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The development of multiferroic materials based on lead-free ferroelectric
material provides an opportunity to fabricate next-generation electronic de-
vices. In this work, Cr-doped lead-free ferroelectric BigsNag 5TiO3 materials
were synthesized by using the sol-gel method. The optical band gap was re-
duced from 3.12 eV to 2.12 eV for undoped and 9 mol.% Cr-doped BigsNag 5
TiO3; with the substitution of Cr at the Ti-site. Cr-doped BigsNagsTiO3
materials exhibited weak ferromagnetism at room temperature. Saturation
magnetization was approximately 0.08 up/Cr at 5 K. Our work will facilitate
the further understanding of the role of transition metal ferromagnetism in
lead-free ferroelectric materials at room temperature.

Key words: Biys5Nag 5TiO3, sol-gel, ferromagnetic, lead-free ferroelectric

INTRODUCTION

Research on multiferroic materials rapidly devel-
ops because these materials can be used to fabricate
a memory device based on the combination of
ferromagnetism and ferroelectricity in one mate-
rial.»2 In particular, they provide an opportunity to
switch magnetism with an electric field or switch its
electric polarity with a magnetic field.""* Recently,
multiferroic materials are integrated on a silicon
chip to develop electronic devices.>* However, mul-
tiferroic materials rarely exist naturally because the
conditions to obtain both ferroelectric and ferro-
magnetic properties are difficult to achieve because
of common atomic-level mechanisms.®® Therefore,
obtaining multiferroic materials at room tempera-
ture remains a major challenge.

Room-temperature ferromagnetism was observed
recently in various transition metals, e.g., Fe-, Mn-,

(Received October 2, 2017; accepted December 19, 2016;
published online January 6, 2017)

and Ni-doped lead-based PbTiOj3 ferroelectric mate-
rials.” Room-temperature ferromagnetism in lead-
based ferroelectric PbTiO3 also exists with oxygen
vacancies.'® In addition, the composite and/or mul-
tilayer ferroelectric/ferromagnetic-based or lead-
based ferroelectric PbTiOsz, such as PbTiOs—
CoFe;0,4 composites,'! [PbTiO3lgs/[CoFes04l15, and
epitaxial thin films,'? also exhibits room-tempera-
ture ferromagnetism. These results present consid-
erable potential to develop the next-generation lead-
based piezoelectric and ferroelectric materials. Nev-
ertheless, lead is a hazardous material that pollutes
the environment and is harmful to human health.
Thus, considerable effort has been devoted toward the
development of lead-free multiferroic materials.'®*?
Bi0.5Na0.5TiO3 and BiO.5K0.5TiO3 materials and
their solid solutions are widely studied as lead-free
ferroelectric materials.'® Hence, the influence of
room-temperature ferromagnetism on lead-free fer-
roelectric materials can possibly fabricate the
next-generation electronic devices. Recently,
room-temperature ferromagnetism was obtained in
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Fe-doped lead-free ferroelectric BigsKy5TiO5
nanocrystals.!” Our theory also predicted that the
optical band gap reduces in the presence of iron
conduction bands, and the ferromagnetism in Fe-
doped BigsK5TiO3 samples results from the
exchange splitting between spin sub-bands based
on crystal field theory.!” Moreover, the possible
induction of room-temperature ferromagnetism by
Ni-doped lead-free BigsKy5TiO3 samples could
intrinsically be caused bPI the presence of Ni ions
in Big 5K sTiO5 crystals.'® Similarly, room-temper-
ature ferromagnetism was reported for transition
metal (Co, Fe, and Mn)-doped lead-free ferroelectric
Bi, sNag sTiOsmaterials. 2!

In the present work, room-temperature weak-
ferromagnetism was obtained in Cr-doped
Bigp sNag 5TiO3 materials. The reduction of the opti-
cal band gap from 3.12 eV to 2.12 eV for undoped
and 9 mol.% Cr-doped Big 5Nag sTiOswas caused by
the substitution of Cr at the Ti-site. Saturation
magnetization was around 0.08 ug/Cr at 5 K.

