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Abstract In this work, the ferroelectric domain structure
of (Pbg79Lag21)TiO; transparent ceramics and its response
to an applied electric field were investigated by piezore-
sponse force microscopy (PFM). A qualitative three-di-
mensional reconstruction of the domains by PFM
measurements revealed that the domain structure consists
in stripes in two size scales (micro and nanometer) sepa-
rated by 90° domain walls coexisting with 180° domains.
While the nanoscale 90° domains were found arranged in
organized structures, (e.g., lamellas, herringbones, and
other unusual configurations), the 180° domains form a
“labyrinth” structure, typical of ferroelectrics with a
degree of disorder. Local application of an electric field
reveals different coercive voltages to reorient 180° and the
two types of 90° domains and the appearance of a different
nanoscale 90° domain structure after poling. While the
labyrinth structure is destroyed with relative low voltages,
the created 90° domains structure persists, avoiding the
formation of a single-domain structure.

Introduction

Ferroelectric domain structures have been studied a long
time by techniques such as chemical etching and optical or
scanning electron microscopy. In ceramics, a series of
works performed specially by Arlt [1, 2] showed a
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dependence law of the domain width w with the grain size
g, as w o< g'/2. Actually, not only the size, but also the
configuration of the ferroelectric/ferroelastic domains are
dependent of the grain size, changing at critical sizes to
states as “herringbones,” lamellas or also single-domain
states [1].

With the advent of new techniques, in which piezore-
sponse force microscopy (PFM) takes one of the most
important roles, the research in ferroelectric domains
experienced a revival [3-5], leading to the discovery of
novel geometries and domains organization [6, 7], as well
as the response of them under external electric fields, both
macro or locally applied [8—10]. Despite the steady growth
in this subject, most of the works are being performed in
single crystals and epitaxial thin films, especially due to
difficulties in the correct interpretation of PFM signals in
polycrystalline media [11, 12].

Lanthanum-modified Lead Titanate (PLT) ferroelectric
ceramics have emerged as highly promising materials for
piezo-mechanical and pyroelectric applications, owing to
their high electromechanical anisotropy factor and large
pyroelectric coefficient along the polarization axis,
respectively [13, 14]. Besides that, it was shown that fer-
roelectric transparent ceramics of PLT have good optical
and electro-optical properties, which makes it a good
candidate for electro-optical component in optical waveg-
uides, for example [15, 16]. Although all these properties
are related to the ferroelectric domain properties, few
works had been devoted in investigating its configuration
[17-20]. In ceramics, the domain structure of the PLT
system was studied by transmission electron microscopy
(TEM) [21-23], showing a strong dependence on lan-
thanum concentration, evaluating from classical stripe
ferroelectric domains to a typical relaxor polar
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nanodomains configuration, when adding lanthanum.
However, a detailed outlook of the domain structure was
not accomplished, due to the limitation of the techniques.

In this sense, PFM has the great advantage of being
sensitive to the polarization direction and to probe both
out-of-plane and in-plane components of the piezore-
sponse, thus, allowing a three-dimensional reconstruction
of the domains structure. Furthermore, the response of PLT
domains to external applied electric fields, which can be
extensively explored in PFM, was subject of only few
works [19, 20], and information in this matter is still
lacking. In this work, the domain structure of tetragonal
(Pbg.79Lag »1)TiO3 transparent ceramics was investigated in
detail by means of PFM. A qualitative three-dimensional
reconstruction of the orientation of the domains was
achieved and the response with local application of electric
fields was also investigated.

Materials and methods

High-quality transparent (Pbg;9lag,1)TiO3 (PLT21) fer-
roelectric ceramics were prepared by solid-state reaction
and conventional sintering. Details of the synthesis process
may be found elsewhere [15]. After polishing with 3 um
diamond paste, the ceramics were thermally etched in air at
1100 °C, for 1 min in a sealed alumina crucible for
revealing the grains. Atomic (AFM) and Piezoresponse
(PFM) Force Microscopy experiments were carried in a
Shimadzu SPM 9600, with internal signal generator and
lock-in, adapted for PFM measurements.

