Observation of Unconventional Dynamics of Domain Walls
in Uniaxial Ferroelectric Lead Germanate
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Application of scanning probe microscopy techniques such as piezoresponse
force microscopy (PFM) opens the possibility to re-visit the ferroelectrics previ-
ously studied by the macroscopic electrical testing methods and establish a
link between their local nanoscale characteristics and integral response. The
nanoscale PFM studies and phase field modeling of the static and dynamic
behavior of the domain structure in the well-known ferroelectric material lead
germanate, PbsGe;O;,, are reported. Several unusual phenomena are revealed:
1) domain formation during the paraelectric-to-ferroelectric phase transition,
which exhibits an atypical cooling rate dependence; 2) unexpected electrically
induced formation of the oblate domains due to the preferential domain walls
motion in the directions perpendicular to the polar axis, contrary to the typical
domain growth behavior observed so far; 3) absence of the bound charges at
the 180° head-to-head (H-H) and tail-totail (T-T) domain walls, which typically
exhibit a significant charge density in other ferroelectrics due to the polarization
discontinuity. This strikingly different behavior is rationalized by the phase field
modeling of the dynamics of uncharged H-H and T-T domain walls. The results
provide a new insight into the emergent physics of the ferroelectric domain
boundaries, revealing unusual properties not exhibited by conventional Ising-
type walls.

1. Introduction

Piezoresponse force microscopy (PFM)
has evolved into a powerful tool for
characterizing and manipulating the
functional behavior of a wide range of
ferroelectrics and related polar materials
at the nanometer scalel! Along with
other scanning probe microscopy (SPM)
techniques it enabled the discovery of a
series of phenomena, which inspired new
fundamental physics and exciting device
applications. One of the most notable
examples is the observation of electrically
conducting domain walls in otherwise
insulating ferroic materials, such as mag-
netoelectric BiFeO; thin films,? improper
ferroelectric ErMnOj crystals,®l and proper
ferroelectric LiNDO; crystals and films.[*?]
Although many of these materials had
been investigated thoroughly for dec-
ades, only the application of modern SPM
techniques allowed direct assessment of
the domain wall properties and better
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understanding of their complex nanoscale physics providing a
strong push forward for the nascent research field of domain-
wall nanoelectronics. In general, transition to nanoscale fer-
roelectric structures provides a tangible reason for re-visiting
the ferroelectrics previously studied by the macroscopic elec-
trical testing methods to establish a link between their local
properties and integral response and tackle the behavior of
ferroelectric domains and domain walls with unprecedented
completeness.

Here, we report nanoscale PFM studies of the static and
dynamic behavior of the domain structure, driven both by
temperature and electric fields, in the well-known ferroelec-
tric material lead germanate, PbsGe;Oy; (PGO).%”] Lead ger-
manate is a model system for the study of the fundamental
mechanisms related to the nucleation and sideways growth
of ferroelectric domains.®? Up to now, these processes have
been investigated by optical methods that allow monitoring
of the domain structure evolution on the polar surface. How-
ever, the domain growth along the polar direction has not been
addressed so that the full 3D switching behavior of this fer-
roelectric system remains unclear. In this study, we combine
PFM measurements and phase field modeling to investigate
the static and dynamic properties of the ferroelectric domain
structure in lead germanate at the nanoscale. We obtain a new
insight into the domain formation during the paraelectric-
to-ferroelectric phase transition as well as into the switching
dynamics on the non-polar surface. Our study reveals an unu-
sual asymmetry in the motion of domain walls in the directions
parallel and perpendicular to the polar axis, which we attribute
to another very unusual characteristic of PGO: the absence of
bound charges at the 180° head-to-head (H-H) and tail-to-tail
(T-T) domain walls.

Ferroelectricity in PGO was first reported at the beginning
of the 1970s, featuring a threefold polar axis along the [001]
crystallographic axis.’1) This material exhibits a remnant
polarization of P = 4.8 uC cm™2, which arises across a second
order phase transition at 177 °C where the space group sym-
metry changes from Pg (paraelectric phase) to P3 (ferroelectric
phase). One of the most peculiar characteristics of PGO is its
polarization-dependent optical activity; as a consequence, the
optical rotatory power switches from a left-handed system to
a right-handed one and vice versa when the polarization direc-
tion is reversed. This feature of PGO allows straightforward
observation of the domain structure in polarized light,1?l which
has been extensively used to resolve the field-induced domain
dynamics during polarization reversal.lB1?l

