped
Na0.5Bi0.5TiO3 materials, respectively, when Ni was substituted at the Ti site. The Ni-doped Na0.5Bi0.5TiO3 materials exhibited
ferromagnetism at room temperature. The maximum magnetization was found to be 0.91 μB/Ni. Our work offers insight into the
role of transition metals in room temperature ferromagnetism in lead-free ferroelectric materials for the creation of new types of
green multiferroic materials.
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1 Introduction

The multiferroic materials are promised to create the next-
generation electronic devices because their materials exhibited
both magnetic and ferroelectric in one material, and moreover
that external electrical field could control the magnetization

together with external magnetic field and could tune the elec-
trical polarization [1, 2]. The research aimed to overcome the
limited number of multiferroic materials that exist in nature
which were well explained by Hill et al. [3, 4]. They explained
that the scarcity of observed multiferroic materials in perov-
skite structures is due to the typical atomic-level mechanism,
which prevents the simultaneous occurrence of ferroelectric
and ferromagnetic conditions [3, 4]. In addition, the ferromag-
netic state is usually ordered at below room temperature, hin-
dering the application of devices that operate above room
temperature [5]. Therefore, obtaining multiferroic materials
above room temperature remains a challenge.

Among the current multiferroic materials, doping transition
metals into ferroelectric materials is one of the simple ways to
obtain ferromagnetism at room temperature, because of the
oxygen vacancies and/or the exchange splitting among spin
sub-bands through the crystal field of transition metals [6–10].
In fact, the various transition metals (Fe-, Mn-, Ni-) doped
PbTiO3 materials were successfully fabricated which exhibit-
ed the room temperature ferromagnetism [8–10]. In addition,
the other ways to archive the room temperature ferromagne-
tism with strong magnetoelectric coupling were obtained in
ferroelectric-ferromagnetic composites or multilayer thin film
[11–13]. The main disadvantage of lead-based ferroelectric
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PbTiO3 materials is its high lead content (60 wt%), which is
harmful to the environment and the human. Nevertheless, the
recent research still concentrated on the Pb-based materials
due to their excellent electronic properties, and many equip-
ment used the electronic part containing lead element [14].
Thus, the integration of the room temperature ferromagnetism
in current lead-based ferroelectric materials has saved invest-
ment costs and expended the functionmaterials for application
in smart electronic devices. Recently, the developed countries
have issued the prohibition of the use of lead-based materials
in the electronic device [15].

In recent years, there has been an increasing interest in the
two lead-free perovskites (Na0.5Bi0.5TiO3 and K0.5Bi0.5TiO3)
due to the strong ferroelectric properties, such as a large po-
larization and a low coercive field which are comparable to
that of lead-based ferroelectric materials [16]. Therefore, in-
duction room temperature ferromagnetism in lead-free ferro-
electric Bi-based materials is really promised to replace the
Pb-based in electronic devices. The ion metal doped in
K0.5Bi0.5TiO3 ceramics can be split on the spin under crystal
field of K0.5Bi0.5TiO3. Recently, the ferromagnetism at room
temperature in Fe-doped K0.5Bi0.5TiO3 ceramics was ex-
plained by spin splitting of transition metal ions under crystal
field [6]. The room temperature ferromagnetism was also ob-
tained in Ni-doped K0.5Bi0.5TiO3 materials which resulted
from intrinsic and contribution from extrinsic as clusters [7].
Previous studies have reported that magnetic moment contrib-
uted by Ni ions as doping in K0.5Bi0.5TiO3 materials was
larger than that of contribution of magnetic spin at high-spin
state [7]. However, the ferromagnetism in Co-doped
Na0.5Bi0.5TiO3 materials at room temperature was suggested
to originate from Co clusters because of reduction oxidation
state of Co during fabrication [17]. The ferromagnetism at
room temperature in case of Fe-doped Na0.5Bi0.5TiO3 ce-
ramics contributed by intrinsic phenomenon due to the com-
petition between diamagnetism and ferromagnetism as Fe
dopants was low, while the competit ion between
paramagnetic-like and ferromagnetic behavior was observed
at high Fe concentration dopants [18]. Recently, the weak
ferromagnetism at room temperature was obtained for Cr-
doped Bi0.5Na0.5TiO3 materials which possibly resulted from
oxygen vacancies [19]. Eventually, the current integration of
room temperature ferromagnetic properties in lead-free ferro-
electric materials has some good potential properties, but the
origin of interaction of transition metal to favor magnetic or-
dering was still debated, especially in the transition metal,
which has multivalence states.