The PFM images were obtained recording the X-output
signal from the lock-in. Pt/Ir-coated probes (PPP-EFM,
from Nanosensors), with a force constant of 2.8 N/m, were
utilized for the measurements with exciting voltage of 4
Vi at 35 kHz. This probing frequency was empirically
chosen, but far from any resonance. The out-of-plane
component of piezoresponse were also obtained at
330 kHz. This frequency, also empirically chosen, is near
the contact resonance and gives a better signal/noise ratio.
In these cases, the images obtained far and near the reso-
nance were compared, in order to avoid misinterpretation
due to topography artifacts.

To perform the qualitative three-dimensional recon-
struction of the relative domains orientation, after imaging
the out-of-plane and in-plane components of the piezore-
sponse, the sample was manually rotated by 90° and a new
in-plane image of the same region was taken. In the
qualitative reconstruction, the absolute magnitude of the
polarization is not measured, thus the polarization cannot
be combined vectorially. However, the direction of the
three components of the polarization in each domain is
identified and also the relative magnitude of the
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polarization in different domains can be compared in each
image. With this information and the knowledge of the
crystallographic symmetry of the sample, the polarization
was reconstructed in a qualitative map (see Fig. 2e).

In our results the following convention was adopted,
which is shown in Fig. 1. In each PFM image, there is a
cantilever schematized (Fig. 1a) showing the direction of
the probed piezoresponse, and the color representing the
maximum piezoresponse of each direction. Different
shades of gray are related with intermediate intensities of
piezoresponse in the probed region as shown in Fig. 1b, c.
Whenever the cantilevers are not shown, all the images
correspond to the Z probed direction.

Results
Original domain configuration

Figure 2a—c shows the PFM images obtained in the region
shown in Fig. 2d. Three main features are observed in
these images, which are representative to the entire sample.
First, domains with opposite piezoresponse, i.e., bright and
dark colors in PFM, which correspond to ferroelectric 180°
domains, are seen in the entire grain. The interface of these
180° domains are not only straight lines, but also forms a
labyrinth-shaped pattern. Antiparallel domains are unam-
biguously identified in PFM, even without knowing the
crystallographic orientation, by an inversion of the phase of
the three components of piezoresponse, as shown in
Fig. 2e.

The second feature of the domains structure are the long
stripes with different PFM intensities, which often have
more than 1 um width, and a length that can cross the
entire grain. Five of these are indicated by numbers in
Fig. 2a, b. Stripes with more PFM intensity in Fig. 2a (Z
laboratorial direction) are different from those in Fig. 2b
(X direction), which means that stripes 1, 3, and 5 have the
polarization lying more in the out-of-plane direction, while
stripes 2 and 4 in the in-plane direction. By analyzing cross
section profiles passing through two stripes, we concluded
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Fig. 1 Convention utilized in PFM images a cantilevers showing the
direction of the probed piezoresponse, b color map representing a
PFM image, and c piezoresponse intensities corresponding to the
regions in (b)
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Fig. 2 Qualitative three-dimensional reconstruction of domains con-
figuration in PLT21 probed by PFM a out-of-plane (Z), b in-plane
(X), and ¢ in-plane (Y) components of piezoresponse obtained in the
region shown in the topography image in (d). The numbers /-5 in
(a) and b shows five mesoscale domains separated by 90° walls. e is a
scheme of the polarization components of the region demarked by the
dashed rectangle. The different PFM intensities in each image are
differentiated by the thickness of the arrows. The dashed curves and
solid lines inside each rectangle demarcates the 180° and 90° walls
respectively

that they are domains separated by 90° walls. A main point
is that antiparallel domains have different degrees of order
in different stripes, i.e., the 180° domain walls within the
stripes 2 and 4 (in-plane polarization) are straighter than
those within the stripes 1, 3, and 5 (out-of-plane
polarization).

