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ABSTRACT: This work systematically investigated the structure and property of the near-surface and bulk regions of
Pbo.go(NDo.02ZT0.735M0.2Ti0.04) O3 ceramics using a combination of X-ray and neutron diffraction, piezoelectric force microscopy, and
conventional ferroelectric/piezoelectric characterization. It is found that mechanical force can induce an antiferroelectric/ferroe-
lectric phase transition within micrometers of the surface. Such a phase transition is strongly dependent on the processing sce-
nario, leading to differences from the bulk region. This work provides crucial insights into the sensitivity of this class of AFE
materials. Clearly surface processing conditions must be taken into account for both accurate structural determination and prac-

tical applications.

Antiferroelectric materials, with specific compositions in
the ternary PbZrO;-PbSnO;-PbTiO; system, are widely stud-
ied for their promising applications as actuators, sensors as
well as in energy storage and electrocaloric devices."® In terms
of the PbZrO;-PbSnO;-PbTiO; phase diagram?, materials can
exist in an antiferroelectric orthorhombic (AFE(), an antifer-
roelectric tetragonal (AFEr) or a ferroelectric rhombohedral
(FER) state at room temperature. The resultant state depends
strongly but not only upon the chemical composition. It is
found that the stability of these antiferroelectric (AFE) and
ferroelectric (FE) phases is also very sensitive to external fac-
tors, such as applied electric field, mechanical stress and tem-
peratures™. With a composition close to the AFE/FE phase
boundary, the appearance of competing phases even strongly
depends on the history of processing conditions such as heat-
treatment, mechanical pressing and electrical-poling>5. Alt-
hough such phenomena have been mentioned previously, the
whole picture, especially the relation of the structure and
property at the near surface region and in the bulk, is still am-
biguous.

In this work, we therefore initiate to systematically investi-
gate whether or not the sensitivity of near-surface structure
and properties to external conditions extends into the bulk. A
Pbo.go(Nbo.6:Z1673SN62Ti6.04) O3 (PNZST) ceramic was thus
chosen as an example material for this study. X-ray and neu-
tron powder diffraction (XRPD and NPD, respectively) are
employed to distinguish between near-surface (on the mi-
crometer scale) and bulk structure based on the different

beam penetration depths'®7 of X-rays and neutrons. In addi-
tion, piezoresponse force microscopy (PFM) and bulk prop-
erty measurements are used to differentiate between the sur-
face and bulk properties of the material.

Pbo.g9(NDo.02Z16.7551M0 5 Tio.04) O; (PNZST) ceramics were pre-
pared by conventional solid state reaction as previously re-
ported’s. For comparison purposes, four PNZST sample pieces
and one powder sample were cut or cracked from the one ini-
tial piece of ceramic. The four cut samples have surface sizes
of 10 mm x 5 mm and a thickness of ~ 0.8 mm to 1.5 mm de-
pending on processing conditions. The sample 1 was not pro-
cessed i.e. it has a fresh (or as synthesized) surface. The sample
2’s surface was polished prior to investigation. The sample 3
was processed in the following way: polishing the surface—
heat-treatment (600 °C for 12 hours). The sample 4 was pre-
pared as follows: polishing the surface— heat-treatment (600
°C for 12 hours) — re-polishing the surface.

XRPD patterns of samples 1-4 were collected using a PANa-
lytical X’pert Empyrean diffractometer (Cu Ka radiation,
45kV, 40mA). The unit cell parameters were calculated by Le-
Bail fitting using pseudo-Voigt profiles (Jana2006)39. Figure
1a shows the room temperature XRPD patterns of the sample
1-4. All the patterns are indexed based on a parent cubic per-
ovskite structure (labelled with the subscript p). The sample 1
exhibits a non-split and symmetric (111), peak as well as an un-
ambiguous 2: split in the (200), peaks. Additionally, the weak
but clear presence of G+1/4(110), satellite reflections (G de-
notes parent reflections) such as 1/4(710)p, 1/4(714)p and



1/4(754), are also observed in the selected peak regions pre-
sented in Figure 1b and 1c. This is consistent with antiparallel
Pb cation displacements along the pseudo-cubic [1-10], direc-
tion, associated with the wave vector q = [1/4 1/4 o],*, which is
in good agreement with the AFE distortion observed in the
prototype PbZrO; (AFEo structure, space group: Pbam)2°. The
refined Pbam orthorhombic unit-cell parameters of the sam-
ple 1 (calculated by Le-Bail whole pattern fitting) are a =
5.8440(5) A, b = 11.7045(5) A and ¢ = 8.1935(5) A.