In this study, the Ni-doped Na0.5Bi0.5TiO3 materials were
fabricated using the sol-gel method. The optical band gap
values (Eg) were reduced from 3.12 eV to 2.23 eV as the Ni
concentration was increased to 9 mol%. Aweak ferromagne-
tism was observed in un-doped Na0.5Bi0.5TiO3 because of the
trade-off between diamagnetism and ferromagnetism.

Comparable ferromagnetism and paramagnetism were obtain-
ed in Ni-doped Na0.5Bi0.5TiO3 samples because of the Ni
substitution at the Ti site. The magnetic moment saturation
was found at approximately 0.91 μB/Ni at 5 K.

2 Experiment

The un-doped Na0.5Bi0.5TiO3 (i.e., NBT) and Ni-doped
Na0.5Bi0.5TiO3 (i.e., NBT-xNi, where x = 0.5, 1, 3, 5, 7, and
9) samples were synthesized using the sol-gel method. The
bismuth nitrate pentahydrate (Bi(NO3)2.5H2O), sodium ni-
trate (NaNO3), and nickel nitrate (Ni(NO3)3.6H2O) were ana-
lytical grade. Firstly, they were dissolved in distilled water and
acetic acid to make a clear solution. Then the acetylacetone
and tetraisopropoxytitanium(IV) (C12H28O4Ti) were added
into the solution. The solutions were stirred at room tempera-
ture until it became transparent. Then, the dry gels were pre-
pared by hearting the sol at 100 °C. These gels were ground
and sintered at 900 °C for 3 h. Sodiumwas added to the excess
at approximately 20 mol% to prevent sodium loss during the
gel and sintering processes. The compositions of the samples
were varied by electron probe microanalysis (EPMA). The
energy-dispersive X-ray spectroscopy (EDX) was used to de-
tect the existence of elements in synthesized materials. The
particle morphology and particle size were investigated by
field emission scanning electron microscopy (FE-SEM). The
crystal structures were analyzed by X-ray diffraction (XRD).
The vibrational modes of the synthesized samples were stud-
ied by Raman spectroscopy. The optical properties of powders
were characterized by UV–Vis spectroscopy. The magnetic
properties were investigated by a superconducting quantum
interference device (SQUID) magnetometer at 5 K and a
vibrating-sample magnetometer (VSM) at room temperature.

3 Results and Discussion

Figure 1(a) and (b) shows the EDX spectra of pure
Bi0.5Na0.5TiO3 and 5 mol% Ni-doped Bi0.5Na0.5TiO3 sam-
ples, respectively. The inset of each EDX spectrum was the
selected area of samples for characterization. The EDX spec-
trum presented in Fig. 1(a) showed that all elements including
Bi, Na, Ti, and O existed in the synthesized materials. The
addition of Ni element together with base of pure
Bi0.5Na0.5TiO3 element for 5 mol% Ni-doped Bi0.5Na0.5TiO3

as shown in Fig. 1 (b). In other words, the appearance of Ni
elements was provided that the impurities of Ni element
existed in doped samples.

The FE-SEM images of Ni-doped BNTwith different mo-
lar ratios are shown in Fig. 2 (b)–(h). It is observed that the
different molar ratios of Ni dopant show the samemorphology
in each case. The particles in pure BNT sample had a cubic-
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like shape. The particle size of BNT pure sample was less than
that of Ni-doped sample. However, the particles in pure sam-
ple were strongly sintered together. The Ni-doped BNT sam-
ples had big particles with irregular shape.

