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Figure 5.5.2. Raman spectra as a function of temperature for 10% Nd-doped BiFeO; from 30

°C to 190 °C. First presented in [Karimi ef al., 2009a].

Figure 5.5.3 shows the Raman spectra for 20% Nd BiFeO; from 30 °C to 300 °C. The sharp
band at ~180 cm™ disappears at ~200 °C, consistent with the in-situ TEM data shown in
Figure 4.15 where a structural phase transition is observed over a broad temperature range

from the quadrupled PbZrOs-like to the Pbam, orthoferrite structure.
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Figure 5.5.3. Raman spectra as a function of temperature for the 20% Nd sample from 30 °C

to 300 °C. First presented in [Karimi ez al., 2009a].

Raman spectroscopy was also performed on samples with 10 and 15% Nd-doped BiFeO;

which had been sintered in air, argon and oxygen to illustrate the effect of annecaling

atmosphere on phase formations, Figure 5.5.4. In general, there is no difference in the traces

irrespective of the annealing atmosphers, suggesting that O-stoichiometry is not a significant

factor in the phase equilibria of RE-doped BiFeO; compositions.
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Figure 5.5.4. Raman spectra for a) 10% and b)15% Nd samples annealed in different

atmospheres.
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5.6. Neutron Diffraction Studies

Neutron diffraction measurements were performed partly on POLARIS located on beamline
N7 at the ISIS, Didcot, UK as a part of a joint project with Dr. T. Comyn, The University of
Leeds and partly in collaboration with Dr. I. Levin at the Rutherford Appleton Laboratories.
In-situ neutron powder diffraction data were collected for samples of the Nd series as
examples of the R3¢, PbZrO;-like and orthoferrite structures, to investigate the structural and
magnetic phase transitions. Figures 5.6.1 and 5.6.2 show the time of flight (z.0./) graphs of
the neutron diffraction data as a function of temperature for 17.5% and 25% indicating the

structural and magnetic transitions as temperature changes.
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Figure 5.6.1. Neutron diffraction as a function of temperature for a 17.5% Nd sample where
Tc and Ty can be observed. A structural change to the orthoferrite phase starts at = 250 °C
(T¢) while the strong magnetic peak at 100 °C weakens as the temperature increases to about

Ty and disappears completely at 500 °C.
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Figure 5.6.2. Neutron diffraction as a function of temperature for a 25% Nd sample with
several structural transitions between -269 °C and 550 °C while the very strong magnetic
peak at very low temperatures starts disappearing at about 400 °C. The structural change
below the room temperature can be related to T¢ as predicted by DSC results. This also

confirmed the 7y measured by DSC to be about 400 °C.

5.6.1. Transition from Rhombohedral R3¢ to Orthoferrite Pnma

The neutron diffraction patterns for compositions doped with 10% Nd can be fitted
satisfactorily assuming a rhombohedral structure with R3¢ symmetry below and an
orthorhombic structure with Pnma symmetry above 7¢. Figure 5.6.3, first presented by
[Levin, Karimi and co-workers, 2010 and 2011], shows the experimental and calculated

neutron powder diffraction profiles of compositions doped with 10% Nd for the



Structure-Property Relations in Rare Earth Doped BiFeO; 161

rhombohedral R3¢ phase at room temperature and the orthoferrite phase above 600 °C. The
nuclear parameter for the R3¢ and Pbnm phases are listed in Table 5.6.1. The goodness of fit
R.., values were 3.69 % and 3.33 % for the data at 25 °C and 600 °C, respectively.

No ordering of Bi and Nd ions was refined and a random occupying of the 6a and 4c¢ sites,
respectively has been utilised. Similar to pure BiFeO; [Arnold er al., 2009] the rhombohedral
to orthoferrite transition is accompanied by an abrupt expansion of the unit cell volume in the

rhombohedral phase by about 1.8 %, Figure 5.6.4.

T P T Py ‘ T T Y T Y ]
4 T=25°C T = 600 °C

w

Normalized Intensity
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1 2 r 5 6 1 2

3 3
QA1) QMUY
Figure 5.6.3. Experimental and calculated neutron powder diffraction profiles for
rhombohedral R3¢ phase of the 10% Nd at room temperature and the orthoferrite phase

above 600 °C.
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Table. 5.6.1. Structural (nuclear) parameters for the R3¢ and Pbnm phases of 10% Nd doped
sample obtained by Rietveld refinements using powder neutron diffraction data collected at
25 °C and 600 °C, respectively.

