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Abstract Sample preparation, evolution of the crys-
tal structure with Nd content at room temperature, as
well as dielectric and magnetic properties of polycrystal-
line Bi,_,Nd,Ti;0,, solid solutions (x=0.0, 0.5, 1.0, 1.5,
and 2.0) are reported. These solid solutions were struc-
turally characterized by X-ray powder diffraction using
Rietveld refinements. For x<1.0, the samples crystallize
in an orthorhombic symmetry. The structural data could
be refined using the polar orthorhombic space group
B2cb. The orthorhombicity decreases with increasing
Nd** concentration, and a paraelectric tetragonal struc-
ture (space group I[4/mmm) is stabilized for x> 1.The fer-
roelectric Curie temperature was found to monotonously
decrease with increasing Nd concentration. A polar-to-
nonpolar phase transition takes place near x=1, reflecting
the existence of a morphotropic phase boundary between
1.0<x < 1.5 at room temperature. All samples were found
to be paramagnetic down to 5 K, however, the presence of
significant antiferromagnetic interaction is inferred from
Curie—Weiss analyses of the temperature dependence of the
magnetic susceptibility of the doped samples. The effect of
Nd** substitution on structure—property relationship is dis-
cussed and compared to that of other lanthanide cations.
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1 Introduction

The search and design of new multiferroic compounds pos-
sessing electric dipole moment and magnetic ordering in a
single phase is currently a prioritized direction of research
in the field of materials science [1—4]. The interest largely
arises from the possibility of cross-controlling magnetic
field/electric field and polarization/magnetization, that
could provide a route to advanced memory devices [5, 6].
During the last decades, the main efforts in this research
field have been focused on different perovskite compounds
[4] whereas other structure types have been less studied
[7]. However, in recent years bismuth layer-structured fer-
roelectrics have attracted much attention because of their
high ferroelectric Curie temperature (T,), large spontane-
ous polarization, and their possible applications as lead-
free components in electronic functional devices [8, 9].
For instance, the compound Bi,Ti;0,, (BTO) undergoes a
first-order ferroelectric transition at To=676 °C [8]. Unfor-
tunately, pure Bi,Ti;O,, suffers from high leakage electric
currents, poor fatigue endurance, and small remnant polari-
zation [10]. On the other hand, Nd-substituted Bi,Ti;O,
(Bi,_,Nd,Ti;O,, (BNTO)) has received a great deal of
attention since this substitution e.g. significantly enlarges
the remnant polarization compared to that of the pure com-
pound [11-14].

Bi,Ti;O,;, belongs to the Aurivillius structure fam-
ily, which can be described as a regular stacking of flu-
orite-like [Bi,0,]°" slabs and perovskite-like blocks
[A,_;B,0;,.1]* (m=3), where the integer, n, describes the
number of sheets of corner-sharing BOg octahedra form-
ing the ABO;-type perovskite blocks [15-18] (cf. Fig. 1).
The electronic configuration of the Bi** cation is [Xe]4f
14541952, where the 6s> lone pair is responsible for the high
polarizability of this cation and its stereochemical activity.
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Fig. 1 Crystal structure of Bi,Ti;O,,; drawn using VESTA [54]

The Aurivillius family constitutes a class of compounds
where new multiferroics with good ferroelectric and mag-
netic properties may be found [19-21]. As mentioned,
Bi,Ti;O,, has well-established high temperature ferroelec-
tric properties [22, 23], that can be enhanced by the sub-
stitution of Bi by Nd causing enlarged remnant polariza-
tion [24-26] accompanied by other changes of structural
and physical properties [27-31]. Recently, there have been
several investigations on the effects of doping Bi,Ti;0, by
various magnetic species [32-38]. However, these materi-
als do not acquire magnetic long range order even at low
temperatures.

Here we report the synthesis and systematic physico-
chemical investigations of the dielectric and magnetic prop-
erties of the Bi,_,Nd,Ti;O,, series within a wide concen-
tration range, 0 <x <2.

2 Experimental
2.1 Sample preparation

Solid solution ceramics of Bi,_,Nd,Ti;O;, with 0<x<2
were synthesized via conventional solid state reaction tech-
nique using stoichiometric quantities of Bi,O; (99.9%),
Nd,05 (99.9%), and TiO, (99.9%). All the oxides were
calcined before use to remove adsorbed water and car-
bon dioxide. The synthesis occurred following the equa-
tion:  (4—x)/2Bi,05+ 3TiO, + x/2Nd,0; — Bi, _,Nd,Ti,
O,,. Stoichiometric quantities of the initial reagents were
homogenized with ethanol in an agate mortar and pressed
into pellets. Next, the samples were successively annealed
at T,=973 K, T,=1073 K, and T;=1173 K (10 h at each
temperature) with intermediate regrinding in ethanol. The
heating rate was 10 K/min for each stage of the synthesis.
The samples with high Nd,O; content (x=1.5 and 2.0)
were additionally heated at T,=1273 K (10 h) for complete
phase formation.