The XRD patterns of un-doped and Ni-doped
Na0.5Bi0.5TiO3 samples were illustrated in Fig. 3(a). All dif-
fraction peaks and their relative intensities were matched to
the JCPDS standard data of the Na0.5Bi0.5TiO3 materials. The

Fig. 2 The FE-SEM image of Bi0.5Na0.5TiO3 ceramics with different Ni concentrations: (a) pure BNT, (b) 0.5 mol%, (c) 1 mol%, (d) 2 mol%, (e)
3 mol%, (f) 5 mol%, (g) 7 mol%, and (h) 9 mol%

Fig. 1 The EDX spectra of (a)
pure Bi0.5Na0.5TiO3 and (b)
5 mol% Ni-doped Bi0.5Na0.5TiO3

samples. The inset of each figure
was the selected area of samples
for characterization
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impurity phase could not be detected in the XRD pattern.
Comparison of the location of (012) diffraction peaks in the
range of 30°–35° shows that the position of the peaks of the
Ni-doped samples slightly shifted to higher 2θ values, as plot-
ted in Fig. 3(b). The distorted structure indicates that Ni was
incorporated with the lattice structure and compressed the lat-
tice parameters. The ionic radii of Ni2+, Ni3+, Ni4+, and Ti4+

with six coordination are 0.069, 0.056, 0.048, and 0.061 nm,
respectively [20]. Therefore, the Ni2+ cations substitution for
Ti4+ cations resulted in expansion of lattice parameter, while
replacement of Ti4+ by Ni3+ or Ni4+ cations resulted in com-
pression of the lattice parameter. The valence state of Ni cat-
ions was dependent on the host materials and chemical envi-
ronment around the Ni cations. Lebedev et al. reported that the
oxidation state of Ni in Ba1-xSrxTiO3 compound changes from
Ni4+ in SrTiO3 to Ni

2.5+ in BaTiO3 when x was varied and the
changing of Ni states originated from different formation en-
ergies of the oxygen vacancies in these compounds [21]. In
addition, Sluchinskaya et al. pointed out that the mean Ni
charge states are around Ni2.5+ where Ni2+ ions are in a
high-spin state at the B-sites of the ABO3 perovskite structure,
and the difference of charges of Ni2+ and Ti4+ is mainly com-
pensated by distant oxygen vacancies [22]. XAFE spectrosco-
py analysis studied Ni-doped SrTiO3 provided that the oxida-
tion state of Ni is close to 4 + [23]. As a result of the multiv-
alence state of Ni cations, the optical absorbance spectroscopy
of Ni-doped K0.5Bi0.5TiO3 had multi-absorbance peaks [7].
Therefore, it is difficult to determine the main reason for the
distorted structure due to the multivalence state of Ni ions in
the samples [22–26]. In addition, oxygen vacancies created by

the unbalanced state of Ni2+/3+ with Ti4+ can also affect the
lattice structure [24]. In other words, the distorted structure of
Na0.5Bi0.5TiO3 materials provided the evidence for incorpora-
tion of Ni cation into host lattice.

Figure 4(a) shows the Raman spectra of un-doped
Na0.5Bi0.5TiO3 and Ni-doped Na0.5Bi0.5TiO3 samples in the
wave number range of 150–1000 cm−1. Un-doped
Na0.5Bi0.5TiO3 samples have relatively broad Raman bands
because of the disorder at the A-site and the overlapping
Raman modes. The shape of Raman scattering spectra of Ni-
doped Na0.5Bi0.5TiO3 samples was shown in similar which
provide the maintainable structure of Na0.5Bi0.5TiO3 samples.
The broad vibration modes resulted in difficulty to distinguish
each vibration modes. For Na0.5Bi0.5TiO3 Raman band, the
modes in the frequency range from 155 cm−1 to 187 cm−1

