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We have found unique hierarchical domains in Na1/2Bi1/2TiO3 single crystals. A tetragonal
ferroelastic domain structure is unchanged on cooling from 520 to 25 °C. Polar microdomains then
nucleated on cooling in the rhombohedral ferroelectric phase within the geometrical restrictions
imposed by the inherited ferroelastic domains. © 2010 American Institute of Physics.
�doi:10.1063/1.3443717�

Environmental friendly Pb-free piezoelectrics have been
the topic of research in the past number of years.1,2 One
important materials system with promise is Na1/2Bi1/2TiO3 or
NBT, which was originally reported by Smolenskii,3 and
which more recently has been shown to have relatively
promising piezoelectric properties.2,4 In fact, longitudinal pi-
ezoelectric constants of d33�500 pC /N have been reported
both under large amplitude drive in the �–E response2 and
more recently under weak-field drive using a Berlincourt-
type meter.4

The phase transformational sequence on cooling for
NBT has been reported to be cubic�C�→ tetragonal�T�
→ rhombohedral�R�:5–9 with phase transition temperatures of
about 520 °C and 260 °C, respectively. Interestingly, no dis-
tinct structural changes associated with the ferroelectric
transformation have been reported at the maximum in the
dielectric constant Tmax=330 °C.10,11 It would thus appear
that the high temperature �paraelectric� prototypic phase of
NBT has tetragonal symmetry, rather than cubic. Ferroelastic
domains12 and a splitting of the lattice parameters6 have been
reported to persist on heating until near 520 °C, indicating
that this high temperature paraelectric tetragonal phase is fer-
roelastic. Below Tmax, the tetragonal phase becomes polar,
where it has been reported to have double P-E hysteresis
loops indicative of antiferroelectric ordering.1,12 Further-
more, the ferroelectric T→R transition is diffused, as evi-
denced by temperature dependent dielectric constant
measurements.1,6,10 An inflection in the dielectric constant
near 250 °C has been assumed to be that of the T→R tran-
sition, below which relaxor ferroelectric characteristics be-
came evident in the dielectric constant on further cooling.
Vakhrushev et al.6 have conjectured that ferroelectric rhom-
bohedral clusters gradually form within the polar tetragonal
matrix over a broad temperature range on cooling between
330 and 200 °C.

Relaxor ferroelectrics, such as Pb�Mg1/3Nb2/3�
�O3–x% PbTiO3 or PMN–x% PT, are characterized by the
presence of polar clusters as observed by electron
microscopy.13 With increasing x, piezoforce microscopy
�PFM� and polarized light microscopy �PLM� investigations
have shown14,15 that these polar nanoregions self-assemble

into small domain striations along the �110� that are submi-
cron sized, which subsequently geometrically organize into
large 	100
 platelets or bands of about 100 �m in size.
These hierarchical domain organizations are similar to those
of martensite16,17 where such arrangements achieve stress ac-
commodation relaxing the elastic energy. However, in-spite
of the relaxor analogy for the R phase of NBT, neither the
presence of polar nanoregions nor hierarchical domains has
yet been reported.

Here, we have studied the phase transformation and do-
main structures of NBT by a variety of structural and micro-
structural methods. We find �i� that the high temperature te-
tragonal ferroelastic domain structure is unchanged on
cooling from 520 to 25 °C, where it is elastically inherited
by the ferroelectric rhombohedral phase; and �ii� that polar
microdomains nucleate on cooling in the rhombohedral
ferroelectric phase, tending to self-organize to a limited ex-
tent along �110�. These results reveal a unique presence of
independent ferroelastic and ferroelectric domain structures.