The last feature that can be observed in Fig. 2 and with
more details, in Fig. 3, is the nanoscale 90° domains,
observed as small stripes that appear in many regions of the
grain. These kind of domains mostly arrange themselves as
the classical description of the A, B, and C DWs (tetrag-
onal c-axis, makes an angle of 45° with the A and B DWs
normal vector and 90° with C DWs normal vector) [2]. In
the description of [2], these three kinds of domain walls
appear organized in configurations such as lamellas and
herringbones. In our observations, such kind of configura-
tions were indeed observed (see Fig. 3c), however other

Fig. 3 Nanoscale 90° domains walls (DWs) a out-of-plane (Z)
piezoresponse of a region showing nanoscale 90° domains. In b, the
same region shown in a superimposed by dashed lines delimiting 90°
DWs and solid lines delimiting 180° DWs. ¢ out-of-plane image of a
different region showing classical arrangements of lamellas and
“herringbones” formed by the nanoscale 90° DWs. d out-of-plane
image of a third region showing unusual arrangements

unusual configurations formed by the nanoscale 90°do-
mains were also found (Fig. 3d).

2.0 um

Fig. 4 Observation of different orders of 180° domains walls in out-
of-plane and in-plane domains a out-of-plane (Z), b in-plane (Y), and
¢ in-plane (X) components of piezoresponse obtained in the region
shown in the topography image in (d)
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Figure 4 shows another region of the sample exhibiting
the same three representative features. Note that similar to
the images in Fig. 2, the 180° domains with in-plane
polarization have straighter DWs than those with out-of-
plane polarization. This region, however, was scanned in a
way that the piezoresponse-probed directions in the in-
plane images were parallel (Fig. 4b) and perpendicular
(Fig. 4c) to the domains walls. In Fig. 4c, a null piezore-
sponse is observed, which means that the in-plane com-
ponent of the polarization vector is completely oriented
parallel to the domain walls.

Response to electric field

The response and reconfiguration of the ferroelectric
domain structure under an applied electric field were also
studied. In this case, a region of the sample (virgin state)
under investigation was probed before applying a bias field,
and after that, the same region (or a sub-region) was
scanned while applying a dc voltage, in the order of several
tens of volts. Finally, the bias was turned off and a new
piezoresponse measurement was performed. Note that
when the field is applied direct on the surface of the sample
(not on an electrode), very high electric fields are obtained,
due to the spherical aspect and low dimensions of the tip,
making possible the reorientation of the polarization with
relative low voltages.

Figure 5 shows the evolution of the domain configura-
tion after several applied voltages. In Fig. 5b we can
observe the original domain configuration showing the
typical three features described in the previous session.
Here, the stripes 2 and 4 are composed by domains with
polarization lying more in the out-of-plane direction,
(parallel to the applied field). For sake of simplicity, we
will call these stripes, OP domains. Stripes 1, 3, and 5, on
the other hand, are composed by domains with polarization
lying most on the in-plane direction (perpendicular to the
applied field), which will be denominated IP domains. The
dashed square in Fig. 5b denotes the region where the bias
dc voltage was applied.

After applying 430 V (Fig. 5c), the destruction of the
labyrinth type structure, and the switching of both OP and
IP domains to the same direction of polarization (bright
color) can be observed. The reorientation of the original
domain structure is followed by the appearance of a new
configuration of 90° domains (gray stripes), whose size and
organization are different from both the meso- and
nanoscale domains that had been spontaneously formed in
the sample. After applying in the same region —30 V
(Fig. 5d), we can observe the switching to the inverse
direction of polarization (dark color), with the creation of
new 90° domains, organized in a distinct way than of those
for 430 V applied field. Voltages up to —60 V were not
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sufficient to induce a single-domain state (Fig. Se, f), just
only slight differences in domains appears, remaining the
same main configuration.

Figure 6 shows a region of the sample that shows a
different evolution of domains than the observed in Fig. 5.
In images (c-f), the poling processes was performed
applying a negative voltage in the upper half and a positive
voltage in the lower half. Utilizing the same criteria, we
name stripes 1 and 3 as OP domains and stripe 2 as IP
domain. After applying —30 V (Fig. 6¢), we can observe in
the upper half of the image, the switching of OP domains,
i.e., 180° domains were all switched to the same direction,
with destruction of the labyrinth type structure and the
appearance of a new 90° nanoscale domain configuration.
Differently from the results shown in Fig. 5, the IP domain
remained with the in-plane orientation. However, we can
see that even inside the IP stripe, the 180° domains were all
oriented to the same in-plane direction with the application
of —30 V. This can be observed by the disappearance of
the small contrast after applying the bias voltage (compare
stripe 2 in Fig. 6b, c¢). Previous results in our group show
that in the local poling process, the polarization orientation
of the domains follows the movement of the biased tip, in
both the fast- and slow-scan direction, in such a way that
the polarization tends to remain oriented in the direction
where the tip stops the scanning [24].