2.2 X-ray powder diffraction

The phase purity of the powder samples were checked using
X-ray powder diffraction (XRPD) patterns obtained with a
D-5000 diffractometer using CuK, radiation. The ceramic
samples of BNTO were crushed into powder in an agate
mortar and suspended in ethanol. A Si substrate was cov-
ered with several drops of the resulting suspension, leaving
randomly oriented crystallites after drying. The XRPD data
for Rietveld analysis were collected at room temperature
on a Bruker D8 Advance diffractometer (solid state rapid
LynxEye detector, Ge monochromatized Cu K, radiation,
Bragg—Brentano geometry, DIFFRACT plus software) in
the 26 range 10°-152° with a step size of 0.02° (counting
time was 15 s per step). The slit system was selected to
ensure that the X-ray beam was completely focused within
the sample for all 20 angles. The XRPD experimental dif-
fraction patterns were analyzed via the Rietveld profile
method using the FULLPROF program [39]. The diffrac-
tion peaks were described by a pseudo-Voigt profile func-
tion with a Lorentzian contribution to the Gaussian peak
shape. A peak asymmetry correction was made for angles
below 35° (20). Background intensities were described by
a polynomial with six coefficients. During the refinements,
the two A-type cations (Bi and Nd) were allowed to occupy
all possible metal sites. The IVTON software [40] was
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employed to characterize the spatial coordination of the A
and B-site cations and to obtain bond lengths, volumes of
coordination polyhedral, and cation displacements from the
center of polyhedra.

2.3 Thermal analysis

The phase interactions at each stage of the synthesis were
investigated via thermogravimetric analysis (DTA/TG)
using an SDT Q600 thermoanalyzer (Pt—Pt/Rh thermocou-
ple) in the temperature range of 273-1523 K in air. Heating
rates of v=5 and 10 K/min were used and the temperature
measurement accuracy was AT ==+ 1°. The accuracy of the
thermogravimetric measurements was Am/m =0.5%.

2.4 Chemical composition

The average cation composition of the synthesized ceram-
ics was estimated by EDS analysis using Epsilonl micro-
analyzer (PanAnalytical). The chemical composition of
the powder samples for structural investigations was ana-
lyzed by energy-dispersive spectroscopy (EDS) using a
JEOL 840A scanning electron microscope and INCA 4.07
(Oxford Instruments) software.

2.5 Second harmonic generation (SHG) measurements

The samples were characterized via SHG measurements
in reflection geometry, using a pulsed Nd:YAG laser
(A=1.064 pm). The tests were performed in the tempera-
ture range of 25—700 °C. The SHG signal I, was measured
from the polycrystalline samples relative to a-quartz stand-
ard at room temperature in the Q-switching mode with a
repetition rate of 4 Hz. To make relevant comparisons, the
BNTO microcrystalline powders and o-quartz standard
were sieved into the same particle size range since the SHG
signal is known to depend strongly on the particle size [41].

2.6 IR spectroscopy

The IR-Fourier analysis of the Bi, _,Nd, Ti;0,, samples was
performed in the frequency range of v=400-1500 cm™
using the spectrophotometer FSM-1202 in continuous
mode. The samples were pressed into pellets with KBr in
the ratio 1:100.

2.7 Magnetic and dielectric measurements

Magnetization measurements were performed using a
superconducting quantum interference device magnetom-
eter (SQUID) from Quantum Design. The temperature
dependence of the magnetization was recorded under dif-
ferent magnetic fields using zero-field-cooled (ZFC) and
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field-cooled (FC) protocols. Magnetic hysteresis loops were
recorded at low temperature (T =5 K).

Dielectric properties of BNTO ceramic samples were
measured using ceramic disks (0.3 mm thick) with silver
electrodes fired on both sides. The dielectric constant and
loss tangent were derived from an impedance analyzer
HP 4284A Agilent 4284A Precision LCR Meter in the
range of frequencies 10’~10° Hz (1 V) and temperatures
298-1023 K. To determine T, capacitance measurements
were performed as a function of temperature in an auto-
mated temperature controlled furnace interfaced with a
computer for data acquisition.

3 Results
3.1 Sample characterization

EDS measurements revealed the presence of all the cations
in the BNTO samples. According to the elemental analysis
done on 20 different crystallites of each sample, the metal
compositions of the BNTO ceramics are close to expected
values. Scanning electron micrographs showed practi-
cally uniform distribution of grains of average size ranging
between 1.3 and 1.8 um. The average grain size decreased
with an increase in the Nd concentration. The oxygen con-
tent, determined using iodometric titration, was found to
vary between 11.98(3) and 12.01(3) for the different sam-
ples without any correlation between the oxygen content
and Nd concentration. All these values are very close to the
expected values. Thus, we can conclude that the composi-
tions of the samples were close to the nominal ones.

3.2 SHG measurements

Being a sensitive and reliable technique for establishing the
presence or absence of acentric distortions, the SHG tech-
nique was used as a test for center of symmetry in the syn-
thesized samples. Powder SHG measurements on Bi,Ti;0,,
indicated that the material has an SHG signal of approxi-
mately 200 times that of a-SiO, standard at room temper-
ature. As the amount of Nd** cation in Bi,_,Nd,Ti;0,,
increases to x=0.5 and 1, the SHG signals decrease to 75
and 40 times that of a-SiO,, respectively, as illustrated in
Fig. 2c. However, negligible SHG signal was recorded for
samples with x> 1.0, suggesting that these BNTO samples
are centrosymmetric.

Figure 2a shows an abrupt loss of the SHG signal with
temperature near 660 °C for the undoped sample (x=0),
reflecting the phase transition to a centrosymmetric phase at
that temperature (i.e. Tc~660°C). For the compound with
x=1, a step-like change of I,,(T) with thermal hysteresis
is also observed, albeit less sharp than what is observed for
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Fig. 2 Temperature dependence of the SHG signal for

Bi,_,Nd,Ti ,O,, with a x=0 and b x=1 during heating and cooling.
¢ Concentration dependence of the SHG signal for Bi,_,Nd, Ti;0,,

the undoped compound, and at a lower temperature, near
200°C (see Fig. 2b). Above this temperature a two-phase
region exists, where a residue of a noncentrosymmetric fer-
roelectric phase coexists with fragments of a paraelectric
phase. As a result the SHG signal gradually decreases up to
higher temperatures.

