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In this study, the four-layer Aurivillius phases, Pby.,Bi35.,xNdg sTig.,Mn,O15 (x = 0, 0.1, 0.3, and 0.5), were
prepared by the molten salt method, in order to investigate the effects on crystal structure, morphology, dielectric
and magnetic properties of varying x composition. XRD patterns revealed that of the all samples were single-phase
products with an orthorhombic structure. The refinement result demonstrates a compressive unit cell volume with
increasing x composition. Moreover, FTIR spectroscopy showed a single mode of BOg octahedra, and the shifting
of this mode indicates that the Mn®* ions occupy the perovskite B-site. The anisotropic plate-like grain was probed
by SEM, the size of which showed an increase with a higher x composition, as the proportion of Bi>* increases.
The dielectric properties also increase with an increasing x composition, which results from the increasing
structural distortion and grain size. The investigation of the magnetic properties indicates that the ferromagnetic
behavior for the x = 0.5 sample, presumably originated from the double-exchange interactions between Mn>" and
Mn** and the spin canting of distorted Mn(1)Og octahedra via the Dzyaloshinskii-Moriya interaction. The for-
mation of the mixed-valent Mn®**/Mn** could likely be caused by the oxidizing environment, produced by the
oxobasicity properties of the sulfate salt in this molten-salt method. Therefore, the multiferroic properties
exhibited at room temperature were due to the optimum dielectric and magnetic properties that were obtained at

x = 0.5.

1. Introduction

For many decades, ferroelectric materials have been proposed for
potential applications such as data storage devices (RAM), energy storage
capacitors, piezoelectric actuators, and ultrasonic transducers, primarily
due to the combination of high dielectric properties, high Curie tem-
peratures, large remnant polarization, and low dielectric loss [1,2].
Amongst them, the Aurivillius phase with these properties has gained
much interest, as compared to other alternative perovskites compound.
The rapid development of these industries requires rapid continuous
enhancement of material properties such as multiferroic properties,
which coexist with the ferroelectric and magnetic orders, are more su-
perior to those of memory devices, in which the data is written by the
electric field, and read out by magnetization [2,3].

The Aurivillius phases have emerged as promising candidates for this
multiferroic compound because of their structural flexibility which can
accommodate the various A- and B-site cation substitutions. The
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Aurivillius phase can be described structurally as the perovskite-like
layers sandwiched between the bismuth oxides layers along the c-axis
and can be represented by the general formula of (Bix02)* T (Ap.
1Bm03m+1)2’. Generally, the A is a mono-, di-, or trivalent cation with
dodecahedral coordination, B is a transition metal cation d® with
octahedral coordination, and m is the number of octahedral layers [4].
In order to combine the ferroelectric and magnetic properties in
Aurivillius phases, the introduction of magnetic transition metal with a
partially filled d-shell (d") on the B-site is a subject of many ongoing
studies [5-7]. It was reported that the well-known perovskite multi-
ferroic BiMnOs exhibits coupling between ferroelectricity and ferro-
magnetism [3,8,9]. Therefore, the introduction of Mn3t (d*) into the
B-site perovskite was expected to give rise to the multiferroic properties.
However, the contradictory character between Mn®* cations (d*) and
Ti** (d%) possibly reduced the ferroelectricity, which was associated with
the high leakage current [10]. It was widely reported that the substitu-
tion of Ln®* for Bi>* on the A-site perovskite layers suppresses the oxygen

Received 7 June 2020; Received in revised form 6 August 2020; Accepted 7 September 2020

Available online 10 September 2020
0022-4596,/© 2020 Elsevier Inc. All rights reserved.


mailto:zulhadjri@sci.unand.ac.id
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jssc.2020.121723&domain=pdf
www.sciencedirect.com/science/journal/00224596
www.elsevier.com/locate/jssc
https://doi.org/10.1016/j.jssc.2020.121723
https://doi.org/10.1016/j.jssc.2020.121723

Zulhadjri et al.

vacancy concentration, decreases the leakage current density and hence
enhances the dielectric and ferroelectric properties [11,12]. Therefore, it
was expected that the combination of both Nd** and Mn3" substitution is
to obtain the multiferroic Aurivillius compound.