EXPERIMENT

Biy 5sNag 5TiO3 pure and Cr-doped BigsNag5TiO3
(named as BNT pure and BNT-xCr, respectively)
samples were synthesized by the sol-gel method.
The raw materials consisted of bismuth nitrate
pentahydrate (Bi(NOs3).5H50), sodium nitrate
(NaNO3), chromium nitrate (Cr(NO3)3.9H,0), and
tetraisopropoxytitanium (IV) (C15H504Ti). Acetic
acid (CH3COOH) and acetylacetone (CH3COCH,
COCHj3) were selected as solvents. First, bismuth
nitrate pentahydrate, sodium nitrate, and chro-
mium nitrate were dissolved in acetic acid and
distilled water until they were transparent. Subse-
quently, acetylacetone was introduced into a pre-
pared solution after adding tetraisopropoxytitanium
(IV). The solutions were stirred for around 5 h at
room temperature. The sol was heated at 100°C to
prepare dry gels. The dry gels were ground and
calcined at 400°C for 2 h and sintered at 900°C for
3 h. After sintering, the sample compositions were
confirmed by electron probe microanalysis. Thus,
sodium was added to an excess of approximately
30 mol.% to prevent sodium loss during the gel and
sintering process. Afterward, the white sodium
bismuth titanate and yellow chromium-doped
sodium titanate powders were obtained. The mor-
phology of these powders was observed by field
emission scanning electron microscope (FE-SEM).
The crystalline structures of the samples were
characterized by x-ray diffraction (XRD). The vibra-
tional and rotational modes were characterized by
Raman spectroscopy, and the optical properties
were studied by ultraviolet—visible spectroscopy
(UV-Vis). Magnetic properties were characterized
by using a superconducting quantum interfer-
ence device (SQUID) magnetometer at 5 K and a
vibration sample magnetometer (VSM) at room
temperature.

RESULTS AND DISCUSSION

Figure 1 shows the surface morphology of
undoped and Cr-doped BigsNaysTiO3 samples.
The undoped BigsNag 5TiO3 samples showed inho-
mogeneous grain size. The grain size of Cr-doped
Biy 5sNag 5TiO3 samples was smaller than that of the
un-doped sample. However, the small particles in
doped samples tended to aggregate to obtain a large
size.

Figure 2a shows the XRD patterns of BNT pure
and BNT-xCr samples prepared by the sol-gel
method. The observed peak positions and relative
intensities were indexed with the standard data of
the BipsNagsTiO3 compound and confirmed the
rhombohedral perovskite structure of all prepared
samples. These results were in agreement with the
patterns reported in the literature.’??? All samples
showed a single phase with perovskite structure. The
impurity phase was not observed, even in a logarith-
mically scaled 6—20 XRD pattern. Comparison of the
location of (003) diffraction peaks in the range of 44°—
49° showed that the peak positions of Cr-doped
samples slightly shifted toward higher 20 values, as
shown in Fig. 2b. The distorted structure indicated
that Cr incorporated with the lattice structure and
compressed the lattice parameters. Nevertheless,
such a result is unexpected because of the same ionic
radii of Cr®**(0.0615 nm) and Ti** (0.061 nm) in six
coordination.?* Cr®*substituted at the Ti**site,
thereby the oxygen defects in the lattice were
because of the unbalanced charge state. Becerro
et al. reported that vacancy ordering starts from
isolated oxygen vacancies randomly distributed in
the lattice.*® Jedvik et al. reported that the size of the
oxygen vacancy ion is smaller than that of an oxygen
ion.*® Shanh et al. suggested that oxygen defects
caused by Cr®* doping could distort the BaTiOs
structure.?” Therefore, we suggested that oxygen
vacancies resulted in a compressed lattice structure
because of the dominance effect from the compres-
sion of radii Cr®*ion dopant and Ti**ion host.

Figure 3a shows the Raman spectra of BNT pure
and BNT-xCr at room temperature in the wave
number range of 100-700 cm '. The Raman bands
for BNT pure and BNT-xCr were relatively broad,
which resulted from the disorder on the A-site and
from overlapping Raman modes. Thus, the different
modes were difficult to distinguish. For a close
inspection and reliable comparison, the spectral
properties of samples were fitted to an equal
number of Lorentzian peaks, as shown in Fig. 3b
and ¢ for BNT pure and 5 mol.% and BNT-xCr,
respectively. These results indicated that the inten-
sity of local peaks at around 490 cm ™' increased
with increasing Cr dopant concentration. Niranjan
et al. predicted that the lowest frequency modes in
the range of 109-134 cm ™! are dominated by the
displacement of Bi ions, and the modes in the
frequency range of 155-187 cm ' and 246—
401 em™ " are dominated by Na-O and TiOg
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Fig. 1. Surface homology of (a) undoped BipsNagsTiO3 and (b)—(g) Cr-doped BipsNagsTiO3 samples with 0.5 mol.%, 1 mol.%, 3 mol.%,