By progressively increasing the applied voltage, we can
observe with —40 V (Fig. 6d) the growth of the OP
domains and reduction of the IP domain, while with —50 V
(Fig. 6e), there is a nucleation of an out-of-plane domain
inside the IP domain. After applying —60 V, almost all the
selected region was reoriented to the out-of-plane direction.

Unexpectedly, the lower half of Fig. 6¢c—f, where posi-
tive voltage was applied, showed a different behavior,
compared to the upper figures, apparently showing a full
switching of polarization. However, this was not a repre-
sentative observation, i.e., the same poling process was
performed several tens of time in different regions of the
sample, and no other observation of this kind was made.

Discussion

The domains structure found in (Pbg 79Lag»)TiOz (PLT21)
consists in an arrangement of two length-scales 90°
domains and labyrinthine 180° domains. As shown in detail
in Fig. 3, the 90° and 180° domain wall cross each other,
yielding rather complex domains patterns.

The 90° domains show a very well-ordered structure, in
both meso- and nanoscale. In mesoscale, only straight
stripes are observed, which often have 1 um of width and
length that can cross the entire grain. At nanoscale, the
domains have around 100 nm, and were arranged in very



J Mater Sci (2016) 51:4061-4069 4065

(a)

Fig. 5 Evolution of domains configuration with applied electric field. region a after applying ¢ +30 V,d —30 V, e —45 V, and f —60 V in
a topography; and b out-of-plane piezoresponse image of the original the region delimited by the dashed square in (b)
state of domains. c—f out-of-plane piezoresponse images of the same

Fig. 6 Evolution of domains configuration with applied electric field. region a after applying ¢ £30 V, d £40 V, e 50 V, and f £60 V,
a topography and b out-of-plane piezoresponse image of the virgin with negative voltage in the upper half and positive voltage in the
state of domains. c—f out-of-plane piezoresponse images of the same lower half, as schematized in (c)
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well-known structures such as lamellas and herringbones
(Fig. 3c) and also in other unusual structures that consist in
different arrangements of bundles of 90° walls (Fig. 3d).
Similar observations of these unusual structures were made
in polycrystalline ferroelectric thin films [6]. The expla-
nation is that these configurations of the domains might be
more effective in minimizing the electromechanical energy
than the classical lamellas and herringbones configuration,
even with the cost of forming charged domain walls
(CDW5s) [6].

The 180° domains show a more complex structure with
different degrees of order within different 90° stripes.
Antiparallel domains with polarization lying more in the
in-plane direction are much more ordered (i.e., their 180°
walls are much straighter) than those with polarization
lying more in the out-of-plane direction. This can be
explained by the assumption that the ferroelectric 180°
domains are stabilized in a way to suppress the formation
of CDWs. 180° domains are not ferroelastic, and in the
absence of critical conditions will stabilize in an electri-
cally neutral configuration of the walls.

Let us assume that we are probing a domain wall of two
antiparallel c-domains, (Fig. 7a, left side). In this case, no
matter the orientation of the wall, it will always correspond
to a non-CDW (Fig. 7b, left side). However, if we consider
a domain wall separating two antiparallel a-domains as in
the right side of Fig. 7a, the only configuration that cor-
responds to a non-CDW is the one in which the wall is
parallel to the direction of polarization (Fig. 7b, right side).
For this reason, the in-plane 180° domains, probed in the
sample surface, as observed in Fig. 4b, show straighter
walls, and in consequence an apparent high degree of
order, than the out-of-plane 180° domains (Fig. 4a).

