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Abstract

Different dopant strategies are currently under investigation in order to overcome the
many problems that limit the commercial viability of BiFeOs-based ceramic devices.
Neodymium substitution onto the A site of the perovskite lattice provokes significant
changes in the crystal structure of the parent material which can derive in enhanced
multiferroic properties, but the conductivity in the bulk system is still too high.
Titanium doping on the other hand generates a distinctive micro-nanostructure in the
consolidated ceramics which can largely increase the dc resistivity of the whole
material. A combination of these two effects is here attempted in a co-doping approach
which evidences that the microstructural effect caused upon Ti-doping, provoking a
reduction of the leakage currents, eventually allows the co-doped material to capitalize
on the unique piezoelectric and magnetic properties structurally triggered by the Nd-

doping.
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1. Introduction

BiFeOs; (BFO) is well-known to be a promising multiferroic material due to its high
phase-transition temperatures, which are 645 K for the antiferromagnetic to
paramagnetic transition (Tneer) and 1103 K for the ferroelectric to paraelectric transition
(Tcurie) [1], what could makes it able to exhibit ferroelectricity and ferromagnetism at
room temperature. Both properties directly derive from a perovskite-like structure that
at atmospheric pressure and room temperature presents a rhombohedrically distorted
perovskite structure belonging to the R3¢ group [1,2]. However, BFO materials present
several drawbacks mainly related to three different aspects. The first one would be the
difficulty in obtaining this material free of secondary phases [3]. The second one is
related to a weak electric response, and this includes a low remnant polarization, a high
coercive field, a low dielectric constant, low piezoelectric coefficients and, probably the
most relevant from the electrical point of view, a high leakage current [4,5]. Finally the
third drawback is linked to the existence of a spiral spin modulation which cancels any
spontaneous net magnetization in the consolidated material [6]. In order to surmount
this adverse scenario different strategies have been attempted, and among them,
chemical modification of BiFeOs is recognized as a potentially useful approach [7-11].
That is for example the case of rare earth substitution onto the A site (Bi’") of the
perovskite lattice, which has been shown to enhance the functional properties of BFO

ceramics [4,12-15]. Specifically, it has been reported that Nd** doping can promote



significant changes in the crystal structure of parent BFO that can derive in boosted
piezoelectric properties, long-range ferroelectricity and even in an enhanced magnetic
response by making the spin cycloid energetically unfavorable [4,16—19]. The smaller
size of the Nd*" ions is behind this improved picture: 1.27 A for the 12-fold coordinated
Nd*" ions versus 1.36 A for Bi*" in cubo-octahedral coordination [7,20], which entails a
decrease in the Goldschmidt tolerance factor of the BFO perovskite lattice; this
essentially enhances the relative rotation of the FeOg octahedra [1], and eventually a
structural transition is induced from the polar rhombohedrally distorted R3¢ phase to the
non-polar orthorhombically distorted Pbam phase isostructural with anti-polar PbZrOs
structure [4,18,21]. Moreover, for Nd-doping in the range of 0.15 < x < 0.20 the two
phases coexist, for example rendering the mentioned enhancement of the piezoelectric
response in an analogous way to the morphotropic phase boundary of lead zirconate
titanate (PZT) ceramics [21-24]. However, despite the promising results, progress
towards device applications is yet hindered by the high conductivity (leakage current)
which is still difficult to avoid in the Nd-doped BFO system [21,25-27]. Since an
isovalent cation is incorporated, the high leakage current can largely rely on the
distortion generated in the crystal lattice, but actually, the precise mechanism behind
this higher conductivity upon Nd-doping is still under discussion in the specialized

literature [8, 28-29].

