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Abstract
The high crystallographic strain and polarization of BiFeOs are attractive, but utilization of bulk

BiFeOs; has been hindered by large leakage current and high coercive field. Here, we report on the
electrical conductivity and ferroelasticity of BiFeOs substituted with 10 and 20 mol% Bio sKosTiOs. The
electrical conductivity is reduced by several orders of magnitude with donor substitution of Fe with
Ti, which also suppressed the strong dependence of the conductivity on partial pressure of oxygen.
Hard ferroelastic properties of the as-sintered materials were demonstrated by stress-strain
measurements. The coercive stress was strongly reduced by quenching from above the ferroelectric
to paraelectric phase transition, and the remanent strain increased and coercive stress decreased
with increasing temperature up to 400 °C. Ferroelastic hardening was also observed with increasing
Ti-donor substitution. The effect of donor substitution is discussed with respect to point defect

chemistry and possible hardening mechanisms related to point defects.
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1. Introduction
The search for alternative lead-free piezoelectric materials to replace Pb(Zri4Tix)Os (PZT) has gained

significant interest in recent years?!, and BiFeOs (BFO) and BFO-based solid solutions are among the
most interesting materials in this respect.>2 BFO is a room temperature rhombohedral multiferroic
with a high ferroelectric Curie temperature (Tc, 825 °C), and a large lattice distortion and polarization
that prevails up to ~800 °C.3® The high Curie temperature provides potentially large strain and
polarization response to an electric field also at elevated temperatures, but utilization of BFO as a
piezoelectric material has so far been hindered by large leakage currents and high coercive electric

fields (Ec).%”

The solid solution of (1-x)BFO — xBiosKosTiOs (BKT) has been studied by several research groups.®®
BKT a is tetragonal ferroelectric at room temperature (Tc = 380 °C)'®, but the rhombohedral polar
crystal structure of BFO is stable up to 40 mol% BiosKosTiOs (BKT). It was recently reported that the
electrical conductivity of BFO substituted with 10 or 20 mol% BKT was shifted from p-type to n-type
conductivity, going through a conductivity minimum, when changing from ambient to inert
atmosphere.'® Moreover, the conductivity of BFO with 30 mol% BKT has been reduced by several
orders of magnitude by annealing in inert/reducing atmospheres at selected temperatures.® ¥’
Substitution of Fe** with, e.g., Ti* and Nb>* has been shown to reduce the conductivity of BFO,
whereas acceptor substitution with, e.g., Ni?** has been shown to increase the conductivity in
materials synthesized in air.!®%! The opposite effect has been demonstrated for acceptor and donor
substituted BFO thin films annealed in N,.22 There is at present no consistent understanding of the
mechanism for the observed reduction of the conductivity with donor substitution, although the
concentration of oxygen vacancies and change in the valence of Fe has often been suggested as a
plausible mechansism.? Finally, it’s worth mentioning that the electrical properties of the BFO-

materials resembles what has been observed for related oxide perovskites with Fe on the B-site.?* 2

BFO can be characterized as a hard ferroelectric, identified by a pinched polarization—electric field

hysteresis loop (P-E loop)” 2>?7

which is the typical behavior of, for example, acceptor doped
(substituted) PZT and aged BaTiOs (BT).?®3° Hardening is often discussed in relation to point defects
where the bulk effect, the domain wall effect and the grain boundary effect are the three main
mechanisms normally considered in literature, distinguished mainly by the location of point
defects.?® 3! Hardening is intimately related to aging of the material and arises due to the

spontaneous polarization below T¢ and sufficient point defect mobility. Soft PZT is achieved by donor



doping or by quenching form above Tc. 2% 3% Softening of BFO has also been demonstrated by
genching’. Donor substitution typically reduces the point defect concentration responsible for

hardening, while quenching reduces the possibility for migration of the point defects.

The ferroelectric performance of bulk BFO* 72527 and Ti-substituted BFO?* 3% 3% has been reported. it
has been shown that quenching BFO from above Tc results in softening’ (de-pinched P-E loop). In the
case of the substituted BFO the observations of the P-E loop are often limited to an effect of reduced
conductivity as the applied electric field is below Ec.% 1% 2033 3% |nyestigation of the ferroelectric
properties of bulk BFO is challenging as high electric fields are required to surpass the coercive
electric field, often leading to dielectric breakdown. Mechanical stress-strain measurements may
prove useful in this respect as only mechanical load and no electric field is required. Rhombohedral
ferroelectrics have domain walls of 71°, 109° and 180° while the ferroelastic switching only occurs
for the 71° and 109° domains.?® The ferroelastic properties of bulk BFO or BFO-based materials have

not so far been published, to the best of the authors’ knowledge.