Single crystals of NBT were grown by a top-seeded so-
lution growth method.18 �001� oriented wafers of NBT single
crystals were cut into dimensions of 5�5�0.5 mm3, and
the surfaces were polished down to a 0.25 �m finish. Care-
ful investigations of the domain structure were performed by
SPM using Piezoforce �Vecoo DI 3100a� and Raman �Witec
Alpha500� modes; and by PLM using a Leica Microsystem
�Wetzlar Gmbh� equipped with a hot stage. Temperature de-
pendent lattice parameters were determined by x-ray diffrac-
tion �XRD� using a Philips MPD high-resolution system
equipped with a doomed hot-stage. The x-ray wavelength
was that of Cu K�=1.5406 Å. The dielectric constant was
measured as a function of temperature using a LCR meter
�HP 4284�. For these measurements, silver electrodes were
coated on the major surfaces.

Figure 1�a� shows the temperature dependent dielectric
data. In this figure, we can see that the dielectric maximum
occurs near 330 °C, near and just below which the dielectric
constant is frequency independent. On further cooling, an
inflection was found near 250 °C below which notably fre-
quency dispersion was observed. This dispersion was similar
to that of relaxors below Tmax,

19 indicating polar heterogene-
ities with low frequency fluctuations. In Fig. 1�b� , tempera-
ture dependent lattice parameters are given. These data re-a�Electronic mail: wenweige@vt.edu.
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veal a splitting of c and a parameters in the temperature
range between 300 and 530 °C: demonstrating that both the
polar �near and below Tmax� and prototypic ��Tmax� phases
have tetragonal symmetry. Below 300 °C, the structure is
transformed to rhombohedral �i.e., pseudocubic�. No other
structural changes were found at the Curie temperature, or at
the inflection in the dielectric constant near 250 °C. These
XRD results do not preclude that a structural phase transition
occurred on a local scale in some regions of the crystal near
or above Tmax. A diffuse phase transformation is apparent in
the broad dielectric response with a maximum near Tmax,
consistent with this possibility. However, if such local T
→R transitions occur, they have correlation lengths less than
that of the coherence length of x-ray required by the optical
diffraction conditions. Thus, they would not be detectable at
the Bragg conditions.

Figure 2 shows PLM images taken at various tempera-
tures: ��a� and �b�� 25 °C in the R phase; ��c� and �d��
250 °C near the temperature at which frequency dispersion
became evident in the dielectric constant; ��e� and �f�� close
to but below Tmax at 325 °C; and ��g� and �h�� near but
below the T→C transition at 500 °C. The angles ��� pro-
vided in the images are that between the polarizer/analyzer
�P/A� pair and the pseudocubic �110�. The left column shows
images at �=0°, and the right one at �=45°.

Fig. 2 clearly reveal the presence of tetragonal ferroelas-
tic domains for temperatures below 500 °C, which have a
width of about 10–100 �m and a length on the order of
hundreds of microns, and which are oriented along the �110�.
These ferroelastic domains disappeared on heating at the T
→C transition near 550 °C �data not shown�. It is important

to note that the size, shape, and position of these ferroelastic
domains were somewhat unchanged with temperature on
cooling between 500 °C and room temperature, even though
the sample went through �i� two polar phase transformations
on cooling, and �ii� that the ferroelastic tetragonal strain
�c /a� disappeared at 300 °C on cooling into the R phase.
These findings clearly demonstrate that the ferroelastic do-
main structure is inherited into the rhombohedral polar phase
at room temperature.

Also, please note in Fig. 2 the extinction at different
temperatures. At 550 °C, complete extinction was found for
�=0° to 360° �data not shown�: this indicates that NBT is
cubic and optically isotropic as revealed by XRD data in Fig.
1�b�. On cooling to 500 °C in the T phase field, ferroelastic
domain appeared and the extinction angle was �=45°+m
�90° �m=0, 1, 2, and 3�: this is the typical extinction posi-
tion for tetragonal structures. The extinction angle did not
change on cooling to Tmax=330 °C �data not shown�. How-
ever, complete optical extinction could not be maintained on
cooling to 325 °C �see Fig. 2�f��, even though NBT was still
tetragonal by XRD. These results indicate that ferroelectric R
phase nuclei have begun to form in the tetragonal matrix, as
the R structure has extinction for �=0° rather than �=45°.
On cooling to and in the R phase field, the contrast in the
extinction images for �=45° became more pronounced, as
can be seen in Figs. 2�b� and 2�d�; whereas, the contrast in

FIG. 1. �Color online� Phase transformation characteristics of �001� oriented
NBT single crystal in the zero-field cooled condition, observed by �a� tem-
perature dependent dielectric constant measurements taken at various fre-
quencies; and �b� temperature dependent lattice parameter measurements.

