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Defects have a significant influence on the polarization and electromechanical properties of ferroelectric
materials. Statistically, they can be seen as random pinning centers acting on an elastic manifold, slowing
domain-wall propagation and raising the energy required to switch polarization. Here we show that the
“dressing” of defects can lead to unprecedented control of domain-wall dynamics. We engineer defects of
two different dimensionalities in ferroelectric oxide thin films—point defects externally induced via He>*
bombardment, and extended quasi-one-dimensional @« domains formed in response to internal strains. The
a domains act as extended strong pinning sites (as expected) imposing highly localized directional
constraints. Surprisingly, the induced point defects in the He>* bombarded samples orient and align to
impose further directional pinning, screening the effect of @ domains. This defect interplay produces more
uniform and predictable domain-wall dynamics. Such engineered interactions between defects are crucial

for advancements in ferroelectric devices.

DOI: 10.1103/PhysRevLett.133.106801

Ferroelectric oxides have long excited broad interest for
both industrial applications in memory, sensing, and
actuation [1-3], as well as fundamental physics, most
recently with nontrivial, highly local polarization textures
[4-8], and emergent functional properties at domain walls
[9-11]. However, the observations and uses of ferroelec-
trics are invariably mediated by the defects ubiquitous to
these materials, which can both inhibit and enhance desired
properties [12—14]. Indeed, the intentional generation of
defects has been used to stabilize the target multiferroic
tetragonal-like phase of BaTiO; [15], control wake-up in
HfO,-based ferroelectrics [16,17] or enable novel proper-
ties like effective negative capacitance [18]. Defects
induced through ion bombardment have been of particular
interest in recent years, with ion-bombarded ferroelectric
films showing increased resistivity [19], increased energy
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density [20], or induced ferroelectricity in HfO,-based
films [21].

The plethora of potential properties and applications
resulting from defect engineering should be of no surprise
given the immense diversity of defects themselves [22-24].
Oxygen vacancies—point defects inevitable in oxide thin
films—can be modulated via composition or growth con-
ditions, and act both as pinning sites [25] and charge
carriers [26,27]; features inexorably relevant to any ferro-
electric application. In addition, phase boundaries and
twins can introduce long-range strain effects, altering the
continuity of polarization in their vicinity [28], and acting
as extended defects (two-dimensional in bulk, quasi-one-
dimensional in thin films) [29,30].

Despite this high diversity of defects in ferroelectric
oxide thin films, properties emergent from their interplay
remain as yet largely unexplored. In this Letter, we
investigate the effects of an engineered, complex disorder
landscape, including both point and extended defects, on
the pinning and motion of ferroelectric domain walls during
polarization switching under an applied electric field.

To minimize innate defect variations across samples, five
PbTiO; films were simultaneously grown via pulsed
laser deposition (PLD) on SrTiO; (001) substrates
(CrysTec GmBH), with a 20 nm SrRuO; bottom electrode.

Published by the American Physical Society
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Polarization switching studies in PbTiOj5 thin films. PFM phase imaging of the polarization state of (a) the as grown sample, as

well as samples with He™ bombardment densities of (b) 103, (c) 10'4, (d) 103, and (e) 10'° ions/cm?. PFM amplitudes appear inset,
corresponding to the regions overlaid. (f)—(j) Representative ferroelectric switching maps of corresponding samples. Color bars show the
voltage needed to switch this region. The positions of the @ domains are highlighted as red lines. Scale bars on the PFM images and

switching maps mark 1 pm and 500 nm, respectively.

As detailed in [19], the films were sufficiently thick
(140 nm) for @ domains to form during growth. To probe
the effects of increasing point defect concentration, four
samples were bombarded by He?>* ions with an energy
of 5 MeV, at flux densities of 103, 104, 10", and
10'® ions/cm? (this bombardment energy was chosen to
be sufficiently high for the ions to penetrate entirely through
the film and stop within the substrate). One sample was
maintained in its pristine as-grown state, so that the only
defects present were those formed during growth. High
crystalline quality and out-of-plane c-axis orientation in all
samples were verified by x-ray diffraction, with reciprocal
space maps around the (002)-diffraction peak revealing the
presence of g-axis-oriented twin domains (Fig. S1 in the
Supplemental Material [31]). Diffraction peak positions
were comparable among all samples, but the full width at
half maximum of the film diffraction peak gradually
increased with increasing ion bombardment (Fig. S2 in
[31]). This suggests that the He?* ions are not themselves
injected into the sample [38], but rather cause radiation
damage and the formation of complex defect clusters [19].

