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Despite being of wide commercial use in devices, the orders of magnitude increase
in resistance that can be seen in some semiconducting BaTiOs-based ceramics,
on heating through the Curie temperature (T¢), is far from well understood. Cur-
rent understanding of the behavior hinges on the role of grain boundary resistance
that can be modified by polarization discontinuities which develop in the ferroelec-
tric state. However, direct nanoscale resistance mapping to verify this model has
rarely been attempted, and the potential approach to engineer polarization states at
the grain boundaries, that could lead to optimized positive temperature coefficient
(PTC) behavior, is strongly underdeveloped. Here we present direct visualization
and nanoscale mapping in a commercially optimized BaTiO3—-PbTiO3—CaTiO3 PTC
ceramic using Kelvin probe force microscopy, which shows that, even in the low
resistance ferroelectric state, the potential drop at grain boundaries is significantly
greater than in grain interiors. Aberration-corrected scanning transmission electron
microscopy and electron energy loss spectroscopy reveal new evidence of Pb-rich
grain boundaries symptomatic of a higher net polarization normal to the grain bound-
aries compared to the purer grain interiors. These results validate the critical link
between optimized PTC performance and higher local polarization at grain bound-
aries in this specific ceramic system and suggest a novel route towards engineering
devices where an interface layer of higher spontaneous polarization could lead to
enhanced PTC functionality. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4989396]

The Positive Temperature Coefficient of Resistivity (PTCR) effect is a property found in poly-
crystalline materials which produce a switch from a low resistance semiconducting state to a higher
state of resistance in response to either internal or external heating. Understandably, this effect has
found extensive applications in sensing technologies such as self-regulating heating elements, cur-
rent sensors, and sensors for the detection of air flow, liquid level, and temperature changes.! Among
the various materials exhibiting a PTCR effect to date, the most favored material group is BaTiO3
(BTO) based compounds where the temperature at which this switch in behavior occurs, near the
ferroelectric-paraelectric Curie transition temperature (Tc), and the magnitude of the switch can
be controlled and optimized via the addition of different dopants and/or changes in the processing
conditions.>?
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Over the past 50 years, research on the PTCR effect has focused on compositional and structural
issues that govern the electrical properties.* It was identified quite early that the effect is dominant
in polycrystalline samples,® with rich microstructures and an equally interesting domain structure
embedded within grains, and several models have been proposed to explain the observed experimental
behavior.”~! The most accepted among these models is the Heywang-Jonker model, which states that
the presence of a potential barrier at the grain boundaries is responsible for enhanced resistivity of the
boundary in comparison to the grain interior. According to the original Heywang model’ (reviewed
by Chen and Yang*), there is a bi-dimensional layer of electron traps, i.e. acceptor states, along
the grain boundaries of BTO, which exhibits different electrical properties from those of the bulk
phase. A two-dimensional electron trap exists along the grain boundary where acceptor states attract
electrons from the bulk resulting in an electron depletion layer and consequently a potential barrier.
The barrier at the grain boundary (¢g) is given by
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where e refers to electron charge, € is the permittivity of free space, €gp is the permittivity of the
grain boundary region, N is the concentration of surface acceptor states, and N is the concentration
of charged species in the depletion layer. The overall resistivity p is then determined by the barrier
height and given by
p=Acit, )

where k refers to the Boltzmann constant and A is a geometrical factor. As evident from Eq. (2), the
overall resistivity exhibits the same trend as the barrier height. While the Heywang model provided
some insight into the PTCR behaviour, it was unable to explain the PTCR behaviour below Tc.