With the consideration described above, we can depict a
scenario of the bulk domain configuration. In Fig. 8, we
described a sample containing a cylindrical domain with

(a)
I_:; —
P
Z
c-domain a-domain ‘XJ_'Y

X

Fig. 7 Schematic of a c-domain and a-domain tetragonal cells, and
b correspondent visualization of different possible types of domains
walls probed in the surface of the sample. (+) and (—) signs show the
formation of charged domain walls
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Fig. 8 Probing out-of-plane and in-plane domains a represents a
domain structure with 180° and 90° domain walls, where the arrows
represent the polarization vector. The light gray plate is the 90°
domain wall plane and the dark gray plate is the cut where the PFM
image in b is probed

opposite polarization from the surrounding region, crossing
over a 90° domain wall. Supposing this sample were cut in
(or polished until) the plane containing the dark gray plate,
the corresponding polarization map of this surface would
be that shown in Fig. 8b, which shows for the in-plane
domains, walls as straight lines, and for the out-of-plane
domains, curved walls. This pattern is the same that is
observed in our PFM images. In Fig. 8, the simple case of a
right circular cylinder domain within an antiparallel matrix
is shown. All domains cannot be (simultaneously) right
cylinders with circular or other regular bases, once this
geometric configuration would not completely fill the
space. However, it is straight ahead to construct domains as
right cylinders with irregular bases, which fills the entire
space and correctly reconstruct the PFM maps observed in
Figs. 2, 3, and 4. The cylinder shape of the domains is
directly related with the exclusion of head-to-head and tail-
to-tail domain boundaries, which allows curved walls only
in the out-of-plane direction.

Preview works had investigated the (Pb,La)TiO; system
by TEM [21-23] and the authors agree in an evolution of
the ferroelectric domain structure with the lanthanum
concentration. First, in the region of low concentration of
lanthanum, only classical micron-sized 90° domains are
observed. Increasing the lanthanum concentration, an
intermediate region of mixed micron-sized and fine
(nanoscale) ferroelectric domains are found, until finally
the system reaches a region with no evidence of ferro-
electric domain walls, in which only a random local con-
trast is observed in TEM images and associated with polar
nanodomains of the relaxor phase. Our observation is in
accordance with these results, once PLT21 is in the inter-
mediate region with micron and nano-sized 90° domains.
However, the characteristic 180° domain structure found in
our work were not clearly distinguished before. Although
some evidences might be observed in TEM images
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previously reported, we believe that these structures were
not identified, because of the limitation of the techniques.
For this kind of investigation, PFM has the great advantage
of being strongly sensitive to the ferroelectric polarization,
and able to unambiguously identify 180° domain walls.

Labyrinth arrangements of 180° nanodomains, similar to
those shown in Figs. 2, 3, and 4, have recently been
reported in single crystals and ceramics of pure relaxors
and also compositions combining both relaxor and ferro-
electric features (e.g., the solid-solution (1 — x)PMN-xPT)
[25-28]. Its formation has been attributed to a competition
between strain and electronic minimization of energy and
random field effects, which breaks the long-range interac-
tion of the domains [29].

Normal to relaxor transitions in PLT were found in
compositions between 23 and 25 at.% [21, 30], thus the
composition (X = 21) of lanthanum-modified lead titanate
investigated in this work can be considered close to a
relaxor ferroelectric composition, in which disorder effects
could be acting in the shape and size of the domains.
Concerning the shape, as we had shown, there is no electric
constraint for the formation of irregular domain walls in the
tetragonal c-axis direction, and the mechanisms for the
formation of the labyrinth-shaped domain structure, could
be, in principle, more general. In fact, micron-sized irreg-
ularly rounded domains with opposite polarization in the
tetragonal c-axis were observed in the microstructure of
BaTiOj; single crystals and ceramics in the 1950s, and
denominated as “watermarks” [31]. Even the end compo-
sition of PLT, PbTiO;, observed by PFM presented the
same irregular characteristics for the shape of the 180°
domains [32]. On the other side, the width of few hundred
nanometers of the ferroelectric domains is an evidence of
the lanthanum concentration effect in reducing domain
size, as already observed in other works.

The switching experiments show different coercive
fields for the three kinds of domain in PLT21. In the case of
180° domains, a relatively small dc voltage were enough to
reorient the polarization, and thus, destroy the labyrinth
structure, as shown in Figs. 5 and 6. After each poling
process, only classical 90° domain arrangements were
found in the measurements.