A possible strategy to reduce this high electrical conductivity observed in Nd-doped
BFO materials could be the simultaneous incorporation of Ti*". As a donor dopant,
several authors affirm that Ti-substitution into the Fe positions should reduce the
concentration of oxygen vacancies by compensating for Fe*” (which in turn results from

the reduction of Fe’"), thereby reducing the number of charge carriers [30-33]. In a



previous contribution we also attributed the reduction in conductivity upon Ti-doping to
a microstructural effect: its presence generates a characteristic micro-nanostructure in
the BFO bulk materials in which submicronic grains are indeed composed by internal
domains of nanometric size and separated by titanium-rich areas [34]. Only a limited
concentration of Ti*" is incorporated into the perovskite crystal lattice and both the
electrical and the magnetic properties are controlled by this microstructure: The
titanium-rich interfaces behave like highly resistive layers increasing the direct-current
(dc) resistivity of the whole material and, simultaneously, the nanometric structural
domains, which are smaller than the spin cycloid wavelength, originate a ferromagnetic-

like behavior [34].

In view of this background, the present contribution addresses the challenge of
combining the effects of both dopants, i.e. the structural benefit provoked by Nd*'-
doping (coexistence of two phases in a crossover region) and the microstructural
improvement that generates Ti*" (reduced conductivity), in a clear attempt to leverage
the multiferroic properties of bulk BFO ceramics. A detailed analysis is conducted to
figure out the possible chemical interactions between both dopants and how this can

influence the functional response of the co-doped material.

2. Experimental

Ceramic bulk samples with nominal composition BiygsNdo sF€0.95T10.0503.025
(referenced hereafter as BNFTO) were prepared using a standard solid state reaction
procedure as described elsewhere [35]. The corresponding amounts of the oxide
precursors, Bi,0O3; (Aldrich, 99.9 %), Fe,O; (Sigma-Aldrich, > 99 %), Nd,Os3 (Aldrich

99.9 %) and TiO, (anatase structure, Sigma-Aldrich, > 99%) were weighed and



subjected to 2 hours of attrition milling with YSZ balls and ethanol as liquid medium.
The dried mixtures were sieved under a 100 pm mesh and calcined at 800 °C during 2
hours for the synthesis process, with heating and cooling rates of 3 °C/min. The
calcined powders were again milled, sieved and pressed isostatically at 250 MPa in ¢ =
0.8 cm pellets. In order to obtain the highest density and the lowest amount of
secondary phases the pressed pellets were subjected to several sintered treatments,
having found a density of 95 % of the BiFeO; theoretical density when sintering the
samples at 925°C/8h. For comparison issues, samples with the following nominal
compositions were prepared applying similar processing conditions: BiFeO; (BFO),
BiFe 95Tip0sFeO3; (BFTO) and BigsNdy ;sFeOs; (BNFO). For these other materials the
optimum sintering conditions (temperatures and times showing the highest density
combined with lowest amount of secondary phases) were found to be 800°C/2h for
BFO, 825°C/2h for BFTO and 925°C/4h for BNFO. Notice that in all the doped
compositions the sintering temperatures are above the peritectic point of pure BFO, but
in any case this is not affecting the distribution, purity and/or stoichiometry of the

crystallized phases.

The sintered ceramics were structurally characterized by means of X-ray diffraction
(XRD). Patterns were collected between 20 = 15° and 26 = 65°, in steps of 0.015° and
with a counting time of 0.5 s per step, on a Bruker D8 Advance diffractometer using
CuKa radiation. The experimental data were refined using the FullProf 2k program [36]
and its graphical interface WinPLOTR [37]. The densification behavior of the sintered
pellets was followed by measuring the Archimedes density in water. The
microstructural characterization was conducted on polished and thermally or chemically

(diluted HCI) etched surfaces by Field Emission Scanning Electron Microscopy



(FESEM), using a Hitachi S-4700 microscope equipped with EDS. The electrical
characterization was carried out on Ag-Pd electroded discs. Direct-current (dc)
conductivity measurements were performed at 220 °C in a voltage range between 20 V
and 200 V, using a Keithley Model 2410 power multimeter. Ferroelectric loops and
piezoelectric coefficients ds;; and d;; were determined by respectively using a
RT6000HVS hysteresimeter (Radiant technologies) and an impedance analyzer (Agilent
4294A) with the resonance—anti-resonance technique. The magnetization curves were
measured using a VSM (MaglLabVSM Oxford Instruments MLVSM9) at room
temperature and with a magnetic field range from -6 T to +6 T. All measurements
registered the change in magnetization as a function of the applied magnetic field (M vs.