3.3 IR spectroscopy

The IR spectra of the BNTO samples (Fig. 3) were in good
agreement with previously reported data [33]. The pres-
ence of two wide bands in the range of ~870-800 and
~740-530 cm™! in the spectra are due to the vibrations of
Ti—O bonds in the TiOg4 octahedra. The maxima of these
bands shift to higher frequencies with an increase in Xx.
The observed shifts can be explained by different factors
[33, 42]: a decrease in the length and therefore an increase
in the energy of the Ti—O bonds, the displacement of the
TiOg4 octahedra along the a axis and the change of the Ti—O
valence bond angle. Bi** (65%) and Nd** (4f°) have different
ionic radii (1.17 and 1.109 A for CN =8, respectively) [43].
As a result, the unit cell volume and Ti—O bond lengths
decrease with an increase in the Nd** concentration.

The occurrence of a shoulder at ~680-660 cm™' on the
side of the absorption band in the range ~740-530 cm™!
for x=1.0 and its strengthening with an increase in X may
be related to approaching the concentration for which
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Fig. 3 IR spectra of Bi,_,Nd,Ti;O,,

an orthorhombic to tetragonal phase transition occurs
(x> 1.0). Furthermore, the intensity of the absorption band
at ~870-800 cm™! increases and the band narrows with an
increase in x. This also points to a change in the unit cell
symmetry.

3.4 Dielectric spectroscopy

The results of dielectric spectroscopy investigation of
Bi, _,Nd,Ti;O, solid solutions are presented in Figs. 4,
5, 6 and 7. The temperature dependences of dielectric
permittivity e(T) reveal anomalies of two different types
(see results for the undoped sample in Fig. 4). The anom-
alies of the first type are frequency dependent and reflect
relaxation processes. They occur at low temperature for
the undoped compound, and are shifted to higher tem-
perature as x increases. The second type of anomalies
are frequency independent, and reflect the ferroelectric
transition associated to the nonpolar to polar structure
change. Tc amounts to 920 K for the undoped compound,
and decreases to 800 K for x=0.5, as seen in Fig. 5. As
seen in the figure, a broad peak is observed near 500 K
for the x=1 compound. However, as shown in Fig. 6, this
peak is frequency dependent, suggesting that ferroelec-
tric order may be short-ranged for that composition; c.f.
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Fig. 4 Temperature dependence of a the dielectric permittivity e and b the dielectric loss tangent of Bi,Ti;0,, for different frequencies

Fig. 5 Temperature dependence of a the dielectric permittivity £ and b the dielectric loss tangent of Bi,_ ,Nd, Ti;O,, ceramics at f= 10° Hz
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SHG results. The dielectric response of the x=1 com-
pound is dominated by the large relaxation occurring at
higher temperatures. No anomaly is observed in the &(T)
dependences of the sample with x=2.0, confirming the
earlier supposition that compounds with x> 1 have non-
polar structure.

A strong increase in the conductivity of the
Bi,_,Nd,Tiz;O;, ceramics occurred at temperatures
greater than 530 K (Fig. 7). Such behaviour and the
observed frequency dispersion indicate an oxygen ionic
type conductivity in these samples. The reduction of con-
ductivity by approximately 1.5 orders of magnitude in the
investigated range of x is related to the decrease of oxy-
gen vacancies in the crystal structure due to the stabiliza-
tion of the (Bi,0,)*" layers with an increase in the Nd**
content. Thus, the Nd cations reduce the bismuth losses
during the high-temperature synthesis.
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Fig. 7 Arrhenius’ plots of conductivity, o, of the Bi,_,Nd,Ti;0,
ceramics at f=10° Hz

3.5 Magnetic measurements

The M versus T curves of the Bi,_,Nd,Ti;O,, series
recorded in the zero field cooled (ZFC) mode under a low
field (uptH=0.005 T) and a high field (uEtH=0.5 T) are
shown in Fig. 8a, b respectively. The samples do not
show any magnetic transition in the measured tempera-
ture range of 5-320 K. In order to investigate the para-
magnetic behaviour of Bi,_,Nd,Ti;O;,, we have per-
formed Curie—Weiss fits to the susceptibility data using
the modified Curie—Weiss law: y = y, + As repre-

T=0cy
sentative examples, we show the fits for the two end
members (x=0 and 2.0) in Fig. 9a, b; the straight lines
are the fits to the experimental data. The values of the
effective magnetic moment (u.) and the Curie—Weiss
constants (O.y) obtained from the fits for the entire
Bi, _,Nd,Ti;O,, series are summarized in Table 1. There
is a good agreement between the calculated spin moment
per formula unit and the effective magnetic moment
extracted from our fits to the experimental data. Further-
more, apart from the undoped sample (x=0), all the other
samples have a negative Curie—Weiss constant ranging
between —20 and —50 K. Thus, the incorporation of Nd**
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Fig. 9 Inverse magnetic susceptibility versus temperature for a Bi,Ti;0,, and b Bi,Nd,Ti;0,,. The straight lines are the fits to the experimental
data (see text for details), ¢ M versus H curves of Bi,_ Nd,Ti;O,, recorded at T=5 K

at the A-site induces significant antiferromagnetic inter-
action. The low temperature (T=35 K) isothermal mag-
netization curves of Bi,_,Nd,Ti;O,, are shown in
Fig. 9c. The samples with x>0 show a nonlinear
S-shaped behaviour. However, the lack of any observable
hysteresis loop indicates that the samples do not have any
spontaneous magnetization.
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3.6 Structural investigation