Atom Site X y z Uiso * 100 (A7)
R3c space group (#161), a=5.56819(3) A, ¢ = 13.7856(1) A
Big9gNdo; | 6a 0 0 0.04393 0.92(2)
Fe 6a 0 0 0.26752 0.45(1)
O 18 | 0.4434 | 0.0177 0 0.83(2)
Pbnm space group (#62), a = 5.4387(7), b = 5.63331(8), ¢ = 7.9101(1)
BigoNdg; | 4¢c | -0.0044 | 0.03634 Ya 3.64(1)
Fe 4b 0 2 0 1.31(6)
01 4c | 0.0779 | 0.4792 Ya 2.85(2)
02 8d | 0.7045 | 0.2926 0.0389 3.23(1)
-~ e, O
s L s =
= 626 § . z
z =Y
5 tod
@ ;
622 | ]
S * 5
—_ N .
8 .
2 618 ¢ . o 1
=} - '.
614 SN SR TS TS T — J

73 127 321 s
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Figure 5.6.4. Temperature dependence of the unit cell volume for compositions doped with

10% Nd obtained from the refinements using powder neutron diffraction data.
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5.6.2. Transition from the PbZrO;-Like to the Orthoferrite Structure

The detailed analysis of the transition from the PbZrO;-like to orthoferrite phase was
performed on ceramics doped with 17.5% Nd. The XRD (Figure 5.1.3b) and neutron
diffraction (Figure 5.6.1) data confirmed that below T¢ a PbZrO;-like structure was present
that could be fitted to Pbam symmetry whereas above T¢ the structure was orthoferrite as
discussed in section 5.6.1. The Pbam cell satisfactorily fitted all room temperature neutron
powder diffraction data collected for all samples with 15 < Nd% < 20 and accounted for all
observed reflections, Figures 5.6.6.

Table 5.6.2 shows the refined nuclear parameters for the PbZrO;-like and the orthoferrite
Pbnm phase for the sample with 17.5% Nd. No Bi / Nd order was detected and the R,,, and xz
values for the PbZrO;-like phase were 44.18% and 2.44, respectively. Large and anisotropic
atomic displacement parameters for oxygen and Bi/Nd positions, Table 5.6.2, indicate that
the actual structure, perhaps locally, deviates from Pbam symmetry. Deviations from the
Pbam, \2a., 2N2a., 2a, model, highlighted by the large anisotropic atomic displacement
parameters, are consistent with the electron diffraction data presented in section 5.4, which
revealed a series of %{00l},-type superlattice reflections. These reflections demonstrate that
the cell is doubled with respect to that of PbZrO; to give the approximate cell dimensions,
\/200, 2‘/2a,:, 4a..

A large discontinuous volume change similar to that encountered in BiFeO; [Amold et al.,
2009] and in the 10% Nd sample is observed during the transition from PbZrOs-like to
orthoferrite structure as exemplified in Figure 5.6.7 for compositions doped with 15% Nd.

In addition to the unit cell volume, changes in the lattice parameters across the structural

transition in 15% Nd doped sample are also ilustrated in Figure 5.6.7. The change in volume
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is largely determined by changes in the »* dimension (horizontal in Figure 5.4.13). The
transition from PbZrO;-like to orthoferrite phase is similar to the transition from R3c to
orthoferrite, in as much as there is an abrupt expansion of the unit cell volume and each is

accompanied by the disappearance of the in-phase tilt axis.

@

Intenwity (Counts)

i I L 1

100 3'.7‘ s 84
20 (Degrees) 20 (Degrees)

150 S';J
Figure 5.6.6. a) Experimental and calculated constant-wavelength neutron diffraction profile
for PbZrOs-like structure of the 17.5% Nd sample at room temperature, R,,,= 4.18%, and b)
and ¢) fit for a pair of reflections (/47 / 221 and 023) for the models with c-axis and a-axis

orientation of the magnetic moments, respectively. First presented at [Levin, Karimi and co-

workers, 2010].

The temperature dependence of the refined Bi displacements relative to the ideal fixed
coordinate positions is displayed in Figure 5.6.8. Bi displacements in both structures occur
along the 2-fold symmetry axes parallel to the rotation axes of the octahedra (aa tilt);

however, the displacement patterns in the two structures are different. The magnitude of Bi
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displacements in the orthoferrite structure exhibits an apparent anomaly at the temperature of
the magnetic transition which suggests strong coupling of Bi displacements and octahedral
tilting to the magnetic ordering. This transition is accompanied by the abrupt c-to g-axis
reorientation of magnetic dipoles. The intensity distribution among the /41/22/ and 023
magnetic reflections, Figure 5.6.6b, is very sensitive to orientations of magnetic moments

and enables reliable identification of the moment directions [Sosnowska et al., 1982).

Table 5.6.2. Structural(nuclear) parameters for the PZ-like and orthoferrite
phases of 17.5 % Nd doped sample obtained by Rietveld refinements using powder neutron
diffraction data collected at 25 °C and 375 °C, respectively.