H).

3. Results and discussion

Figure 1 shows the X-ray diffraction patterns corresponding to the four tested
compositions right after the sintering step. It should be noticed that for the structural
analyses, the BFO and the BFTO pellets subjected to examination were actually sintered
at a higher temperature (900°C) than the one corresponding to their maximum density
(800°C for BFO and 825°C for BFTO, see experimental). This was opted aiming a more
accurate and thermodynamically-comparable observation of the structural differences
between compositions (BNFO and BNFTO sinter at 925°C, but this temperature was in
impracticable for BFO and BFTO since induced decomposition). As observed in Figure
1, the undoped BFO material is largely composed by the rhombohedral R3¢ phase of
BiFeOs; (ICDD n° 071-2494) although some diffraction maxima can be as well ascribed

to the characteristic BiysFeQOyy sillenite-type (ICDD n°® 046-0416) and BiFe4O9 mullite-



type (ICDD n° 025-0090) secondary phases. The same distribution but with a slightly
higher proportion of the secondary compounds is observed for the BFTO Ti-doped
sample, whose diffraction pattern also evidenced a certain displacement of the BiFeO;
R3c peaks to higher 26 values. But the picture drastically changes with the
incorporation of neodymium, samples BNFO and BNFTO. The mullite and sillenite
phases are any more detected and instead the mentioned crossover from rhombohedral
R3c to the orthorhombic Pbham phase has been produced, yielding X-ray diffraction
patterns in which both BiFeOs phases coexist (no ICDD card is available for the Pbam
structure; it is indexed according to the work by Karimi ef al. [21] and the more recent
one by Walker et al. [38]). Interestingly, the proportion between these R3¢ and Pbam
phases is different for the two compositions containing neodymium. Figure 2 shows an
amplified depiction of the XRD patterns of these two samples that focuses on the 20
region between 44 and 48°. The two diffraction maxima observed in this region
correspond to the R3¢ rhombohedral and the Pbam orthorhombic phases of BiFeOs, and
after running the corresponding deconvolution processes the estimation of the
respective peak areas yields the following proportions: 60% R3c — 40% Pbam for the
BNFO composition, and 67% R3c — 33% Pbam for the BNFTO material, i.e. a visible
smaller amount of Pbam phase for the co-doped system. Since the R3c to Pbam phase
transition is a thermally and kinetically activated episode [17,39], this result is initially
inconsistent with the longer dwell time used for sintering the co-doped material,
925°C/8h for the BNFTO sample and 925°C/4h for BNFO. Clearly, the presence of
titanium is altering the regular progression of the R3c to Pbam phase transition in the
co-doped material and one plausible mechanism is described as follows: The R3c to

Pbam transition involves the diffusion of the neodymium ions within the matrix of the



R3c phase and the subsequent re-crystallization of the Pbham phase at Nd-enriched
regions (this has been confirmed by comprehensive HRTEM studies which reveal that
the coexistence of the two phases occurs at the nanoscale level, with individual
chemically homogeneous grains consisting of an intimate nanoscale R3c-Pbam phase
mixture [22,38]). Titanium on the other hand is prone to block the diffusion processes
and the overall solid state reactivity in BiFeOs;-based materials [34,40]. Thus, in the
BNFTO co-doped sample the introduced titanium would be acting as a blocking
element for the diffusion of neodymium, pinning the re-crystallization of the Pbam
phase and leading to its lower proportion in the BNFTO sample. Simultaneously, the
R3c phase in this Ti-doped sample would retain a higher concentration of neodymium
than the R3c phase of the sample without Ti (BFNO). This last scenario can be
corroborated by analyzing the evolution of the R3c lattice parameters with the
composition. In doing so, a Rietveld fitting analysis was conducted for the four
diffraction patterns of the sintered samples (at the indicated temperatures). The
refinements are shown in Figure 3 and the refined cell parameters are listed in Table 1.
The obtained data indicate that the R3¢ phase retains its rhombohedral symmetry in all
cases, but a different degree of incorporation is found for the two tested dopants. On one
hand, no big changes in the lattice parameters and the volume cell can be observed for
the material only doped with titanium, BFTO sample, suggesting a minor incorporation
of Ti into the R3¢ lattice. The mentioned tendency of titanium to segregate to the grain
boundaries [34], together with a predictable poor inertia of starting TiO; to diffuse [40],
can explain such shortened incorporation of Ti. Neodymium on the other hand is more
easily incorporated to the R3c lattice, yielding a manifest decrease of the primitive cell

