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ARTICLE INFO ABSTRACT

The double-layer Aurivillius phase Pby 4Bi5 1Lag sNb; ;Mng 309 was synthesized by a molten salt method using a
KS04/Na,SO, flux. The effect on the crystal structure, morphology, dielectric and magnetic properties of
varying the molar ratio of the oxide precursors to salt flux was investigated. Single-phase products with an
orthorhombic structure were obtained for oxide to salt ratios of between 1:5 and 1:9, whereas for lower con-
centrations of salt a pyrochlore impurity phase is found in the products. SEM showed anisotropic plate-like
grains, the size of which increases for larger salt ratios. An investigation of the magnetic properties showed the
presence of mixed Mn®* and Mn**; the unit cell volume of the single-phase products decreases as the proportion
of salt increases, which implies a higher proportion of smaller Mn** cations. This can be explained by the oxide
ion donating properties (oxobasicity) of the molten salt mixture, which produces an oxidizing environment
during synthesis. The best dielectric properties are obtained for an oxide to salt ratio of 1:7, exhibiting relaxor
ferroelectric behavior. This is also the ratio at which the most pronounced ferromagnetic properties are ob-
served, resulting from double-exchange interactions between Mn®* and Mn**, the proportions of which are
approximately equal. Pbg 4BisiLagsNb; 7Mng 309 synthesized under these conditions thus exhibits optimal

Keywords:

Aurivillius phase

Molten salt method
Ferroelectric behavior
Double-exchange interaction

multiferroic properties.

1. Introduction

Ferroelectric materials belonging to the Aurivillius family have at-
tracted much attention due to their high dielectric constants, large re-
manent polarization, low coercive fields, and high Curie temperatures,
material properties that have potential use in random access memory
(RAM) [1,2]. The Aurivillius structure is constructed by alternating
perovskite blocks and bismuth oxide layers and can be represented by
the general formula (Biz02)?>" (Am.1BmOsm-+1)>, where A is a mono-,
di-, or trivalent cation with dodecahedral coordination, B is a transition
metal cation with octahedral coordination, and m is the number of
octahedral layers within the perovskite-like blocks [3,4].

The ferroelectric Aurivillius compound PbBi,Nb,Og (m = 2) adopts
a non-centrosymmetric crystal structure with the A2,am space group,
and exhibits a high Curie temperature (T, = 557 °C) due to the 652 lone
pair electrons associated with Pb2* and Bi®*, which induce a highly
distorted structure [5,6]. Studies with the aim of improving the prop-
erties of Aurivillius compounds have been conducted for decades, and

the focus in recent years has been especially on possible multiferroic
properties. The substitution of a d" (n = 0) cation on the perovskite B-
site can potentially induce a ferromagnetic ordering [2,7]. Besides, the
substitution of d" cations might also result in a distortion of the BOg
octahedra due to the effect of different ionic radii on the B-site, thus
enhancing the ferroelectric properties [8,9]. Furthermore, the sub-
stitution of lanthanide ions on the perovskite A-site is well known in
Aurivillius phases to improve the dielectric and piezoelectric properties,
reduce the electrical conductivity and dielectric loss, and possibly lead
to relaxor-ferroelectric behavior [10,11]. Therefore, the simultaneous
substitution of both La®** and Mn®* (d*) ions can potentially result in
multiferroic properties, which is beneficial for the application of non-
volatile memory.

Aurivillius phases are usually prepared by solid-state synthesis.
However, the synthesis of single-phase multiferroic Aurivillius samples
is challenging because impurities tend to be formed due to the different
character of the transition metal d-orbitals and the difference in ionic
radii when partial substitutions are performed [12]. High-temperature
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synthesis often leads to the volatilization of Bi** which requires the

addition of excess Bi,O3 to the precursor mixture [13]. In many cases
synthesis using a molten salt method is superior; the use of salt fluxes as
the reaction medium gives many advantages such as lower-temperature
synthesis, fast ionic diffusion, and high reaction rates [14]. Molten
sulfate and chloride salts have been widely applied to synthesize mul-
tiferroic Aurivillius phases [8,15,16]. The precise nature of the salt flux
plays a crucial role in determining the compositional and grain
homogeneity of the product, which in turn strongly affects the physical
properties. However, many reports on the molten salt synthesis of
Aurivillius phases only focus on the role of the salt flux in the growth
mechanism. Thus, our research aim is to determine the best flux ratio
for obtaining single-phase products and optimal multiferroic properties.