Atom Site x y z Uieo x 100 (A%
Pbam space group (#55), a = 5.58663(6), b = 11.2235(1), ¢ = 7.79956(6)
BiosssNdops | 4 | 07970 | 01320 0 1.22(1)
Bioss Ndops | 4 | 07934 | 01266 | 02517 2.14(2)

Fe 8 | 02582 | 0.1215 | 0.2517 0.34(1)

01 4 | 01964 | 0.0883 0 1.05(1)

02 4 | 07215 | 03379 | % 2.25(1)

03 8 | -0.0409 | 0.2381 | 0.2128 1.84(1)

04 4 0 ¥, | 02779 3.88(3)

05 4 0 0 | 0.3055 1.66(2)
Pbnm space group (#62), a = 5.4387(7), b = 5.63331(8), ¢ = 7.9101(1)
Biogs Nd o175 | 4c | -0.0058 | 0.0428 Ya 2.19(2)

Fe 4b 0 Y 0 0.78(1)

01 4c | 0.0835 | 0.4765 Ya 1.63(1)

02 84 | 0.7013 | 0.2957 | 0.0417 2.06(1)
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Figure 5.6.7. Temperature dependence of a) the unit-cell volume and b) lattice parameters for
the 15% Nd. In Figure 5.4.13 the a axis is parallel to the viewing and the b axis is horizontal.

First reported by [Levin, Karimi and co-workers, 2010].

Figure 5.6.8. a) Temperature dependence of the magnitude of Bi displacements off the ideal
fixed coordinate positions and b) schematic illustration of Bi displacement pattern in the
orthoferrite and PbZrOs-like structures, indicated with arrows. First presented by [Levin,

Karimi and co-workers, 2011].
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Below -220 °C, a reverse c-to ag-axis reorientation of the magnetic moments is observed,
Figure 5.6.9, however, in this case, the reorientation transition is gradual without any

detectable changes in the nuclear structure.

PZ-like (-261 °C) «— PZ-like (-248 °C)

K =2
u u
o) W
S S
PZ-like (-223°C) «———— orthoferrite (
R
% 0
2 =

Figure 5.6.9. Schematic rendering of the orientations of magnetic dipoles in the 17.5% Nd
sample as a function of temperature. Note that there is a second reorientation transition below

-223 °C. First presented in [Levin, Karimi and co-workers, 2011].
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3.7. Dielectric measurements as a function of temperature

Relative permittivity, €,, and the tand dielectric loss were measured as a function of
temperature for all the compositions, Figures 5.7.1 to 5.7.4. Some compositions (typically
with x < 0.1) exhibited weak anomalies in the permittivity below the nominal 7¢, observed as
broad peaks between 200 °C and 400 °C. These typically disappeared at higher frequencies
and for higher dopant concentrations (x > 0.1). At ~370 °C according to DSC data, Figure
5.3.1, all compositions undergo a transition from paramagnetic to antiferromagnetic (7). If
this phase transition is responsible for these broad peaks in £, it is not clear why the peak
temperature should be frequency dependent or why changes in the magnetic moment should
induce peaks in the dielectric data. Dielectric loss for all samples is typically low (< 0.05) at
room temperature for higher dopant concentrations (> 10%) but at temperatures above ~ 150
°C, loss values rise sharply presumably as a result of enhanced conductivity. The onset
temperature for the steep rise in dielectric loss is dependent on the RE dopant type and the
frequency. Generally, Nd and Gd doped compositions have the lowest losses but currently
there is no explanation for this behaviour. It is evident that RE dopants improve dielectric
loss in BiFeOs based compositions, however, the conductivity appears too high at elevated
temperature to reveal the anomalies associated with the phase transitions, readily observed by
DSC.

Microstructural factors such as secondary phases, porosity and lattice defects all contribute to
dielectric losses [Ferreira and Baptista, 1994] and BiFeOs-based ceramics are notoriously
difficult to study dielectrically and ferroelectrically for numerous reasons. The most likely

explantion for the improvement in dielectric loss as the RE dopant concentration increases
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relates to the elimination of the highly conducting sillenite phases at typically x = 0.1. It is
clear however, that further work is required to a) determine the nature of the conductivity in
RE-doped BiFeO; (i.e. p/n type semiconduction) and b) determine the requisite dopant

strategy to eliminate charge carriers.
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Figure 5.7.1. Permittivity and dielectric loss as functions of temperature measured for the La

doped BiFeO; samples.
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Figure 5.7.2. Permittivity and dielectric loss as functions of temperature measured for the Nd

doped BiFeOs; samples.
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Figure 5.7.3. Permittivity and dielectric loss as functions of temperature measured for the Sm

doped BiFeOj; samples.
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Figure 5.7.4. Permittivity and dielectric loss as functions of temperature measured for the Gd

doped BiFeO; samples.
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5.8. Polarization vs. Electric Field

