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Lead-free (1-x)Bi0.5Na0.4K0.2TiO3-xBiFeO3 (abbreviated as BNKT-xBFO) ferroelectric films with x in the range from 0.00 to 0.10, were synthesized
by the chemical solution deposition technique on Pt/Ti/SiO2/Si substrates. The microstructures and magnetic behaviors of BNKT-xBFO films were
analyzed in detail as a function of BFO concentration. X-ray diffraction patterns indicated that BNKT-xBFO films were grown with a single-phase
perovskite structure. The pure films showed an antiferromagnetic behavior. The magnetic properties of the films were gradually transferred from
antiferromagnetic to ferromagnetic properties when BFO concentration was raised. The saturated magnetization (MS) reached the highest value of
10.3 emu cm−3 at the BFO-doped concentration x = 0.10. Our work will contribute to illuminate the impact of BFO (ABO3 perovskite structure) on
the magnetic properties of BNKT materials at room temperature. © 2020 The Japan Society of Applied Physics

Multiferroic materials, that possess simultaneously
magnetic and electronic behaviors have infiltrated
everywhere in modern life and technology. The

multifunctional, multiferroic materials are a key factor to
miniaturizing electronic devices, an attractive trend of new
generation technology. Based on the magnetoelectric prop-
erty, a new type of device would be formed, such as an
electric field-controlled magnetic memory system.
Multiferroics are attractive because not only do they own
both magnetic and ferroelectric properties but also these
orders are coupled strongly with each other leads to
additional functionality. However, it is difficult for the
conditions obtaining both ferromagnetic and ferroelectric
characteristics to occur at the atomic-level.1,2) Multiferroics
seldom occur in nature. This is a large challenge in designing
room-temperature multiferroic materials.
Recently, some ways were discovered to create multi-

ferroic materials, for example, forming the composite and/or
multilayer between lead-based PbTiO3 ferroelectric materials
with CoFe2O4 ferromagnetics.3,4) However, the large amount
of lead in these materials not only causes many negative
effects on the environment but also directly harms human
health. Therefore, experts have dedicated considerable efforts
to develop lead-free multiferroic materials.5,6) Lead-free
Bi(Na,Ka)TiO3 (BNKT) ferroelectric materials have increas-
ingly attracted attention thanks to possessing Bi3+ with the
polarizable ability similar to Pb2+ ion. Bi is an environ-
mental-friendly metal and elicited almost safety to living
organisms.7) Previous studies indicated that BNKT materials
exhibit optimum properties at the morphotropic phase
boundary (MPB), where it possesses simultaneous commix-
ture of rhombohedral (R3c) and tetragonal (P4mm)
symmetries.8,9) Its remnant polarization (Pr) and piezoelectric
coefficient (d33) reach relatively high values of 38 μC cm−2

and 167 pC N−1, respectively, while the electromechanical
coupling coefficient (k33) is 0.56.

10) Especially, BNKT-based
materials were found to possess ferromagnetic behavior at
room temperature.11,12) However, magnetic and ferroelectric
properties obtained in BNKT are quite poor and their
mechanism has not been illuminated yet. Numerous studies
have proven that doping other perovskites may enhance the

electromechanical properties of BNKT.9) This improvement
originated from the competition between different phases in
the materials. Recently, BiFeO3 bismuth ferrite (BFO),
thanks to the rhombohedral symmetry with the high polariz-
able ability and special properties is one of the most potential
candidates. Bismuth ferrite possesses two coupled orders at
room temperature as the ferroelectric and ferromagnetic
moments.13,14) Ramesh and his co-works successfully de-
posited epitaxial multiferroic thin films BiFeO3 with the
heterostructures that possess greatly enhanced multiferroic
properties.15) These films exhibited a spontaneous polariza-
tion at room temperature and their magnetization surpassed
that of the bulk. In this work, BFO is the selected perovskite
for the following reasons: i/rhombohedral symmetry of BFO
may cause competition and interaction with BNKT’s one;
ii/Ti4+ may be substituted by Fe3+ ion, causing distorted
crystal structure due to difference of ionic radius; iii/Fe3+ is
acceptor dopants at B-site, forming oxygen vacancies. We
desire that these reasons will contribute to the enhancement
of multiferroic behaviors of BNKT films.
(1-x)Bi0.5Na0.4K0.1TiO3-xBiFeO3 (abbreviated as BNKT-