Recently, we have reported on the synthesis of Ca-containing four-
layer Aurivillius compound (CaBi4Ti4O15) with the simultaneous sub-
stitution of both Ln®** and Mn3*, which were obtained the single-phase
products. Both series of compounds exhibited the greater structural
distortion and dielectric properties with increasing x (Mn>*) composition
[13,14]. In this work, we explore the Pb-containing four-layer Aurivillius
(PbBi4Ti4015) since the Pb?* jons with 6s% lone pair electrons are ex-
pected to induce a higher structural distortion, which will likely favor the
higher ferroelectricity. Lead bismuth titanate, PbBisTisO15 (m = 4),
adopts a non-centrosymmetric orthorhombic structure with the A2;am
space group as shown in Fig. 1a. This compound exhibits the ferroelectric
properties with a high Curie temperature (T.) of 801 K. The ferroelec-
tricity is due to the 6s2 lone pair electrons associated with Pb>* and Bi®™,
which induce highly distorted BOg octahedra as shown in Fig. 1b [9].
However, the magnetic behavior was reported as paramagnetic.

Most of the Aurivillius phase was synthesized using a conventional
solid-state method. However, this method exhibited compositional in-
homogeneity owing to the Bi>* volatilization at high temperatures [6]. It
is also difficult to control the morphology and grain size, which in turn

Bismuth oxide

Perovskite-like
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affects the properties of Aurivillius [15]. Recently, we have reported on
the multiferroic Aurivillius phase Pbg.4Bis.1Lag.sNbj.7Mng.309 synthe-
sized by the molten salt method using K2SO4/NaySO4 salt with the
varying ratios of oxide to salt [16]. The single-phase product with the
best ferroelectric and ferromagnetic properties was obtained for the
molar ratio of 1:7. The salt fluxes as the reaction medium provide ad-
vantages such as lower-temperature synthesis, fast ionic diffusion, and
high reaction rates.

Herein, we have synthesized the compounds of composition Pb;.
+Bi3 51xNdg 5Tig.xMn,015 (x = 0, 0.1, 0.3, and 0.5) using a molten salt
method using K»SO4/NaySO4 salt, which has not previously been re-
ported. The crystal structure, morphology, dielectric and magnetic
properties were also discussed in this work.

2. Experimental procedures

The four-layer Aurivillius phases Pby 4Bis 5. xNdg 5TisxMnyO15 (x =0,
0.1, 0.3, and 0.5) were synthesized by a molten salt method using a
mixture of K2SO4/NagSO4. The starting materials used were the high
purity oxides of PbO, BiO3, Nd20s3, TiO5, and MnyOg (Aldrich, > 99.9%).
The molar ratios of oxide to salt were 1:7 and the synthesis temperature
method were as reported in Ref. [16]. The phase formation was deter-
mined using X-ray diffraction (XRD; Shimadzu XRD 7000) with Cu Ka

Fig. 1. (a) Crystal structure models of four-layer Aurivillius PbBisTi4O;5 phase viewed along the ac-plane. (b) View of distorted B(1)Og and B(2)O¢ octahedra

projected along the c-axis. Structural parameters were taken from Ref. 9.
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radiation (A = 1.5418 f\). The Le Bail refinement method using the
RIETICA program was performed to identify the crystal structure. FTIR
spectroscopy was performed using a PerkinElmer 1600 FTIR spectro-
photometer at room temperature. The grain morphology was observed
using a scanning electron microscope (SEM; FEI INSPECT S50). The
density was measured using the Archimedes method and the theoretical
density was calculated from the refinement result. For the dielectric
measurement, the final products were pressed into pellets with a diam-
eter of 1 cm in and thickness 0.1 cm. The pellet sintered continuously at
500 °C and 900 °C for 3 h each. Both surfaces of sintered pellets were
polished with silver conductive paste (Aldrich, 99%) to form the elec-
trodes and dried at 423 K for 2 h. Capacitance and loss were measured as
a function of frequency using a precision LCR-meter (Agilent 4980 A)
with an amplitude of 1 V at 300 K. Magnetization as a function of the
applied field were measured using a vibrating samples magnetometer
(VSM; OXFORD 1.2H) at a temperature of 300 K.