In this study, we use single crystals of PGO grown either by
the Czochralski method or by the top-seeded Nacken-Kyropoulos
method using the [001] direction as seed crystal orientation in
both cases. The samples have been oriented and cut with a dia-
mond saw normal to the polar axis (with the polar surface cor-
responding to the (001) plane). The resulting parallel-plane plates
are several square millimeters in size and have a thickness of
about 0.5 mm. Mechanical polishing is applied to achieve sur-
faces with optical quality. Cutting along the (100) and (010) planes
has been used to obtain samples with non-polar surfaces (x-cut).
Control experiments have been performed using the samples
with freshly cleaved surfaces. PFM imaging has been performed
by using commercial atomic force microscopy (AFM) systems

(MFP-3D and Cypher ES, Asylum Research) with conductive
Pt/Ir coated tips (PPP-EFM, Nanosensors). An ac modulation
voltage of 9 V at frequency of 8-15 kHz was applied to the tip,
with an external lock-in amplifier used for signal processing.
Switching voltage was supplied to the tip via a Keithley source/
measurement unit (Model 237).

2. Results and Discussion

The as-grown domain structure in PGO, revealed by PFM and
shown in Figure 1, reflects the uniaxial ferroelectricity of the
material. The vertical PFM scan obtained on the polar surface
(Figure 1a) displays a pattern of irregular domains with antipar-
allel out-of-plane polarization directions. In contrast, a lateral
PFM image acquired on the non-polar surface shows a pattern
of domains elongated along the [001] polar axis (Figure 1b).
Similar domain arrangements have been observed in all sam-
ples irrespective of the surface preparation methods (Figure S1,
Supporting Information). An isometric illustration of the as-
grown domain arrangement in Figure 1c displays a difference
in characteristic domain size along different crystallographic
directions. This arrangement is consistent with the propensity
of proper ferroelectrics to form neutral 180° domain walls to
avoid the emergence of bound charges. However, in addition
to the neutral 180° domain walls (type I in Figure 1b), there
are also sections of the domain boundaries that correspond to
the H-H and T-T arrangements (types II and III in Figure 1b,
respectively). This observation, which corroborates the previ-
ously reported domain data obtained by selective etching,!!
presents PGO as a unique example of a uniaxial proper ferro-
electric that readily develops nominally charged domain walls
at the micrometer length scale in the as-grown state.

To gain an insight into the formation of this unusual
domain structure, we performed a cooling-rate-dependent
investigation of the domain structure. The experiments were
carried out in situ using a Cypher ES AFM, which allowed
both atmospheric and temperature control. The sample
chamber was flushed multiple times with N, before heating
the sample to 250 °C in a constant flow of nitrogen. It was
then cooled through the phase transition to room temperature
at different rates in the range between 0.01 and 2 °C s™\. PFM
images of the non-polar surface were acquired at room tem-
perature after the sample temperature had equilibrated. No
change in the sample surface topography was observed upon
repeated thermal cycling.

The PFM images acquired on the non-polar (010) surface
reveal a strong dependence of the in-plane domain arrange-
ment on the cooling rate (Figure 2). Auto-correlation analysis
of the PFM data (see Section S2, Supporting Information, for
details) provides a quantitative insight into the observed evo-
lution of the domain size (Figure 2a). The correlation length,
which gives a measure of the characteristic domain size, is
found to be monotonically increasing as the cooling rate is
increased (Figure 2b). In addition, the higher cooling rates
result in stronger anisotropy of the correlation length con-
sistent with the fact that the domains become larger along the
polar [001] direction resembling the as-grown domain structure
(Figure 1).
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Figure 1. PFM imaging of the ferroelectric domain structure in the as-grown PbsGe;Oy; crystal. a) Vertical PFM phase image of the out-of-plane
polarization acquired on the polar surface. b) Lateral PFM phase image of the in-plane polarization obtained on the non-polar surface. White arrows
indicate polarization directions and dashed frames indicate different types of domain walls: neutral 180° (1), H-H (I1), and T-T (ll1). ¢) lllustration of
3D domain geometry. In the as-grown state, PbsGe;Oy; displays a strongly anisotropic domain arrangement manifested by domain elongation along
the polar [001] axis. PFM images of the polar surface in (a) and (c) were collected from the sample cut from the same single crystal used for non-polar
surface imaging shown in (b) and (c) as well as in Figure 2. All the data in Figure 1 were collected prior to any thermal treatment.

