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Abstract. Lead-free ferroelectric Bi0.5Na0.5TiO3 materials integrated ferromagnetism 

and photoluminescence at room temperature. Fe and Sm cations were used as the 

magnetic and photoluminescence sources for the co-modified host Bi0.5Na0.5TiO3 

materials. The (Fe, Sm)-modified Bi0.5Na0.5TiO3 materials were fabricated by using 

the sol-gel method. The structure of the samples was studied through X-ray 

diffraction and Raman scattering, which indicated that a single perovskite structure 

was successful fabricated. The samples exhibited strong photoluminescence in the 

visible light range, and complex ferromagnetic properties were obtained. We 

expect our work to open a new direction in the development of advanced function 

materials for smart electronic device applications. 

Keywords: Bi0.5Na0.5TiO3, lead-free ferroelectric, ferromagnetic, photoluminescent, 

sol-gel.  

1.  Introduction  

The development of green materials for smart electronic applications is the next 

research trend. Ferroelectric Pb-based materials are widely used in electronic devices, 

because they exhibit excellent piezoelectric, ferroelectric, and dielectric properties [1, 2]. 

However, the toxicity of Pb with high chemical composition (approximately 60% wt.) 

hindered the materials’ further application to electronic devices because of their 

possible threat to human health and concerns regarding environmental pollution [2, 3]. 

Therefore, the use of green ferroelectric materials as a replacement of lead-based 

ferroelectric materials in electronic devices needs to be investigated.  

Among lead-free ferroelectric materials, Bi0.5Na0.5TiO3-based materials were 

recently reported to exhibit physical properties that are superior to those of Pb(Zr,Ti)O3  
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materials [4]. Bi0.5Na0.5TiO3 materials were first fabricated in 1960 [5]. They have a 

large remnant polarization (Pr ≈ 38 C/cm
2
) and a high Curie temperature (TC ≈ 320 C) 

but have low piezoelectric constants, because the high coercive field (EC ≈ 7.3 kV/mm) 

of the samples result in poling difficulties under an external electric field [4, 5]. 

Bi0.5Na0.5TiO3 materials have a piezoelectric ecoefficiency (d33) of approximately 

74-94.8 pC/N and a dielectric constant (r) of 425 at room temperature [6-8]. Thanh et al. 

reported that Bi0.5Na0.5TiO3 materials have an optical band gap in the range of 3.00 eV 

to 3.14 eV, which depends on the fabrication method [9]. In addition, the 

photoluminescence properties of pure Bi0.5Na0.5TiO3 materials are mostly related with 

the surface effect, in which the unsaturation bonding of elements at the surface causes 

the local defect, thereby resulting in the transition of photon absorption [10]. Typical 

Bi0.5Na0.5TiO3 materials exhibit a major diamagnetic behavior resulting from an empty 

3d
0
 cell orbital [11]. The weak-ferromagnetism in Bi0.5Na0.5TiO3 materials are related 

with self-defects, such as Na and Ti-vacancies [11-13]. The experimental observation of 

ferromagnetism in non-stoichiometry Bi0.5Na0.5TiO3 materials is consistent with the 

theoretical investigation where magnetism was mostly induced from Na or Ti-

vacancies, whereas Bi or O vacancies were less affected [14]. However, the main 

problem is that the magnetization of self-defect induced magnetism was too small, that 

is, normally less than 1 memu/g [10-13]. The low magnetization and photoluminescence 

of Bi0.5Na0.5TiO3 materials limit their application to smart electronic devices, which 

require many functions with excellent properties.  

In fact, the development of magnetic and photoluminescence properties for 

Bi0.5Na0.5TiO3 materials have been reported separately. The magnetic properties of 

Bi0.5Na0.5TiO3 materials have been developed by doping of transition metals, such Fe, 

Co, and Mn [12, 15, 16]. In addition, we recently reported that the magnetic properties 

of Bi0.5Na0.5TiO3 materials are strongly enhanced via the co-modification of the A- and 

B-sites in the perovskite structure through alkali-earth and transition metals, such 

SrFeO3-, MgFeO3-, and MgMnO3- [10, 17, 18]. Similarly, strong photoluminescence 

properties were obtained for Bi0.5Na0.5TiO3 materials using rare earth materials as 

impurities, such as Nd, Er, Eu, Sm, and Pr [19-23]. To date, the combination of 

ferromagnetism and photoluminescence in lead-free ferroelectric Bi0.5Na0.5TiO3 

materials has not been intensively investigated.  