Recently, we have reported on the preparation of the La,Mn-doped
PbBi,Nb,Og phase with chemical formula Pb; 5,Bij 54 2,Lag.sNba.
«Mn,Og using a K»SO04/Na,SO4 molten salt flux with a ratio of 1:7 oxide
to salt [17]. A single-phase product was obtained for the maximum
achievable Mn content of Pbg 4Bi, 1Lag sNb; sMng 309, which exhibits
the best dielectric properties of this doping series and exhibit the pro-
nounced ferromagnetic properties [18]. This compound is also inter-
esting to explore because of the reduced lead content which represents
a more environmentally friendly material compared to PbBi,Nb,Oq.
Therefore, we continue our studies of this material by investigating the
effect of the oxide to salt ratio on the purity, crystal structure, mor-
phology, dielectric and magnetic properties. The molar ratio of oxide to
salt was varied from 1:0 to 1:9.

2. Experimental procedures

The precursors PbO, Bi,0s, La;03, Nb,Os, and Mn,O3 (Aldrich, =
99.9%) were weighed in a stoichiometric ratio for the target formula
Pbyg 4Bi5 1Lag sNb; ;Mng 309 and mixed and ground in an agate mortar
with added ethanol for 2 h. A 1:1 molar ratio of K,S04/Na,SO, salts
was then added to the precursor mixture to give molar ratios of oxide to
salt of 1:0, 1:3, 1:5, 1:7, and 1:9, denoted as samples PBLNMO,
PBLNM3, PBLNM5, PBLNM7, and PBLNMO, respectively. The mixtures
were successively calcined at 750 °C, 850 °C and 950 °C for 5 h each
with a heating rate of 5 °C/min. After heating at each temperature, the
powders were slowly cooled to room temperature and reground. The
products were finally washed several times with hot distilled water to
remove the sulfate salts and then dried at 110 °C for 5 h. The crystalline
phases in the products were analyzed by X-ray diffraction (Shimadzu
XRD 7000). The unit cells were refined by the Le Bail refinement
technique using the RIETICA program. Scanning electron microscopy
(FEI INSPECT S50) was used to observe the grain morphology. For di-
electric measurements, the powder was pressed into pellets and sintered
at 900 °C for 5 h. Silver conductive paste (Aldrich, 99%) was applied to
both surfaces of the sintered pellet to form electrodes and heated at
110 °C for 2 h. The dielectric measurements were carried out using a
precision LCR-meter (Agilent 4980A) with an amplitude of 1 V in the
temperature range 30 to 500 °C at a frequency of 1 MHz. The magne-
tization was measured using a SQUID magnetometer (Quantum Design
MPMS XL7) in the temperature range from 5 to 300 K under a magnetic
field of 1 T. Magnetization as a function of applied field was measured
from -5 T to 5 T at a temperature of 5 K.

3. Results and discussion

Fig. 1 shows XRD patterns of Pbg 4Bi>;LagsNb; ;Mng 309 synthe-
sized using varying salt ratios. All the XRD patterns are indexed using
the standard pattern of the double-layer Aurivillius phase PbBi>;Nb,Oog,
which has an orthorhombic structure with the A2;am space group
(ICSD-95920). Single-phase products were obtained for PBLNMS5,
PBLNM7 and PBLNM9, while for PBLNMO and PBLNM3 a pyrochlore
impurity phase was detected. The formation of the pyrochlore phase
might be caused by bismuth volatilization during high-temperature
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Fig. 1. XRD patterns of Pbg 4Bi, 1LagsNb; ;Mng 309 powders prepared by the
molten salt method with different oxide to salt ratios.

processing [15,19]. It is expected that the salt flux plays a crucial role as
a reaction medium, enhancing the solubility of the oxide precursors,
facilitating ion diffusion and suppressing Bi®** volatilization. Moreover,
the formation of single-phase Pbg 4Bi5 1Lag sNb; ;Mng 309 suggests that
0.5 moles of La®* can be incorporated on the A-site of PbBi,Nb,Oo and
0.3 moles of Mn®* on the B-site, and that a minimum ratio of oxide to
salt of 1:5 is required.

