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High resolution neutron diffraction has been used to investigate the structural origin of the large
electric-field-induced remanent strain in 94(Bi;,Na, ;) TiO;—6BaTiO; ceramics. The virgin material
was found to be a mixture of near-cubic phases with slight tetragonal and rhombohedral distortions

of a%a’c* and a~a"a~ octahedral tilt type, respectively. Application of an electric field of 4.57
kV/mm transformed the sample to a predominantly rthombohedral a”a"a~ modification with a
significantly higher degree of structural distortion and a pronounced preferred orientation of the
c-axis along the field direction. These electric field-induced structural effects contribute significantly
to the macroscopic strain and polarization of this system. © 2011 American Institute of Physics.

[doi:10.1063/1.3557049]

Piezoelectric  ceramics of the system (1-x)
X (Bi;,sNa, ;) TiO3—(x)BaTiO; (BNT-xBT) have drawn at-
tention of late as lead-free alternatives to lead zirconate ti-
tanate (PZT)."? The system contains a morphotropic phase
boundary (MPB) between rhombohedral and tetragonal
structures at 5-7 mol % BT,”™ where nearby compositions
possess enhanced properties suitable for actuator and
transducer applications (see Table I). Interestingly, these
properties arise despite a pseudocubic structure at ambient
conditions, suggesting an electric-field-induced phase trans-
formation to a lower-symmetry structure.”’ 1 Macroscopic
strain measurements of 94BNT-6BT during the poling pro-
cedure show a remanent strain of approximately 0.34%. The
investigation presented here is to identify the structural na-
ture of this remanent strain.

Distortions of perovskite (ABOs) structures such as
BNT-BT involve tilting of the BOg octahedra and/or dis-
placement of A- or B-site cations. These distortions are
generally coupled, with one implying the other. Glazer
notation'® is used to describe octahedral tilting as a combi-
nation of rotations around the a, b, and ¢ unit cell axes. Tilt
components of unequal magnitude are assigned different let-
ters, each followed by either +, —, or 0 to denote whether the
rotation of adjacent octahedral layers is in-phase, antiphase,
or absent, respectively. The a’a’c* and a~a"a~ tilting sys-
tems reported for pure BNT and their associated unit-cell
parameters are illustrated in Fig. 1, compared to the undis-
torted cubic form.

Pure BNT has a rhombohedral distortion and a~a"a™ tilt
system from 5-528 K< though recent studies” have
since suggested a monoclinic space group. A tetragonal
aa’c*-tilted phase emerges at 528 K, creating a phase
mixture until 673 K, above which the structure is a single
phase of tetragonal a’a’c*. The local structure of the
mixed-phase region was originally assumed a coexistence
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of tetragonal and rhombohedral nanodomains,'"***" how-

ever, recent transmission electron microscopy (TEM) studies
have proposed an intermediate, modulated orthorhombic
phase from which the tetragonal phase nucleates.'®'”?* At
773 K a cubic phase is first observed.''®*" The cubic phase
fraction increases until 813 K, where the structure becomes
wholly cubic. These three phases differ only slightly in their
unit cell parameters, making confident structural determina-
tion of small-grained polycrystalline samples challenging.
Synchrotron x-ray studies of BNT-7BT under applied
electric fields revealed splitting of the (002)/(002) peaks and
a tetragonal distortion nucleating from the pseudocubic
structure which contributed to the macroscopic strain.”'*
Similarly, various x-ray diffraction studies have revealed in-
duced tetragonal distortions in Mn-doped BNT-5.6BT,”
BNT-6BT,"" and BNT-20BKT,'? while Kling ef al.’ and Hint-
ersetin ef al.'’ used TEM and neutron diffraction to show
a reversible electric-field-induced rhombohedral distortion
in (Bi;;»Na, ) TiO3-6%BaTiO3-3%(K,Ni;,)NbO; (BNT-
6BT-3KNN) and BNT-6BT-2KNN, respectively. Neutron

TABLE I. Electromechanical properties of 94BNT-6BT in comparison to
commercially available PZT (PIC151). Note: comparing large-signal prop-
erties is difficult since 94BNT-6BT generates macroscopic strain via induced
phase transformations as opposed to domain volume fraction changes in
conventional piezoceramics.

94BNT-6BT PZT (PIC151)
&, 1726/881° 1667/2660°
dss (pC/N) 148 518
Py (uC/cm?) 46 42
P (uC/cm?) 39 36
Smax (%) 0.5 0.52
S,enn (%) 034 022
E, (kV/mm) 3.1 0.9

“All values measured at 50 mHz, poling completed at 6 kV/mm.
bPermittivity values refer to poled/unpoled.

© 2011 American Institute of Physics
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Space Group |Rhombohedral (R3c)| Tetragonal (P4bm) Cubic (Pm§m)

Structure

Glazer System aaa a°a°c+ aoaoao

a,c,a,B,y 5.489,13.51,90,90,120| 5.518,3.907,90,90,90 | 3.914,3.914,90,90,90

FIG. 1. (Color online) Structural properties of the rhombohedral, tetragonal,
and cubic phases reported for pure BNT (see Ref. 4).

diffraction is more sensitive to light atom positions (i.e., oxy-
gen) in the presence of heavy atoms than x-ray diffraction,
and is therefore, more capable of detecting octahedral tilting.
This technique was subsequently used to determine the ef-
fects of electrical poling on the structure of BNT-6BT. Our
results show that electric-field-induced phase transformations
occur via simultaneous lattice distortion and changes to the
superlattice octahedral tilt system. By reducing structural
symmetry and inducing a strong domain texture, this trans-
formation generates significant macroscopic strain.