A majority c-phase of PbTiO; was identified via
piezoresponse force microscopy (PFM) [Figs. 1(a)-1(e)].
Both up- and down-oriented ¢ domains were observed,
marked by a 180° phase shift (Fig. S3 in [31]), with their
relative proportion varying significantly with He’* bom-
bardment density. The pristine sample showed a predomi-
nantly up-orientated polarization, with small down-oriented
domains preferentially segregating at the a-domain net-
work. The volume of these down domains increased with
He’* bombardment density to become the dominant
orientation. However, at the highest bombardment density,
we observed a return to the majority up-polarization
orientation. The a domains were observed in all samples
as sparse, irregular grids, aligned with the in-plane axes and

marked by a drop in the out-of-plane amplitude without a
corresponding phase shift.

To track domain-wall motion in a controlled configura-
tion [Figs. 1(f)~1(j)], a vertical stripe domain was first
patterned using a biased scanning probe microscopy tip.
Once the domain wall position stabilised and relaxed
(Fig. S3 in [31]), a gradual polarization reversal was then
carried out by stroboscopic measurements: switching scans
with a defined dc bias were interleaved with PFM scans to
image the evolution of the domain-wall position, with the
bias gradually incremented between cycles by a fixed
interval of 50 mV. This stroboscopic switch—image cycling
proceeded until either complete polarization reversal or
until no further evolution of the domain configuration was
observed over at least five cycles. The evolution of both up-
and down-oriented stripe domains were examined, with
each measurement repeated 2-3 times on different regions
of each sample.

Ferroelectric switching in each sample appears qualita-
tively distinct [Figs. 1(f)-1(j)]. In the pristine sample, we
observe the abrupt reversal of relatively large areas, whose
boundaries correlate strongly with the presence of the a
domains. With increasing He?>* bombardment flux density,
polarization reversal is generally slower—significantly so
for the highest bombardment densities—and proceeds more
gradually via smaller switching steps, suggesting increased
pinning effects less correlated with the a-domain positions.

The global effects of He>™ bombardment can be more
quantitatively gauged by measuring the evolution of
polarization reversal [Fig. 2(a)], calculated as the ratio of
the area switched through the stroboscopic switching scans,
compared to the area of the initially patterned stripe.
The pristine films present a slight negative imprint: the
onset of switching (~1.50 V) and the coercive voltage Vp
(~2.75 V, where 50% polarization reversal occurred) were
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FIG. 2. Switching dynamics in PbTiO; thin films under
incrementally increasing voltage. (a) Polarization reversal as a
function of applied voltage, averaged over 2-3 experiments.
Dashed lines represent 10%, 50%, and 90% reversal. Inscribed
values mark He>* bombardment levels in ions/cm?. (b) Corre-
sponding switching characteristics, with average coercive voltage
Ve=[(IVpl+Vyl)/2] and imprint V, = [(|Vp| —|Vy])/2].
Markers denote the Vp and V, for which 50% polarization
reversal was observed, while error bars span the voltage range
between 10% and 90% polarization reversal.

lower magnitude under positive tip biases than the onset
and coercive voltage (Vy, defined analogously) under
negative tip biases (~ — 3.25 and ~ — 3.5 V, respectively).
Low bombardment densities, up to about 10'> ions/cm?,
slightly decrease the magnitude of Vj and increases Vp,
potentially making the imprint more positive and the
overall switching response more symmetric [Fig. 2(b)].
The coercive voltages did not appear to significantly
change with bombardment level.

With yet increasing bombardment densities, however,
the effects on switching become more dramatic, with both
positive and negative coercive voltages significantly
increased. As expected given the charged nature of the
bombarding ions, these effects are themselves highly
asymmetric [39], potentially further increasing the imprint
by extending the range of voltages over which switching
occurs under positive tip bias, while switching under
negative tip bias is rendered even more abrupt. These

TIT
(a) o 10 :;*‘:g W
€ € 10 ¥ i
2 3 104
w o

1014
10° ]

>
o

—— No Bombardment
—— 10%3 ionsf/cm?