With increasing salt ratio, the full width at half maximum (FWHM)
of the XRD peaks decreases, indicating an increase in crystallinity. The
average crystallite size calculated using Scherrer's formula is approxi-
mately 48 nm, 56 nm, 65 nm, 67 nm and 69 nm for samples PBLNMO,
PBLNM3, PBLNM5, PBLNM?7, and PBLNM9, respectively. These results
suggest that the salt flux accelerates grain growth during the heating
process [20]. It is also observed (see the inset of Fig. 1) that the most
intense diffraction peak (115) shifts to higher 26 with increasing salt
ratio, implying a decrease in lattice parameters and cell volume.

The effect of the salt ratio on the grain size and morphology of
Pbyg 4Biy 1Lag sNb; ;Mng 309 was investigated using SEM as shown in
Fig. 2. Anisotropic plate-like grains are observed for all samples, which
is typical for Aurivillius phases. However, both the size and morphology
are significantly affected by the salt ratio. The average grain size of
PBLNMO is approximately 1.0 pum with the highest degree of agglom-
eration. As the salt ratio increases, the average grain size increases to
1.6 uym, 1.8 ym, 2.3 pm, and 2.4 ym for PBLNM3, PBLNM5, PBLNM?7,
and PBLNMOY, respectively. Moreover, a decrease in agglomeration is
observed and the grain shape becomes more uniform. It is known that
grain growth is accelerated when salt fluxes are used as the reaction
medium, leading to larger grain sizes when the proportion of salt used is
higher [21]. Furthermore, the flux diffuses between the grains and
prevents the occurrence of agglomeration at higher salt ratios [20].

Refinement of the lattice parameters was carried out using the Le
Bail method only for the single-phase products PBLNM5, PBLNM7 and
PBLNMY, using the structural parameters of orthorhombic PbBi,Nb,Og
with space group A2;am [22] as the initial model. The profile plots in
Fig. 3 show good fits for all three samples and suggest that the products
also adopt the non-centrosymmetric A2;am structure of the parent
compound. The refined lattice parameters and unit cell volumes are
given in Table 1. The a and b lattice parameters are essentially the same
for the three samples, whereas the c lattice parameter significantly
decreases as the salt ratio increases, leading to a decrease in cell vo-
lume. This implies a shrinkage of the BOg octahedra due to a shortening
of the B-O bond lengths and could occur due to a varying proportion of
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Fig. 2. SEM images of Pbg 4Bi5 1Lag sNb; ;Mng 309 samples: (a) PBLNMO, (b) PBLNM3, (c¢) PBLNMS5, (d) PBLNM7, (e) PBLNMO9.
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Fig. 3. Le Bail fits to XRD data for single-phase Pbg 4Bi5 1Lag sNb; 7Mng 309
samples: measured data (circles), fitted profile (red line), and difference profile
(green line). The blue tick-marks indicate the positions of allowed Bragg re-
flections in the space group A2;am. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

Table 1
Structural parameters of single-phase Pbg 4Bis;LagsNb; ,Mng 309 obtained
from XRD fits.

Parameter PBLNMS PBLNM7 PBLNM9
Space Group A2,am A2,am A2,am
Crystal class Orthorhombic Orthorhombic Orthorhombic
ad) 5.5173(7) 5.5190(4) 5.5166(0)
b (A) 5.4911(9) 5.4904(3) 5.4899(3)
c(A) 25.1909(8) 25.1576(8) 25.1265(3)
V(A% 763.210(3) 762.327(2) 760.977(3)
Z 4 4 4

R, (%) 2.979 3.219 3.687

Ry, (%) 3.901 4.225 4.46

x2 1.439 1.560 1.591

Mn** ions; the jonic radius in six-fold coordination of Mn*™ (0.54 ;\) is
smaller than that of Mn3* (0.645 A) [23]. The mixed-valent Mn3*/
Mn** state could also be expected to give rise to ferromagnetic or-
dering via Mn®*-O-Mn** double-exchange interactions [24], as dis-
cussed further below.

Fig. 4a shows the frequency dependence of the dielectric constant
(¢) and dielectric loss (tan §) of the single-phase products at room
temperature. The dielectric constant decreases up to 100 kHz and then
remains stable with further increasing frequency, which is typical be-
havior in ferroelectric materials. In the low-frequency range, the higher
dielectric constant and dielectric loss arise from extrinsic factors, such
as the presence of electronic, ionic, dipolar, and space-charge polar-
ization; this is also caused by the Maxwell-Wagner effect, where charge
carriers accumulate at the surface and at grain boundaries. The de-
crease of dielectric constant at high frequencies is because partial po-
larization mechanisms cannot follow the electric field, such that the
main contribution to the dielectric constant is from electronic polar-
ization and ionic polarization.