Jonker modified Heywang’s model by incorporating the ferroelectric nature of the material with
the possibility that different grains have different polarisation orientations.® In fact, each grain itself
can have different domains in it and thus a wide range of possibilities emerges, in terms of polar
discontinuities present at the grain boundaries. Surface charges are generated when the net polarisation
vector normal to grain boundaries is created. Negative surface charges diminish the potential barrier
while the barrier for domains with positive surface charges increases. The conducting electrons always
follow the path with the lowest barriers so that the material as a whole has low resistivity. According
to the modified Heywang-Jonker model,’ the barrier potential (¢) observed at the grain boundary is
given by
e?N2 — (AP2 + AP?)
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where AP, is the component of spontaneous polarisation normal to the grain boundary, and AP, rep-
resents the polarisation generated due to stresses at the grain boundaries as considered by Kulwicki
and Purdes.'” This model takes into account the ferroelectric nature of the material and postulates
that the spontaneous polarization below T, or more appropriately the polar discontinuity arising
from domain structures, effectively lowers the potential barrier in the vicinity of grain boundaries,
thus lowering the resistivities below Tc. It should be noted that the grain boundary is always more
resistive than the interior of the grains, even in the ferroelectric (low resistance) phase. As the mate-
rial undergoes the ferroelectric-paraelectric transition, domains disappear and with no influence of
polarization, depletion regions and resistive barriers at the grain boundaries are restored leading to a
high resistance state. The polarization discontinuity at the boundary and its origin, particularly from
the underpinning ferroelectric domain structure, have been an ongoing topic of debate in BTO-based
PTCR ceramics.”!! A better understanding of the link between magnitude of polar discontinuity and
enhanced PTC behavior could help optimize the PTCR behavior and allow development of novel
routes towards engineering higher local polarization discontinuities at grain boundaries.

Most of the experimental evidence towards the role of grain boundaries in enhanced PTCR behav-
ior is based on macroscopic studies employing techniques such as impedance spectroscopy, which
allows the interpretation of grain-boundary resistivity in terms of equivalent circuit diagrams.'>!3
However, direct analysis of grain boundaries linked to PTCR behavior on the nanoscale that could
unequivocally establish the clear role of grain boundaries has been limited in previous studies.'*

) 3)
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There is also the open question of chemical inhomogeneity and segregation at grain boundaries, and
how these relate to polarization discontinuity. Several studies have suggested that chemical diffu-
sion and segregation at the grain boundaries are responsible for the PTCR effect, but attempts to
provide evidence of this chemical heterogeneity have so far been unsuccessful.!>~!7 Moreover, the
most accepted models do not consider clear links between chemical heterogeneity and polarization
discontinuity at grain boundaries. Therefore, there is an evident need to investigate the chemistry at
the grain boundaries in these complex microstructures, and its role in the modification of potential
barriers while preserving the original domain structure at the interface, so that direct evidence of this
correlation may be established.

In this context, nanoscale studies aimed at visualization of local resistivity or potential barriers
at grain boundaries using scanning probe microscopy based techniques have been challenging due
to polishing related issues which can seriously influence the domain structure in these ceramics. To
address these issues, grain boundaries possessing one of the clearest reported ferroelectric domain
structures have been investigated in this work.'® Here, we have studied the chemical variations and
associated changes in electronic structure across grain boundaries in a BTO based commercially
available PTCR ceramic. The ceramic is composed of BaTiO3-PbTiO3—CaTiO3; (BTO-PTO-CTO)
where the percentage concentrations are 68%, 20%, and 12% respectively, with an average measured
grain size diameter of 4 um. Pb is commonly added to BTO PTCR ceramics to modify the Tc¢
for relevant applications,'® while Ca is employed to achieve refinement of grains.?’ The ceramics
typically have relatively low bulk resistivity at room temperature (10-100 Q cm) which increases
by up to 4 orders of magnitude, on heating through T¢. Kelvin probe force microscopy (KPFM), a
non-contact scanning probe microscopy technique, was employed to establish the central role that
grain boundaries play in the PTCR behavior exhibited by these ceramics.