10% jons/cm?
—— 10% ions/cm?
—— 10 ions/cm?

Scaling Parameter
Now W
& o

[ng
o

it }*

=
o

10° 10! 10? 103 104
Magnitude Cutoff (px)

FIG. 3.

direct, nanoscale measurements also support prior work by
Saremi et al. that similarly show dramatic changes of the
ferroelectric switching loops only above 10'3 ions/cm?
[40]. These observations of the global switching dynamics
are further corroborated by switching spectroscopy PFM
measurements (Fig. S4 in [31]).

To ascertain the dynamics of the ferroelectric switching,
we look to the distribution of sizes of switching events, with
a particular interest in ultraslow creep dynamics occurring
for highly subcritical electric fields [32,41]. Ferroelectric
switching dynamics are known to follow a highly stable,
scale-invariant power law, where the logarithm of the
probability of a switching “event” occurring decreases
linearly with the logarithm of the magnitude of the area
reoriented, or the energy released by this reorientation
[32,42-48]. Changes in this global power-law distribution
would therefore indicate changes to the underlying switch-
ing mechanism resulting from modifications to the disorder
landscape. Individual switching events are therefore
extracted from the switching maps of each measurement
series, such as those shown in Figs. 1(f)-1(j), using the
procedure detailed in Supplemental Material, Sec. III [31].

We observe power-law scaling of event sizes in all five
samples [Fig. 3(a)]. The estimated scaling parameter & was
identified through maximum-likelihood methods, follow-
ing Clauset et al. [33], and described in Fig. 1(j), using the
procedure detailed in Supplemental Material, Sec. III [31].
In brief, the y axis marks the exponent calculated to be
maximally likely, as a function of a cutoff at which all lower
values are ignored and excluded. With low magnitude
cutoffs, we are vulnerable to random noise in measurement,
while with high magnitude cutoffs we eliminate relevant
data. In all five samples, however, & ~ 2.0 over approx-
imately 2 orders of magnitude of the magnitude cutoff.

This consistency in the estimated critical exponent is
remarkable given the qualitative differences in switching
maps between the different samples [Figs. 1(f)-1(j)].
Moreover, one could expect that the increased defects in
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Power-law fits of ferroelectric switching dynamics, under (a) incrementally increasing voltage and (b) constant voltage. Top

panels: Log-log plots of the distribution of switching event size. Center panels: Optimal power-law scaling parameters for different
event-size cutoffs calculated via maximum-likelihood estimation. Left panels: The scaling parameter corresponding to minimum
Kolmogorov-Smirnov statistic. Error bars use a root-mean-squared error of 0.2 as expected for this method of domain-wall
extraction [49].
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the most bombarded samples may increase conduction or
leakage [22], and thus alter the distribution of switching
events. Despite this, the similarity of the final critical
exponent indicates that all samples show similar crackling
behavior. These experimental observations are also excep-
tionally consistent: the stability of the critical exponent over
2 orders of magnitude on the plot of maximum-likelihood
exponents is particularly extensive given the inevitable
noise and size constraints of real data [33].

We note that this analysis is based on the full dataset of all
switching events, including the largest ones occurring at the
highest tip bias. As previously reported by Tiickmantel et al.
[32], these large events may indicate a combination of creep
and depinning regimes which could depress the value of the
power-law scaling exponent. We therefore performed a
further investigation of switching dynamics at constant tip
bias well below the coercive voltage determined for each
sample from Fig. 2. Specifically, we used 1 V for the samples
bombarded with 10'3 and 10'* ions/cm?, as well as the non-
ion-bombarded sample, and 1.5 V for the sample bombarded
with 10" and 10'® ions/cm?, carrying out three independent
stroboscopic switching—imaging experiments in each sample.

The scaling parameters are far less stable for these
constant-voltage studies [Fig. 3(b)]. This is particularly
true for the as-grown (non-ion-bombarded) and lowest-
bombardment density samples, where the high values
obtained for the scaling parameter (above 3) could be a
marker for non-power-law behavior [49]. This may be
related to the switching voltage magnitude: for these
samples, in particular, switching proceeded at a rapid
enough rate that statistics were insufficient for an adequate
power-law fit. However, at lower biases, no significant
domain-wall motion could be observed within a reasonable
timeframe. This trend is akin to those seen in Fig. 2(a),
where polarization switching in these samples proceeds
over a smaller threshold. In the higher-bombardment-
density samples, the scaling parameter appears physically
meaningful, but smaller events play a more significant role,
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and increase the measured value to closer to 2.5, consistent
with previous observations in the creep regime [32].