The sample 2 again exhibits the 2:1 split (200), parent reflec-
tions as well as G + 1/4(110),, satellite reflections, typical for the
AFEo phase. On the other hand, it is evident that both the
(111)p and (211), peaks have small shoulders at lower Q values
(Q=4msinB/}), indicating thombohedral rather than ortho-
rhombic symmetry. According to the phase diagram?, the
composition of PNZST sample is very close to the junction of
three phases (AFEr, AFEo and FEg). The appearance of weak
diffraction features associated with rhombohedral symmetry

is probably related to a partial structural change from the
AFEo phase (space group, Pbam) to the FEr phase (space
group, R3c) during the polishing process. The XRPD pattern
for the sample 2 indeed suggests the coexistence of AFEg and
FERr phases. The refined unit-cell parameters assuming a two-
phase mixture are a = 5.8447(5) A, b = 1.7041(5) A, ¢ =
8.2008(5) A for the AFEo phase and a = 4.1330(5) A, a = 89.78°
for the FEg phase.

The XRPD pattern of the sample 3 differs from the patterns
observed in both sample 1 and 2. It shows a single (200),, peak
but clearly-split (1), peaks, showing rhombohedral sym-
metry. In addition, the previously observed G+1/4(110), satel-
lite reflections disappear, further suggesting that the 600 °C
heat-treatment has induced the phase transition from AFEq to
FEg. The unit-cell parameters of the FEg phase in the sample 3
are a = 4.1330(5) A, & = 89.81°. The XRPD pattern of the sample
4 is very similar to that of the sample 2 i.e. it contains a two
phase mixture of both AFEq and FER phases.
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Figure 1. (a) XPRD patterns of samples 1-4, (b) shows details of the region around the parent (111), and (200), peaks and (c) the
(211), peaks; and (d) neutron diffraction patterns of the sample 1-4 and (e) the details of the region around (111), and (200), peaks.

Neutron powder diffraction (NPD) patterns using a wave-
length of 2.41 A were then collected on WOMBAT, the high-
intensity powder diffractometer installed on the Opal reactor
of the Bragg Institute at the Australian Nuclear Science and
Technology Organization. The details of the setup are same as
that described in the previous study7 .. The sample stage was
rotated anti-clockwise around the normal direction at incre-
ments of 15°. An area detector was used for this experiment
while each diffraction spectrum was collected for 5 minutes.
The 13 patterns collected at the different rotation angles were
then averaged. Figure 1d-e shows the resultant NPD patterns
for the samples 1-4 along with the associated detail of selected
peaks in the 2.46 A < Q < 3.09 A7 range. This time, there is

no obvious difference from one sample to the other. The
clearly split (111), peaks and unsplit (200), peaks are charac-
teristics of the rhombohedral symmetry. In addition to these
parent Bragg reflections, G+1/2(1m1), satellite reflections such
as ¥5(31)p, ¥2(331)p and Y4(511),, are clearly observed, consistent
with the presence of a'a'a- octahedral tilting in Glazer nota-
tion>>23, Thus the bulk structure of the samples can be as-
signed to the FEg phase with R3c space group symmetry in a
sharp distinction to what is observed for the sample 1, 2 and 4
via XRPD.

As suggested by a previous study', the penetration length
of low energy X-rays (~ 8 keV) for lead-containing perovskite
materials is ~ 10 pm. Because the diffraction geometry of the



lab XRD is reflection, the penetration length is even less at the
low incident angles. The differences observed via XPRD and
NPD must then result from structural differences between the
near-surface and bulk regions of the sample. The fresh near-
surface of the sample 1 shows an orthorhombic structure while
the bulk structure is clearly rhombohedral. After mechanical
polishing, the near-surface of the sample 2 and 4 show a mix-
ture of orthorhombic and rhombohedral phases, indicating
that the material surface is very sensitive to the applied me-
chanical force. For the sample 3, the near-surface, two-phase
mixture of orthorhombic and rhombohedral phases induced
by polishing is able to revert to a single rhombohedral FEg
phase after heat treatment at 600 °C. Although the average
structure of the near-surface region can clearly be tuned by
external processing, the average structure of the bulk seems to

remain unaffected no matter how the surface is mechanically
polished or heat-treated.

The piezoresponse force microscopy (PFM) (Cypher, Asy-
lum Research) was then used to characterize the domain
structures of the samples’ surfaces. Due to the high roughness
of the fresh sample (the sample 1)’s surface, only the sample 2,
3 and 4 were characterized. The polished samples are quite flat
(Figure 2a, d and e), excluding the effect of topography on the
characterization of the amplitude and phase images. It is
found that in both sample 2 and 4, the PFM amplitude and
phase images are mostly homogeneous without any obvious
contrast. In some areas, however, clear features and contrast
was observed.