Here, we report on the electrical conductivity of BiFeOs substituted with 10 and 20 mol% Bio.sKosTiO3
as a function of Ti-substitution for Fe, temperature and atmosphere. A significant reduction of the
electrical conductivity is reported by Ti-donor substitution and the effect is discussed in relation to
the point defect chemistry of the material. The ferroelastic properties of BiFeOs-based materials
from ambient temperature up to 400 °C are also reported for the first time. The mechanical stress-
strain measurements revealed that the ferroelastic properties depend on the thermal history of the
materials. Ferroelastic hardening was observed with increasing Ti substitution and is discussed in
terms of crystal structure evolution determined by X-ray diffraction (XRD) and point defect
chemistry. Finally, the ferroelectric-to-paraelectric phase transition temperature is determined by

differential thermal analysis (DTA) and confirmed by dielectric spectroscopy.

2. Experimental
Ceramic materials with composition Bio.sKo.1FeosyTio2+yO3 (0.8BFTy) and (Bio.osKo.osF€0.9-yTio.14y03)
(0.9BFTy) were made by solid state synthesis (y=-0.01, 0, 0.01, 0.03, 0.06). Table 1 summarizes the
composition and abbreviation used for all the materials. y>0 represents Ti-donor substitution (Fe
substituted by Ti) and y<0 acceptor substitution (Ti substituted with Fe). The solid state synthesis
and sintering procedure is described elsewhere.*® The solid state precursors for all the materials
were Bi;03 (Aldrich, 99.999 %), K2COs (Aldrich, 99.99 %), TiO2 (Aldrich, 99.99 %) and Fe,0s (Aldrich,
99.999 %) except for y =-0.01 and 0.06 where Bi,O3 (Aldrich, 99.9 %) and TiO; (Aldrich, 99.9 %) were



used. The latter precursors were also used for the samples analyzed by dielectric spectroscopy in
various atmospheres (Figure 8). The mixtures of the precursors were calcined (5 h) in an alumina
crucible covered with a lid at 820 and 800 °C for 0.8BFTy and 0.9BFTy, respectively. Cylindrical
pellets of 0.8BFTy and 0.9BFTy were made by uniaxial and cold isostatic pressing and sintered at

1010 and 980 °C (2 h), respectively, packed in sacrificial powder of the same material.

Phase purity and crystal structure of the materials were investigated by powder X-ray diffraction
(XRD) (Siemens D5005 diffractometer with CuKa-radiation and secondary monochromator). The
powder was prepared by crushing a sintered pellet with subsequent annealing above Tc to remove
possible strain effects due to the milling procedure. Lattice parameters were determined by Pawley

fitting using the Topas software.?” All compositions were refined using the R3¢ space group.

The density was measured by Archimedes method and the relative density was calculated using the

theoretical density determined from the lattice parameters found by refinement of the XRD data.

The microstructure and grain size of polished (backscattered electrons) and thermally etched
(secondary electrons) samples (880 °C, 5 min) was examined using scanning electron microscopy
(SEM; Hitachi S-3400N). Energy dispersive X-ray spectroscopy (EDS; X-MAX, Oxford Instruments, UK)

was used to confirm the nominal chemical composition.

Differential thermal analysis (DTA; STA 449 C, Netzsch) of all materials was performed on powder
prepared the same way as for XRD. The samples were heated (10 °C/min) to 750 (0.8BFTy) and 800
°C (0.9BFTy) in a flow of synthetic air (30 mL/min) and kept at the maximum temperature for 5 min

before cooling (10 °C/min).

Dielectric properties were investigated for all compositions with a frequency analyzer (Alpha-A High
Performance Frequency Analyser, Novocontrol Technologies) in synthetic air, N, and O, (Yara
Praxair, 5.0). Disc shaped ceramics were used, where 200-300 um was ground off the parallel
surfaces before gold electrodes were sputtered on. One set of samples was heated and cooled (2
°C/min) in synthetic air to/from 400 °C to remove Maxwell-Wagner relaxations®, before heating
cycles to 720 °C (0.8BFTy) and 800 °C (0.9BFTy) were applied. The reported data are from the second
high-temperature heating cycle (Figure 5 and 7). A room temperature frequency scan was done
before and after every heating cycle, and the reported data are recorded after the second high-
temperature heating cycle (Figure 6). A second set of samples was first heated and cooled (2 °C/min,
maximum 700 - 800 °C) in synthetic air, then N, and finally O, (Figure 8). The samples were not

removed from the setup between each heating cycle. The activation energy of the conductivity was



determined from an Arrhenius plot of the logarithm of the conductivity versus the inverse

temperature in Kelvin.