xBFO) films were synthesized via chemical solution deposi-
tion on Pt/Ti/SiO2/Si substrates. The impact of BFO on the
microstructures and ferromagnetic properties of BNKT thin
films was examined as a function of the BFO-doped
concentration. Because pure BFO materials exist with major
limitations, causing a decline of ferromagnetic and ferro-
electric properties at room temperature. The first one is a
large leakage current, contributed by Fe2+ and oxygen
vacancies.16) Secondly, it is found to be difficult to synthesize
single-phase BFO perovskite because impurity phases, such
as Bi2Fe4O9, Bi2O3, and Bi25FeO39, are likely to form in the
treatment.17) Hence, BFO content was selected in the low
range x= 0, 0.02, 0.04, 0.06, 0.08 and 0.10. We prepared the
precursor solutions with a concentration of 0.4 mol l−1 for
BNKT-xBFO films from the initial materials, such as bismuth
nitrate [Bi(NO3)3.5H2O] (98%, Sigma-Aldrich), sodium ni-
trate NaNO3 (99%, Sigma-Aldrich), potassium nitrate KNO3

(99%, Sigma-Aldrich), titanium isopropoxide [Ti(OC4H9)4]
(99%, Sigma-Aldrich) and nine hydrated ferric nitrate
[Fe(NO3)3.9H2O] (99%, Sigma-Aldrich). The cosolvents
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were used as acetic acid (CH3COOH) and 2-methoxyethanol
(CH3OCH2CH2OH), while acetylacetone (CH3COCH2COCH3)
was chosen as the stabilizer and polymerizing agent. To
compensate for the loss of metals during high-temperature
calcining, it is added 10mol% excess amount of KNO3 and
20mol% excess amount of NaNO3. First, the starting materials
were dissolved into acetic acid and 2-methoxyethanol. BNKT-
xBFO films were synthesized via the following process: i/the
0.4M precursor solution was coated onto Pt(111)/Ti/SiO2/Si
substrates by using spin coater at 4000 rpm for 30 s; ii/the film
layer was dried at 150 °C for 5 min, then pyrolyzed at 400 °C
for 10min to remove the organic roots; iii/the steps (i/and ii/)
were repeated until the films obtained the desired thickness of
about 300 nm; iv/the calcination at 700 °C with a heating rate of
5 °Cmin−1 is occurred for 60min to crystallize, in the air
conditions. The crystal structures of the BNKT-xBFO films
were determined by X-ray diffraction (XRD, Bruker D8
Advanced, Germany) with Cu-Kα cathode (λ= 1.5406 Å)
radiation. The microstructures, such as surface morphology,
surface roughness, and grain sizes of the films were observed
with the atomic force microscope (AFM, Slover PRO, NT-
MDT, Russia) or the field emission scanning electron micro-
scope (FE-SEM, S-4800, HITACHI, Japan). The magnetic
behaviors were characterized by using the vibrating sample
magnetometer (VSM, 7404, Lake Shore, USA).
After calcination with a crystallization temperature of 700 °C

during the incubation period of 60min on Pt/Ti/SiO2/Si
substrates, BNKT-xBFO films were analyzed for XRD to
decode the phase composition and crystal structure.
Figure 1(a) illustrates the XRD patterns of BNKT-xBFO thin
films in the 2θ ranges of 20–80°. All films belong to a single-
phase perovskite, without strange peaks present. It is verified
that the initial chemicals fully reacted, forming the desired
compounds and fabricated films are not contaminated with other
impurities. The peak 111 with the intensity is superior to all
other peaks, characteristic for the Pt–coated substrate. Other
peaks around diffraction angles 32.5°, 47.2°, 58.5°, and 71° are
assigned to 110, 200, 211, and 220 orientations, respectively of
the pseudo-cubic symmetry. Oddershede et al. observed that
unpoled BNKT exhibits pseudo-cubic symmetry with a lattice
parameter a= 3.905 Å.18) Low diffraction lines of the films
with x= 0.10 were identified as the contribution of impurity

phases Bi2Fe4O9 and Bi2O3.
17) The average crystalline sizes of

BNKT-xBFO films calculated by using the Scherrer equation
via the 200 preferred orientations of the XRD data.19)

l b q=D K cos 1( )/

where constants such as D, K, λ, β, and θ are the grain size,
Scherrer constant (theoretically, K is equal to 0.9), wave-
length, FWHM, and Bragg angle, respectively. The D value,
illustrated in Table I, increased moderately from 31.4 to
33.7 nm with an increase of BFO content. Figure 1(b) shows
the enlarged XRD patterns in the 2θ ranges of 46.8°–47.9°,
where the variation tendency of the 200 diffraction peak is
clearly presented. It is clear that the 200 peak is transferred
toward lower 2θ angles with the increase of BFO content.
This shift may be derived from the following reasons. The
first one is the extension of the crystal lattice, caused by the
larger ionic radius at B-site when Ti4+ is substituted by Fe3+

ion (RFe
3+= 0.645 Å, RTi

4+= 0.605 Å).20) The second cause
is the extension stress resulting from the interaction between
crystal structures with different lattice parameters of BNKT
and BFO. Unpoled BNKT exhibits pseudo-cubic symmetry
with a lattice parameter a= 3.905 Å.18) While BFO crystals
possess an R3c rhombohedral structure with lattice para-
meters of ar= 3.96 Å, αr= 89.4°.21)