As previously discussed, early studies of PTCR ceramics have mainly been focused on macro-
scopic scale measurements such as impedance spectroscopy. The use of large electrodes during these
investigations, however, precludes the exact determination of the grain boundaries’ role in the PTCR
effect due to an averaging of their behavior. It would appear obvious that the cleanest way to gain
experimental insight into the electrical behavior of these elements would be to investigate them at a
local scale, especially in a lateral geometry where the boundaries themselves form elements of the
conduction circuit. To realize this scenario, samples were prepared from bulk by cutting and polish-
ing using diamond paper and a colloidal silica solution. Figure 1(a) shows a scan of the topography
of the polished surface. While the topography contains hints of underlying domain structure, the
domain structure becomes clearly evident in the derivative of the topography shown in Fig. 1(b).
Piezoresponse force microscopy (PFM) in both vertical and lateral modes was employed to inves-
tigate the local piezoresponse signal associated with the domains [Figs. 1(c) — 1(f)]. The PFM data
reveal a rich and complex domain structure showing distinct discontinuities in polar arrangements at
the grain boundaries. The domain junctions at the boundaries should correspondingly generate the
full range of AP values, consistent with the Heywang-Jonker model, where the maximum extent of
barrier lowering is due to the maximum possible magnitude of polar discontinuity [Eq. (3)].

Direct spatial mapping of potential barriers across grain boundaries would allow insight into
the crucial role that boundaries play in determining the PTCR behavior. In principle, conductive
atomic force microscopy (c-AFM) could be used to measure the local current upon the application
of a fixed voltage and thus determine the local resistance/barrier at the boundary. Indeed, prior
efforts to map currents in PTCR ceramics using c-AFM have shown that the grain boundaries are
more resistive than the grains.’'>> However, recent work by Douglas ez al.'® on the PTCR ceramic
samples discussed in this study has shown that the c-AFM data is strongly influenced by the nature
of the Schottky barrier that develops at the tip-sample interface and thus was deemed unsuitable for
assessing the fundamental resistivity of the material. A more direct way of mapping potential drops
(and hence inferring local resistance) on the nanoscale is through the use of scanning Kelvin probe
force microscopy (KPFM). To investigate the role of grain boundaries in a lateral geometry where
they form part of the electrical circuit, KPFM was therefore performed on the polished samples. Au
electrodes were sputtered, forming an inter-electrode gap of 80 um, to allow the application of an
in-plane electric field whilst measuring the change in potential across the surface of the material.
Figure 2(a) shows the resulting topography for the KPFM experiment, and grain boundaries are
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FIG. 1. PFM imaging of domains. A 10 gm X 10 gm scan of topography (a) and its derivative (b) of a polished BTO-PTO-CTO
sample. In (a) the scale bar represents 2 um and the dotted lines in (b) mark a rough outline of grain boundaries. The lateral
PFM of amplitude (c) and phase (d), along with the vertical PFM of amplitude (e) and phase (f), shows an intricate series of
domains within each grain at the surface. Domains are clearly evident in the derivative of topography. In both sets of PFM
scans 2 V AC was applied with the PFM amplitude scale of the lateral signal ranging from 0 V to4 V,and 0 V to 1 V for vertical.

highlighted with black dashed lines in a schematic of the scanned structure [Fig. 2(b)], allowing
for ease of reference. During the experiment, —10 V DC was applied from the right electrode, with
respect to the KPFM image, and in the 15 um region scanned, a change in potential of roughly 1.5 V
DC was observed. Typically, when a lateral electric field is applied to a material with homogeneous
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FIG. 2. Topography of the BTO-PTO-CTO surface for the KPFM experiment (15 X 5 um), with Au electrodes placed parallel
to the vertical scan direction (a). Schematic of the scanned area (b). Potential map acquired by applying —10 V across the
surface of the sample, measured using KPFM (c) and negative gradient of the potential map (d).
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electrical properties, the change in potential is linear, but in this ceramic, the potential map in Fig. 2(c)
illustrates that there are distinct areas of non-linear change.