Fig. 4b shows the temperature dependence of the dielectric constant
(¢) and dielectric loss (tan 8) of the single-phase products at 1 MHz,
which best reflect the intrinsic factors. All samples show a single peak in
the dielectric constant at 365 °C, corresponding to the ferroelectric-
paraelectric phase transition (T,). The well-defined peak at T, indicates
the predominance of ferroelectric properties according to A2;am sym-
metry in all samples. Compared with the parent compound PbBi,Nb,Og
for which T. = 557 °C [5], the T, of Pb0'4Bi2'1Lao_5Nbl'7Mn0'309 is
significantly decreased. This is because the substitution of La®* on the
A-site, which does not have a lone pair, reduces the degree of BOg
distortion. Furthermore, the broadness of the T, peak for all samples
indicates relaxor-ferroelectric behavior, unlike the parent compound.
This behavior is attributed to the increased disorder of both the A-site
cations (Pb/Bi/La) and B-site cations (Nb/Mn) in the structure, as
previously reported using neutron diffraction analysis [18].

The magnitude of the dielectric constant initially increases from
sample PBLNM5 to PBLMN7 and then decreases for PBLNM9, while the
dielectric loss increases linearly with the increase in salt ratio, as shown
in Fig. 4a-b. This can be explained by the increasing grain size, which
allows the movement of domain walls to become easier and the sample
to more readily become polarized, resulting in enhanced dielectric
properties [17,25]. We also suggest that the trend in dielectric loss with
salt ratio is a consequence of the increasing grain size, as listed in
Table 2. Larger grains and hence a decrease in the number of grain
boundaries allow the charge carriers to move more freely, contributing
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Fig. 4. (a) Dielectric constant (¢) and loss (tan 8) of single-phase
Pby 4Biz 1Lag sNb; Mng 309 as a function of frequency at room temperature (b)
Dielectric constant (e) and loss (tan §) of  single-phase
Pby 4Biz 1Lag sNb; Mng 309 as a function of temperature at 1 MHz.

Table 2
Variation of dielectric  properties of
Pbg 4Bi, 1Lag sNb; ;Mng 309 measured at 1 MHz.

single-phase  samples  of

Sample Grain size (um) T. (°C) Em tan §
PBLNM5 ~1.8 365 438.39 0.801
PBLNM7 ~2.3 365 476.14 1.079
PBLNM9 ~2.4 365 463.47 1.179

to the increase in dielectric loss. These results may also be influenced by
the hopping conduction of electrons associated with double exchange
via Mn®>*-0O-Mn** bonds. As explained above, samples prepared with a
higher salt ratio show an increase in the proportion of Mn** ions.

In order to investigate the magnetic behavior of the
Pbyg 4Bis 1Lag sNb; ;Mng 309 samples, the temperature dependence of
the magnetic susceptibility (x) was measured in zero-field-cooled (ZFC)
mode on warming in an applied magnetic field of 1 T. Fig. 5a shows
that the magnetic susceptibility smoothly decreases with increasing
temperature and does not exhibit any anomalies, suggesting para-
magnetic behavior. A Curie-Weiss fit to the linear region of the inverse
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Fig. 5. (a) Magnetic susceptibility () and (b) inverse magnetic susceptibility
(1/%) of single-phase Pby 4Bi» 1Lag sNb; yMng 309 measured from 5 to 300 K in
an applied field of 1 T (after cooling in zero field). The straight lines are linear
fits to the inverse susceptibility above 150 K using the Curie-Weiss law.

Table 3

Magnetic properties of single-phase samples of Pbg 4Bi5 1Lag sNb; ;Mng 300.
Sample Oew (K) Hegr (1) M; (emu g™) M, (emu g™)
PBLNMS 28.0 4.48 3.47 0.0069
PBLNM7 33.4 4.38 3.48 0.0103
PBLNM9 28.9 4.27 3.48 0.0087

susceptibility above 150 K was performed, as shown in Fig. 5b. The
extracted Curie-Weiss temperatures (O¢y) are positive for all the single-
phase samples, as observed in the inset of Fig. 5b and listed in Table 3,
indicating the predominance of ferromagnetic interactions. The largest
Ocw value of 33.4 K is found for sample PBLNM7, implying the most
pronounced ferromagnetic interactions.