and from 246 cm−1 to 401 cm−1 were dominated by Na–O
and TiO6 vibrations, respectively, while the higher-frequency
modes in the range from 413 cm−1 to 826 cm−1 were primarily
associated with oxygen atom vibrations [27]. The effect of Ni
substitution for Ti on the phonon vibration is shown in
Fig. 4(b), in which the high magnification Raman spectra of
un-doped and Ni-doped Na0.5Bi0.5TiO3 were in the wave
number range from 200 cm−1 to 400 cm−1. The results indicate
that the Ti–O bands shifted to a lower frequency as the amount
of Ni dopants increased, further proving the Ni substitution at
the Ti site as a possible result from the higher mass of the Ni
ions (~ 58.71 g/mol) than that of the Ti ions (~ 47.90 g/mol).

Figure 5(a) shows the optical absorption spectra of un-
doped Na0.5Bi0.5TiO3 and Ni-doped Na0.5Bi0.5TiO3 samples
with various Ni concentrations. The results were clearly

Fig. 3 (a) XRD patterns of un-doped and Ni-doped Na0.5Bi0.5TiO3 samples with different Ni-doping concentrations; (b) comparison of (012) diffraction
peak positions
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indicated that the absorption edge was red shift with increas-
ing of Ni content. Consequently, the band gap (Eg) value was

decreased. These findings were more evident for Ni cations
incorporated into the crystal structure of Na0.5Bi0.5TiO3 and

Fig. 5 (a) UV–Vis absorption spectra; (b) dependence of (αhν)2 on
photon energy (hν) of the pure Na0.5Bi0.5TiO3 and Ni-doped
Na0.5Bi0.5TiO3 samples with various concentrations. The inset of (b)
shows the optical band gap values of the Na0.5Bi0.5TiO3 samples as a

function of Ni dopant. The proposal reduction optical band gap energy
of Na0.5Bi0.5TiO3 materials from (c) transition metals and (d) oxygen
vacancies

Fig. 4 (a) Raman spectra of the un-doped Na0.5Bi0.5TiO3 and Ni-doped Na0.5Bi0.5TiO3 samples as a function of Ni doping concentration; and (b)
magnification Raman spectra in the range of 200–400 cm−1 of the pure Na0.5Bi0.5TiO3; and Ni-doped Na0.5Bi0.5TiO3 samples
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consequently changed the band structure. In addition, the ap-
pearance of a multi-absorbance peak in the range of 600–
900 nm suggested the existence of multiple local states for
Ni [7]. This result was obtained by complex observation using
XRD spectroscopy, as discussed above. The Eg values were
evaluated using Tauc method as plotted in Fig. 5(b). The op-
tical band gap was calculated as 3.12 eV for un-doped
Na0.5Bi0.5TiO3 samples, and this value decreased to 2.23 eV
for 9 mol% Ni-doped Na0.5Bi0.5TiO3 samples. Figure 5(b)
provides the details of Eg values as a function of the amount
of Ni dopants. The values of Eg as a function of Ni concen-
tration are illustrated in the inset of Fig. 5 (b). The results are
consistent with recent published work that the band gap of
lead-free ferroelectric K0.5Bi0.5TiO3 ceramics is changed by
substitution of Fe, Ni, or Mn at the Ti site [6, 7, 28]. Thus, we
suggest that d-orbital electronics should be incorporated into
the lattice by Ni ion doping to make the local electronic state
which resulted in reducing the optical band gap of
Na0.5Bi0.5TiO3 materials. Furthermore, the origin of reduction
on optical band gap in Ni-doped Na0.5Bi0.5TiO3 samples is
proposed in Fig. 5(c) and (d) for transition metal and oxygen
vacancies, respectively. Under crystal field, the spin splitting
in d electrons of transition metal ions creates the local state in
middle band gap. Besides, oxygen vacancies were created due
to unbalance charge of Ni2+/3+ dopant Ti4+ host and/or promo-
tion from surface defect or self-defect during fabrication,
which normally locates near the conduction band.