The scattering experiments used square-sectioned bars
of composition 94BNT-6BT and dimensions 3.5X3.5
X 30 mm® (+0.05 mm tolerance). The initial powder was
prepared via the conventional oxide/carbonate solid state
processing route, using stoichiometric quantities of reagent-
grade constituents (Alfa Aesar GmbH & Co KG, Karlsruhe,
Germany) following the process detailed by Zhang et al.”
After calcination at 900 °C, the reacted powder was ball-
milled in ethanol, deagglomerated, and uniaxially pressed
into 5X5X40 mm?® green bars. These were hydrostatically
pressed to 300 MPa for 30 s and sintered at 1150 °C for 3 h.
All external surfaces were ground and polished to a 3 um
finish. A 25 nm thick gold film was then sputtered onto two
opposing 3.5 X 30 mm? surfaces.

The structure of the virgin material was determined via
high-resolution neutron powder diffraction (HRPD) using the
Echidna instrument (Bragg Institute, ANSTO)* with a wave-
length of 1.622 A. Data was collected over a period of 3 h.
The major peaks in Fig. 2 describe a pseudocubic structure
with a lattice parameter of 3.918 A. (3/2 1/2 0) and (3/2 1/2
1/2) superlattice reflections indicate coexisting a’a’c* and
a“a”a” tilt systems, although weak intensity suggests only
minor deviation from cubic symmetrz, supporting published
structural data for similar materials.*”**

The sample was electrically poled at 25 °C by applying
a dc voltage in 2 kV and 3 min increments to a maximum
voltage of 16 kV (4.57 kV/mm). The voltage was then dec-
remented to 0 kV in the same manner. After allowing the
sample to relax for 1 h, the texture was measured on Echidna
at a wavelength of 2.44 A. The sample was rotated about the
vertical axis (w) over 180°, collecting patterns in 10° incre-
ments (see Fig. 3). After assuming structural symmetry about
180°, the data was corrected so that each pattern correlated
with a particular angular difference, 7, between the scatter-
ing and electric field vectors. Thus, structural change can be
determined as a function of angle to electric field.

The poled sample was strongly textured (see Fig. 4),
containing orientation-dependent changes to almost all
peaks. Interestingly, the %’c* superlattice reflections seen
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FIG. 2. (Color online) HRPD pattern collected at a wavelength of 1.622 A.

Peak indexing shows contributions from the a’a’c* and a"a"a" tilt-systems,
respectively.

in the virgin sample were no longer present while the a"a"a~
reflections were considerably stronger, confirming previously
reported results,g‘10 where macroscopic domain formation
was correlated with a field-induced transformation from
P4bm to R3c. The (3/2 1/2 1/2) reflection was present across
the entire range, though the maximum intensity was at 90° to
the electric field. This indicates that the a"a"a™ tilt system
was induced in all grain orientations while the changing in-
tensity suggests that the magnitude and/or the population of
the distortion changes with respect to the grain angle to the
electric field vector. Based on the rightwards shift in this
peak, it also appears that the plane-spacing is reduced when
oriented at 90° to the electric field. However, this is attrib-
uted to the coinciding lattice distortion.

Detector
coverage

Incident
neutron Scattered
beam beam

\_/co
FIG. 3. (Color online) Schematic diagram of neutron diffraction setup. The
vector E represents the poling direction. For a given scattered beam at a

given rotation angle, w, the scattering vector makes an angle to the poling

direction-
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FIG. 4. (Color online) Structural variation as a function of angle (7) to the
applied electric field for the poled sample, collected at 2.44 A.

Pronounced splitting of the (200)/(002) peaks was ob-
served as 7 approached 0°, indicating a tetragonal distortion.
The long c-axis was preferentially oriented parallel with the
electric field vector as observed in poled tetragonal
Pb(Zr( 5,Tip4g) TiO5 (Refs. 6 and 25) and BNT-7BT under
electric field."” Further peak splitting occurred in the

(111)/(111) peaks with the long axis induced parallel to the
electric field vector. This rhombohedral lattice distortion was
not observed in previous x-ray data, most likely due to the
sensitivity of the structure to small compositional changes
near the MPB. The concurrent tetragonal and rhombohedral
distortions observed here are consistent with the results of
Kling et al.’ and contribute to the large electric-field-
induced strain and polarization given in Table I.

This study has demonstrated that the application of an
electric field to 94BNT-6BT causes significant structural
transformations to occur, a result consistent with the large
remanent strains observed in this system.14 In this process,
the virgin structure, which contained fractions of the a’a’c*
and a a a” tilt systems, transformed to a strongly
a“a"a"-tilted structure, which preferentially nucleated per-
pendicular to the electric field. Furthermore, the poled mate-
rial contained both rhombohedral and tetragonal lattice dis-
tortions, where the long axes of both structures nucleated

Appl. Phys. Lett. 98, 082901 (2011)

parallel to the electric field. These electric-field-induced
structural effects combine to significantly contribute to the
macroscopic remanent polarization and strain of this compo-
sition. It is expected that the current results will lead to an
improvement in the current understanding of high-strain phe-
nomena in similar systems.
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