FIG. 2. �Color online� PLM images taken at various temperatures of ��a�
and �b�� 25 °C, ��c� and �d�� 250 °C, ��e� and �f�� 325 °C, and ��g� and �h��
500 °C, respectively.
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the images for �=0° also became darker on cooling between
325 to 25 °C. Comparisons of the PLM images at various
temperatures show that the optical extinction conditions
gradually change with decreasing temperature below Tmax.
However, complete optical extinction could not be achieved
in the R phase field. This indicates that the ferroelectric R
domains in NBT crystals could not organize into large do-
main platelets or bands, as previously reported for PMN–PT
crystals.14,15 These results clearly illustrate the diffused na-
ture of the phase transformation, and that polar R nuclei ini-
tially begin to form near Tmax.

Finally, we have performed investigations of the domain
structure of NBT over various length scales using different
types of microscopy. These investigations have shown the
presence of two different types of domain structures of dif-
ferent characteristic sizes. We confirmed the presence of fer-
roelastic domains by optical mode and Raman mode SPM as
shown in Figs. 3�a� and 3�b�. In this case, �110� oriented
domains of width about 10 �m were found, consistent with
the PLM images �see Fig. 2�. We then performed SPM in-
vestigations using the piezoforce mode, so that we could
detect the ferroelectric domain structure. Figures 3�c� and
3�d� show typical PFM images, which reveal the presence of
much smaller ferroelectric domains that exist within the fer-
roelastic domains of larger length scale. The size of these
ferroelectric domains was on the order of 0.2 to 0.5 �m.
Furthermore, the spatial distribution of these ferroelectric
microdomains was not well organized; however, comprehen-
sive studies by PFM showed that the ferroelectric domains
had some tendency for organization along the �110� direction.

Generally in a distortive phase transformation, changes
in the domain variant distribution and population allow the

achievement of the elastic compatibility conditions and mini-
mization of the elastic free energy.20 However, our findings
show a unique sequence of phase transformations in NBT,
where a ferroelastic T domain structure is inherited into a
ferroelectric R phase. This is important because it means that
the polar R phase is geometrically and elastically restricted
by its high temperature ferroelastic T parent phase. On cool-
ing into the R phase, ferroelectric microdomains then form
within the ferroelastic T domains. The system can organize
the ferroelectric microdomain distribution in an attempt to
achieve the invariant plane strain conditions: however, a
fully relaxed elastic state is clearly not achieved for NBT.
Because complete stress accommodation is not achieved, the
polar microdomain ensemble may undergo low frequency
dynamical fluctuations, typical of a relaxor ferroelectric
state.

In summary, phase transformation and domain studies of
NBT have revealed �i� that a high-temperature tetragonal fer-
roelastic domain structure is elastically inherited into a lower
temperature rhombohedral ferroelectric phase; and �ii� that
polar microdomains form within this geometrical constraint
on cooling, resulting in a metastable state with attributes of a
relaxor ferroelectric.
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FIG. 3. �Color online� Domain structure of NBT at different length scales
taken by �a� atomic force microscopy using an optical mode; �b� atomic
force microscopy using a Raman mode, which demonstrates ferroelastic
domains of about 10 �m; �c� atomic force microscopy, which shows ferro-
electric domains of about 0.2–0.5 �m in size; and �d� a higher resolution
image of ferroelectric domains, which demonstrates much clear ferroelectric
domains that exists within side the ferroelastic ones.
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