Furthermore, the effect of d electrons on ferromagnetic
properties of Na0.5Bi0.5TiO3 samples was observed by deter-
mining the magnetic moment with respect to the magnetic
field plot of un-doped and Ni-doped Na0.5Bi0.5TiO3 samples,
as shown in Fig. 6. Figure 6(a) shows the magnetic hysteresis
(M–H) loops of the un-doped Na0.5Bi0.5TiO3 and Ni-doped
Na0.5Bi0.5TiO3 samples at room temperature. A hysteresis
loop with an anti-S shape can be observed, which directly
results from the weak ferromagnetic and diamagnetic compe-
tition [6, 7, 17, 18]. By incorporating Ni in the Na0.5Bi0.5TiO3

lattice, the diamagnetic signal converts to a ferromagnetic
loop, thereby confirming ferromagnetism at a low magnetic
field. In addition, the unsaturated shape in the M–H curves is
obtained for Ni dopants with concentration of more than
5 mol% presumably because of the contribution of isolated
Ni ions in the Na0.5Bi0.5TiO3 host matrix [6, 7]. This phenom-
enon has been demonstrated for Fe- and Co-modified
Na0.5Bi0.5TiO3 ceramics [17, 18]. The remanent magnetiza-
tion and coercive field are estimated to be approximately
90 Oe and 0.3 memu/g, respectively, both of which further
demonstrating the room temperature ferromagnetism behav-
ior. Those values consist of the recently reports for transition
metal doped lead-free ferroelectric materials such as for Fe-
and Ni-doped K0.5Bi0.5TiO3 materials or Mn-doped
Na0.5Bi0.5TiO3 ceramics [6, 7, 29]. The results also perform
with the observation of transition metal doped lead-based

ferroelectric material such as Mn-doped or Ni-doped PbTiO3

materials [9, 10]. Figure 4(b) shows the dependence of the
magnetization on the temperature under an applied field of
1 kOe of Na0.5Bi0.5Ti0.99Ni0.01O3 samples. The inset of Fig.
6(b) shows the M–H curve of the Na0.5Bi0.5Ti0.99Ni0.01O3

samples under a magnetism of up to 70 kOe at 5 K. The
maximum magnetization is found to be ~ 0.241 emu/g corre-
sponding to 0.91μB/Ni at 5 K. The value was smaller than that
of Ni-doped K0.5Bi0.5TiO3 materials where the observation of
maximum magnetization was 3.44 μB/Ni at 5 K [7].

Further understanding the observation ferromagnetism
with low saturation of magnetic moment in case of Ni-doped
Na0.5Bi0.5TiO3 than that of Ni-doped K0.5Bi0.5TiO3 materials,
the possible spin configuration of Ni ions is drawn in Fig. 7.
Note that Ni ions have three valence states of Ni2+, Ni3+, and
Ni4+ state. Ni2+ and Ni4+ ions have low-spin state only while
Ni3+ ions have been stable in both low- and high-spin state
[20]. Thus, the possible schematic spin configurations of Ni2+,
Ni3+, and Ni4+ ions are illustrated at Fig. 5(a)–(c), respectively.
In the consideration of the spin-only magnetic moment, the
magnetic moment of Ni2+ is 1 μB/Ni, and Ni3+ is 0.5 μB/Ni
and 1.5 μB/Ni for low- and high-spin configuration, respec-
tively, while the Ni4+ has no magnet moment. Our experimen-
tal results have provided that the magnetic moment of Ni is
0.91 μB/Ni which is close with Ni2+ state as considering the
contribution from spin only. The results also consisted with
recent observation of divalent state of Ni ions in Ni-doped
Na0.5Bi0.5TiO3 materials [30]. Thus, it could be suggested that
the original ferromagnetism in Ni-doped Na0.5Bi0.5TiO3 ma-
jorly originated from low-spin state interaction of Ni ion in
Bi0.5Na0.5TiO3 materials.