In this work, ferromagnetism and photoluminescence were integrated in lead-free 

ferroelectric materials by co-dopants using transition and rare earth metals. For testing, 

5 mol.% of Sm and Fe co-doped Bi0.5Na0.5TiO3 materials were successful fabricated by 

sol-gel method. The samples exhibited strong ferromagnetism and photoluminescence at 

room temperature.  

2. Content 

2.1. Experiments  

(Bi0.5Na0.5)0.95Sm0.05Na0.5Ti0.95Fe0.05O3 (BNSTFO) materials were fabricated by sol-

gel method. The raw materials used were bismuth (III) nitrate pentahydrate 

(Bi(NO3)3.5H2O), sodium nitrate (NaNO3), iron (III) nitrate (Fe(NO3)3.9H2O), 
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samarium nitrate (Sm(NO3)3.6H2O), and tetra isopropoxy titanium (IV) (C12H28O4Ti). 

Acid acetic (CH3COOH) and acetylacetone (CH3COCH2COCH3) were used as the 

ligand. Bi(NO3)3.5H2O was weighed and dissolved in acid acetic by magnet stirring 

until transparent. Thus, NaNO3, Sm(NO3)3.6H2O, and Fe(NO3)3.9H2O were weighed 

and then added under magnetic stirring. Acetylacetone was added to the solution before 

the dropwise addition of tetra isopropoxy titanium (IV) to prevent the formation of 

hydroxyls of cation titanium in the solution. The solution was kept under magnet 

stirring for approximately 3 h until a homogenous sol was obtained. The sols were 

heated at 100 C to prepare the dry gel. The gels were annealed in air at 800 C for 3 h. 

Then, the as-prepared samples were naturally cooled to room temperature. Given that 

sodium is a light element and easily evaporates during the gelling and sintering 

processes, excessive sodium was added to approximately 50 mol.% from sodium nitrate 

sources [9-12]. The crystal structure of the samples was characterized through X-ray 

diffraction (XRD). The phonon vibrational modes of the samples were measured 

through Raman scattering. The optical properties of the samples were characterized by 

ultraviolet–visible spectroscopy (UV-Vis) and photoluminescence (PL). The magnetic 

properties of the samples were measured using a vibrating sample magnetometer 

(VSM). All measurements were obtained at room temperature.  

2.2. Results and discussion 

Figure 1 shows the X-ray diffraction spectra of the BNSTFO samples in the 2 

range from 20 to 70. The peak position and intensity of the pure Bi0.5Na0.5TiO3 

materials were indexed for the rhombohedral structure. The results also showed multi-

diffraction peaks, thereby suggesting that the samples have a single perovskite structure 

with polycrystalline. The impurity phases were not obtained based on the limitation of 

XRD method, indicating that the single-phase BNSTFO samples were fabricated by sol-

gel method. The results are consistent with the modified-Bi0.5Na0.5TiO3 materials 

obtained by sol-gel method [17, 18]. Based on Shannon’s report, the radii of Sm
3+

, Bi
3+

, 

and Na
+ 

cations are 1.24 Å (in coordination number 12), 1.17 Å (in coordination number 

8), and 1.39 Å (in coordination number 12), respectively, whereas those of Fe
3+/2+

 and 

Ti
4+

 cations in coordination number 6 are 0.645 Å/0.780 Å and 0.605 Å, respectively 

[24]. Therefore, we suggested that Sm
3+

 cations trended to random incorporation with 

A-site (Bi
3+

- and/or Na
+
-site) while Fe

2+/3+
 cations were possible substituted for B-site 

(Ti
4+

-site). In other word, Fe and Sm cations were successful incorporated into the 

crystal of the host Bi0.5Na0.5TiO3 materials.  