3. Results and discussion

Fig. 2a shows the XRD patterns of Pb; 4Bi3 5, xNdo 5TisxMnsO15 (x =
0, 0.1, 0.3, and 0.5) at room temperature. All XRD patterns can be well-
matched with the standard XRD pattern of four-layer Aurivillius PbBi4.
Ti4O15 (ICSD-96609). No additional peak was observed in all samples,
confirming the formation of the single-phase products. This result shows
that the substitution of 12.5% molar ratio La>" for Bi>" and 12.5% molar
ratio Mn®* for Ti** can be simultaneously substituted in PbBisTi4O15
structure when the Pb:Bi ratio is adjusted accordingly. It was previously
reported that the single-phase products of the four-layer Aurivillius
compounds were obtained for the Mn substitution up to 15% using the
molten salt method [9,13,14]. It was inferred that the substitution of
Mn>* for 15% could be possible.

Furthermore, the most intense diffraction peak of all samples corre-
sponded to the (1 1 9) plane, coinciding with the (11 2m + 1) peak in the
Aurivillius phase, whereas m = 4 refers to the number of layers. This peak
gradually shifted towards the higher 26 with an increasing x composi-
tion, as shown in the enlarged view of Fig. 2b, implying a decreased cell
volume. The average crystallite size was calculated using the Scherrer
equation [16]. The average crystallite size was found to decrease with an
increase in x composition, which is approximately 54 nm, 52 nm, 50 nm,
and 47 nm for x = 0, 0.1, 0.3, and 0.5, respectively. This result can be
revealed with the increase in the full width at half maximum (FWHM)
values as shown in Fig. 2c. The decreased crystallite size is correlated to
the contraction of cell volume of crystal structure, as shown by the shift of
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the XRD peak [17].

The changes in cell parameters and cell volume were investigated by
the Le Bail refinement method using the structural parameter of PbBi4.
Ti4O15 with a space group A2;am as an initial model [9]. Le Bail fits to the
XRD patterns of Pby4Bis s, xNdg5TisxMn,O15 are shown in Fig. 3. The
good fit between the experimental and calculated patterns with a small
difference between these two intensities demonstrates that all samples
adopt the orthorhombic A21am space group and this structure does not
change with the varying x composition.

The refined lattice parameters and cell volume is shown in Fig. 4. The
a lattice parameter slightly increase, whereas the b and c lattice param-
eters decrease as x composition increases, leading to the decrease in cell
volume. Referring to the ionic radius of Pb?>" (1.49 A) and Bi®* (1.31 &)
for 12-fold coordination and the ionic radii of Mn®" (0.645 A) and Ti**
(0.605 /o\) for 6-fold coordination [18,19], the decreased cell volume is
strongly affected by the increasing proportion of smaller Bi®* and the
decreasing proportion of larger Pb>*, according to the nominal formula
of Pby.,Bi35,xNdp5Tis,Mn,O15. These compositional changes resulted
in the higher distortion of the BOg octahedra, by which the structure
becomes more orthorhombic [20,21]. This distortion led to the tilting of
BOg octahedra along the a-axis, confirmed by the increased difference
between the a and b lattice parameter [22]. The degree of distortion
could be evaluated from the orthorhombicity ratio (a-b)/(a+b). The
orthorhombicity gradually increased with increasing x composition as
shown in Fig. 4b, which revealed the increase in structural distortion.
This is also consistent with the decrease in the tolerance factor (t)
calculated for the perovskite-part structure [23]. The increase in distor-
tion was driven both by the increase of 6s2 lone pair electrons of Bi** and
the size mismatch between the A- and B-site cations [24,25]. The in-
crease in distortion contributes to the increased ferroelectricity.

Furthermore, it is clearly observed in Fig. 4a that the ¢ parameter
decreased abruptly with the cell volume for x = 0.5. A decreased c
parameter is generally associated with a shortening of the B-O bond
distance as well as the BOg octahedra size. The significant decrease of ¢
parameter in x = 0.5 might be further raised by the formation of smaller
Mn*" ions (0.54 A) compared to Mn®* (0.645 i\). A similar trend was also
observed in Caj4Bis;xLaTisxMnyO15, whereas the formation of Mn**
caused a decrease in c lattice parameters and volume cell [14]. The ex-
istence of Mn** ions could also be expected to give rise to the magnetic
ordering, as discussed further below.