volume for the BNFO composition and even larger for the BNFTO co-doped sample,



see Table 1. In this last case, assuming the same mentioned difficulties of titanium to
diffuse, that larger volume contraction of the R3c cell confirms that it retains a higher
content of Nd, resulting for a lower amount of re-crystalized Pbam phase. Necessarily,
these structural and compositional particularities of the BNFTO co-doped material

should have an impact on its multiferroic response, as will be discussed later.

The performed XRD characterization reveals another interesting feature which this time
is related to the decrease in the rhombohedral distortion of the R3¢ phase. Figure 4 now
shows the amplified 20 region between 30 and 34° as taken again from the diffraction
patterns of Figure 1. For the parent BFO material this area shows a double 4kl reflection
profile which is attributed to the R3¢ rhombohedral phase. This double R3c profile stays
upon doping with titanium, BFTO sample. However the incorporation of neodymium
makes the two Bragg peaks of the R3¢ phase to converge into a single ikl reflection,
coinciding also with the entering of the Pham orthorhombic phase. This circumstance is
observed for the two samples doped with neodymium, BNFO and the co-doped
BNFTO, and denotes that Nd-doping produces a decrease of the rhombohedral
distortion of the R3c phase (although not implying a change of its rhombohedral
symmetry as confirmed by the Rietveld fitting). A similar evolution has been previously
observed when doping BiFeOs; with Samarium [38] or even Barium [41] (A-site
substitution), and as it will be also discussed later on, it will have an influence on the

magnetic properties of the sintered materials.

Field emission scanning electron microscopy was subsequently used to investigate the
microstructure of the sintered materials, now at the optimized temperature for their
maximum density (with regards to the XRD analyses this only changes for the BFO and

BFTO specimens, now sintered at 800°C/2h and 825°C/2h, respectively). Figure 5



shows the micrographs of the polished and thermally/chemically etched surfaces for the
four sintered pellets. The parent BFO sample evidences the characteristic (in
equilibrium) multiphase configuration whereby the BiFeO3; matrix crystallizes together
with a significant amount of the secondary BiysFeOy sillenite-type and BiFesO9
mullite-type phases [3]. An average size of 5 um is estimated for the BiFeOs grains in
this undoped material, Figure Sa. The introduction of titanium in the BFTO
formulation, Figure 5b, drastically reduces the size of the perovskite grains and
produces the mentioned micro-nanostructure that we observed in our previous
contribution [34]; specifically by means of HRTEM and EDS analyses in STEM mode,
that research revealed that the sub-micronic grains in this BFTO system are actually
composed by internal units on the scale of just a few tens of nanometers and separated
by Ti-enriched interfaces [34]. Initially no clear evidence of secondary phases can be
seen on the micrograph corresponding to this BFTO material, Figure Sb; however,
pictures taken from the polished non-etched surface of the pellet (not shown here)
display the coexistence of both the sillenite and mullite phases with BiFeOs, hence
agreeing with the information provided by the XRD analyses. Doping with neodymium
however leads to a complete different microstructure in sample BNFO, Figure Sc. The
presence of secondary phases is negligible (also in the non-etched-surface images) and a
patent increase in the size of the perovskite grains is perceived, now with an average
value around 9 pum; this indicates that opposite to the grain growth inhibiting role of
titanium, the presence of neodymium allows for a better diffusion of mater during the
consolidation of the ceramic powder. But visibly, the most significant result from these
microstructural observations is the one inferred from the micrograph of the BNFTO co-