Further understanding the origin of room temperature fer-
romagnetism in Ni-modified Na0.5Bi0.5TiO3 materials, the
first principle calculation was performed for materials by
using density functional theory (DFT). The crystal structure
of Ni-doped Na0.5Bi0.5TiO3 materials is prepared by using the
VESTA package, as presented in Fig. 8 [31]. All DFT calcu-
lations were carried out by PWScf code executed in Quantum-
Espresso package [32]. The exchange-correlation energy was
performed by the generalized gradient approximation (GGA)
technique using Perdew–Burke–Ernzerhof (PBE) exchange-
correlation functionals [33]. Plane-wave basis set cutoffs for
the smooth part of wave functions and the augmented density
were 45 Ry and 250 Ry, respectively. In order to reduce com-
putational resources, pristine Na0.5Bi0.5TiO3 (NBT) was sim-
ulated by the primitive cell of R3c with 2 Bi/Na cation in
Wyckoff symmetric position 2a, 2 Ti cations in 2a and 6 O
anions in 6a (Fig. 8) and the lattice constants from the exper-
iments [34, 35]. A supercell of 2 × 2 × 2 of doped
Na0.5Bi0.5Ti0.9375Ni0.0625O3 (NBTN) compounds with the
doping concentration of 6.25% was created by replacing 1
Ti atom by a Fe atom in a supercell of 2 × 2 × 2 of
Na0.5Bi0.5TiO3 to form the unit cell of NBTN. The Brillouin
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zone was sampled by the Monkhorst–Pack scheme [36]. The
structures are totally relaxed with a mesh of 2 × 2 × 2, and the
mesh of k-space is raised to 4 × 4 × 4 in the static and density
of state (DOS) calculations.

Figure 9(a) and (b) shows the calculated PDOS of
Na0.5Bi0.5TiO3 and Ni-doped Na0.5Bi0.5TiO3, respectively. The
PDOS results of Na0.5Ti0.5O3 materials were provided that the
hybridization of Bi–O at energy range of –10 eVand the narrow
band near Fermi level. It suggests for the influence of Bi on
electronic structures of Na0.5Bi0.5TiO3-based materials, especial-
ly, the active states near Fermi level. The broad hybridization of
Na–O shows at energy range from − 8 eV to − 2 eV, which

presents for the strong covalent bond between Na cation and O
cation. As seen in Table 1, Ni cations gain more electrons and
broaden the band in PDOS.Meanwhile, Bi cations lose electrons
and become more positive. It makes the interaction between Bi
and O more ionic than covalent in NBTN. However, the light
hybridization of Bi–O near Fermi level, which present for the
covalent bond of Bi–O, induces a little spin polarization in
PDOS of Bi near Fermi level. While BNT is completely spin-
unpolarized, BNNT shows slightly the spin polarization, which
is mostly due to the contribution of PDOS of Ti and Ni in
NBTNs. Mostly, interactions between B-site cations and O an-
ions in BO6 octahedrons of perovskite structure are more ionic

Fig. 6 (a) M–H curves of the un-doped Na0.5Bi0.5TiO3 and Ni-doped
Na0.5Bi0.5TiO3 samples with various Ni amounts and (b) M–T curve at
1 kOe magnetic field for the Ni-doped Na0.5Bi0.5TiO3 samples with

1 mol%. The inset of Fig. 6(b) shows the M–H curve of the 1 mol%
Ni-doped Na0.5Bi0.5TiO3 sample at 5 K

Fig. 7 The spin configuration of
Ni ions in octahedral site of
Na0.5Bi0.5TiO3 materials (a) Ni2+

ions, (b) Ni3+ ions, and (c) Ni4+

ions
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than covalent. However, in these materials, the interaction be-
tweenB-site cations andO anions seems to bemore complicated.