2D-3D AFM images of BNKT-xBFO films are shown in
Figs. 2(a)–2(f). AFM images with the scanning area
90 μm× 90 μm reveal the smooth surfaces without cracks
being exposed. The AFM analysis also assists to determine
the surface roughness of the films, a necessary parameter to
evaluate the quality of the films. This parameter is considered
through the root-mean-square (RQ) values, obtained by
software in the AFM equipment. Table I shows the RQ
values of the BNKT-xBFO films, which range from 16 nm to
9.2 nm. It can be found that the RQ value decreases as the
BFO-doping concentration is raised. The smallest RQ value
(9.2 nm) is obtained for the film with BFO concentration
x= 0.08. Such small RQ values confirm that the BNKT-
xBFO thin films exhibit good surface quality.
Figures 3(a)–3(f) show the FE-SEM images of BNKT-

xBFO films with different BFO contents. The microstructure
of all BNKT-xBFO thin films is relatively homogeneous with
the crystalline particles being evenly distributed across the

(a) (b)

Fig. 1. (Color online) X-ray diffraction patterns of BNKT-xBFO thin films in the 2θ ranges of (a) 20°–80° and (b) 46.8°–47.9°.
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entire thin-film surface. On the thin-film surfaces appear
some small holes, the cause is attributed to the rapid
evaporation of organic roots. Another reason is that metals
at the A-site (such as Bi3+, Na+, K+) evaporate at high
temperatures, forming oxygen vacancies.22) It can be ob-
served that when BFO-doped concentration increases, the
average particle size is improved. This is explained as when
doping BFO concentration increases, Fe3+ ions with a larger
radius replace to Ti4+ position with a smaller radius at the B-
site, causing a shift of the diffraction peaks and larger grain
size. The microstructural analysis data in Figs. 2 and 3 show
that the RQ value decreases as the BFO-doping concentration
is raised, and the average particle size is improved. The
improvement of microstructures is attributed to doping BFO
that causes a decline of crystallization temperature. In
previous work, we reported that the optimum crystallization
temperature of BNKT films is 700 °C. While BFO is well
crystallized with lower calcination temperatures from 400 °C
to 600 °C.23) This observation is consistent with the results
being obtained from AFM images and XRD patterns above.
Figure 4 demonstrates the room-temperature magnetic

hysteresis (M–H) loops of the BNKT-xBFO films with
different BFO concentrations. The pure BNKT film exhibits
the magnetic hysteresis (M–H) loops with the anti-S-shape
and poor ferromagnetism at room temperature, contributed
from the competition between antiferromagnetic and ferro-
magnetic orders. Hung et al. observed this behavior in BNT
materials.24) The 3d° empty state of Ti4+ and/or the direct

exchange coupling B-O-B (where B is Fe3+ and/or Ti4+) are
responsible for the antiferromagnetic properties in BNKT
films.20,25) BFO addition enhanced ferromagnetism of BNKT
films at room temperature. When BFO is added into BNKT
films, the antiferromagnetism is transferred to the ferromag-
netism. The magnetic hysteresis (M–H) loops transform from
the anti-S-shape to the S-shape. BNKT films with higher than
6 mol% BFO, the M–H loops reveal the S-shape of the
ferromagnetic material. When the BFO concentration is
increased, the magnetization of BNKT films is enhanced.
For the films with a BFO-added concentration of 10 mol%,
the saturation magnetization Ms reaches the highest value of
around 10.3 emu cm−3 at 2 kOe. The remanent magnetization
and coercive field possess values of around 1.9 emu cm−3

and 122 Oe, respectively. This provided the obvious evidence
that BNKT-xBFO films possess ferromagnetic property at
room temperature. We propose that this enhancement results
from the super-exchange interaction of Fe3+ through oxygen
vacancies V .O( )̈ This interaction is formed from the random
distribution of Fe3+ cations in the host lattice structure of
BNKT. Hence, the magnetization may be derived from both
surface effects and self-defect.26) Coey et al. reported that the
effective radius of hybrid orbital influences strongly the
interaction of magnetic ions through oxygen vacancies.24,27)