The cylindrical pellets used for the mechanical stress-strain measurements were ground after
sintering to remove surface effects and obtain uniform dimensions (5.8 mm diameter, 6 mm height).
Care was taken to ensure that the circular loading faces were parallel. All samples were annealed 30
min above T¢ (710 °C for 0.8BFTy and 780 °C for 0.9BFTy) to remove any internal stress fields or
domain reorientation caused by the machining process. This was also done between each
experiment where load was applied. The samples were subsequently cooled either in the furnace
(300 °C/h) or quenched by removing the sample from the furnace at T>T¢ for cooling in air. The
qguenching of the samples did not result in microcracking. The heat treatments were done on an
alumina plate covered by an alumina crucible, and in the presence of sacrificial powder of the same
composition to reduce evaporation of bismuth and potassium. All quenched samples were tested

within 14 hours after quenching.

Stress-strain measurements were performed in a load frame (2030, Zwick GmbH & Co.KG) able to
apply uniaxial compressive stress and with a spilt furnace (SV800, Thermal Technology GmbH) for
heating. A detailed description of the experimental setup can be found elsewhere.®® A preload (100
N) was applied before each measurement to ensure alighment and contact. Loading and unloading
was done with a constant rate (4 MPa/s) and the maximum load was selected according to the
desired output of the measurement. The loading cycle was in some cases aborted before the pre-
programmed maximum load was reached to prevent breakage of sample or equipment.
Measurements at elevated temperature were done at 100, 200, 300 and 400 °C. A heating rate of
300 °C/h was used with a dwell time of 5-15 min at the set temperature (shorter time at higher
temperature) to allow temperature stabilization before load was applied. The aging process of
0.8BFTO was specifically studied by adding a dwell time of 2 and 7 h at 400 °C before applying load to
a quenched sample. A typical ferroelastic hysteresis curve can be partially characterized by the
coercive stress (oc), defined as the inflection point in the stress-strain response during loading, and
the remanent strain (g;), which is the remaining plastic strain after unloading.>® The strain was
corrected for instrumental contributions. The coercive stress was determined as the minimum of the
first derivative of stress with respect to strain (do/de). The error for measured remanent strain is

estimated to 2 % and the overall error for the ferroelastic measurement is estimated to 5 %.3% 4°



3. Results
Polycrystalline ceramics in the two composition series 0.8BFTy and 0.9BFTy were successfully
prepared by the solid state synthesis procedure. The ceramics were dense (296 % of theoretical
density) and micrographs of the microstructure are shown in Figure 1. The grain size, summarized in
Table 1, was submicron for all materials except 0.8BFT-1 and 0.8BFT6 where significant grain growth
was evident particularly for 0.8BFT-1. In case of 0.8BFT6 the grain growth can possibly be related to
the presence of a secondary phase as described further below. The nominal composition of the

materials was confirmed by EDS.

All the materials were phase pure according to room temperature XRD except 0.8BFT6, 0.8BFT3 and
0.9BFT6 (Figure 2a). The secondary phase observed for 0.8BFT3 and 0.9BFT6 (Figure 2a) was not
observed by XRD on the bulk as-sintered ceramics, but appeared in the diffractograms of crushed
and annealed powders. SEM investigation of polished pellets (not thermally etched) using
backscatter electrons displayed phase pure composition except for 0.8BFT6 where an Aurivillius
phase (Ti and Bi rich) was identified by EDS. Based on the SEM and XRD data the solubility limit for Ti
was reached for the highest Ti-donor substitutions (0.8BFT3, 0.8BF6 and 0.9BFT6).

The rhombohedral splitting of the diffraction lines decreased significantly with increasing Ti-
substitution (y>0) as shown in Figure 2b (0.8BFTy) and Figure 2c (0.9BFTy). This is further reflected
by the change in the lattice parameters with increasing Ti-substitution displayed in Figure 3a and the
rhombohedral lattice distortion, which is significantly reduced (Figure 3b). The effect of Ti-

substitution is more pronounced for 0.8BFTy than for 0.9BFTy.

Table 1) Composition and corresponding abbreviation of all synthesized materials along with room
temperature lattice parameters and grain size of sintered ceramics.