Fig. 5a shows the IR spectra of Pby_4Bi35,xNdg 5TisxMnyO15 in the
spectral range 600-1400 cm ™, corresponding to the vibration modes of
BOg octahedra (>200 cm_l). A vibration mode at ~830 cm~! was
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Fig. 2. (a) XRD patterns of Pb; 4Bi3 5, xNdo 5Ti4.xMn,O15 powders (x = 0, 0.1, 0.3, and 0.5). (b) The enlarged view of (1 1 9) XRD peak. (c) Comparison of crystallite

size and FWHM peak.
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Fig. 3. Le Bail fits to XRD data for single-phase Pb; Bi3 s xNdosTisxMnyO;5 and the reliability factor of refinement result. Observed XRD data (open circles),
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Fig. 4. (a) Refined lattice parameters of Pb; 4Bi3 5,xNdo 5Tis.xMnsO15 (x = 0, 0.1,

tolerance factor.

observed in the spectra of all samples, assigned to the symmetric B-O
stretching mode of BOg octahedra in the perovskite layers [11]. The peak
position and the full widths at half maximum (FWHM) of the IR spectra
fitted using a Lorentzian model are shown in Fig. 5b. It was found that the
peak shifted towards the lower wavenumber and became broader with
the increase in x composition. The obvious shift of B-O mode was
induced by the substitution of Mn>* for Ti** since the chemical bond
strength of the Mn-O bond (362 kJ/mol) is smaller than that of Ti-O
(666.5 kJ/mol) [20,26]. The increase in FWHM value correlated to the
increased compositional disorder of the B-site cations as the proportion of
Mn®* increased. Moreover, no traces of sulfate vibration mode around
970-995 cm ™! reveals that the salt does not chemically react with the

1226 ~0.975
(b)
§§\ L2.65
\ o, " Q too72
i [ ] 0.
1225 - / 260 3 .
<« = S =)
a 255 & 0.969 2
L2.55 B | 0.969 2
1224 i g g
L2.50 & @
o e, =
10.966 &
1223 - L2.45 i g
X -
L ~~
t L S =
/ L 2.40 = 10.963
1222
o L2.35
L0.960

T T T T T T
00 0.1 02 03 04 05
Xx content

0.3, 0.5). (b) Composition dependence of cell volume, orthorhombicity ratio and

product of this method.

SEM micrographs of Pbj4Bi3s5xNdosTisxMnzyO15 powder sample
were shown in Fig. 6a-d. The typical plate-like grains of the Aurivillius
phase were observed. The plate-like morphology was formed due to the
lower surface energy along the (000) planes, which lead to the prefer-
ential grain growth along the a-b plane [11]. The grain size was observed
to increase with increasing x composition. The increase in grain size was
associated with an increase in the proportion of Bi>" since it has high
ionic mobility and stimulates grain growth [20]. Fig. 6e shows that the
density increased as x composition increased. The relative density of all
samples were found to be greater than ~94% of the theoretical density,
indicating the well-dense grains under this molten salt method.
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Fig. 5. (a) FTIR spectra of Pb; 4Bi3 5, xNdg 5Ti4.xMn,O15 (x = 0, 0.1, 0.3, 0.5) at
room temperature. (b) Composition dependence of wavenumber and FWHM of
B-0 vibration mode.

Fig. 7 shows the dielectric constant (¢) and dielectric loss (tan &)
measured over various frequency ranges at room temperature (300 K). It
was observed that the dielectric constant decreased as the frequency
increased and became constant at high frequencies, which is typical
behavior of ferroelectric materials [27]. At low frequencies, the contri-
bution of different polarizations (i.e. dipolar, ionic, electronic, and
space-charge) led to the higher dielectric constant. This was also caused
by the accumulation of charge carriers at both surface and grain
boundaries since it could not respond well to the applied field, also
known as the Maxwell-Wagner effect [9]. Therefore, the stronger
dispersion of dielectric constant with increasing x composition is likely
due to the domination of the space-charge polarizations, arising from the
increase in electron concentration of Mn ions [10,11]. Thus, the high
dielectric constant at low frequencies arises from the combination of both
intrinsic and extrinsic factors.