Polarization was measured as a function of applied electric field for 20% Nd-doped sample.
The obtained loops are shown in Figure 5.8.1. The hysteresis measurements are a decisive
method for determining ferroelectricity of a sample as ferroelectric materials will switch at
fields higher than their coercive field to a saturation polarisation. This should be reversible
and give rise to a remnant polarisation on removal of the field. The poor quality loops shown
are not untypical of BiFeO;-based ceramics and many authors have represented such data as
arising from reversible polarisation similar to that shown for conventional ferroelectrics such
as BaTiOs. Here, it is proposed that the loops are present due to space charge regions
reversible in the electric field. It should be noted the 20% Nd-doped compositions have the
PbZrOs-like rather than rhombohedral ferroelectric structure. The appearance of ferroelectric
loops in this composition is therefore highly unlikely based on its structure. The poor
hysteresis associated with these samples once again demonstrates the need to control the
defect chemistry in BiFeO;-based compositions by using a suitable dopant strategy so that
large fields may be applied with dielectric breakdown and space charge effects can be

eliminated.
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Polarisation
Figure 5.8.1. Polarization vs. applied electric field for 20% Nd-doped sample with a a) fully

coated and b) partially coated electrode.
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5.9. Magnetic Measurement

Magnetic measurements were first presented by [Levin, Karimi and co-workers, 2010 and
2011} and were performed at the National Institute of Science and Technology, MD, USA.
The R3c phase of the 10% Nd develops very slim magnetic hysteresis loops, whereas for
higher concentrations of Nd, a robust ferromagnetic response, Hc = 4170 Oe and Hc = 1950
Oe for 15 and 20% Nd respectively, were obtained below the magnetic transition. In all
cases, the response was characteristic of a paramagnetic state at high temperatures. Figure
5.9.1 illustrates the magnetic hysteresis loops, M-H, and graphs of the temperature
dependence of magnetization, M-T, between room temperature and 700 °C for three
compositions. The magnetic transitions are clearly manifested in the large increase of
magnetization. Importantly a pronounced peak of magnetization was also observed around
temperatures of structural phase transitions.

For compositions doped with 10% Nd where the structural transition is in the paramagnetic
state, the peak in magnetisation is weak and most prominent for larger fields. In contrast, for
compositions doped with 15% Nd, the peak in magnetisation becomes pronounced for weak
fields since for strong fields the effect is masked by an increase in magnetization upon
crossing the magnetic transition temperature. The results are in complete agreement with the
interpretation of the Neutron diffraction data in which magnetic dipoles were shown to
reoreient upon at the onset of the FE-PE and AFE-PE structural transition, as described in
section 5.6. Conceivably, even in the paramagnetic state, the magnetic moments are

preferentially aligned with one of the crystallographic axes and the weak peak of
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magnetization for ceramics doped with 10% Nd is caused by reorientation of the moments
which is further facilitated by applied magnetic field.

For compositions doped with 20% Nd, where the structural transition occurs well below Ty,
the peak of magnetization was evident even at large fields, e.g. 2000 Oe. For compositions
doped with, 15 and 20% Nd, in addition to a steep rise in the magnetization at the magnetic
transition, a second anomaly was observed which presumably arises due to the PbZrOs-like
to orthoferrite phase transition. The temperature of this magnetic anomaly was field
dependent and decreased systematically with increasing Nd content in accordance with the
AFE-PE and FE-PE transitions

The second dipole-reorientation transition below -220 °C, which occurs without any
detectable structural transition is also manifested in the magnetization anomaly, however,
this change in magnetization is not abrupt, consistent with the results inferred from neutron
diffraction data. Interestingly, the coercive field exhibits well-defined anomalies both at the
PbZrO;-like to orthoferrite transition and the low-temperature magnetic dipole-reorientation
transition. These results indicated a very intimate coupling between the displacive (tilting,
cation displacements) and magnetic order parameters which is manifested in the
displacement and magnetization anomalies at the temperatures of the magnetic and structural

phase transitions.
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Figure 5.9.1. Field (H) dependence of magnetization (M) for a) 10% b) 15% and ¢) 20% Nd
samples at selected temperatures and temperature dependence of magnetization under
different external fields for d) 10%, ) 15% and f) 20% Nd. Before each variable temperature
scan the samples were first subjected to a magnetic field of 70,000 Oe and the the field was

reduced to a selected value. First presented in [Levin, Karimi and co-workers, 2010 and

2011]
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5.10. Summary

High density pellets of Bi,..RExFeO; RE = La, Nd, Sm, Gd and 0 < x < 0.4 were
successfully made. XRD and SEM showed that for x < 0.1 in La, Nd and Sm and x < 0.075
in Gd series secondary phases of Bi,Fe;Oy and BiysFeOyo existed. According to X-ray,
electron and neutron diffraction data collected for La, Nd and Sm with x < 0.1 and Gd with x
< 0.075 the perovskite phase could be indexed according to the rhombohedral, R3c cell of
BiFeOs.

The REFeOs orthoferrite Pnma structure was present for x > 0.1, x > 0.15, x > 0.2 and x>0.4
in Gd, Sm, Nd and La doped BiFeO;, respectively. The orthoferrite phase appeared at lower
values of x as the RE ion radius decreased.

For La, Nd and Sm with 0.1 <x<0.3,0.1 <x<0.2 and 0.1 <x <0.175, respectively, a new
phase was stabilised with peak splitting and superlattice reflections similar to that of the
orthorhombic, antiferroelectric PbZrO;. In-situ Raman spectroscopy and electron and
neutron diffraction data demonstrated that on heating, the PbZrO;-like phase transforms to
the orthoferrite, Pnma structure of the REFeOs end member. DSC showed that T¢ for all
compositions decreased with the increasing RE concentration but the rate of decrease per %
increased with decreasing RE-ion radius.