Lattice Lattice Lattice L
- - . . Grain size,
Composition Abbreviation | parameter a, parameter c, distortion,
R R [um]
[A] [A] Cpc/apc
Bio.00Ko.10F€0.81Ti0.1903 0.8BFT-1 5.580(7) 13.844(3) 1.013 5.5+0.2
Bio.90Ko.10F€0.80Ti0.2003 0.8BFTO 5.589(2) 13.809(8) 1.009 0.9+0.09
Bio.90Ko.10F€0.79Ti0.2103 0.8BFT1 5.597(2) 13.74(0) 1.002 0.7+0.1
Bio.00Ko.10F€0.77Ti0.2303 0.8BFT3 5.602(1) 13.73(2) 1.001 0.9+0.08
Bio.o0Ko.10F€0.74Ti0.2603 0.8BFT6 5.600(6) 13.72(7) 1.001 1.2 +£0.09
Bio.osKo.05F€0.90Ti0.1003 0.9BFTO 5.582(7) 13.847(0) 1.013 0.6 £0.03
Bio.osKo.05F€0.89Ti0.1103 0.9BFT1 5.584(7) 13.837(3) 1.012 0.6 +£0.05
Bio.osKo.05F€0.87Ti0.1303 0.9BFT3 5.586(3) 13.79(7) 1.008 0.6 £0.02
Bio.osKo.05F€0.84Ti0.1603 0.9BFT6 5.594(1) 13.76(9) 1.005 0.7 £0.04




f) 0.9BFTO

-

c) 0.8BFT1 g) 0.9BFT1

d) 0.8BFT3 h) 0.9BFT3

e) 0.8BFT6 i) 0.9BFT6

Figure 1) SEM micrographs (secondary electrons) of polished and subsequently thermally etched
0.8BFTy and 0.9BFTy.
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Figure 2) a) Room temperature XRD of 0.8BFTy and 0.9BFTy; b) and c) Selected diffraction lines of
0.8BFTy and 0.9BFTy, respectively, emphasizing decreasing rhombohedral splitting with increasing y.
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Figure 3) Refined normalized lattice parameters of 0.8BFTy and 0.9BFTy as a function of Ti-
substitution at room temperature (a) and the corresponding lattice distortion cec/apc (b). Data for
1.0BFTO are taken from elsewhere.’> The lattice parameters were normalized according to the
following; apc = 2”%an and c,c = 12%c, where pc and h denote pseudo cubic and hexagonal,
respectively. Dashed and dotted lines serve as guide to the eye.

The ferroelectric-to-paraelectric phase transition was demonstrated by an endothermic (exothermic)
event during heating (cooling) using DTA as shown in Figure 4. The onset temperature of the peak
and the temperature at the maximum (minimum) during heating (cooling) are summarized in Table
2. A hysteresis between heating and cooling confirms the 1% order nature of transition for all the
materials. Two peaks are evident for the two non-substituted materials (0.9BFTO and 0.8BFTO)
pointing to two successive phase transitions as reported for pure BFO.*! The phase transition is
significantly sharper for the acceptor substituted material (0.8BFT-1) and donor substituted 0.9BFTy
materials. The phase transition is shifted to slightly higher temperatures with donor substitution for

both composition series.

The ferroelectric-to-paraelectric phase transition observed by DTA was further confirmed by
dielectric spectroscopy based on the permittivity recorded during heating (Figure 5). The loss
tangent (not shown) increased strongly towards the phase transition. The temperature at the
permittivity maximum, summarized in Table 2, does not show a strong dependence on the Ti-

substitution level except for the acceptor substituted material (0.8BFT-1) which has a lower



transition temperature. The permittivity of the 0.9BFTy (y<0.06) materials could not be determined
around Tc¢ due to high conductivity. Relaxation in the permittivity, seen for 0.8BFTO and 0.8BFT1
around 580 °C and for 0.9BFT6 near 680 °C, a, is proposed to be related with movement of point

defects as further discussed below.
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Table 2) Phase transition temperatures of 0.8BFTy and 0.9BFTy determined by DTA and
measurements of the dielectric permittivity.

Material DTA Permittivity
Onset, Maximum, Onset, Minimum, Maximum, Maximum,
heating heating cooling cooling heating cooling
[°Cl [°cl [°C] [°cl [°c [°cl
0.8BFT-1 642 + 10 659+1 654+10 | 6371 656 + 15 625+ 15
0.8BFTO 648 + 15 680+1 641+5 619+1 675+ 15 620+ 15
0.8BFT1 648 + 10 694 +1 644+10 | 6131 677 £ 15 638 £ 15
0.8BFT3 661+ 10 688+1 643+10 | 6121 675+ 15 645 + 15
0.8BFT6 664 + 10 684+1 637+10 | 6021 672+ 15 639+ 15
0.9BFTO 723+10 746 £ 1 743+10 | 7271 - -
0.9BFT1 728 £ 10 756+ 1 753+10 | 7131 - -
0.9BFT3 737 £ 10 7501 727+10 | 7091 - -
0.9BFT6 720+ 10 740t 1 729+10 | 6991 720+ 15 703+ 15
0.8BFT-1 (1kHz) —— — 0.9BFT6
—— 0.8BFTO
10000 L —— 0.8BFT1
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=
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Figure 5) The real permittivity (10kHz) as a function of temperature during heating for 0.8BFTy and
0.9BFT6.