The decrease in dielectric constant at higher frequencies was due to
the absence of different types of polarization and the conducting
behavior. Thus, the magnitude of the dielectric constant at high fre-
quencies is more reliable to reflect the intrinsic polarizability. The
dielectric constant at 1 MHz was found to increase from 105.5 for x = 0 to
174.6, 200.8, and 245.1, respectively for the increase in x composition.
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The high dielectric constant at room temperature was associated with the
ferroelectric behavior in all samples, which correlated to the A2;am
orthorhombic symmetry. The increased ferroelectricity was attributed to
the increased structural distortion, as revealed by the increasing ortho-
rhombicity ratio and the decreasing tolerance factor (t). Besides, the in-
crease in grain size allowed the domain to be polarized more easily,
which also contributed to this magnitude [7,16].

The dielectric loss (tan 8) also exhibited a strong dispersive value at
low frequencies as seen in Fig. 7b, which is due to the domination of
space charge polarization effects. The dielectric loss at 1 MHZ was found
to increase for x = 0, 0.1, 0.3, and 0.5 with value of 0.017, 0.057, 0.111,
and 0.291, respectively, indicating the sample became more conductive.
This was strongly affected by the increase in the electron concentration as
the charged carriers by the substitution of Mn>" for Ti**. Furthermore,
the reduction in the number of grain boundaries subsequently contrib-
uted to the higher dielectric loss since it allowed easier electron migra-
tion [20].

To investigate the magnetic behavior, the magnetic field dependence
of the magnetization (M-H) was performed at room temperature as
shown in Fig. 8. The magnetic behavior was compared only for sample x
= 0 and x = 0.5 since the sample of x = 0.5 exhibited the highest
dielectric properties of these series and the maximum Mn composition
was expected to provide the highest magnetic properties. The M-H curve
of x = 0 exhibited a negative magnetization with no loop opening,
demonstrating a typical diamagnetic behavior [7]. The x = 0.5 sample
exhibited a non-linear fashion, and a narrow hysteresis loop can be
observed in the inset of Fig. 8, indicating the existence of ferromagnetic
behavior. The unpaired electrons of Mn cations were mainly responsible
for the magnetic properties of x = 0.5. The unsaturated hysteresis loop
indicated that the maximum applied magnetic field of 1 T was insuffi-
cient to completely arrange the spin orders. The saturated magnetization
(M;) and the remnant saturation (M,) were 0.058 emu/g and 0.005
emu/g, respectively.

The ferromagnetism of x = 0.5 possibly originated from the existence
of the double-exchange interactions in BOg octahedra. As shown in
Fig. 1a, the four-layer Aurivillius phases contain two types of octahedral
structures as the inner B(1)Og and the outer B(2)Og, where the Mn3+
cations possibly occupy in both sites. It was previously reported that the
magnetic transition cations preferentially occupy the inner site of B(1)O¢
octahedra with a lower distortion due to the high symmetry of the d-
orbitals [5,9]. This preference for local ordering of magnetic ions was
also observed previously by Raman spectroscopy [6,20]. Therefore, it can
be inferred that Mn ions preferred to occupy the adjacent inner B(1)Og
octahedra in this sample. Moreover, it has commonly been observed that
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Fig. 6. SEM micrograph of Pb;Bi3 5,yxNdg 5Tis.xMn,O15 powders samples (a) x = 0 (b) x = 0.1 (c) x = 0.3 (d) x = 0.5 and (e) the density and relative density as a

function of x composition.
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Fig. 8. M-H loops of Pby 4Bi3 5,xNdo.sTisxMnsO15 (x = 0 and 0.5) measured at
room temperature. The inset graph denotes the enlarged part of M-H loops
under the low field.