Figure 2 (a, d, g) Morphology, (b, e, h) amplitude and (c, f, i) phase images of the sample 2, 3 and 4, respectively. All scanned
areas are 6 pm x 6 pm. The sample 2 and 4 share the similar characters in terms of the amplitude ((b), (h)) and phase images ((c),
(i), indicating the coexistence of the polar and non-polar regions. Different from the sample 2 and 4, most area of the sample 3

exhibits polar domains with a smaller size.

By contrast with the sample 2 and 4, the sample 3 shows
sharp features and clear contrast in both amplitude and phase
images (Fig.ze and f). Note that the amplitude drops abruptly
across domain boundaries while the phase contrast denotes
the out-of-plane component of polarization (black and yellow
areas correspond to opposite directions of the polarization).
Instead of the typical rhombohedral domain structure, the
sample 3 shows labyrinthine domains with a size distributed
over the range of ~100-200 nm. As suggested by previous stud-
ies?425, the heat-treatment process releases surface residual

strain and minimizes ferroelectric domain sizes. Similarly, in
our case, the observed ferroelectric domains become noticea-
bly smaller and their shapes more irregular in the sample 3.
Such behavior appears closer to relaxor ferroelectric domain
features?6, although structurally the domains still retain the
rhombohedral ferroelectric phase.

The PFM results are thus quite consistent with a structural
change induced by heat-treatment, whereby a two-phase mix-
ture of AFE and FE near-surface phases are converted to a sin-
gle FE phase. Interestingly, it is found that the heat-treated



and re-polished FE phase is thereby partially transferred back
to AFE again, leading to a combination image showing both
FE domains and non-polar regions as observed in the sample
4. That is, mechanical force polishing in the surface region
again leads to a partial phase transition from a FE to an AFE
phase.

This work shows clearly that the phase structure in the
near-surface region of PNZST ceramic samples differs from
that of the interior region, and is also easily influenced by ex-
ternal stimuli. The near-surface unit-cell volume of each phase
varies accordingly probably due to the different lattice strain
induced. Therefore, the origin of the phenomenon is most
likely related to a stress/strain induced AFE/FE phase transi-
tion'". As shown in Figure 3, heat-treated powders exhibit a
single (200), peak in their NPD pattern at ambient pressure
(zero hydrostatic pressure), suggesting the FEg phase. When
the powders are under mechanical load (hydrostatic pressure
in this case), however, the initially single (200), peak splits
into two peaks with an unambiguous intensity ratio of 21, sug-
gesting the AFEo phase. This in-situ neutron powder diffrac-
tion characterization proves that, at this composition, com-
pressive stress stabilizes the AFE phase. The coexistence of the
AFE and FE phases in the near surface region of the sample 2
and 4 is thus directly correlated with the mechanical polishing
process which changes strain/stress near the surface. By con-
trast, the sample 3 reverts to the FEr phase as a result of the
relief of surface stress /strain after heat-treatment. As strain
induced by polishing only exists near the surface region of ce-
ramics, the bulk material remains in the FERr phase in regard-
less of processing conditions.
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Figure 3. The neutron diffraction patterns of the heat-
treated sample powder collected under a hydrostatic pressure
of 169 MPa and without pressure.

100

Figure 4 shows polarization-field (P-E) and strain-field (S-
E) hysteresis loops of the samples 1-4 measured at 1 Hz. Both
P-E and S-E loops of all samples show typical ferroelectric be-
haviour. Note that, even for the first quarter of the electrical
cycle, the observed polarisation shows no trace of AFE behav-
iour. Although the XRPD patterns of the sample 1, 2 and 4
show a coexistence of AFE and FE phases, the macroscopic FE
properties are mainly determined by the bulk structure, which
is the FEr phase. Furthermore, the dielectric properties of
these samples were also characterized. All samples present al-
most identical temperature-dependent dielectric spectra with
a sharp dielectric peak at T=169.9 °C (the transition point of
the ferroelectric and paraelectric phases) and small variation
at T=80 °C (the transition point of the low-temperature ferro-
electric phase R3c and high temperature ferroelectric phase

R3m). No additional change in dielectric property is observed
from the near surface structure.
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Figure 4. Polarization-electric field (P-E) and strain-electric
field (S-E) hysteresis loops of the (a) sample 1, (b) sample 2, (c)
sample 3, and (d) sample 4 measured during first and second
electric cycle

In summary, the surface of the PNZST ceramics with chem-
ical composition very close to the AFE/FE phase boundary is
quite sensitive to the external stimuli such as mechanical force
and temperature. The surface processing therefore results in
the difference in both structure and property at the near-sur-
face and in the bulk region. This work thus provides a new
insight into AFE polycrystalline materials and AFE/FE phase
transitions, suggesting that the considerable complexity of
near-surface structures and properties needs to be taken into
account to comprehensively understand and control this class
of AFE materials as well as their use for specific applications.
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