The conductivity of 0.8BFTO and 0.9BFTO was significantly reduced by donor substitution both at
room temperature (Figure 6) and at elevated temperature (Figure 7). Substitution of 1 mol% Fe3*
with Ti* (y = 0.01) reduced the conductivity of 0.8BFTO and 0.9BFTO at 10 mHz by four and two
orders of magnitude, respectively (Figure 6). No further significant reduction of the conductivity was
observed with y > 0.01. The conductivity of 0.8BFT-1 was higher relative to 0.8BFTO, a case that

corresponds to acceptor substitution where Ti* is substituted by Fe3* (Figure 6a and 7a).
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Figure 6) The real part of the AC conductivity at room temperature as a function of frequency for
0.8BFTy (a) and 0.9BFTy (b). Both (a) and (b) have the same y-axis scale for direct comparison.

The effect of Ti** substitution on the conductivity is evident up to the phase transition temperature
for both 0.8BFTy and 0.9BFTy series, shown in Figure 7a and 7b, respectively. The conductivity within
each series converges towards a similar value for all the materials in each series when approaching
the phase transition and the temperature dependence of the conductivity become comparable. A
significant shift in the activation energy is observed around 500 °C, where both the activation energy
and the conductivity of all the donor substituted materials converge (Figure 7). 0.8BFT-1 and 0.8BFTO
also show a slightly decreasing conductivity at the ferroelectric-to-paraelectric phase transition,
while for all other materials the conductivity demonstrates a weak increase at the phase transition,

as highlighted in the insets in Figure 7.

The real AC conductivity of 0.8BFTO, 0.8BFT1 and 0.8BFT3 was measured in different atmospheres at
elevated temperature, and the data are shown in Figure 8. Several interesting features were
observed. The conductivity is clearly reduced when heating 0.8BFTO (Figure 8a) in N,, compared to
the conductivity in synthetic air, in the temperature range ~400-500 °C. This reduction is smaller for
0.8BFT1 (Figure 8b) and not visible for 0.8BFT3 (Figure 8c). The conductivity measured in N,
increases (relative to that in synthetic air) from ~500 °C and has surpassed the conductivity
measured in synthetic air at 700 °C for both 0.8BFT1 and 0.8BFT3. Subsequent heating in O (after

cooling in N;) shows an increased conductivity for 0.8BFTO and a reduced conductivity for 0.8BFT1

12



and 0.8BFT3 at 700 °C. The difference between conductivity measured in O, (heating) and N,

(cooling) was evident already at ~270 °C, implying a significant mobility of oxygen ions at this low

15,17
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Figure 7) The real part of the AC conductivity (100 Hz) vs. temperature during heating for 0.8BFTy
(a) and 0.9BFTy (b) above 300°C where the conductivity was observed to be frequency independent.
Activation energies are given as eV. The dotted lines mark a shift for the activation energy near ~500
°C. Insert: Conductivity in the temperature range close to the ferroelectric phase transition.
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Figure 8) The real part of the AC conductivity (10kHz) vs. temperature in 0.8BFTO, 0.8BFT1 and
0.8BFT3. The numerated arrows denote the order of heat treatment with cooling in synthetic air (1),
heating in N, (2), cooling in N3 (3) and heating in O; (4).

The mechanical behavior of the materials was investigated by applying a uniaxial compressive stress
and recording the strain response. The mechanical stress-strain behavior of 0.8BFTO and 0.8BFT3
annealed above Tc and cooled with 300 °C/h is shown in Figure 9a. A nearly linear elastic response is
observed for both materials, marked by a relatively small remanent strain and minor mechanical
hysteresis. A hysteresis loop and development of larger remanent strain is observed for both
materials after quenching the samples in air from above Tc¢ (Figure 9b). 0.8BFTO shows a more
pronounced opening of the hysteresis loop than 0.8BFT3 after quenching giving a larger €, which is
expected to partially originate from the significantly larger lattice distortion observed for 0.8BFTO

(Table 1).
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Figure 9) The room temperature stress-strain behavior of 0.8BFTO and 0.8BFT3 after furnace cooling
300 °C/h (a) and air quenching (b).

The development of the ferroelastic hysteresis loop from room temperature to 400 °C is shown for
0.8BFTy and 0.9BFTy in Figure 10. A thermally activated domain switching behavior is inferred,
where &, increases with increasing temperature up to 200 °C (Figure 11a, maximum load Omax = 800
MPa). € of both 0.8BFT1 and 0.8BFT3 is small at room temperature, while a significant increase in g,
was observed at 100 °C and 200 °C, respectively. This reflects the lowered coercive stress as the
temperature increases, shown in Figure 11b. oc is the stress where the domain switching rate is
highest and as omax > oc for 0.8BFT1 at 100 °C, this is the temperature where a significant increase of

€ occurs. The same effect is responsible for the increased €, observed for 0.8BFT3 at 200 °C.
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Figure 10) Ferroelastic hysteresis loops of air quenched 0.8BFTO (a), 0.8BFT1 (b) and 0.8BFT3 (c)
from room temperature to 400 °C.