the combination of mixed-valent magnetic cations in equal ratio enable
the double-exchange interaction to take place [6,10]. The possibility of
Mn ions to form the multiple valence states of Mn>*/Mn*" further allows
the existence of this interaction. As the molten-salt method was used, the
formation of Mn** ions might be due to the oxide ion donor mechanism
involving oxobasic SO3~ anions from sulfate salts, as explained by
Lux-Flood acid-base theory [16,28]. The oxidation of Mn3* is further
promoted by the oxygen-rich environment during the high-temperature
calcination. The formation of mixed-valent Mn®"/Mn*! in equal pro-
portions was previously reported in Aurivillius compounds synthesized
using the molten salt method [9,27]. Thus, the x = 0.5 might also contain
that Mn>* and Mn** since it was synthesized using the same molar ratio
[16]. The existence of Mn*" ions was in good agreement with the
decreased c parameter in the refinement result. For the following reasons,
we speculate that the possible double-exchange interactions occurring
within Mn-rich clusters in the inner B(1)Oe octahedra via
Mn(1)-0(1)-Mn(1) bonds, gave rise to the ferromagnetic behavior.
These phenomena were also observed in the four-layer Aurivillius
Pbyg.4Bi4.¢Ti3.4Mng.c015 resulting in the presence of ferromagnetic in-
teractions with the ferromagnetic-paramagnetic transition temperature
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(T) at 2149 K [9]. |Interestingly, in this sample
Pby.5BisNdg 5Ti3.sMng.5015, the ferromagnetic behavior is still observed
at room temperature (300 K), which indicates the improved magnetic
properties with the substitution of Nd>* cations for 0.5 mol. It is reported
that the ferromagnetic interaction is also correlated with the spin canting
of the magnetic ions via the antisymmetric Dzyaloshinskii-Moriya (DM)
interaction [29]. According to the recent studies, this spin canting effects
can be achieved by substitution of Ln>* cation with a smaller ionic radius
on the A-site, leading to the smaller bond angles and shorter bond length
and hence the enhanced magnetic properties [30,31]. Compared with the
Pbyg.4Bis.6Ti3.4Mng.6015 compound, the substitution of smaller Nd3*
(1.27 A) for Bi®* (1.31 i\) in our current sample induce a higher distor-
tion and a shorter bond length of Mn(1)Og¢ octahedra, which likely favor
enhanced magnetic properties. This result confirms that the combination
of A- and B-site cation substitution is a feasible way to enhance the
dielectric as well as the magnetic properties in the Aurivillius phase. We
noted that the above discussion is preliminary and requires further study
to reveal the magnetic mechanism.

4. Conclusions

The single-phase of the four-layer Aurvillius Pb; 4Bis 5:xNdg 5Tis-
xMn;O15 (x =0, 0.1, 0.3 and 0.5) was successfully obtained by the molten
salt method using KySO4/NaySO,4 fluxes. The structural analysis
confirmed that all the samples adopted the non-centrosymmetric ortho-
rhombic symmetry with the A2;am space group and the cell volume
decreased as the x composition increased. The FTIR spectra indicated
that the Mn>* ions occupied the B-site of perovskite layers. The aniso-
tropic plate-like grain morphology was observed for all samples. The
dielectric constant increased with increasing x composition, which
indicated the increase in ferroelectricity. The ferroelectric polarization
arises mainly from the displacement of the A- and B-site cation along the
a-direction, according to the orthorhombic A2;am symmetry. The mag-
netic investigation for the highest Mn-composition sample (x = 0.5)
indicated a ferromagnetic behavior, which is assumed to arise from the
double-exchange involving the short-range Mn>*-O-Mn** bonds in the
inner B (1)Og octahedra structure. The best dielectric properties were
obtained for x = 0.5 sample, which was at 1 MHz and RT provided a
maximum dielectric constant of 245.1 and a dielectric loss (tan &) of
0.291. This sample also exhibited the ferromagnetic behavior with the
remnant magnetization (M;) of 0.005 emu/g at RT. The coexistence of
ferroelectricity and ferromagnetism with the simultaneous substitution
of Nd** and Mn>" for PbBiTisO15 was expected to provide a potential
multiferroic material for the applications in memory storage devices.
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