Figure 2 shows the Raman scattering of the BNSTFO samples in the frequency 

range of 250 cm
-1

 to 1250 cm
-1

. The broad bands in Raman scattering were obtained 

where the Raman peaks were not obvious and overlapped. The overlapping Raman 

scattering peaks and regions are related with the random distribution of Bi
3+ 

and Na
+
 

cations at the A-site in the perovskite structure [25]. The theoretical calculation for the 

vibration modes in pure Bi0.5Na0.5TiO3 materials indicates that the Raman scattering 

modes from 109-134 cm
-1

 were related to the displacements of Bi ions, and the high 

frequency modes from 155-187 cm
-1

 were assigned to the Na–O vibrations [25]. The 

TiO6 vibration was related to the frequency range of 246–401 cm
-1

, whereas the 
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vibration of the oxygen atoms was observed from 413 cm
-1 

to 826 cm
-1

 [25]. Zhu et al. 

reported that the TiO6 vibration was active from 450 cm
-1 

to
 
700 cm

-1
, whereas the Ti-O 

vibration was observed from 150 cm
-1

 to 450 cm
-1

 [26]. The TO3 mode at approximately 

541 cm
-1

 may be due to the symmetric O-Ti-O stretching vibration of the octahedral 

[TiO6] cluster, whereas the LO3 modes found at 813 cm
-1

 are due to the presence of the 

sites within the rhombohedral lattice containing distorted octahedral [TiO6] clusters [27, 28].  

 
Figure 1. X-ray diffraction pattern of BSNTFO samples 

Barick et al. suggested that high frequency bands, such as the 486, 526, and 583 cm
-1

 

band of perovskite titanate materials, are dominated by a vibration that involves oxygen 

displacements [29]. However, unlike theoretical investigations, a high frequency was 

obtained in our experimental. Thus, we suggest that the high frequency was related with 

oxygen vacancies. Therefore, on the basis of the XRD and Raman scattering and the 

structural and vibration modes of the BNSTFO samples, we further confirmed that our 

BNSTFO samples have a single-phase with a polycrystal structure. 

 

 
Figure 2. The Raman scattering of BSNTFO samples 
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Figure 3 (a) shows the UV-Vis spectra of the BNSTFO sample at room 

temperature. The samples did not exhibit a single transition where the multi-edge 

transition was obtained. Recently, the optical properties of Bi0.5Na0.5TiO3 materials 

exhibited a single absorbance band with a slight tail [9-12]. The slight tail in the 

absorbance of pure Bi0.5Na0.5TiO3 materials was related to the surface effect and/or the 

self-defect [9-12]. 

 

Figure 3. (a) The UV-Vis of BSNTFO samples, and (b) the plotted of (h)
2  

as function of absorption photon energy (h) 

The calculation of the electronic band structure by first principles analysis indicates 

that the Bi0.5Na0.5TiO3 materials directly transitioned from the interband transition, from 

the O 2p valence bands to the Ti 3d and/or Bi 6p conduction bands in the low-energy 

region, where the valence band was built from the hybridization between O 2p and Ti 

3d, and the Bi 6p states and the conduction band were constructed from the Ti 3d, Bi 6p, 

and Na 2s states and the hybridized O 2p states [30]. In addition, the ab initio 

calculations of the electronic band structure of the Bi0.5Na0.5TiO3 materials also 

predicted the appearance of natural vacancies, such as Na, Ti, and O, thereby resulting 

in new induced states in the near conduction band [13]. Ju et al. also predicted that the 

Na vacancies at the grain surfaces are tuned to the electronic band structure of the 

Bi0.5Na0.5TiO3 materials [13]. Therefore, the Eg values of the BNSTFO sample materials 

were estimated from the (h)
2
 plot with absorption photon energy (h), where  is the 

coefficient, h is the Plank constant, and  is the frequency of the photon energy, as 

shown in Figure 3 (b). Thus, the Eg values were calculated by extrapolating a straight 

line from the proportion of the curve or tail. The Eg values of the materials were 

estimated to be 2.02 eV, which is smaller than that of Bi0.5Na0.5TiO3 materials. The 

reduction of the optical band gap values of the Bi0.5Na0.5TiO3 materials via the co-doped 

Fe and Sm was possibly caused by the appearance of a new local state in the electronic 

band structure. Therefore, the modification of the optical band gap of the Bi0.5Na0.5TiO3 

materials is a solid evidence of the incorporation of Fe and Sm cations into the host crystal.  