The coercive stress of 0.8BFTO, 0.8BFT1, 0.8BFT3 and 0.9BFTO decreases significantly with increasing
temperature (Figure 11b). A hardening effect (increasing oc) on both 0.8BFTy and 0.9BFTy is
observed with increasing Ti-substitution (Figure 11b). The stress-strain curve of a normally cooled
0.8BFTO sample (not shown) and a quenched 0.9BFT1 sample (Figure 10e) was measured at 400 °C
up to 665 and 730 MPa, respectively, without surpassing oc and it is estimated that oc > 800 MPa for
both. The coercive stress at 400 °C of air quenched 0.8BFTO increased by annealing at 400 °C before

applying load (inset, Figure 11b).

1. Discussion

4.1 Electrical conductivity

The electrical conductivity of 0.8BFTy and 0.9BFTy was clearly reduced as a result of donor
substitution with Ti* (Figure 6 and 7). This behavior is in line with what is expected for p-type
conductors and also in line with what has been observed elsewhere.’®2% 2% 42 The real AC
conductivity of 0.8BFTy is reduced by up to four orders of magnitude in the investigated frequency
range (Figure 6), which is amongst the largest reductions reported in literature for BFO materials.
Extrapolation of the measured conductivities towards lower frequencies indicates that the reduction

with respect to the DC conductivity is even larger. The effect of Ti-substitution is less pronounced in
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the high frequency regime, which shows that the reduction mainly stems from a reduced DC
conductivity. This is important as utilization of high Ec materials depend on a high applied DC electric
field without inducing currents that may lead to dielectric breakdown of the material. The real AC
conductivity of 0.9BFTy shows a frequency independent conductivity at the lower frequencies, and
the conductivity reduction is smaller than for 0.8BFTy. The effects of Ti substitution will be further

discussed below.
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Figure 11) Remanent strain (a) and the coercive stress (b) of 0.8BFTy and 0.9BFTO as function of
temperature. The inset in (b) shows the coercive stress of 0.8BFTO0 at 400 °C after holding at 400 °C
for 0, 2 and 7 hours. The maximum load applied was 800 MPa up to 200 °C, and >oc above 200 °C. All
samples were air quenched from >T¢ prior to the measurement. All measurements are plotted and
the dashed lines act as a guide to the eye along the path of average value for each temperature.
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It is evident that the electrical conductivity of 0.8BFTO and 0.9BFTO depended on the thermal and
atmospheric history of the ceramics (Figure 8) as previously reported for related materials.®1>17.43
The conductivity goes through a minimum upon decreasing the partial pressure of oxygen, moving

from p-type to n-type semiconductor behavior.

Donor-substitution of Ti** on the Fe3* site in BFO is proposed to be charge compensated by

annihilation of oxygen vacancies (V,") as shown in Eq. (1).
TiO, + Fe, +1/2V." —° 5 Ti' +1/2Fe,0, +1/20; (1)
The concentration of V" is closely related to the valence of Fe through Egs. (2) and (3).

2Fe., +1/20, +V." = 2Fe_, + O] (2)

2Fe’ +1/20, +V." = 2Fe. + 0] (3)

The reduction of the concentration of oxygen vacancies by Ti donor substitution will shift Egs. (2)
and (3) towards the left, which results in a reduction of the valence of Fe. The non-substituted
materials have p-type (Fe*') conductivity in air®> and the strong reduction of the electrical
conductivity with Ti donor substitution is therefore qualitatively explained by a reduction of the
concentration of electron holes (Fe*). This is analogous to a shift of the conductivity minimum
(observed at a given partial pressure of oxygen for 0.8BFTO and 0.9BFT0°) towards higher partial
pressures of oxygen. This is further supported by the data shown in Figure 8. A pronounced
reduction in the conductivity can be observed between approximately 400 and 500 °C for 0.8BFTO
(Figure 8a). This reduction is less pronounced for 0.8BFT1 (Figure 8b) and not observable for 0.8BFT3
(Figure 8c), which infer that the n-type conductivity is more noticeable with increasing substitution
level and that the electron hole (Fe*) concentration is reduced (making p-type conductivity less
pronounced). The conductivity is seen to increase directly (without a preceding reduction) when
0.8BFT3 is heated in N;, demonstrating that the material is an n-type conductor. We therefore
conclude that Ti donor substitution is charge balanced by annihilation of oxygen vacancies and
reduction of the electron hole concentration, giving n-type conductivity in line with point defect

equilibria (1)-(3).