For a more quantitative assessment of the effect of Nd sub-
stitution on the phase stability, XRPD patterns of BNTO
ceramics were registered (Fig. 10). All sets of reflections
could be indexed in the orthorhombic structure of the par-
ent compound (JCPDS card No.35-0795). No secondary
phases were found within the detection limit of our XRPD
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Table 1 Effective magnetic moments (u.;) and Curie-Weiss con-
stants (O¢y) of Biy_,Nd, Ti;0,, obtained from Curie—Weiss fits to the
high temperature susceptibility data

Composition Ueg/fou. (Ug) Ocw (K) Meate (Mp)
Bi,Ti;0,, 0.53 -1 (6) 0

Bi; sNd, 5Ti;0,, 2.34 —27 (6) 2.56
Bi;NdTi;0,, 3.38 —-38(6) 3.62

Bi, sNd, 5Ti;0,, 4.03 -31(6) 4.43
Bi,Nd,Ti;0, 5.06 —46 (6) 5.12

set up. As can be observed from Fig. 10, there seems to be
very little difference in the patterns of BTO and BNTO.
There is a systematic shift of the reflections to higher 20
values with an increase in x. This is expected because of
the difference in the ionic radii of Nd** (1.09 A) and Bi**
(1.17 10\); both with c. n. 8. This observation indicates that
the Nd** ions in BNTO do not form minority phases or
segregate from the interior grains; rather they dissolve into
the perovskite lattice even for high concentrations of Nd.

The tendency of the changes in the lattice parameters
with substitution of Nd** for Bi** was studied in details.
For pseudo-orthorhombic Bi,Ti;0,, (x=0), the (2 0 0)/
(0 2 0) reflections are well separated into two peaks in the
XRD patterns (see Fig. 11). Other reflections with crystal-
lographic index of (hkl)/(khl) were also observed to split
into two peaks (data not shown here). However, these dif-
fraction doublets gradually merged into a single peak as the
Nd** concentration increased from 0.5 to 1.5, indicating an
increase in the symmetry of the crystal structure. Inspec-
tion of the raw data for the samples with x=1.5 and 2.0
and the merging of the diffraction doublet suggests that the
higher doped samples crystallize in the /4/mmm tetragonal
structure. The volume of the tetragonal unit cell is approxi-
mately half that of the orthorhombic unit cell. Refinements
using the tetragonal space group yielded a perfect fit for the
higher doped samples. Similar structural phase transfor-
mations by increasing the dopant concentration has been
reported for other Ln-dopants as well (e.g., for La near
x=0.86 [44], for Eu near x=1.2 [38], and for Sm/Fe near
x=0.4 [45]). The lattice parameters of the BNTO samples
are presented in Fig. 12 and listed in Table 2. For a better
comparison of the orthorhombic and tetragonal structural
data, the estimated values of g, for x=1.5 and 2.0 were
converted into the equivalent a..,, applying the relation
Aortho = \/ 2 @y, The lattice parameters and unit cell vol-
ume of the BNTO samples decrease monotonously with
increasing concentration of Nd.

The difference between the a and b lattice parameters
was found to be extremely small for the sample with con-
centration x=1.0, For the solid solution with x=1.0, the
Rietveld refinement of the diffractions pattern gave very

similar results for the polar B2cb and nonpolar I4/mmm
structural models, thus making the determination of the
true symmetry of the compounds on the basis of XRPD
data only difficult. However, SHG data clearly showed that
the structure of this composition is noncentrosymmetric at
room temperature (see Fig. 2).

For describing the structure of BNTO (x <1.0) at room
temperature, there are two existing models (orthorhombic
B2cb [46-49] and monoclinic Blal [50, 51]) that are dif-
ficult to distinguish. Structural refinements of the materi-
als with x=0, 0.5, and 1.0 were performed using the space
group B2ch (No. 41) with the reported crystallographic
data of Bi,Ti;0,, [47] as a starting model. No crystallo-
graphic ordering between the Bi*™ and the Nd** cations
was observed. Site occupancies for the Bi/Nd distribution
over the two possible sites were refined using the split-
atom model with the total occupancy of Bi**:Nd** fixed to
{(4—x)/4}:x/4 as expected from the synthesis and results
of EDS analysis. Careful inspection of the XRPD patterns
for samples with x=0, 0.5, and 1.0 revealed no deviation
from the orthorhombic symmetry within the resolution of
the instrument. On the other hand, we could not obtain a
stable refinement of the Blal model using our data due to
very high pseudosymmetric correlations and no deviation
from metric orthorhombic symmetry in the frame of stand-
ard deviation.

The orthorhombic structural model has two sites con-
taining Bi*" with different coordination environments
(Fig. 13). The [Bi,0,] layer site (Bi2) is an 8-coordinate
position, while the perovskite A-site (Bil) adopts 12-coor-
dination. There are two Ti** containing sites, the perovskite
B-sites, both of which are distorted octahedral sites with
the octahedra rotated around the principal unit cell axes. It
is these octahedral distortions, together with the co-opera-
tive displacement of the Bil site that are considered keys to
the ferroelectric properties of this family of materials.

The Nd substitution occurs primarily on the perovskite
A-site (Bil) and not on the [Bi,0,] layer site (Bi2). How-
ever, our XRPD studies reveal that Nd** occupies both
sites for x=1.5 and 2.0, although substitution on the A-site
was more favorable.