5 mol.%, 7 mol.%, and 9 mol.%, respectively.
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Fig. 2. (a) X-Ray diffraction pattern of Big sNag s TiOzsamples as a function of Cr doping concentration and (b) a comparison of (003) diffraction

peak positions.

vibrations, respectively. The high frequency modes
in the range 413-826 cm ! are %)rlmarlly associated
with oxygen atom vibrations.”® The vibration at
around 490 cmlis the longitudinal A;(LO7) optical
modes.?® In addition, the appearance of a blue-
shifted shoulder at 260 em ! and 303 cm ! peaks is
related to the increased distortion of TiOg(CrQOg)
octahedral configuration with increasing Cr concen-
tration. Our results were consistent with recent
reports for Biy5Nag5TiOs solid solution with
BiCr0;.2

Flgure 4a shows the optical absorption spectra of
Biy sNag 5TiOzsamples doped with various Cr con-
centrations. The absorption edge showed an obvious
red shift for the BNT-xCr samples, thereby indicat-
ing that the band gap (E,) was reduced These
results were further evident for Cr®* cation incor-
poration into the crystal structure of Big sNag 5TiOs3.
Furthermore, the absorbance peak at around
436 nm suggested the Cr®* local states. E, values
were calculated by using the plot of (¢hv)” versus
photon energy hv,as shown in Fig. 4b, where o is the

absorbance coefficient, A is the Planck constant, and
v is the frequency. The optical band gap was 3.11 eV
for BNT pure and 2.12 eV for and 9 mol.% BNT-xCr.
Inset in Fig. 4b shows the band gap values as a
function of Cr doping concentration. These results
were consistent with our recent work that the band
gap of lead-free ferroelectric BigsKg 5TiOsmaterials
is altered via Fe- and Ni-substitutions at the Ti-
site.!”!® Thus, we suggested that incorporation of d
orbital electronics into the lattice by Cr ion doping
reduced the band gap of BigsNag 5TiO3 materials.
Furthermore, the effect of d electrons on the
ferromagnetic properties of BigsNagsTiO3 materi-
als was observed by determining the magnetic
moment versus the magnetic field plot of BNT pure
and BNT-xCr samples (Fig. 5). Figure 5a shows the
magnetic hysteresis (M—H) loops of the BNT pure
and BNT-xCr samples at room temperature. The
hysteresis loop showed an anti-S shape. This shape
could be attributed to the competition between
ferromagnetic and diamagnetic contributions to
the magnetism of the samples. The diamagnetic
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Fig. 3. (a) Raman spectra of the Big sNag sTiO3 samples as a function of Cr doping concentration. (b) and (c) Spectra deconvolution of pure and

Cr-doped Bip sNag s TiOzwith 5 mol.% samples, respectively.
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Fig. 4. (a) UV-Vis absorption spectra and (b) the dependence of (xhv)? on the photon energy (hv) of pure and Cr-doped Big sNag s TiO3 samples.
The inset in (b) shows the band gap Eg of BigsNag 5TiO3 samples as a function of Cr dopant.

nature of BigsNag5TiO3 provides evidence that Ti
ions are in the 4 + state with d° electrons, a
behavior similar to that of BaTiO3.%” In vacancy-
induced magnetism of ferroelectric BigsNagsTiO3
materials, the magnetism of materials with neutral
Na or Ti vacancies mainly originated from the
polarization of O 2p electrons.?® We also reported
the room-temperature ferromagnetism of various
oxides with perovskite structure, such as PbTiOs,
BaTiOs, or SrTiO3, which resulted from defect O-
and/or Ti vacancy.>'%3132 The observed weak fer-
romagnetism of Biy sNag 5TiO3 at room temperature
was suggested by the presentation of self-defect

vacancies, such as in Ti and O. Diamagnetism of
Big sNag 5TiOj3 is transformed to ferromagnetism by
Fe-, Co-, and Mn-doping.’®*! The weak diamag-
netic signal was converted to a weak ferromagnetic
loop with the incorporation of Cr in the BigsNag 5
TiO3 lattice. This result confirmed the ferromag-
netism in a low magnetic field. Unlike Fe-, Co- or
Mn-doped BigsNag5TiO3, diamagnetism could not
change to a clear S-shape, which indicated the
significant Cr-induced weak-ferromagnetism via
substitution at the Ti-site than that of Fe-, Co- or
Mn- dopants. The clear evidence for a ferromag-
netism hysteresis loop is shown in the Fig. 5a inset



Origin of Room Temperature Ferromagnetism in Cr-Doped Lead-Free Ferroelectric Bigs