In TEM images and electron diffraction data for compositions with R3c symmetry,
superstructure and orientational and translational (anti-phase) domains were observed in a
manner typical of an anti-phase tilted, ferroelectric perovskite. For the new PbZrO;-like
phase, orientational domains from the ferroelastic transition and additional anti-phase

boundaries associated with regions of antipolar order were observed. Electron diffraction
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patterns from the new PbZrO;-like phase that it is doubled with respect to PbZrO; (‘/2a,,-,
2¥2a,, 2a,) with an approximate unit cell, V2a,, 2\2a., 4a..

Neutron powder diffraction was used to determine changes in the nuclear and magnetic
structures in the Nd series across the phase transitions. A large volume change encountered
during the high temperature phase transition in BiFeO; was maintained upon RE substitution
and was particularly evident for the antiferroelectric to paralectric transition between the
PbZrO;-like and orthoferrite structures. Both transitions from orthoferrite structure to R3c
and PbZrO;-like are accompanied by large discontinuous expansion of the lattice volume in
the low-temperature structures. The orthoferrite to R3¢ transition occurs in the paramagnetic
state and generates no detectable changes in the magnetic structure. In contrast, the
orthoferrite to PbZrOs-like transition, which occurs in the magnetic state, is accompanied by
abrupt = 90 ° reorientation of the magnetic dipoles. The magnetic moments retain their
overall G-type antiferromagnetic arrangement upon this structural change. This coupling
between the nuclear and magnetic structures is manifested in the significant magnetization
anomaly.

Dielectric measurements of the RE-doped compositions revealed that the conductivity was
reduced, particularly for samples with x > 0.1, above which non perovskite second phases are
eliminated. However, the dielectric loss was still too high to observe dielectric anomalies
associated with the phase transitions readily observed in DSC. Ferroelectric hysteresis curves
exhibited clear evidence of space charge reorientation rather than classic ferroelectric

behaviour,
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Chapter 6: General Discussion

To understand the behaviour of BiFeO; as a function of increasing RE concentration,
comparisons with other systems, such as Pb(Zr,Ti)O;, are potentially useful, Figure 6.1. In
Pb(Zr,Ti)Os, when the larger, less polarisable Zr** substitutes for Ti*" ions the tolerance
factor 1, [Goldschmidt, 1926] decreases and the average polarisability of the ions within the
structure decreases. A direct consequence of the decrease in polarisability is a decrease in
ferroelectric Tc. However, ¢ simultaneously decreases resulting in an increase in the driving
force for octahedral rotation [Jaffe et al., 1971, Michel et al., 1969, Woodward, 2004,
Woodward er al, 2005). The decrease in polarisability and tolerance factor as Z,
concentration increases drives the system towards an antiferroelectric rather than
ferroelectrtic structure and the symmetry changes from R3m/R3c in which the Pb
displacements are essentially paraliel along the [111], direction to Pbam in which the A-site
ions are displaced in antiparallel along /11 0]p/(-1-10],.

At room temperature BiFeO; has a rthomobohedral structure described by a corner-shared
network of FeOg octahedra in which the cubooctahedral cage is filled with Bi ions. The FeOg
octhedra are distorted with an a'aa’ tilt system which is commensurate with parallel Bi
displacements along the /1171 '] direction [Glazer, 1972, Glazer, 1975]. According to Baettig
et al. the ferroelectric order and the spontaneous polarization in BiFeO; result from the Bi**
lone pair 6s” electron which is sterochemically active [Baettig et al., 2005]. A-site doping of
BiFeO; with smaller sized RE dopants not only distorts the cation spacing between the FeOy
octahedra (which can led to the further rotation of the octahedra) but also modifies the

ferroelectric order [Baettig et al., 2005, Cheng et al., 2009).
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Figure 6.1. Pb(Zr,Ti)O; phase diagram.

The effect of the modifying the average ionic radius or tolerance factor (f) by cation substiton
in the perovskite structure may be generally understood using the approach of [Goldschmidt,
1926, Reaney et al., 1994]. Reaney et al. showed that the ¢ gives an indication of the tilt
transition temperature and the type of octahedral tilting likely to occur in any given system.
In their study, Reaney et al. proposed that for 0.985 < ¢ < 1.06 perovskites are untilted, for
0.964 < ¢ < 0.985 they are tilted in antiphase only and for ¢ < 0.964 they exhibit mixed in-
phase and anti-phase tilting [Reaney et al., 1994].