The tetragonal structure of BNTO at room temperature
for samples with x=1.5 and 2.0 is identical to the struc-
ture of the high temperature phase of BTO that is stable
only above its T (~920-930 K). The structural model of
the tetragonal phase proposed in [32, 52] was modified and
Bi** and Nd** cations were allowed to randomly occupy
the two available cation sites. Bi:Nd stoichiometry was
constrained to remain constant; the z co-ordinates and iso-
tropic thermal parameters of Bi** and Nd** occupying the
two distinct cation sites were constrained to be equal. In
the final step, the O1 oxygen atom was allowed to displace
from the ideal 4e position, (0, 1/2, 0), to a new 8] position,
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Fig. 11 Overlapping behavior of the (200) and (020) Bragg reflec-
tions in Bi,_,Nd, Ti;O,
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Fig. 12 Concentration dependence of the lattice parameters a, b, and
¢ of Bi,_,Nd, Ti;O,, at room temperature

(x, 1/2, 0), corresponding to a rotation of the Ti; octahedra
about the (0 0 1) axis.

The structural parameters for all investigated compounds
are tabulated in Table 2 (final Rietveld plots are presented
in Fig. 10), and the corresponding bond distances are
shown in Table 3. Figure 13 illustrates the crystal struc-
ture of BTO (x=0) and BNTO (x=2) on the basis of the
refined structural parameters. No evidence for ordering was
observed, however, the Bi** in the A site of the perovskite

block tends to be preferentially substituted by Nd** com-
pared to the (Bi,0,)*" rock-salt unit. A similar site prefer-
ence for La>* has been reported before [53-55].

Deviations from the tetragonal symmetry are caused
by displacements of the Bi**/Nd** with corresponding
cooperative tilting and distortion of the TiO4 octahedra in
order to satisfy the bonding requirements at the four avail-
able cation sites. The Bi,0, layers and TiOg4 octahedra in
the perovskite units are distorted and the TiO4 octahedron
along the c-axis are buckled. These displacements are the
primary cause of the remnant polarization of BNTO at
room temperature.

The remarkable decrease of the orthorhombic distor-
tion with increase in Nd concentration is correlated with
the cationic polar displacements and degree of tilting of
the octahedra. The observed trends of the bond distances
allowed us to conclude that the Bi(1) cation located inside
the perovskite block has a coordination number 12. With
an increase in the Nd concentration, the range of Bil-O
bond lengths gradually decreases and these bonds become
more equivalent. A similar situation is observed for Bi, in
the [Bi,O,] block in spite of its different coordination num-
ber (9). The coordination around the Til and Ti2 sites are
relatively insensitive to Nd doping. Calculation of bond
valence sums (BVS) for the Bi and Ti sublattices yielded
values (see Table 4) that are quite close to the optimal val-
ues. Polyhedral analysis shows drastic off-center displace-
ments for the two Bi atoms, together with distortions of
both the Ti octahedral sites. The strong preference for the
Bi cations to occupy a highly distorted coordination poly-
hedral is related to their stereochemically active lone elec-
tron pair. In the case of compounds with x>0 where the
A-sites are partly occupied by Nd** instead of Bi**, the
observed orthorhombic distortion is significantly less and
these polyhedra are more regular.

4 Discussion

As shown in Table 2, the unit cell volume and orthorhom-
bicity exhibit the expected decrease with increase in Nd>*
concentration (also see Fig. 12). The gradual decrease of
the orthorhombic distortion and the eventual transition to
a tetragonal symmetry for x> 1.5 can be correlated with
key structural features, such as cationic displacements
from ideal positions and the degree of tilting of the octa-
hedra. Inspection of the bond lengths in Tables 3 and 4
reveals several trends. The Bi cation prefers an asymmetri-
cal arrangement of the anion neighbors because of its non-
spherical electron configuration. The number of “ferroe-
lectric-active” cations decreases when a symmetrical Nd>*
replaces Bi**. The smaller effective size of Nd** could
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Table 2 Results of the Rietveld refinements of the crystal structure of Bi,_,Nd, Ti;0,, samples at room temperature using XRPD data

Phase x=0 x=0.5 x=1.0 x=15 x=2.0
aA 5.4439(2) 5.4204(2) 5.4005(2) 3.8119(2) 3.8097(2)
b,A 5.4094(2) 5.4059(2) 5.3987(2) 3.8119(2) 3.8097(2)
cA 32.8565(8) 32.8523(8) 32.8194(7) 32.7730(4) 32.7670(4)
V,A? 967.6 962.6 956.9 476.2 475.6
g, 1073 6.36 2.68 0.334
s.g B2cb B2ch B2cbh 114 mm 1/4 mm
EDS Bi, Nd, Ti at.% 56.9,0, 43.1 49.7, 6.9, 43.4 42.6, 14.1, 43.3 35.6,21.3,43.1 28.5,28.3,43.2
Bil/Nd1

n Bi/Nd 0.99(2)/- 0.74/0.26(2) 0.51/0.49(2) 0.95/0.05(2) 0.81/0.19(2)

x/a 0 0 0 0 0

y/b 0.9979(6) 0.9963(4) 0.9954(4) 0 0

z/c 0.0666 (1) 0.0669(1) 0.0670 (1) 0.2890(1) 0.2889(1)