To elucidate the exact location of the largest change in electrostatic potential, the negative gradient
of the potential along each horizontal scan line was calculated. Figure 2(d) reveals that the largest
drop of potential occurs at the grain boundaries, a result which confirms that these interfaces are
indeed much more resistive than the bulk (interior) of the grain. The ratio of the derivatives of
potential gradients across the grain boundaries and grains can be used to estimate the ratio of their
resistivities using a series resistance model. Using this estimate, the ratio of the resistivities at the
grain boundary (p5) and grain (og) can then be expressed in terms of the effective barrier height
(Ep) such that Ej, = kT In(pp/p,). This value of the barrier height at the grain boundary is estimated
to be ~ 35 meV which is well within the range of thermal activation at room temperature. Overall the
presence of resistive grain boundaries is consistent with models proposed for the electrical structure of
the grains using impedance analysis?® and other techniques.'*?! While this result is almost expected
based on various models, local measurements showing resistive boundaries at room temperature
with an applied electric field in this lateral geometry have hitherto not been carried out directly.
The concentration of potential contours at the grain boundaries provides direct evidence towards
the existence of resistive boundaries and highlights them as the clear regions of interest. To further
investigate the nature of these regions, their structural and chemical inhomogeneity was studied on
the atomic scale, using high resolution transmission electron microscopy (TEM) techniques.

As a first approach to study the chemical distribution across grain boundaries, electron energy
loss spectroscopy (EELS) elemental maps were acquired. An overview of a typical specimen, a
focused ion beam cross-section, containing several randomly oriented grains is shown in Fig. 3(a),
with grain boundaries marked by white dashed lines. Representative boundaries, such as that in
Fig. 3(b) between grains oriented in directions close to the 110 and 210 zone axes, were chosen.
EELS maps were acquired on an aberration corrected Nion UltraSTEM 100 at the SuperSTEM facil-
ity. Rather than aligning the specimen along one of the main crystallographic axes, it was carefully

20 nm

FIG. 3. Chemical distribution across grain boundaries. Bright field TEM overview of various grains used for STEM-EELS
analysis (a), where a polydomain structure can be seen within each grain. HAADF image of a single grain boundary where
the bottom grain is tilted on the zone axis (b). The grain boundary shows a dark contrast and is marked by a white dashed line.
EELS elemental maps for Pb-M4 (c), Ba-M4 5 (d), Ti-Ly 3 (e), Ca-Ly 3 (f), and O-K (g).
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oriented in the microscope to align the grain boundary parallel to the electron beam (edge-on, to
unambiguously reveal the chemical changes across the boundary without projection effects). The
microscope was operated in scanning transmission electron microscope (STEM) mode at 100 kV,
equipped with a cold field emission gun and a Gatan Enfina spectrometer. A dispersion of 1 eV/channel
was used in order to simultaneously acquire the Pb-M4, Ba-M4 s, Ti-Ly 3, Ca-L, 3, and O-K edges;
the resulting effective energy resolution was limited by the detector point spread function. The con-
vergence and collection semi-angles were 32 and 37 mrad, respectively. The estimated t/lambda
value was 0.29, based on the integration of zero loss and plasmon peaks from low loss EELS data
acquired immediately following the core-loss EELS acquisitions; consequently, it was deemed unnec-
essary to treat the data for multiple scattering effects and no further data processing was applied.
Figures 3(c)—3(g) reveal intensity maps (colored and normalized to 0 1 for clarity) for the Pb-M 4,
Ba-M4 s, Ti-L, 3, Ca-Ly 3, and O-K EELS edges, respectively. These maps were produced by integrat-
ing the intensity of the ionization edges at each pixel over a suitable energy window (typically 40 eV),
beyond the edge onsets, after subtraction of the continuous decaying background using a power law
model.