doped material, Figure 5d. When the two dopants are jointly added to the starting
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formulation, the microstructural development induced by the presence of titanium is
prevailing, leading virtually to the same microstructure that is observed for the BFTO
material with a restrained growth of the BiFeO; grains. This can be interpreted as
follows: like in the BFTO system, in the BFTNO co-doped material the incorporated
Titanium preferentially locates at the grain boundaries and just a minor amount enters
the perovskite lattice. This asymmetry results in a retarding force or drag on the
boundary which reduces the driving force for migration and inhibits the grain
growth.[42] The addition of Nd, a grain growth promoter, increases the driving force for
the mass transport, but still not sufficiently to overcome the solute drag effect provoked
by Ti. Thus, in terms of grain growth, the BNFTO sample practically behaves as the
BFTO material. The main difference between both microstructures is then
compositional and results from the presence of Nd: complementary EDS analyses
throughout the co-doped pellet revealed no explicit chemical interactions between Ti
and Nd in terms of the formation of intermediate phases, thick interfaces or isolated
clusters, so we can also presume that in this BNFTO sample the added neodymium is
fairly incorporated inside the (Ti-enclosed) BiFeO3; nanometric domains, where it would

be steering the described structural crossover between the R3¢ and the Pbam phases.

Evolution of the multiferroic properties

The leakage current was evaluated by dc conductivity measurements registering current
density as a function of the applied electric field, as it is shown in Figure 6. Since an
almost-linear behavior was observed in the working range for all the measured
materials, ohmic conduction was presumed and the dc resistivity values were estimated

from the slope of the straight line obtained by a least-squares fit of the measurements.
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This renders resistivity values in the range of 10° Q'cm for the BFO sample, 10° Q'cm
for BNFO and around 10’ Qcm for the two materials containing titanium, the BFTO
and the co-doped BNFTO samples. The results confirm that Ti-doping is effective at
reducing the leakage currents in BiFeOs, and this effect extends to the sample co-doped
with neodymium. As mentioned in the introduction, several mechanisms have been
posted in the literature that may explain the observed decrease in conductivity upon Ti-
doping, including the compensation of Ti*" for Fe*" and the subsequent elimination of
oxygen vacancies, the formation of bismuth vacancies and even the formation of defect
complexes [30-33,43]. For the Ti,Nd co-doped system it has been also suggested that
the formation of neodymium vacancies and the local precipitation of NdOy nanorods
that compensate for the Ti substitution onto Fe sites, can also lower the electrical
conductivity of the material [44]. Not declining any of these possibilities, our
experiments suggest that the observed reduction in the conductivity can be further
determined by the attained microstructure (Figures 5b and 5d): the resulting Ti-rich [34]
inner grain boundaries, behaving as insulating barriers, constitute a highly resistive

interconnected skeleton which controls the macroscopic conductivity of the material.

The ferroelectric characterization of the sintered samples was next attempted by means
of polarization vs. electric field measurements. It is actually a challenging task for this
kind of bulk materials since the combination of high leakage currents with large
coercive fields usually impedes for reaching a saturated polarization. In our case, the
decrease of the leakage current upon Ti-doping allowed the registering of some
response for the BFTO and BNFTO samples, but still the corresponding P-E hysteresis
loops were far from saturation and render no printable result. The situation however

changed when evaluating the piezoelectric response. After different approaches both Ti-
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doped pellets were effectively poled at 50 kV/cm and 100 °C (again the high leakage
currents impeded the poling of the BFO and BNFO samples without titanium) and the
macroscopic piezoelectric response was assessed by the resonance-antiresonance
method. The obtained results were conclusive: whereas no piezoelectric coefficients
could be measured for the BFTO sample, a d3; of ca. 71072 C/N and a d3; of ca. 101072
C/N were estimated for the BNFTO sample, see Figure 7. Such an extensive
macroscopic piezoelectric performance is difficult to obtain in BiFeO; bulk ceramics,
and only a similar piezoelectric activity has been recently observed in
mechanochemically activated samarium-doped BiFeOs; samples (when poled in
analogous conditions) [45]. In a recent report by Xu and co-workers, it has been
remarked that the only way to obtain an enhancement of the ds; in the RE-doped
BiFeO; system is if several phases coexist (likely in the form of domains), giving place
to what can be called a discontinuous morphotropic phase boundary [17]. In our case,
that is the role to be played by the R3¢ and Pbam phases of BiFeOs that we observe
upon Nd-doping, but obviously, this role only be exploited if the material also exhibits a

low conductivity like the one attained with the titanium co-doping.