Beq(;\z) 1.18(3) 1.23(4) 1.27(6) 0.98(5) 0.92(4)
Bi2/Nd2

n Bi/Nd 1.00(2)/- 0.99(2)/- 0.99/0.01(2) 0.29/0.71(2) 0.19/0.81(2)

x/a 0.0021(7) 0.0024(8) 0.0028(9) 0 0

y/b 0.0151(8) 0.0158(6) 0.0162(7) 0 0

z/c 0.2111(1) 0.2113(2) 0.2115(2) 0.4332(1) 0.4336(7)

Beq(A?) 0.97(3) 1.06(5) 0.79(2) 0.89(4) 0.84(4)
Til

n 1.01(2) 0.98(2) 0.99(2) 1.00(2) 1.01(2)

x/a 0.0491(8) 0.0449(7) 0.0411(9) 0 0

y/b 0 0 0 0 0

z/c 172 172 172 0 0

Beq(A?) 0.56(3) 0.62(4) 0.67(2) 0.72(4) 0.63(4)
Ti2

n 0.99(1) 1.01(2) 1.02(2) 1.00(2) 0.99(2)

x/a 0.0327(8) 0.0303(7) 0.0298(9) 0 0

y/b 0.0026(9) 0.0028(9) 0.0031(8) 0 0

z/c 0.3713(2) 0.3709(2) 0.3706(2) 0.1286(3) 0.1282(3)

Beq(Az) 0.45(2) 0.53(4) 0.51(2) 0.67(4) 0.52(4)
01

n 0.98(2) 0.99(2) 0.98(2) 0.98(2) 0.99(2)

x/a 0.3231(9) 0.3278(8) 0.3302(8) 0.0880(5) 0.083(6)

y/b 0.2634(8) 0.2645(9) 0.2652(8) 0.5 0.5

z/c 0.0073(2) 0.0079(4) 0.0085(3) 0 0

Beq(zaAz) 0.97(5) 0.94(5) 1.13(6) 1.32(5) 1.43(4)
02

n 1.02(2) 0.98(2) 0.99(2) 0.98(2) 1.01(2)

x/a 0.2685(8) 0.2704(9) 0.2721(9) 0 0

y/b 0.2590(9) 0.2615(8) 0.2656(8) 0 0

zlc 0.2501(2) 0.2518(3) 0.2536(2) 0.0606(3) 0.0596(5)

Beq(z&z) 1.17(5) 1.11(4) 1.22(5) 1.21(5) 1.13(6)
03

n 0.98(2) 0.98(2) 0.98(2) 0.99(2) 0.98(2)

x/a 0.0849(9) 0.0834(7) 0.0826(8) 0 0

y/b 0.0595(8) 0.0583(7) 0.0562(8) 0.5 0.5

z/c 0.4398(3) 0.4391(2) 0.4380(3) 0.1164(5) 0.1149(4)

Beq(z&z) 1.21(6) 1.12(3) 1.15(2) 1.24(4) 1.32(3)
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Table 2 (continued)
Phase x=0 x=0.5 x=1.0 x=1.5 x=2.0
04
n 0.97(2) 0.98(2) 0.97(2) 0.98(2) 0.99(2)
x/a 0.0532(11) 0.0521(9) 0.0512(11) 0 0
y/b 0.9472(12) 0.9511(8) 0.9523(9) 0 0
z/c 0.3187(2) 0.3189(2) 0.3191(2) 0.1824(6) 0.1841(6)
Beq(Az) 1.46(6) 1.51(5) 1.39(6) 1.32(6) 1.27(5)
05
n 0.98(2) 0.97(2) 0.97(2) 0.99(2) 0.98(2)
x/a 0.2876(9) 0.2907(9) 0.2921(11) 0 0
y/b 0.2396(8) 0.2361(7) 0.2332(7) 0.5 0.5
z/c 0.1114(3) 0.1112(2) 0.1109(3) 0.25 0.25
Beq(A2) 1.08(5) 0.97(4) 1.11(2) 0.72(4) 0.65(4)
06
n 1.02(2) 1.01(2) 1.02(2)
x/a 0.2214(11) 0.2205(11) 0.2193(12)
y/b 0.2093(8) 0.2087(7) 0.2076(8)
zlc 0.8760(2) 0.8764(2) 0.8771(2)
Beq(A2) 0.98(5) 0.86(5) 1.03(5)
Til-O1-Til,deg 163.4(6) 161.2(5) 157.9(6)
Til-03-Ti2,deg 158.8(8) 159.1(7) 159.6(4)
Ti2—-05-Ti2,deg 147.1(7) 145.9(8) 144.1(5)
Ti2—-06-Ti2,deg 155.1(5) 154.7(6) 152.3(5)
Rp 5.16 5.08 5.04 5.18 5.11
Rwp 6.71 6.63 6.59 6.01 6.66
Ry 4.54 4.39 5.04 4.92 4.41
x2 1.23 1.28 1.31 1.16 1.19

Standard deviations of occupation factors are generally less than 0.02. Orthorhombicity parameter (g) was calculated using the equation

g=2(a-b)l(a+Db)

(a) Bi4Ti3012 (b) BizNizTi3012

] ? ]

Fig. 13 Schematic representation of the Bi,_, Tb, Ti,O, structures: a
x=0and b x=2; drawn using VESTA [54]

make the geometrical mismatch even more pronounced
resulting in a decrease of Tg..