Tolerance factors calculated for the end member of the RE-doped BiFeOs solid solutions are
listed in Table 6.1. All tolerance factor values are less than 0.964 and thus according to
Reaney et al. all the end member ceramics should exhibit both in-phase and anti-phase tilting
[Reaney er al, 1994]. The orthoferrites (REFeOs) have an aac’ tilt system (Pnma

Symmetry) and thus have mixed in-phase and antiphase tilting in agreement with [Reaney et
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al., 2004]. However, BiFeO; has an g'a'a’ tilt system and thus is tilted in antiphase only, in
disagreement with [Reaney et al., 2004]. In the cuboctahedral cage, the Bi ion is highly
polarisable and below 7¢ (830 °C) ferroelectric displacements along [111], couple strongly
to the octahedral rotations and force the structure to adopt a commensurate thombohedal tilt
system. In the absence of the ferroelectric displacements, i.e. above T¢ in the paraelectric
region, the structure reverts to an a'a’c’ tilt system in which there are mixed in-phase and
antiphase rotations. Moreover, in the a'ac” tilt system, the A-site cations are known to
displace in antiparalle] along the <J10>, giving rise to extra superstructure reflections at the
%{eeo}, positions. Thus, above T, BiFeO; has antiparallel cation displacements and below

T¢ parallel ferroelectric displacements.

Table 6.1. Tolerance factor for the perovskites end members for the doped systems.
Composition | BiFeO; | LaFeOs | NdFeOs | SmFeQ; | GdFeO;
Tolerance factor | 0.96 0.95 0.93 0.92 0.91

Figure 6.2 and 6.3 are plots of average tolerance factor and average A-site polarizability,
respectively, versus Tc. As the average tolerance factor and A-site ionic polarisability
decrease, Tc decreases. However, across the Lanthanide series, ionic polarisability is directly
proportional to ionic radius and therefore it is difficult to distinguish which of the two

crystallochemical factors is most important in controlling 7¢ in RE doped BiFeO;.
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Figure 6.2. Plot of T¢ versus tolerance factor for all compositions where DSC reliably
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Figure 6.3. Plot of average A-site ionic polarizability for all compositions where DSC
reliably indicates a phase transition. Data points using a modified polarizability for La’*=~5.5

A’ are arrowed.
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In the case of RE-doped BiFeO;, T¢ decreases with decrease in tolerance factor and it is more
likely therefore that the linear relationship of tolerance factor with 7¢ for RE-doped BiFeOs
is secondary to that with average A-site ionic polarisability. It should be noted that the values
of ionic polarisability and ionic radii were obtained from Shannon [Shannon, 1993, Shannon
and Prewitt, 1969). It is evident from the graph in Figure 6.3, that the average A-site ionic
polarisabilities for 5% and 10% La-doped samples are anomalous and do not fit the linear
trend. The polarizabilities for Gd**, Sm*, Nd**, La*" and Bi** are quoted as 4.37, 4.74, 5.01,
6.07 and 6.12 4°, respectively, by [Shannon, 1993]. Within the highly distorted environment
of the R3c, ferroelectric cell which is dominated by large A-site ion off centring along
[111]p, a polarizability of 6.07 4 seems too large in comparison with that of Bi** 6.12 4° and
a value of ~5.5 4° is more likely. If this value is assumed, a linear of fit with T¢ vs
composition is obtained for all RE doped compositions, Figure 6.3.

From Figures 6.2 and 6.3, it is clear that tolerance factor and average polarzability decrease
in RE-doped BiFeO; with increase in RE concentration: a situation which replicates that
observed in Pb(Zr,Ti)Os as Zr concentration increases. Moreover there is competition in the
phase diagram between parallel and antiparallel A-site displacements based on the crystal
chemstry of the end members, as discussed above. The net result is a strong driving force to
stabilise a PbZrO; like phase intermediate between the rhombohedral ferroelectric and the
orthorhombic orthoferrite structures. The transition from the high temperature a'a’c” Pnma
cell to the a'a'a” R3c in BiFeO; is 1% order and therefore discontinuous [Amold ef al., 2009].
From a group theoretical perspective, the transition beween the ga’'c” and a'aa’ tilt systems
Cannot occur directly [Howard and Stokes, 1998] and requires an intermediate step. One

possible intermediate tilt system is aa'c’ which is compatible with the antiferroelectric
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displacements that quadruple the cell in PbZrOs. Overall therefore, there are several strong
crystallochemical factors which encourage the stabilisation of an antiferroelectric cell in RE-
doped BiFeOs.