Finally the effect of Nd®" and Ti*" co-doping in the magnetic properties of the bulk
bismuth ferrite ceramics was also studied. Figure 8a first shows the room temperature
magnetization curves for the BFO and the BFTO samples, whose magnetic behavior has
been previously reported in the literature [5,34,46]. The parent BFO sample shows an
almost-linear relationship between the magnetic field and the magnetization, the
expected behavior for an antiferromagnet below Tn. A hysteresis loop is observed
instead for the Ti-doped material, BFTO sample, which in addition to the linear

component displays a ferromagnetic-like contribution. Specifically, the introduction of
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titanium is leading to a remnant magnetization of 0.155 emu/g and a coercive field of
1.198 Tesla, see Table 2. The distinctive micro-nanostructure obtained upon Ti-doping
is behind this improved magnetic behavior, with the nanometric structural domains
leading to a rupture of the spin cycloid which results in a frustrated antiferromagnetic
response. Moreover, the small size of the grains might further help to increase the
coercivity values, making necessary the application of very large fields to provoke the
spin orientation. Figure 8b then shows the corresponding magnetization curves for the
BNFO and the BNFTO doped compositions. The main parameters extracted from these
plots are also depicted in Table 2. As observed, doping with neodymium also leads to
magnetic hysteresis in the BNFO sample, although in a slightly different fashion that
the one produced with titanium: the remnant magnetization increases to 0.197 emu/g,
whereas the coercive field stays in 0.452 Tesla. The XRD characterization of this
sample revealed a mixture of R3¢ and Pbam BiFeO; phases (Figure 1) and initially both
could have an influence on the material’s magnetic response. The Pbam phase is not
easy to obtain as a pure single-phase and the few papers which claim to achieve it,
indicate a G-type antiferromagnetic behavior for this Pbham orthorhombic structure
[47,48]. Nevertheless, since this is yet an open debate, in this study we have considered
that the main contribution to the magnetic properties of our samples is the one related to
the structural changes of the R3¢ phase, specifically in a process which is related to the
decrease of the rhombohedral distortion of the R3¢ phase: the incorporation of the
smaller Nd*" ions leads to a contraction of the unit cell by mainly lowering the c
parameter (see Table 1), and this goes together with an expansion of the Fe-O-Fe bond
angle [41,49,50]; the Fe-O-Fe superexchange interaction is sensitive to bond angles

(and distances), and eventually the spin spiral modulation is suppressed [51] releasing
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the locked magnetization of the material. This explains the enhancement of
magnetization in the BFNO material as compared to the BFTO composition (table 2);
on the other hand the big size of the grains of this BNFO sample (Figure 5) can further
explain why this composition registers a lower coercive field than the BFTO
composition. Lastly, when the two dopants are introduced in the starting formulation,
BNFTO composition, the magnetic properties visibly return the combination of both
effects. The remnant magnetization is even higher than in the BNFO pellet, 0.271
emu/g, which is mainly related to a structural condition: as discussed above, the
BNFTO sample has a lower rhombohedral distortion (higher contraction and lower c
parameter), a higher percentage of R3c phase and a higher content of Nd in this
rhombohedral phase. This is actually in agreement with topical reports which show that
the higher the amount of the rare earth entering the R3c lattice, the higher the
suppression of the spin cycloid (it may not be completely destroyed) [49,50] and
consequently the higher the released magnetization. The coercive field on the other
hand shows the same amplitude (table 2) than that of the BFTO sample, also in
agreement with the displayed micro-nanostructure caused by Ti-doping in this BNFTO

co-doped material, see Figure 5.