Figure 4 shows the magnetic hysteresis loop of the BNSTFO samples at room 

temperature. The result samples exhibit a typical ferromagnetism behavior. The 

coercive field and the remnant magnetization were estimated to be approximately 112 

Oe and 1.2 memu/g, respectively, which are a solid evidence of ferromagnetism 
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ordering in BNSTFO samples. The saturation magnetization of the samples was 

approximately 19.5 emu/g, thereby reflecting the great enhancement of that of pure 

Bi0.5Na0.5TiO3 materials.  

 
Figure 4. The magnetization as function of applied strength external magnetic field  

at room temperature of BSNTFO samples 

The saturation magnetization of the BNSTFO samples was also approximately 

twice that of Fe-doped Bi0.5Na0.5TiO3 materials at the same concentration of 5 mol.% [16]. 

However, the magnetization of the samples was not saturated with the increasing 

application of the external magnetic field. The room temperature ferromagnetism of the 

BNSTFO materials possibly resulted from the interaction of Fe cations through the 

oxygen vacancies (), such as the Fe
3+

--Fe
3+

 pairs. The oxygen vacancies were created 

due to the unbalanced valence state of Fe
3+

 and Ti
4+

, when the Fe
3+

 cations were 

substituted for the Ti
4+

 cations in the octahedral site. The unsaturation of the magnetic 

moment of the samples may be related to the isolation of Fe
3+ 

cations and the interaction 

of Fe
3+

--Fe
3+

 pairs where the isolated Fe
3+

 cations contributed to the paramagnetism, 

whereas the [Fe
3+

--Fe
3+

] versus [Fe
3+

--Fe
3+

] interaction was favored for 

antiferromagnetism. However, unlike single Fe cation dopants, the complex 

incorporation of Sm cations at the A-site in the perovskite structure displayed a new way 

of enhancing the performance properties of the samples. The Na
+ 

vacancies were 

possibly created due to the incorporation of Sm
3+ 

at the Na
+ 

site. The Na
+
 vacancies 

exhibited ferromagnetism [13]. In fact, the origin of the ferromagnetism in Sm- and Fe-

co-doped Bi0.5Na0.5TiO3 materials needs further investigation through first principle 

calculation. However, the ferromagnetism with a greatly enhanced magnetic moment 

must be applied to electronic devices.  

Figure 5 shows the photoluminescence (PL) spectra of the BNSTFO materials 

through a blue light with a wavelength 475 nm at room temperature. Under the resonant 

excitation at 475 nm, the four main broad bands with peaks around 567, 601, 647, and 

712 nm were obtained from the intra f-f transition of Sm
3+

 cations. Our results are 

consistent with those of recent reports on the photoluminescence of Sm-doped 

Bi0.5Na0.5TiO3 materials [23]. The broad main PL spectra present the characteristics of 

transition from 
4
G5/2

 
to 

6
H5/2,

 6
H7/2, 

6
H9/2, and 

6
H11/2. The highest intensity was obtained 
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for the transition from 
4
G5/2 to 

6
H7/2 at the wavelength of approximately 601 nm, which 

corresponded to the reddish-orange emission [23]. The strong PL of Bi0.5Na0.5TiO3 via 

the co-doping of Fe and Sm observed at room temperature was addressed by the pure 

Bi0.5Na0.5TiO3 materials. 

 
Figure 5. The photoluminescence of BSNTFO samples at room temperature 

3.  Conslusions  

Strong photoluminescence and ferromagnetism were integrated for the first time in 

lead-free ferroelectric Bi0.5Na0.5TiO3 materials via co-dopants Sm and Fe. A strong 

room temperature ferromagnetism was obtained with a great magnetization 

enhancement of up to approximately 19.5 emu/g. The weakly photoluminescent 

properties of ferroelectric materials were addressed through inner f-f transition. We 

expect our work to provide a new direction for developing lead-free ferroelectric 

materials for smart electronic device applications.  
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