In the same way that donor substitution reduces the conductivity of 0.8BFTy, acceptor substitution

increases the conductivity, as shown for 0.8BFT-1 (Figure 6a and 7a). In this case Fe®* replaces Ti%,

which is charge compensated by formation of V" as illustrated by the defect equilibrium in Eq. (4).
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1/2Fe,0, +Ti; +1/20; —=—>Fe, +TiO, +1/2V." (4)

This creates more electron hole charge carriers that increase the conductivity in p-type conductors

as Egs. (2) and (3) are shifted to the right.

The donor substituted materials (y > 0) display an increased activation energy relative to the
acceptor and non-substituted materials (y < 0). The activation energy for the y = 0 and y = -0.01
materials is equal to the values reported for 0.7BFTO by Morozov et al.® for opcpuk near 400 °C. The
activation energies are also comparable to values reported for Ca- and Nb-substituted BFO.!® % The
activation energy of the conductivity measured in N; increases and that measured in O, decreases
significantly in donor substituted materials around ~500 °C (Figure 8). This shift in the activation
energy is attributed to the formation/removal of charge carriers described by Eq. (2) and (3). Below
this temperature these tow defect equilibria is frozen in due to not sufficient ionic mobility and do
not contribute to the change in the charge carrier concentration below 500 °C in these experiments.
The shift corresponds well with the increased activation energy observed at 500 °C for donor

substituted materials in Figure 7.

4.2 Stress-strain behavior

It is evident from the ferroelastic hysteresis curves reported in Figure 9 that quenching the material
from above Tc leaves the material ferroelastically softer and increases the remanent strain. This is
analogous to ferroelectric properties of quenched and non-quenched samples of BFO and BT.”- 28
Based on related observations of the strain-stress hysteresis in PZT**, we propose that point defects
are the main reason for pinning of domain walls also in BFO. Point defects are randomly distributed
in the crystal lattice in the paraelectric and paraelastic state above Tc. The random distribution is
frozen in by rapid cooling (quenching) due to the lack of sufficient point defect mobility at low
temperature, preventing point defect ordering that subsequently pin domain walls. A slow cooling
rate will on the other hand allow the formation, and more importantly reorientation, of point
defects clusters as both the driving force (spontaneous polarization and possibly also strain) and
point defect mobility will be present simultaneously. Oxygen and oxygen vacancies are mobile down
to at least ~270 °C (Figure 8). Annealing a quenched sample at 400 °C should hence result in re-
hardening of the materials (remove the effect of quenching) and thereby re-establish a higher
coercive stress as is observed in the inset of Figure 11b. The hardening of PZT and BT is also
suggested to be a result of oxygen vacancy migration where the spontaneous polarization of the unit

cell leaves the energy of the oxygen sites in the unit cell non-degenerate.?®?° Based on the results
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and discussion presented herein it is suggested that oxygen vacancies are an important constituent
to the hardening observed in BFO. The data are, however, not sufficient to determine the exact

mechanism for the hardening.

Donor substitution with Ti** for Fe3* in both 0.8BFTy and 0.9BFTy gives an apparent ferroelastic
hardening, where an increased coercive stress is observed with increasing donor substitution (Figure
11b). This is opposite of what has previously been reported for PZT, where donor substitution clearly

softens the material.3> ¢ The present data suggest that ordering of oxygen vacancies cannot be the
sole reason for the hardening observed in BFO as the concentration of V," is expected to be lowered

by donor substitution. The hardening effect of donor substitution has not been reported previously.
Earlier reports have shown the pinched P-E loop of donor substituted BFO, but the observed effect is
probably related to a reduced conductivity rather than hardening/softening as sub-coercive electric
fields are often used.? **3%3% The reduced permittivity with increasing Ti substitution is also an
indication of a hardened ferroelectric (Figure 5).3° The origin of the huge relaxation observed for
0.8BFT-1 is unknown (Figure 5). It should be noted that the removal of oxygen vacancies by Ti
substitution is accompanied by an altered concentration of charge carriers (related to the valence of
Fe) as discussed in the previous paragraph. It has been shown by others that the conductivity of the
domains in BFO is different from that of the domain walls and that the conductivity of domain walls
can be tuned by annealing in different atmospheres.? #->° The understanding of point defects in BFO
presented here and elsewhere is not sufficient to determine whether the valence of Fe in the
domain and at the domain wall have similar dependencies on atmosphere. It has been discussed but
not concluded on whether this domain wall behavior is of importance for the domain switching

properties of BFO.?