Hence, the ferromagnetic interaction in the BNKT-xBFO
films was improved due to Fe3+ cations controlling the
interaction and distance of magnetic ions through oxygen
vacancies. Figure 5 presents a schematic representation of the
effects of the oxygen vacancy VÖ on the experimental
magnetic ordering observed for BNKT films. The right part
illustrates the electron interaction via oxygen atomic and
vacancy states verifying the spin-orientation described in the
left one. Weiss et al. reported that the mixing between
transition metal 3d and oxygen 2p orbitals that enables
virtual electron transfer between magnetic centers, causes
the B-O-B (where B is Fe3+ and/or Ti4+) antiferromagnetic
exchange coupling.28) This direct exchange coupling is respon-
sible for the inverse spin arrangement neighboring the oxygen
and causing antiferromagnetic behaviors. The substitution of
Fe3+ ions at the Ti4+ sites will form oxygen vacancies, causing
O(p)–Fe(d) hybridization as in dilute magnetic semiconducting

Table I. Root-mean-square (RQ) and grain size (D) of the samples.

BNKT-xBFO x = 0.00 x = 0.02 x = 0.04 x = 0.06 x = 0.08 x = 0.10

RQ (nm) 16.0 15.1 14.0 11.6 9.2 9.5
D (nm) 31.4 32.0 32.5 33.4 33.5 33.7

Fig. 2. (Color online) 2D–3D AFM images of BNKT-xBFO thin films (a) x = 0.02, (b) x = 0.06, (c) x = 0.08, and (d) x = 0.10.

Fig. 3. FE-SEM images of BNKT-xBFO films: (a) x = 0, (b) x = 0.02, (c)
x = 0.04, (d) x = 0.06, (e) x = 0.08, and (f) x = 0.10.
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materials.29) The charge carriers involved in bonding mediate
the super-exchange interaction between the local spins via
oxygen vacancies (Fe3+−VÖ−Fe3+). The super-exchange inter-
action makes it possible for the magnetic moment neighboring
oxygen vacancies to align in the same direction and forming
ferromagnetic orders.
Sundaresan et al. believed that metal ions, such as Bi3+,

Na+, K+ are likely evaporated during high-temperature
treatment, forming the oxygen-deficient on the surfaces of
the BNKT-xBFO films, and causing the magnetic
moments.22) Chemically, the Bi and Na/K loss can be
described as follows:

 +V VBi 2 3 , 2Bi Oloss ‴ ( )̈

 ¢V VNa K 2 . 3N K Oloss( ) ( )̈/ /

Where, VBi‴ and ¢VN K/ are point defects corresponding to Bi
and Na/K loss; VÖ is oxygen vacancy. With Na/K deficien-
cies, defect combinations (VN K‴/ -VÖ- ¢VN K/ ) are formed.30) The

Bi loss can create the defect combinations 2(VBi‴-VÖ)′-V ,Ö

which is unlikely to occur because it needs a combination of
five defects.31) Based on theoretical studies, Stoneham and
his co-workers have evidenced that point defects, as cation or
anion vacancies contribute to magnetic moments.32)

In conclusion, lead-free BNKT-xBFO films grown on
Pt/Ti/SiO2/Si substrates via a spin coating routine have
been investigated for their microstructures and magnetic
behaviors. All thin films show a single perovskite phase,
without strange ones. When the BFO-added content is
increased, the 200 peak is shifted toward lower angles
because of the expansion of the perovskite lattice. This is
contributed by the substitution of Fe3+ with the larger ionic
radius for Ti4+ at the B-site. BFO addition enhanced
ferromagnetism of BNKT films at room temperature. After
BFO-doping, BNKT films converted from antiferromag-
netism to ferromagnetism. With a BFO-added concentration
of 0.10, the saturation magnetization Ms reaches the highest
value of around 10.3 emu cm−3 at 2 kOe. The remanent
magnetization and coercive field possess values of around

(a) (b)

Fig. 4. (Color online) Magnetic hysteresis (M–H) curve of the BNKT-xBFO thin films with the applied magnetic field of 5 kOe at room temperature.

(b)

(a)

Fig. 5. (Color online) A schematic representation revealing the nature of antiferromagnetic and ferromagnetic orders in (a) original and (b) defective BNKT-
BFO material. The right part illustrates the electron interaction mediated by oxygen atomic and vacancy states affirming the magnetic spin moment illustrated
in the left one.
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1.9 emu cm−3 and 122 Oe, respectively. This study provided
an effective way to design multiferroic films from lead-free
BNKT ferroelectric materials. Room-temperature ferromag-
netism makes these BNKT-xBFO films possess more poten-
tial in multiferroic and spintronic applications.
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