The spin-only effective moments (u.z) of Mn for the single-phase
samples extracted from the Curie-Weiss fitting are listed in Table 3. The
values lie between those expected for Mn®>* (~4.9 pg) and Mn*™*
(~3.87 ug) [26,27]. Thus, all samples contain a mixture of both cations.
The decrease in ¢ with increasing oxide to salt ratio confirms that the
proportion of Mn** increases, in agreement with the trend in the c-
lattice parameter. The PBLNMS5 sample contains more Mn®* than Mn*™*
(60% to 40%), PBLNM7 contains approximately equal proportions of
Mn3* and Mn**, and PBLNMO contains less Mn®* than Mn** (39% to
61%).

The tendency of more Mn** to be stabilized at higher salt ratios
might be due to an oxide ion donor mechanism involving oxobasic
S0,* anions, according to Lux-Flood acid-base theory. It has been re-
ported that molten salt fluxes tend to be oxidizing in solution, leading to
products with higher oxidation states [28]. This might be further pro-
moted by the oxygen-rich sintering atmosphere used in the present
work. The oxidation of Mn®" in Aurivillius compounds synthesized
using the molten salt method has also been observed previously [8]. We
note that a varying ratio of Mn®>*/Mn** would require a varying
concentration of vacancies on other cation sites to achieve charge
balance, an aspect that requires further study.

Mixed-valent Mn®*/Mn** will enable double-exchange to take
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Fig. 6. Magnetization versus applied field for Pbg 4Bi, 1LagsNb; ,Mng 309
measured at 5 K.

place, accounting for the ferromagnetic interactions observed in all the
samples. However, the presence of double-exchange implies that clus-
ters of linked MnOg octahedra exist in the structure, as previously
suggested by the Raman mode observed at ~756 cm™ [17]. The equal
proportion of Mn®** and Mn*" in the PBLNM7 sample likely results in
the highest probability of double-exchange interactions occurring
within Mn-rich clusters, as suggested by the highest 6¢y. For PBLNM5
and PBLNMOY, the higher proportion of either Mn®** or Mn** will likely
favor the antiferromagnetic super-exchange interactions Mn>*-0-Mn>*
or Mn**-0-Mn*", leading to a decrease of O¢y. It has commonly been
observed that ferromagnetic behavior can be enhanced by combining
mixed-valent magnetic cations in an equal ratio [29,30]. However, no
ferromagnetic-paramagnetic transition peak (T.) is observed in Fig. 5a
because the total Mn-content is far below the percolation threshold for
long-range magnetic ordering.

In order to verify the existence of ferromagnetic interactions, the
magnetic field dependence of the magnetization was measured at a
temperature of 5 K, as shown in Fig. 6. The magnetization increases
with magnetic field in non-linear fashion and remains unsaturated in
magnetic fields up to 5 T. A narrow hysteresis loop can be observed in
the inset of Fig. 6, providing evidence for ferromagnetic properties. The
remnant magnetization (M,) is highest in the PBLNM7 sample (Table 3)
and is consistent with an increased probability of double-exchange in-
teractions as discussed above.

4. Conclusions

The double-layer Aurivillius compound Pbg 4Bi5 1Lag sNb; ;Mng 309
has been synthesized by a molten salt method using varying proportions
of K»S04/Na,S04 flux. Single-phase products are obtained for oxide to
salt ratios of 1:5 and higher. As the salt ratio increases, the unit cell
volume decreases and the grains become larger with less agglomera-
tion. The best dielectric properties are obtained for a salt ratio of 1:7,
which at 1 MHz gives a ferroelectric transition temperature of 365 °C, a
maximum dielectric constant of 476.14, and a dielectric loss (tan 8) of
1.079. Magnetic susceptibility measurements demonstrate the presence
of mixed-valent Mn®*/Mn**, where the tendency to stabilize Mn**
increases with the salt ratio. The most pronounced ferromagnetic
properties are obtained for a salt ratio of 1:7, as evidenced by the
highest 6cy and M,. In conclusion, the Aurivillius compound
Pbyg 4Bi, 1Lag sNb; ;Mng 309 exhibits multiferroic properties, which are
optimal when synthesized using a molar oxide to salt ratio of 1:7.
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