The crystal structure of 0.8BFTy and 0.9BFTy (Figure 2 and 3) changed significantly with Ti
substitution. The lattice distortion (cpc/ap) of 0.8BFTO decreased ~75 % with only 1 mol% Ti
substitution, which is much more severe than for 0.9BFTy (Figure 3b). The reduced lattice distortion
has also been observed by others for Ti substitution in pure BFO but to a smaller extent.>! The effect
of quenching is mainly related to the distribution of point defects in the lattice and following the
discussion earlier in this section it is expected that the oxygen vacancy concentration in 0.8BFT3 is
lower than in 0.8BFT0. However, the smaller lattice strain combined with the higher coercive stress
is most likely the explanation for the lower remanent strain and the less pronounced effect of

qguenching for 0.8BFT3 relative to 0.8BFTO.

Previous work on La substituted BFO-PbTiO3 has shown that a reducing lattice distortion was

accompanied by a decreasing oc down to c¢/a = 1.01.% In this work we observe that oc increases with

20



decreasing c/a (Figure 3 and 11). It is noted that the c/a ratio in this work is smaller than that of La
substituted BFO-PbTiOs. The reorientation of ferroelastic domains during mechanical loading occurs
because it is energetically favorable.®® It may be expected that if the lattice distortion is small, the
energy gain achieved by the material from domain reorientation while under mechanical load is
correspondingly small. This further implies that the critical stress required to achieve domain

reorientation will be higher in materials with a low c/a-ratio such as 0.8BFT3 (c/a = 1.001).

The remanent strain of the materials increases with increasing temperature up to 200 °C (Figure
11a), opposite to what is observed for both hard and soft PZT.*® The lattice distortion of 0.8BFTO has
been found to be relatively constant up to ~400 °C'®, while the coercive stress decreases with
increasing temperature (Figure 11b). An increasing temperature will hence make domain switching
easier (coercive stress decreases), while the potential strain from each reoriented polarization vector
will remain constant. The theoretical maximum switching strain for single crystal 0.8BFTO, 0.8BFT1
and 0.8BFT3 is 0.77, 0.19 and 0.07 %, respectively, based on the room temperature lattice
parameters.>> >3 Only 28.5 % of these maximum values are theoretically achievable for randomly
oriented polycrystals, resulting in a real maximum switching strain of 0.22, 0.05 and 0.02 % for the
three materials, respectively.’> The fact that the measured macroscopic strain is higher than the
strain predicted by theory is probably related to challenges in resolving the lattice parameters from
the obtained diffraction data. The domain size in ferroelastic materials may be influenced by the
grain size.>® It is, however, not likely that the variation of ferroelastic behavior observed for the
different materials stems from a grain size effect, as the grain size was relatively constant for the

materials subject to ferroelastic characterization.

The high ferroelectric-to-paraelectric phase transition temperature of the 0.8BFTy and 0.9BFTy
series increases only slightly with increasing Ti substitution (Table 2). This is important knowledge as
it rules out sub-Tc quenching as an explanation of the observed ferroelastic hardening. It also
confirms that Ti-substitution can reduce the electrical conductivity of BFO-BKT without interfering

with the high temperature applicability the material.

The effect of Ti substitution is different with respect to conductivity, lattice distortion and coercive
stress in 0.8BFTy relative to 0.9BFTy. The effect of 1 mol% Ti substitution in 0.8BFTy/0.9BFTy is a
reduced conductivity by four/two orders of magnitude (Figure 6), reduced lattice distortion by 75
%/9 % (Figure 3b) and an increased coercive stress by 48 %/>90 % (Figure 11b). Further work is
required to determine whether these properties are correlated or why such differences are

observed. The work presented herein and elsewherel® nevertheless provides important knowledge
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for the understanding of the point defect chemistry of BFO that is essential for the future application

of BFO ceramics as lead-free ferroelectrics.

2. Conclusions

The electrical conductivity of 0.8BFTy and 0.9BFTy was characterized with respect to Ti donor
substitution, temperature and atmosphere. The conductivity was reduced by several orders of
magnitude while retaining a high Tc. It was argued that the surplus charge of Ti** on a Fe®* site is
compensated by reducing the concentration of oxygen vacancies and reduction of the valence of Fe,
giving a transition from p-type to n-type conductivity. The ferroelastic properties of 0.8BFTy and
0.9BFTy were shown to be highly dependent on thermal history, where a significant effect of
thermal quenching was observed on both the coercive stress and remanent strain. The coercive
stress decreases while the remanent strain increases with increasing temperature. The coercive
stress is, however, relatively high at 400 °C compared to other investigated perovskite ferroelectrics.
Finally, ferroelastic hardening was observed with increasing Ti substitution, suggesting that the

concentration of oxygen vacancies is not the sole cause of hardening in BFO materials.
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