It should be noted that the observed evolution of the cor-
relation length with the varying cooling rate is opposite to the
earlier reports on the effect of quenching on the domain size.
Both the experimental datal"'% and the predictions within the
framework of the Lifshitz—Allen—-Cahn theory!”8] indicate that
the evolution of the domain size R as a function of the cooling
rate is best described by the power-law R = r#, where r is the
cooling rate and u is a universal exponent. From the general
point of view, formation of domains during a phase transition
is driven by the need of the system to minimize its depolar-
izing energy by eliminating the net polarization charges at

the sample surface or at the structural defects. At the transi-
tion point, domains nucleate due to the fluctuations between
the para- and ferroelectric phases. For very fast cooling rates,
the nucleated domains will get frozen well below the transition
point and the domain size will be small. On the other hand,
it has been reported that the inverse scaling as a function of
the cooling rate occurred at the transition between two fluc-
tuation regimes (Ginzburg and mean field) in hexagonal man-
ganites.’) Whether this transition regime or charged defects,
a pyroelectric field,?” or unusual domain wall properties are
responsible for the unexpected inverse cooling rate dependence

Figure 2. a) Lateral PFM phase images (sensing the [001] direction) of the domain patterns acquired at room temperature on the non-polar surface of
PbsGe;0y; after cooling from 250 °C through the phase transition with different cooling rates. Each of the scans comes from an adjoining area, taken
on the same single crystal used in Figure 1. b) Correlation lengths in the [001] and [100] directions as a function of the cooling rate. The red lines are

guides to the eye.
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of the domain size remains to be clarified. What is important
is that the observed atypical cooling-rate-dependent behavior is
part of the overall non-trivial domain wall dynamics in PGO.
After observing the unusual temperature-driven domain
formation, we investigated the electric field driven dynamics
of the ferroelectric domains to an electric field focusing on
the non-polar surface of PGO that had not been subjected to
thermal treatment. These studies have been carried out by
measuring the size of the switched domains as a function of the
amplitude and duration of the voltage pulse applied by the PFM
tip to the pristine (as-grown) domain. To avoid charge injection,
which could lead to unwanted backswitching effects,?! the tip
was lifted up right before the end of each pulse. Most of the
earlier PFM studies of polarization reversal were carried out
by monitoring the field-induced changes in the domain struc-
ture imaged on the polar surface.?>23 Those experiments pro-
vided valuable information about the sideways domain growth
(in the direction perpendicular to the polar axis), whereas the
forward growth (along the polar direction) remained unattain-
able. However, recent theoretical and experimental reports have
demonstrated a possibility of polarization control and domain
visualization on the non-polar surface (parallel to the polar
axis) due to the lateral components of the electric field gener-
ated by a PFM probe.22%26 This approach has the specific
advantage of inducing and detecting the domain growth both
in the sideways and forward directions by employing the lateral
PFM mode.#”?8] Most importantly, visualization of the growing
domains on the non-polar surface allows comparative analysis
of the difference in the electric field driven kinetics and stability
of the electrically neutral and nominally charged domain walls.

Experimental results reveal quite unconventional domain
growth behavior on the non-polar surface of PGO (Figure 3).
Previous studies on the non-polar surfaces of LiNbO; and
diisopropylammonium bromide (DIPA-B) crystals showed
that voltage pulse application typically leads to the formation
of wedge-shaped domains extending primarily in the polar
direction.?®! The length-width aspect ratio of these domains
was usually close to 10 resulting from a significant difference
between the forward and sideways domain growth velocities
(here the length refers to the domain size in the polar direction
and the width refers to the size along the direction normal to the
polar axis). In contrast, in PGO, the growing domain expands
preferentially in the direction normal to the polar axis as is
illustrated by the voltage-dependent evolution of the growing
oblate domain in Figure 3a. This trend is even more evident in
the time-dependent PFM patterns shown in Figure 3b, where
the length-width ratio of the largest grown domain is as low
as 0.3. Results of the PFM data analysis are summarized in
Figures 3c,d. A similar domain switching behavior has been
observed for the opposite voltage polarity (see Section S3 and
Figure S3, Supporting Information).

To understand the reason for this unconventional domain
switching behavior obtained on the non-polar surface, we used
phase-field modeling (see Section S4, Supporting Information,
for details). It has been previously proposed that screening of
the bound polarization charges at the H-H and T-T domain
walls plays an important role in determining the shape of the
growing domains.??! To clarify the role of bound polariza-
tion charges and screening effects in the observed domain
switching behavior in PGO, we simulated two extreme cases.

Figure 3. PFM phase images of the domain growth dynamics a) as a function of the pulse amplitude, and b) as a function of the pulse duration. The
tip position during pulse application is marked by the red dots. c) Pulse amplitude and d) pulse duration dependences of the domain sizes along dif-
ferent crystallographic directions determined from the PFM data. Pulse duration in (a) and (c) is fixed at 0.2 s. Pulse amplitude in (b) and (d) is fixed

at +60 V. Pulses were applied to the pristine (as-grown) domain.
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Figure 4. Phase-field modeling of the domain growth dynamics on the non-polar surface of PGO. Domain configurations at different time intervals for
the a) unscreened and b) completely screened H-H domain wall. Domain size as a function of time for the c) unscreened and d) completely screened

H—H domain wall. The tip bias for this modeling is fixed at 30 V.