Nag 5TiO3 Materials

3371

8 v T v v v 10 v 5 y v r
6 -(a) —=—BNTpure J (b) 30
+— BNT-1Cr 08 } 20
4 —4—BNTSCr 2 10
= g v BNT9Cr _ E |
o (=) ® °
E E 0.6 E A0
e : ) o =2
2
- 2k o = 04 p 230 L
= 2 '§1 = -80-60-40-20 0 20 40 60 80
40 ~BNTpure J H (kOe)
= -1 ToNtser 02 p —m-ZFC
6k 2 . BNT-SCr § —e—FC
6 -4 -2 0 2 4
-8 2 Hﬁoeh 2 i 0o Lo N
6 -4 2 0 2 4 6 0 100 200 300 400
H (kOe) T (K)

Fig. 5. (a) Magnetic hysteresis (M-H) curves of the Cr-doped Bip sNag 5 TiO3 samples. The inset shows the M—H curve of the un-doped and Cr-
doped Big sNag 5 TiO3 after subtraction of the diamagnetic component. (b) M=T curve at 1 kOe magnetic field for 1 mol.% Cr-doped Bip sNag sTiO3
samples under zero field cooling (ZFC) and field cooling (FC) modes. The inset shows the M-H curve of a 1 mol.% Cr-doped Bip sNag 5TiO3

sample at 5 K.

after subtracting the diamagnetic component. In
addition, the un-doped Big sNag5TiO3 samples also
exhibited weak ferromagnetism at room tempera-
ture. The coercive field (Hc) and remanence mag-
netization (M,) were around 150 Oe and 0.3 memu/
g, respectively. These parameters were solid evi-
dence for ferromagnetism behavior at room temper-
ature. The Hc value of Cr-doped BigsNagsTiO3
samples was consistent with previously reported
values for transition metal-doped ferroelectric mate-
rials, such as Hc ~ 100 Oe for Fe-doped Nag 5Big 5
TiO3 and PbTiO3 or Hg ~ 135 Oe for Mn-doped
PbTiO5. 2% These results were also consistent
with our previously reported values for Fe- and
Ni-doped Bij 5Kg 5TiO3 with H¢ of around 70 Oe and
120 Oe, respectively.!” 18

Figure 5b shows the dependence of magnetization
on temperature below zero field cooling (ZFC) and
field cooling (FC) modes. The measurement was
carried out under an applied field of 1 kOe of
Big 5Nag 5Tig.99Crg 9103 samples. The inset in Fig. 4b
shows the M—H curve of BigsNagsTigg9Crg 0103
samples under 70 kOe at 5 K. The maxima magne-
tization (Ms) was ~ 19.8memu/g at 5 K, which
corresponds to 0.08 #B/Cr. Shah et al. reported that
incorporation of Cr®* ions at the Ti** ion sites in
BaTiO3; will create oxygen vacancies and induce
O(p)-Cr(d) hybridization. Thus, the charge carriers
involved in bonding mediate the exchange interac-
tion via oxygen vacancies among the local spins,
thereby resulting in ferromagnetism.?® Inaba et al.
found weak ferromagnetic behavior through substi-
tution of Cr for Ti in SrTiOs, which results from
carrier-mediated exchange interactions between the
Cr ions.?? The exchange interactions between local-
ized electron spin moments and oxygen vacancies on
the surface of nanoparticles were originally
observed at room temperature.®* Recently, the
first-principle study of magnetism in transition
metal-doped Biy sNag 5TiO3 materials indicated that
a transition metal atom substitution for a Ti atom
produces magnetic moments, which are caused by

the s%in polarization of transition metal 3d elec-
trons.?® The room temperature ferromagnetism in
Fe-doped Bij 5K 5TiO3 nanocrystals was explained
by first-principle density function theory, which
results from the exchange splitting between spin
sub-bands through crystal field theory.'!” Therefore,
we suggest that the presence of weak-ferromag-
netism in Cr-doped BigsNag 5TiO3 at room temper-
ature was possible with the exchange splitting of
transition metals at the octahedral site and/or
enhancement via oxygen vacancies.

CONCLUSION

Weak-ferromagnetism at room temperature was
obtained in un-doped and Cr-doped lead-free ferro-
electric BigsNag 5TiOs materials. The optical band
gap was reduced from 3.12 eV to 2.12 eV for BNT
pure and 9 mol.% BNT-xCr, which resulted from the
substitution of Cr at the Ti-site. This work can
further the understanding of the role of transition
metals in ferroelectric materials to develop environ-
mentally friendly multiferroic materials based on
lead-free ferroelectric materials.
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