The most striking feature of the EELS maps is the segregation of Pb, most obvious within a
10-15 nm region spanning across the grain boundary [Fig. 3(c)], whilst Ba appears to be significantly
reduced within the same length scale [Fig. 3(d)]. Meanwhile, elemental maps for the remaining
elements (Ti, Ca, and O) indicate a homogeneous chemical distribution [Figs. 3(e)—3(g)]. This
means that the composition of these remains unchanged when compared to that of the grain interior.
Complementary energy dispersive x-ray (EDX) elemental maps were also acquired, which show
good agreement with the EELS data (Fig. S1 in the supplementary material). The Pb segregation
and Ba reduction observed here can be assumed to be attributed to A-site substitutions within the
ABO3 perovskite structure. Grain boundaries are well known for their disordered nature, formed
by structural defects or dislocation cores,?* and Pb being more volatile could be attracted to these
defective (and highly strained) areas during sintering,> hence explaining the chemical heterogeneity
observed here. It should be noted that the extent of Pb segregation could differ from one grain to
another due to each grain developing slightly different strain gradients during the sintering process.?
An example of this is observed in Fig. 3(c), where more segregation of Pb is observed in the top grain.
Other grain boundaries were analyzed, with different neighboring grain orientations and relative tilt
angles, all demonstrating similar results.

As previously mentioned, PTCR ceramics have rich microstructures that are highly sensitive to
chemistry and processing conditions, making them complex ceramics to analyze. Previous studies
have shown rich structural heterogeneity between grains, where grain boundaries with high lattice
disruption and incoherency are a common feature.? This lattice disruption makes high resolution
imaging of grain boundaries quite challenging, including direct mapping of the polarization across
them. Another approach to access similar information is to study the local electronic structure through
a detailed analysis of the Ti—O octahedral distortions. Hence, to determine the effect that chemical
inhomogeneity has on the electronic structure across the grain boundary, atomic-scale EELS mea-
surements were carried out and more specifically, the electron-energy loss near-edge fine structure
(ELNES) of the acquired spectra was examined for changes indicative of electronic structure recon-
figuration, focusing on the Ti and O signals. The Ti and O ELNES contain key information about
octahedral distortions within the crystal structure as electron energy loss spectra reflect the density of
unoccupied states of the material and can thus be used to identify changes in valence and atomic bond-
ing.?’~2° Figure 4(a) is a high resolution high-angle annular dark-field (HAADF) image containing
the grain boundary shown in Fig. 3, where EEL spectra have been extracted from 25 positions. Each
extracted spectrum spans over an average of eight unit cells, parallel to the interface. A dispersion of
0.2 eV/channel was used in order to acquire simultaneously the Ti and O edges resulting in an effec-
tive energy resolution of 0.58 eV. The O-K edge shown in Fig. 4(b) is perhaps the most challenging
edge to characterize in oxides due to its multiple peaks that originate from the oxygen bonding to
both A- and B-site cations; however, even subtle differences in the peaks represent a change in the
chemistry and in the electronic structure.’ The most striking feature observed here is a gradual shift
in the peak marked with an asterisk. This peak is recognized to arise from the hybridization of the
0-2p orbitals with states attributed to the A-site cation,' making it possible to distinguish a chemical
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FIG. 4. ELNES for O-K and Ti-L, 3 edges. High resolution HAADF image of a single grain boundary where spectra have
been extracted from highlighted numbered regions (a). For clarity only selected regions are shown here but the full range can
be seen in Fig. S2. O-K edge (b) and Ti-L; 3 edge (c) extracted from positions 1, 8, 10, and 12.