The PbZrOs-like phase has been observed in all RE-doped BiFeO; systems to date [Karimi et
al., 2009]. Kan, Takeuchi anc co-workers, concluded that there is a universal behaviour
driven by the crystallochemical factors discussed above [Kan et al., 2010]. Figure 6.4 shows
preliminary phase diagrams for several RE-doped BiFeO; systems which illustrate concisely
the points raised. It should be noted that as the ionic radii and polarisability of the dopant RE
ions decreases the critical concentration to induce structural transitions decreases, i.e. for Gd
with the smallest ionic radius and lowest polarisability 10% dopant is sufficient to induce the
transition while for La with the largest ionic radius more than 15% dopant is essential. This
effect has also been observed in combinatorial studies of similar systems by Takeuchi and
co-workers. These authors attributed the effect to a hydrostatic pressure caused by the
smaller radii of the RE ions [Kan et al., 2010). This explanation however, is incomplete in
that it only takes into account the effect of the jonic radius and ignores the decrease in ionic
polarisability which additionally occurs across the Lanthanide series. Similar arguments to
that of Kan et al. have been used in previous classic texts, e.g. Jaffe et al. argued that in
barium titanate, the isovalent substitution of Ba by Sr induces the same kind of changes in
the lattice parameter and Tc as the changes caused by an external hydrostatic pressure [Jaffe
et al, 1971]. As part of their conclusions, Kan, Takeuchi and coworkers proposed a phase
diagram of average ionic radii vs temperature for these compounds, Figure 6.5, indicating
that the average ionic radii is the critical factor that controls the structura properties of RE-

doped BiFeOQ; [Kan ef al., 2010]. The weakness of this argument as illustrated in Figures 6.2
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and 6.3 and alluded to above, is that the ionic polarisability and radii of the lanthanide ions
are intimately linked and each decreases systematically with increase in atomic number
across the series so it is diffiuclt to state unambiguously which of the‘ two is the dominant
crysallochemcial factor.

It is interesting to note that in the study by Kan, Takeuchi and co-workers, there is a
curvature to the line of Tc which is apparent due to their combinatorial pulse laser deposition
thin film technique which ensures that there are many more compositional data points

accessible. The origin of this curavature is still open to debate and requires further study.
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Figure 6.5. Proposed phase diagram for RE-substituted BiFeOj;. The black line represents the

>

structural phase boundary between rhombohedral R3¢ in blue and the orthorhombic Prnma in
green. At lower temperature side, the PbZrOs-like phase is observed in the purple region
(R3c + Y4 spot). The double hysteresis loop behavior as explained later emerges in the region

in dark green [Kan, Takeuchi and co-workers, 2010].

In the present study, the Pham model has been used to analyze the temperature dependence
of the structural parameters for the PbZrO;-like phase. RE substitution of Bi in BiFeOs; is
known to induce a stronger ferromagnetic response, which has been attributed to
modification of the spiral modulation [Nalwa and Garg, 2008, Yuan and Or, 2006]. On

heating, the PbZrO;-like Pham structure transforms to orthoferrite Pnma structure which is
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accompanied by the large discontinuous volume change, similar to the R3¢ ro Pnma
transition in BiFeQs [Levin et al., 2010, Amold et al., 2009]. The Pbam to Pnma transition
occurs in the antiferromagnetic state, Figure 6.6, and is accompanied by abrupt 90°
reorientation of magnetic dipoles, within the same G-type ordered antiparallel array, which
manifests itself in the macroscopic propertics as a pronounced change in magnetization
[Levin et al., 2010]. Despite nominal G-type antiferromagnetic ordering, the PbZrOs-like
phase exhibits a robust ferromagnetic response [Levin ef al., 2010] most likely caused by
canting of magnetic moments.

Studies of the bulk ferroelectric properties in this contribution were inhibited by the high
conductivity of the samples under large drive fields. In contrast, however, Takeuchi and co-
workers were able to measure ferroelectric properties of their Sm-doped thin film
compositions, Figure 6.7, [Kan ef al,, 2010]. They concluded that the ferroelectric properties
of the RE-doped BiFeO; thin films follow the same patterns irrespective of the RE-type.
Figure 6.7 exhibits the room temperature polarization vs electric field hysteresis loops for
RE-doped BiFeOs thin films as a function of the average radius of the A-site i0n (Paverage)-
The hysteretic behaviour follows a general trend in which square loops characteristic of a
ferroelectric phase are present at >1.352 A. These loops then collapse to give linear
behaviour for an average A-site radius of 1.345 A. The double hysteresis loops in the
intermediate region 1.352<7erqge<1.345 was initially interpreted as arising form AFE
switching but in later publications, e.g. [Kan et al., 2010], they were attributed to a field
induced 1% order transition in compositions whose Tc was marginally below room

temperature,
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Figure 6.6. Schematic phase diagram indicating structural and magnetic transitions in the Nd
doped BiFeOs. The temperatures of the magnetic transitions were inferred from magnetic

measurements [Levin, Karime and co-workers, 2011].