Conclusions

The concurrent doping of BiFeOs; with neodymium and titanium returns a remarkable
improvement of the multiferroic possibilities of the bulk ceramics. No explicit chemical
interactions between both dopants are ever found and so the co-doped material
capitalizes on the structural and microstructural benefits provided by each element. Nd-

doping induces a structural transition of the parent perovskite lattice which leads to the

15



coexistence of two BiFeO; phases in a crossover region. This scenario, resembling that
of the morphotropic phase boundary of PZT ceramics, may render a large piezoelectric
response. Additionally, the smaller Nd** ions produce a substitution-induced
suppression of the spiral spin modulation which can release the locked magnetization of
the material. However this proclaimed enhancement of the electromechanical and the
magnetic properties of BiFeO; can only be exploited if the system is simultaneous
doped with titanium, otherwise the macroscopic conductivity in the material is too high
for practical applications. Ti-doping brings a confined microstructure in which
nanometric domains with smaller size than the spin cycloid wavelength are embedded
in a highly resistive interconnected Ti-rich skeleton that controls the macroscopic
conductivity of the material. In the co-doped system neodymium is fairly incorporated
inside these nanograins, where it would be steering the described structural crossover
between the R3c and the Pbam phases. The resulting co-doped material displays an
effective macroscopic piezoresponse and an improved ferromagnetic behavior which is

not easy to attain in BiFeO; bulk ceramics.
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a=b (A) c(A) vV (A%
BFO 5.575(2) 13.860(5) 373.05(3)
BFTO 5.577(2) 13.840(5) 372.75(3)
BNFO  5.576(9) 13.78(3)  371.2(1)
BNFTO  5.58(2) 13.69 (8)  368.8 (4)

Table 1. Lattice parameters and volume of the R3¢ primitive cell for the four sintered
samples, as obtained from the Rietveld fitting of the corresponding XRD patterns (see
Figure 3).

M+ M- He+ Hc-

(emu/g) (emu/g) (T) (T)
BFTO 0.155 -0.158 1.198 -1.200
BNFO 0.197 -0.200  0.452 -0.437
BNFTO  0.271 -0.273 1.263 -1.254

Table 2. Remnant magnetization and coercive field values extracted from the
ferromagnetic hysteresis plots of the sintered samples (BFO parent sample yielded no
measurable hysteresis)
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Figure 1. X-ray diffraction patterns of the sintered ceramic samples (sintering
temperatures are indicated in parenthesis). White circles are assigned to the R3¢ BiFeO;
phase, while black squares to the Pbam BiFeO; phase. The sillenite and the mullite-type

phases are identified with black and white triangles, respectively.
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Figure 2. Amplified depiction of the X-ray diffraction patterns of the (a) BNFO and (b)
BNFTO sintered samples to show the different percentage of the R3¢ and the Pbam
phases of BiFeOs, as semi-quantitatively calculated from the area of the corresponding
diffraction peaks.
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Figure 3. Rietveld refinement of the XRD patterns in Figure 1: (a) BFO sample sintered
at 900 °C/2 h, (b) BFTO sample sintered at 900 °C/2 h, (¢) BNFO sample sintered at 925
°C/4 h and (d) BNFTO sample sintered at 925 °C/8 h. The crystalline phases used for
the corresponding refinements are labelled as: R (BiFeOs; R3c¢), M (Bi;FesOy), S
(Bi25F6040) and P (BiFeO3 Pbam)
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Figure 4. Evolution (decrease) of the rhombohedral distortion as a function of Nd-
doping, see explanation in ext. R stands for the rhombohedral R3¢ phase and P for the
orthorhombic Pbam phase of BiFeOs; m indicates the presence of the mullite-type
BisFe,O9 compound.
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Figure 5.- FESEM micrographs taken on the etched surfaces of the four sintered
compositions: (a) BFO sample sintered at 800 °C/ 2 h, (b) BFTO sample sintered at 825
°C/2 h, (c) BNFO sample sintered at 925 °C/4 h and (d) BNFTO sample sintered at 925

°C/8 h. s indicates the presence of the secondary BiysFeOy sillenite phase and m the
presence of the secondary BisFe,O9 mullite grains.
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Figure 7. Piezoelectric coefficients (a) ds; and (b) d33 for the BNFTO sample as
measured by the resonance-antiresonance methodology.
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(b) BNFO and BNFTO sintered samples.
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