In the first scenario, no screening of the polarization charges
at the H-H and T-T domain walls took place (this corresponds
to p = 0, where p is the screening charge density). The simu-
lated snapshots of the growing domain during the tip-induced
switching are shown in Figure 4a. In the second scenario, we
considered a system where the polarization charges at the H-H
or T-T domain walls were fully screened (so that p = dP,/dz),
which yielded the simulation results shown in Figure 4b. A sig-
nificant difference between the shapes of the growing domains
can be clearly seen. In the first case, with no screening, the
domain grows much faster along the polar axis (Figure 4c)
thereby acquiring a wedge shape, which is similar to the growth
behavior reported in LiNbO;?° and DIPA-B.*! In the second
case, corresponding to the complete screening of the H-H
and T-T domain walls, the domain expands in the direction
normal to the polar axis (Figure 4d), which is consistent with
the experimental results observed here. Figure S4, Supporting
Information, illustrates a gradual transformation of the simu-
lated domain shapes due to the varying degree of the polari-
zation charges screening at the H-H domain wall in PGO.
For reference, similar modeling was carried out for tip-gener-
ated domains on the non-polar surface of LiNbO; (Figure S5,
Supporting Information). On the one hand, it can be seen
that in the absence of screening of the charged H-H domain
walls, the growing domains evolve into a wedge extended in
the polar direction (Figure S5a, Supporting Information) in
agreement with the earlier experimental reports.?”! On the
other hand, if the polarization bound charges are completely

screened, then the oblate domain will form extending pref-
erentially in the direction normal to the polar axis, which
is similar to the behavior observed in PGO (Figure SSb,
Supporting Information).

3. Conclusion

Thus, based on the phase-field modeling results, we have to
assume that the H-H and T-T domain walls are either fully
screened or, alternatively, do not exhibit bound charges. Note
that this type of domain walls in PGO has not been investigated
at the atomic scale so that their inner structure remains
unknown. While complete screening of the domain walls could
be justified in some way for the as-grown PGO crystals, for
example, through long-term accumulation of mobile defects on
the charged walls, it is not reasonable to expect full screening
for the micrometer long charged domain walls generated by
the tip-induced field (PGO is a semiconductor with a bandgap
of 3.0 eV). Furthermore, in contrast to other ferroelectrics with
charged domain walls, the Kelvin probe force microscopy and
electrostatic force microscopy (EFM) studies performed on the
same samples do not detect any trace of the bound charges at
the H-H and T-T domain walls (Figure S6, Supporting Infor-
mation). Neither do these walls exhibit any conducting behavior
even in the crystals with sub-micrometer thickness as is estab-
lished by conducting atomic force microscopy measurements
(Figure S6, Supporting Information). We thus conclude, that
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the H-H and T-T domain walls in PGO are not inherently
charged. This conclusion brings about an important question
related to crystal and electronic structure of the domain walls in
PGO, which can possibly be addressed by high spatial resolu-
tion electron energy loss spectroscopy measurements and first-
principle modeling. At this point, it is reasonable to assume
that the structure of the domain walls in PGO is fundamen-
tally different from the conventional Ising-type structure, which
might be related to the enantiomorphic nature of PbsGe;0y;.

Another possibility is that the domain structure in PGO
consists of microscopically long, wiggled, and twisted filament-
like antiparallel domains extended along the [001] direction.
When these domains are about to meet head-to-head or tail-to-
tail, polarization deviates from the [001] crystallographic direc-
tion to avoid formation of the charged H-H and T-T domain
walls and to maintain the continuity of the polarization. As a
result, the domains bend and split but never terminate within
the bulk of the sample although at the expense of the increased
anisotropy energy. The quenched polar defects would further
promote formation of the intertwined filament domains. Inter-
section of this challah-like domain structure with the non-polar
surface would produce a domain pattern similar to the one
shown by the PFM image in Figure 1b.

In general, our study shows that the physics of nominally
charged domain walls goes way beyond a specific conductance
behavior requiring a deeper insight into the dynamics-related
phenomena associated with domain formation. The reported
finding is of interest for other wide-band-gap semiconducting
ferroelectrics, where mobile charge carriers are rare and cannot
be readily excited over the bandgap to compensate bound polar-
ization charges suggesting non-trivial static and dynamic pro-
perties of the nominally charged domain boundaries.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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