Coercivity is a property that is dependent on the polar-
ization anisotropy of the ferroelectric sample. In samples
with high anisotropy, the polarization is strongly coupled to
the lattice, so it is easier to switch 180° domains than to
reorient 90° ones, because the latter involves a rotation of
the polarization [33]. The evolution of the domain con-
figuration with the magnitude of the applied field observed
in Fig. 6 is very consistent with a model proposed by
Ishibashi et al. for the polarization reorientation of 180°
and 90° domain walls in a c/a/c-domain structure [34]. For
low fields, only the 180° domains switch. For moderate

fields, a growth of the out-of-plane domain and reduction
of in-plane domains are observed. Finally, for strong fields,
nucleation of out-of-plane domains inside the in-plane
domain happens. According to [34], this behavior is char-
acteristic of ferroelectrics with high polarization
anisotropy.

On the other hand, different coercive voltages were also
observed for the 90° reorientation of the nanoscale and
mesoscale domains, and also, of mesoscale domains with
different sizes (for example, lateral size of the IP domains
in Figs. 5 and 6 are around 0.5 and 2 pm, respectively).
This result gives us evidences about the relationship of the
coercivity with the volume of the in-plane domains.
However, a more detailed investigation, which was not in
the scope of this work, must take in account that the
geometry of the PFM is different from the parallel plate
capacitor. Once the electric field is very concentrated at the
tip, the effective field that the entire domain feels will be
very dependent on the domain size.

All the poling processes performed in our study gener-
ated a new arrangement of 90° domain walls and a single-
domain state was not achieved for any of the poling volt-
ages used in this work. The strong couple of the polariza-
tion with the lattice might be the responsible for this
persistent 90° domain structure. Once the rotation of the
polarization deforms the coupled crystal lattice, generating
great local stress, the formation of a new 90° domain
arrangement is a way to relieve this stress, and thus, reduce
elastic energy.

An interesting point is that the “written” 90° domains
walls obtained with PFM most often are arranged in par-
allel lines with orientations that are dependent on the
direction and amplitude of the applied field. Understanding
and controlling this “writing” by PFM is a key topic in
ferroelectrics, once domain walls might have different
properties from the domains itself [35]. In fact, conduc-
tivity of 90° domain walls was proposed in lead titanate
(PT) [36] and demonstrated in lead zirconate titanate (PZT)
[37]. Among the possible factors that lead to domain wall
conductivity, the high tetragonality factor [38] is appointed
as playing an important role. The high density of domain
walls obtained in our work by PFM writing evidence that
the lanthanum-modified lead titanate can be a potential
material for other multifunctional application involving
domain wall nanoelectronics.

Conclusion
In summary, a qualitative three-dimensional reconstruction
of the ferroelectric domain structure of a transparent

(Pbg79Llag,1)TiO3 ceramic was performed by piezore-
sponse force microscopy. Results revealed that domain
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structures are organized in stripes in two size scales (micro
and nanometer) separated by 90° domain walls coexisting
with 180" domains. The configuration of this structure is a
mix of well-ordered domains (nanoscale 90°) with 180°
domains in a labyrinth type organization. The bulk domain
configuration was depicted in the scenario of cylindrical
domains with irregular bases crossing over 90° domain
walls, which reproduces the PFM images obtained in this
work.

Different reorientation voltages were observed for the
three kinds of domains, which according to a theoretical
model of polarization reversal in c/a/c-domain structures
[34], correspond to a sample with high polarization ani-
sotropy. In the poling process, the labyrinth structure was
destroyed at relative low voltages, and a new configuration
of 90° domains (different from the spontaneously formed)
was created. This new configuration persists, even after the
application of relatively high voltages, avoiding the for-
mation of a single-domain state. This behavior, which is a
way to relieve stress generated in poling process, suggests a
strong coupling of the polarization with the lattice, cor-
roborating with the high polarization anisotropy hypothe-
sis. Finally, the high density of 90° domain walls created in
the PFM writing evidences the potential of the lanthanum-
modified lead titanate compounds in multifunctional
applications involving domain wall nanoelectronics.
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