The coordination number of Bil in the perovskite site
may be regarded as 12. In the tetragonal structure (x> 1),
these consist of three symmetry-equivalent sets of four
bond distances. In the orthorhombic structure of BNTO
(x< 1), these distances become inequivalent, and the range
of bond distances decreases with decrease in the concen-
tration (see Table 3). A similar effect was observed for
Bi2 in the [Bi,O,] fluorite-type layer for which the ideal
coordination number is eight (square antiprism of four O2
atoms within the [Bi,0,] layer and four O4 atoms form
the apexes of the perovskite blocks). With decrease in the
Nd concentration, the range of these bond lengths (distor-
tion) increases. The octahedral coordination of Til and Ti2
sites is relatively unaffected by change in concentration,
becoming slightly less regular for samples with lower val-
ues of x. The octahedral tilts increase with decrease in Xx.
The bond valence sum (BVS) analysis [56] indicated some
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Table 3 Selected bond distances (A) from XRPD data refinements of Bi,_,Nd,Ti;O,, samples at room temperature

Cation x=0 x=0.5 x=1.0 x=1.5 x=2.0
Bil/Nd1
01 2.993 3.003 3.029 04 x4 2.854 2.835
0Ol 3.316 3.345 3.389
01 2.529 2.511 2.472
01 2.905 2913 2.902
03 2.452 2.420 2418
03 3.080 3.078 3.065
03 2.291 2.286 2.277 05 x4 2.296 2.293
03 3.206 3.182 3.163
05 2.515 2.506 2.482
05 2.349 2.344 2.352
06 2.502 2.474 2.443
06 2.879 2.859 2.842
Bi2/Nd2
02 2.341 2.376 2.424 01 x2 2.696 2.693
02 2.376 2.339 2.301
02 2.332 2.302 2.284 Ol x2 3.132 3.109
02 2.179 2.191 2.212
04 3.237 3.222 3.211 02 x4 2.706 2.703
04 2.549 2.564 2.567
04 2.641 2.640 2.637 03 x4 2.506 2.481
04 3.163 3.145 3.127
06 3.331 3.341 3.343
Til
Ol x2 1.980 2.009 2.070 Ol x4 1.935 1.931
Ol x2 1.898 1.870 1.820 02 x2 1.985 1.953
03 x2 2.013 2.036 2.069
Ti2
03 2.289 2.279 2.259 02 2.242 2.248
04 1.752 1.734 1.718
05 2.067 2.102 2.124 03 x4 1.948 1.954
05 1.955 1.924 1.915
06 1.873 1.878 1.868 04 1.762 1.832
06 2.036 2.033 2.038

Standard deviation is limited to 0.009 and 0.02 for cations and anions, respectively

underbonding at both Bi sites, in particular at the Bil per-
ovskite site. The Ti sites are slightly overbonded.

The lone electron pairs of the Bi** cations play a crucial
role in the structural distortion in the ferroelectric phase
owing to the correlated reorientation [15, 57] in order to
optimize its bonding to the neighboring anions. The struc-
tural mechanism of the concentration-induced phase trans-
formation from I4/mmm to B2cb in BNTO is not trivial
because a direct transition is not possible. Modes of more
than one irreducible representation must be invoked in
order to explain the symmetry breaking. The change of
symmetry is associated with a combination of rotations of
the B-octahedra and cation displacements compared to the

@ Springer

prototype phase. A direct comparison of the I4/mmm and
B2cb structures using group-subgroup analysis performed
using the AMPLIMODES software [58-60] revealed that
the expected symmetry changes could follow the path
14/mmm—F2mm—B2cb with one intermediate phase. All
modes related to this structural transformation were calcu-
lated although the presence of two of them (X3* and Eu)
is sufficient to prove the presence of polar orthorhombic
distortion. The X3* mode is related to an octahedral tilting
around the x axis within the perovskite slabs, together with
correlated displacements of the Bi atoms. This mode is
responsible for the duplication of the unit cell. Eu is a polar
mode related to a relative displacement of the Bi sublattice
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Table 4 Polyhedral analysis of Biy_,Nd, Ti;O,, samples at 295 K (x-concentration of Nd, 8—cation shift from centroid, &—average bond dis-

tance, V—polyhedral volume, A—polyhedral volume distortion)

Cation x 8(A) E(A) V(A%) A Valence
Compositions with s.g B2¢b
Bil/Nd1 0 0.069 2.749 +0.354 48.2(1) 0.028 2.90
(cn.=12) 0.5 0.038 2743 £0.361 47.8(1) 0.070 2.98
1.0 0.056 2.734+0.365 47.3(1) 0.071 3.07
Bi2/Nd2 0 0.439 2.683+0.442 36.9(1) 0.101 2.94
(c.n.=9) 0.5 0.435 2.681+0.441 36.8(1) 0.098 2.93
1.0 0.413 2.679 +0.444 37.2(1) 0.097 2.97
Til 0 0.092 1.964+0.053 9.9(1) 0.006 4.05
(c.n.=6) 0.5 0.087 1.972+0.080 10.0(1) 0.006 4.01
1.0 0.085 1.983+0.104 10.2(1) 0.007 3.94
Ti2 0 0.066 1.996+0.182 10.1(1) 0.021 4.04
(c.n.=6) 0.5 0.082 1.990+0.189 9.9(1) 0.023 4.15
1.0 0.106 1.982+0.187 9.7(1) 0.026 421
Compositions with s.g. I4/mmm
Bil/Nd1 1.5 0.819 2.574+0.299 26.8(1) 0.258 2.81
(c.n.=9) 2.0 0.838 2.564+0.289 26.1(1) 0.270 2.84
Bi2/Nd2 1.5 0.041 2.707+0.219 46.8(1) 0.064 2.68
(cn.=12) 2.0 0.037 2.695+0.221 46.1(1) 0.062 2.73
Til 15 0 1.952+0.026 9.9(1) 0 4.15
(c.n.=06) 2.0 0 1.938+0.011 9.7(1) 0 431
Ti2 15 0.116 1.964+0.149 9.6(1) 0.009 423
(c.n.=6) 2.0 0.161 1.983+0.139 9.9(1) 0.016 4.01

along the x axis with respect to the slabs of the TiOg4 octa-
hedra. This mode causes the spontaneous polarization
along the x axis, and is thus, primarily responsible for the
ferroelectric properties of the room temperature phase. The
atomic displacements that are responsible for the phase
transformation primarily consist of polar cation shifts along
the [100] direction and tilting of the TiO4 octahedra around
the [100] and [001] directions. The hypothetical phase
F2mm has not been detected, although the presence of pos-
sible intermediate phases has been suggested recently [61].