Figure 10 provides a detail view of the interaction be-
tween B-site cations and O anion. In NBTN, 3d electrons

Fig. 9 Calculated projected density of states (PDOS) of cations (Bi, Na, Ti, and Ni) and anion O of (a) NBT and (b) NBTN compounds. Zero
corresponds to Fermi energy (EF)

Fig. 8 Rhombohedral supercell
of 2 × 2 × 2 is established from
rhombohedral primitive cell of
NBT. Purple, yellow, blue, red,
and silver cycles are represented
for Bi, Na, Ti, O, and doping Ni in
NBT. Ti1 and Ti2 are denoted for
Ti ions of first nearest neighbor
and the second nearest neighbor
octahedral TiO6 of transition
metal doping position, viz., Ti1st
and Ti2nd. O1st and O2nd are
twofold-coordinated bridge O
between Ni–Ti1st and Ti1st–Ti2nd.
Crystal structure is prepared by
using the VESTA package [31]
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of Ni predominantly distribute in dxy and dx2þy2 orbitals
and strongly localize in the energy range from − 2 eV to
− 0.5 eV. However, these d electrons do not have the hy-
bridization with p orbital of the nearest O cation, i.e., O1st

p orbital. It means that the interactions between Ni cation
and surrounding O cations are more ionic than covalent.
As a result, Ni cation and O1st cations seem to be slightly
spin-polarized. Doping Ni into pristine Na0.5Bi0.5TiO3

compounds induces charge gain in Ti1st and Ti2nd ions
as seen in Table 1 and increases the states near to Fermi
level in PDOS of Ti1st and Ti2nd ions. This increase
prompts the spin polarization in Ti1st and Ti2nd ions.

Consequently, electronic structure of NBTN leads to the
magnetic moments of Ni, O1st, O2nd, Ti1st, and Ti2nd ions
in NBTN, which are presented in Table 1. While Ni ion
exhibits the small magnetic moment (0.01 μB), Ti1st and
Ti2nd ions establish the relative magnetic moment of
0.24 μB and 0.28 μB. Thus, the magnetic behavior of
Ni-doped Na0.5Bi0.5TiO3 ceramics was most relative with
low-spin state of Ni cation, and the magnetic moment was
contributed from Ti nearest cause of charge transfer.
However, the effect of Ti and O vacancies and also the
presence of Ni with different valence states also needed to
be further investigated.

Fig. 10 Calculated PDOS of specific position sites in NBTN compounds,
i.e., O1st, Ti1st, O2nd, Ti2nd ions, and the doping Ni. Ti1st and Ti2nd are
denoted for Ti cations of the nearest and next nearest TiO6 octahedrons to

doping Ni position. O1st and O2nd are denoted for the twofold-coordinated
O ion which are the bridge bonds between Ni and Ti1st and Ti2nd,
respectively. Zero corresponds to Fermi energy (EF)

Table 1 Charge (±ΔQ) gain/loss by Bi, Na, O1st, O2nd, Ti1st, and Ti2nd due to doping Ni into pristine NBT compounds to form NBTN compounds.
Plus/negative signs are represented for gaining/losing charge, respectively. And, magnetic moment of Ni, O1st, Ti1st, O2nd, and Ti2nd in NBTN

Charge (e) ΔQBi ΔQNa ΔQO1st
ΔQO2nd

ΔQTi1st ΔQTi2nd

− 0.51 0.46 0.36 − 0.04 0.15 0.14

Magnetic moment
(μB)

μNi μO1st
μTi1st μO2nd

μTi2nd

0.01 0.02 0.24 ~ 0.00 0.28
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4 Conclusion

Room temperature ferromagnetism was achieved in un-doped
and Ni-doped Na0.5Bi0.5TiO3 materials. Optical band gap
values decreased from 3.12 eV for un-doped Na0.5Bi0.5TiO3

to 2.23 eV for 9 mol% Ni-doped Na0.5Bi0.5TiO3. The unsatu-
rated shape of ferromagnetic M–H curves could be observed
with the concentration of more than 5 mol% Ni-doped
Na0.5Bi0.5TiO3 compounds due to the contribution of isolated
3d transition ions at Ti sites. Themaximummagnetization was
found to be 0.91 μB/Ni. This study offers insight into the
integration of transition metals into ferroelectric materials to
develop new types of multiferroic materials based on lead-free
ferroelectric materials.
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