transition in the A-site (Ba, Pb, and Ca). The largest shift of this peak occurs on approaching the
grain boundary, leading to a spectrum shape which has a remarkable resemblance to the O-K edge
of bulk PTO.?! This shift confirms how the bonding nature of oxygen is altered as a function of the
change in the A-site chemistry between the more BTO-like bulk-of-grain regions compared to the
Pb-rich grain boundary regions. To rule out any orientation effects influencing the ELNES the same
area was measured twice, once with the bottom grain tilted onto zone axis, and once with the top
grain tilted onto zone axis, similar features were seen either side of the grain boundary (Fig. S2 in
the supplementary material). Although it is well known that oxygen vacancies can be a common
feature in perovskites, our data did not show any resemblance to reported, simulated, or experimental
spectra where O vacancies were considered.?>? Thus, within the signal-to-noise ratio (SNR) of our
data, ELNES does not provide any reason to believe that O vacancies, and inhomogeneity in oxygen
vacancy distribution, play a major role in our observations.

Furthermore, we investigate changes in the crystal and electronic structure along the grain bound-
ary by analyzing the Ti-L; 3 edge, associated to the Ti—O octahedral distortions. The splitting of the
L, 3 edge due to spin-orbit coupling is attributed to electron excitations from the Ti-2p3, (L3 edge)
and 2p1)» (L» edge) states into unoccupied Ti-3d states near the Fermi level.’>-3*3> Due to the octa-
hedral symmetry of the Coulomb potential, the L3 and L, edges are each split into two further peaks
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representing the molecular orbitals e, and tps, where the separation is known as the crystal field
splitting (CFS). The lower energy ty, orbitals point toward the faces of the TiOg octahedron (xy, xz,
and yz), whereas the e, higher energy orbitals point toward corners containing O anions (d,>_» and
d,).Itis well accepted that in a cubic symmetry crystal (e.g. SrTi03)3%37 the energies of the orbitals
in the ey peak are degenerate, presenting a single sharp peak. However, for a tetragonal symmetry
(e.g., BTO and PTO), the e, peak shows a clear splitting due to the breaking of degeneracy. Given
that the EELS signal is highly sensitive to the subtle changes in the TiOg octahedron, we can expect
a change in the Ti-L,3 edge between the more BTO-like grain interior compared to the Pb-rich
grain boundary regions. The Ti-L; 3 spectra [Fig. 4(c)] show significant trends on approaching the
grain boundary, such as a decrease in ratio between the to, and e, peaks, and a broadening of the e,
peak, most obvious when comparing the spectrum from within the grain (position 1) and the grain
boundary (position 12). Due to the energy resolution in experiment, the splitting of the e; peak is
not easily resolved; however, it is well established that this splitting effect is observed as an e, peak
broadening.3!-36-38

As the eg peak broadens, the CFS is reduced and an inverse relationship between CFS and
the average Ti—O bond length is established.”* Due to the clear chemical inhomogeneity in this
ceramic and the intrinsic change in symmetry between BTO, PTO, and CTO, the CFS is expected
to change.’*3137 Tt has been shown that bulk BTO has a higher CFS compared to bulk PTO,3-38
and therefore a quantitative analysis of the CFS across the grain boundary was carried out here. The
contribution from CTO can be disregarded since the Ca content is constant. Figure 5 displays the
CFS trend of the L3 edge for each of the spectra positions in Fig. 4. The CFS estimate of the L3
edge is more accurate than that for the L, edge, due to a more accurate pre-edge background fitting
and higher signal levels, and therefore only the former is shown in Fig. 5. The CFS was calculated
by fitting Gaussians to the respective peaks and measuring the center-to-center displacement (see
left inset in Fig. 5 as an example) with sub-pixel accuracy. From our measurements, a decrease in
CFS is clearly observed approaching the grain boundary. The decrease in CFS (A0.14 eV) confirms
a tetragonal distortion of the TiOg octahedron and points towards an enhanced noncentrosymmetric
position of the Ti cation from the lowering of energy of the d_» orbitals,?” represented by L3-eg peak

219 Grain Boundary {
2.16
B 203
&0
& 210 | le
o
e
e
s 207
2 .
5 Ti-L;
2.04
2.01
. 9 .
L - PTO-like 4 BTO-like
455 456 457 458 459 460 461 462 463 1
eV 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Distance (nm)