The correlated motions of the atoms within the perovs-
kite and fluorite blocks are out-of-phase with each other
as shown in Fig. 13 and the transition is associated with
the opposite movement of the fluorite- and perovskite-like
layers.

The coordination environment of the Ti2 cation in the
perovskite-type layer is considerably distorted from ideal
octahedral geometry. This distortion results in a signifi-
cant buckling of the outer TiO, planes. The coordination
environment of the Til cation also appears to be distorted,
although the nature of this distortion, involving two longer
apical Ti—-O2 bonds and four shorter equatorial Ti—O1
bonds is symmetric, in contrast to the asymmetric distor-
tion of the Ti2 octahedron. The shape of the Ti octahedra
of the paraelectric phase remains nearly unchanged in the

ferroelectric phase. The TiO4 octahedra rotate in the a-b
plane as well as tilt away from the c axis.

Using the tolerance factor arguments in Ref [32]. it
was found that there is considerable strain at the interface
between the fluorite- and perovskite-type layers in the
structure of BNTO. This strain, present in Bi,Ti;0,, and
Bi,Nd,Ti;0,,, is relieved in different ways, namely, by
octahedral tilting and lowering of symmetry, and by cation
disorder, respectively.

The structural studies of the BNTO system have demon-
strated the presence of significant cation disorder. Thus, the
structural formula of Bi,Nd,Ti;O,, is perhaps more prop-
erly formulated as (Bijg;Ndg ;9),(Nd; g;Big 19),TizO0,, so
as to reflect the cross substitution of 19% of the Nd/Bi cati-
ons onto the Bi/Nd sites in the fluorite- and perovskite-type
layers, respectively.

It is not possible to discard the possibility of the presence
of some kind of ordered magnetism for other rare-earth
doped compounds in the Bi,_,Ln,Ti;O,, series. Magnetic
properties of these systems, depending on the ionic radius
and electronic structure of the substituents, should be inves-
tigated in details. At the same time, recent results suggest
that more promising results can be obtained in cases where
Ln substitution in the ferroelectric Aurivillius phases is
accompanied by B-site doping of the perovskite-type units
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with magnetically- active transition-metal ions [62, 63]. In
such cases, the magnetic moments of the A-site and B-site
transition metal subsystem will provide more remarkable
contribution to the resultant magnetic properties [64, 65].

There has been a number of studies of the doping of rare
earth and transition metal elements at the A and B-sites in
Bi,Ti;0,, [29, 35, 37, 45, 62, 67-70]. Although a major-
ity of these studies focuses on the effects that such dop-
ing has on the microstructural and ferroelectric properties
of Bi,Ti;0,, [35, 66-70], it is important to investigate the
magnetic properties also, especially when the ultimate goal
is multiferroism. However, till date there has been no report
of long range magnetic order in rare earth doped Bi,Ti;0,,
[29, 35]. Rather, composite phases, such as nLaFeOs;-
Bi,Ti;O, thin films [44], BiFeO;/Bi,Ti;O,, bilayer films
[64], and multilayer structures of Bi; sNd,, 5Ti,0,,/CoFe,O,
[65] have been reported to exhibit long range magnetic
order and magnetoelectric coupling at room temperature.
Doping transition metal elements at the B-site in the pres-
ence [45, 66] or absence [62] of rare earth doping at the
A-site has also yielded magnetoelectric properties. Our
results on BNTO show that the compounds are paramag-
nets, but with underlying antiferromagnetic interactions.
Moreover, the strength of the underlying interactions
increases with increase in Nd concentration as evidenced
by an increase in the value of the Curie—Weiss constant. It
is quite possible that a further increase in the Nd concentra-
tion will induce long range order in the system. Efforts are
ongoing to prepare phase pure samples with a higher con-
centration of Nd. However, it should be noted that realizing
completely phase pure samples with such a high concen-
tration of Nd is nontrivial and requires application of high
pressure during synthesis.

5 Conclusions

The structural, ferroelectric, and magnetic properties of
Bi,_,Nd,Ti;O,, solid solutions (x=0.0, 0.5, 1.0, 1.5, and
2.0) prepared by traditional solid-state reaction technique
were investigated. The concentration evolution of the
XRPD patterns reveals a weakening of the ferroelectric
orthorhombic lattice distortion (s.g. B2cb) with increase
in the Nd concentration for x <1 and, finally, a transition
to the paraelectric tetragonal structure (s.g. I4/mmm) for
higher Nd content. XRPD results confirm this phase tran-
sition via the observation of the diffraction peaks corre-
sponding to the (200) and (020) planes of BTO coalescing
into a single peak for BNTO with x=1.5. Accordingly, the
ferroelectric order is weakened by the Nd doping, and the
Curie temperature rapidly decreases with increasing x up to

@ Springer

x=1. All samples are found to be paramagnetic, albeit with
significant magnetic interaction.
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