Overall, the results indicate a very intimate coupling between the displacive (tilting, cation
displacements) and magnetic order parameters which is manifested in the well-defined
displacement and magnetization anomalies at the temperatures of the magnetic and structural

phase transitions.
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Figure 6.7. Polarization hysteresis loops across the structural transition for RE-substituted
BiFeO; thin films at Room-temperature for 200 nm-thick thin films plotted for ruyerage. For
each 7uerage, the hysteresis loops collapse into a single curve which demonstrates a universal

behavior in ferroelectric properties of RE-doped BiFeO; [Kan er al., 2010].
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Chapter 7: Conclusions

Al RE doped BiFeO; compositions with less than 10% RE dopant were rhombohedral with
R3c symmetry and exhibited, superstructure and orientational and translational domains
characteristic of an anti-phase tilted, ferroelectric perovskite. At higher RE concentrations, an
orthorhombic structure was stabilised with Pnma symmetry whose Glazer tilt system (@ach
was identical to that of the REFeO;, orthoferrite, end member. However, at the phase
boundary between the orthoferrite and rhombohedral cell, a new PbZrOjs-like orthorhombic
phase was stabilised. The structure refined well using neutron and X-ray diffraction data to
the Pbam, PbZrO; cell, (\/2ac,2\/2ac,2ac) but electron diffraction revealed a further doubling
of the unit cell in the ¢ direction to give a unit cell, V2a,,2V2a,,4a.. The origin of the further
cell doubling along ¢ remains unknown.

T¢ for all compositions decreased with decreasing average tolerance factor and A-site ionic
polarizability preliminary phase diagrams for RE-doped BiFeO; for the studied RE dopants
have been constructed. Subsequent to publication of the preliminary phase diagrams, they
were broadly confirmed by Takeuchi and co-workers using combinatorial thin film studies.
Rietveld refinements of neutron powder diffraction data revealed similarities between the
R3c to Pnma and Pbam to Pnma phase transitions. In particular, both structural transitions
were accompanied by large discontinuous lattice volume expansion in the low-temperature
R3c and Pbam phase. The PE-AFE transition between the two orthorhombic structures
occurred below Ty in the G-type, antiferromagnetically ordered state and was accompanied

by abrupt 90° reorientation of magnetic dipoles which manifested itself as an abrupt change

of magnetization and coercive field.
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Dielectric measurements as a function of temperature illustrated a significant decrease in tand
as a function of increase in RE concentration. However, broad frequency dependent peaks in
permittivity were often observed suggesting that space-charge effects still dominated the
dielectric properties despite RE-doping. At no stage where peaks in permittivity associated
with structural phase transitions observed. Polarisation-field measurements did not reveal any
evidence of classic ferroelectric switching.

To make a final conclusion on the usefulness of different structural characterisation
techniques used in this work, a summary of the strengths and weaknesses of each technique
is listed below.

XRD is the most readily available characterisation technique and although it was initially
helpful in finding the structural phase changes in BiFeQ;, it is insensitive to the displacement
of anions and thus not useful in establishing the anion location and identification of the space
groups dominated by such displacements.

SEM gave confidence that the ceramics were of sufficient quality in terms of porosity and
second phase to warrant further study.

TEM- Electron Diffraction facilitated the study of single domains and weak cell doubling
phenomena in perovskites. It was used extensively to study superlattice reflections and
associated domain structure as a function of composition and temperature. Initially, space
group symmetries were determined by electron diffraction prior to full structural refinement.
Although only qualitative, it is more readily available in comparison to, .8, neutron
diffraction, which may only be accessed through central resources.

Raman Spectroscopy was primarily used to determine the temperature and compositions at

which structural phase transitions occur. No attempt was made to quantify or model the



Structure-Property Relations in Rare Earth Doped BiFeO; 200

Raman spectra but the rapid turnaround time and the fact that it is non-destructive made this
technique invaluable for determination of preliminary phase diagrams

Neutron Diffraction provides better signal to background ratio than X-ray and is sensitive to
weak superlattice reflections relating to the distortion of the O-sublattice. The use of neutron
diffraction in this study was the most important technique for quantitative determination of
anionic positions. The low atomic scattering factor for oxygen makes anion disorder in
perovskites very difficult to recognize by X-ray diffraction.

At the end it is worth mentioning that in the author’s view a combination of in-situ electron
and neutron diffraction gave the most effective and comprehensive overview of the structure

of different phases in rare earth doped BiFeO;.
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Chapter 8: Future Work

Assigning vibrational modes to strong bands observed in Raman spectra; currently
under investigation, initiated within the group through collaboration with the

Academy of Science, Czech Republic and exemplified by the paper:

J. Hlinka, J. Pokorny, S. Karimi and I.M. Reaney, “Angular dispersion of obligue

Phonon modes by Raman scattering in BiFeO;" Physical Review B, January 2011,

Fabricate and characterise thin films of Nd-doped BiFeO;. This is already underway
at the University of Leeds on a joint programme with Prof. Bell. In addition, targets
of Sm doped compostions have been sent to Prof. 1. Takeuchi’s research group at The
University of Maryland, USA and to Prof. N. Valanoor’s research group at The
University of New South Wales, Australia,

Investigate dopant strategies to reduce conductivity in RE-doped BiFeO; and
therefore facilitate more extensive investigation into the dielectric properties of these
systems. This research is already on-going via an in-house continuation of my project
with a Ph.D student, K. Kalantari. The first article has been accepted:

K. Kalantari, S. Karimi, D.C. Sinclair, I. Sterianou and I.M. Reaney, “Ti-doping to
reduce conductivity in BigssNdy, ;sFeO; Ceramics” Advanced Functional Materials,

Accepted March 201 1.
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