FIG. 5. CFS of Ti-L3 edge spanning 25 nm across the grain boundary presented in Fig. 4. CFS was calculated by fitting
Gaussian curves to the ey and tpg peaks and measuring the center-to-center displacement, as exemplified in the left inset.
Position markings are in reference to those in Fig. 4. Schematics of octahedral distortion are depicted for the BTO-like and
PTO-like regions in the right inset.
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broadening. Thus, a transition between a BTO-like grain interior and a PTO-rich grain boundary
region has been further determined by a decrease in CFS. The Ti valence state was also examined
over various datasets; however, the small changes observed here were inconclusive since they lay
within the error limit (Fig. S3 in the supplementary material).

Even though BTO and PTO share a similar perovskite structure, they show drastic differences in
spontaneous polarization, BTO having a magnitude of 26 uC/cm? and PTO > 50 uC/cm?.*? Thus,
it can be expected that PTO-rich grain boundaries will have a higher net polarization normal to the
grain boundaries compared to the more BTO-like grain interior, creating a localized polarization step.

According to the modified Heywang-Jonker model, the barrier potential observed at the grain
boundary is given by Eq. (3). The polydomain nature of the grains will induce a population of
polar discontinuities across the grain boundaries and overall, a great variety in polar discontinuity
conditions will exist; this creates a number of low and high resistance paths which act electrically
in parallel at every grain boundary. Current will flow preferentially across the regions in which the
potential barrier has been lowered, as a result of specific polar discontinuity states, and hence an
overall low grain boundary resistance state will result. It is the regions in which polar discontinuities
lead to the largest reduction in local boundary height that therefore ultimately dictate the effective
barrier height of the grain boundary as a whole. Variations in barrier heights between grains should
exist but not vary dramatically.

Therefore, the presence of a Pb-rich (PTO-like) phase at the grain boundary will contribute an
increased magnitude of polarization compared to the bulk, and hence further bring down the potential
barrier at the grain boundary, below Tc. In turn, this decrease in the potential barrier will result in a
reduction of the resistivity as described by Eq. (2). Upon undergoing the ferroelectric to paraelectric
phase transition at T¢, where the spontaneous polarization no longer exists, depletion regions and
resistive barriers at the grain boundaries are restored leading to a high resistive grain boundary state.
Thus, the existence of a PTO-rich region would suggest an enhanced spontaneous polarization at the
boundary, fully justifying the existence of the optimized PTCR effect in this ceramic.

To summarize, nanoscale microscopy techniques have been employed to establish the link
between chemical inhomogeneity and electronic structure across grain boundaries in a BTO based
commercially available PTCR ceramic: BTO-PTO-CTO. A segregation of Pb and a corresponding
depletion of Ba near grain boundaries was observed. Furthermore, a decrease in CFS suggestive of
octahedral distortion was identified via changes in Ti-L,3 and O-K ELNES features approaching
the grain boundary, thus revealing a more Pb-rich region within 10-15 nm from the grain boundary,
suggestive of a polarization gradient. This work links the chemical and electronic heterogeneity of
the studied PTCR ceramic to the changes in potential barrier at the grain boundary, theorized by
the Heywang-Jonker model. The results shown here have been evaluated on a specific ceramic com-
position but are relevant to the general family of PTCR ceramics. The central idea that a confined
interfacial region, with higher spontaneous polarization that reduces the grain boundary barrier poten-
tial, augments electronic transport and enhances the magnitude of resistivity jump at T¢ is novel by
itself. While providing an insight into the mechanistic origin of the reduction in potential barrier at
grain boundaries in the low temperature ferroelectric phase, this idea also offers a novel route towards
engineering PTCR ceramics in which an interface layer of higher spontaneous polarization could be
created to produce better performing PTCR devices.

See supplementary material for EDX imaging and additional EEL spectra of grain boundaries
and grain interior.
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