In both analyses, we find that the bombardment density
has only weak effects on the value of the scaling parameter
a, which varies between 1.8 and 2.3 for the incrementally
increased tip bias measurements, and between 1.9 and 2.4
for the constant tip bias measurements. The consistency of
the scaling exponent across samples further suggests that
(a) the creep regime dominates the switching dynamics in
these samples, and (b) the pinning effects stay in the same
universality class, regardless of defect density.

At a local, rather than global level, however, the effects
of the a domains can be quite significant; this can be seen
qualitatively in Figs. 1(f)-1(j), where much of the pinning
appears in the vicinity of—and parallel to—nearby a
domains. To better understand their role in conjunction
with the bombardment-induced point defects, we therefore
focus on local variations in domain-wall dynamics. This
analysis is again based on the domain switching maps, of
which a subset is shown in Figs. 1(f)-1(j). As before, the
positions of the a domains are individually tracked, and
each switching map is interpolated to obtain a smooth and
continuously varying representation of the switching volt-
age across the ferroelectric surface.

One such interpolated switching map, obtained on the
pristine sample and projected into three dimensions, is
shown in Fig. 4(a), with a domains indicated in red. Parallel
to the a; domain and ~100 nm away from it, a rapid
increase in the magnitude of the switching voltage can be
seen. This increase corresponds physically to an abrupt and
marked increase in switching difficulty, and thus higher
pinning than in the surrounding regions. This observation is
even clearer after taking a spatial derivative in the a,
direction [Fig. 4(b)], where high values of the derivative
appear parallel to the a; domain, clearly indicating the
strong domain-walls pinning in this region.

A line profile of the average height of the derivative along
the a; direction is shown in Fig. 4(c). We observe a distinct
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FIG. 4. Extraction of the pinning contribution of quasi-one-dimensional a domains. (a) Interpolated switching map of the non-ion-
bombarded PbTiO; thin film, projected into three dimensions. Red lines mark the positions of a domains at the ferroelectric surface.
Blue lines show the switching voltage profile averaged along the a; and a, crystalline axes. (b) Normalized a, derivative of the
switching map. (c) Line profile of the a; spatial derivative in the vicinity of the a; domain (marked in a red solid line). The dashed black
line corresponds to the average derivative value in the switching map after neglecting events in the vicinity of @ domains. A peak in the
derivative and pinning is highlighted in cyan, with the area beneath it corresponding to the average pinning, marked in orange. (d) A
column plot comparing the ratio of the pinning attributed to the ¢ domains to the pinning attributed to the baseline for all samples.
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peak, which we believe corresponds to the pinning effect of
the a domain. The pinning strength, indicated by the dashed
line, is far above the baseline level of the sample. This
analysis therefore allows us to distinguish two regions with
qualitatively different contributions; a low-level baseline
pinning which corresponds to behavior consistent through-
out the entire sample, and an a-domain contribution iden-
tifiable in the line profile by a sharp peak in the vicinity of an
a domain. Plots of these respective contributions across the
samples (Fig. S5 in [31]), show both increasing after He?*
bombardment. The ratio between the two, however, shows a
vastly different trend [Fig. 4(d)], where the pristine (non-
bombarded) sample presents a uniquely higher pinning
contribution from the @ domains as compared to the baseline.

Under as-grown conditions, therefore, the a domains
have significant local contributions to the pinning, which in
turn carries heavy implications for the global pinning and
power-law scaling. As a significant portion of small
domain-wall motion events occurs in the direct vicinity
of a domains (particularly in the as-grown sample), we
conclude that these extended quasi-one-dimensional
defects contribute to an increase in the value of the scaling
parameter measured across the whole sample. Indeed, in
similar thin films of the related material Pb(Zr,,Tiy5)O3
without a domains, lower values of the global scaling
parameter were observed in the creep regime [32].

However, quite different domain-wall interactions
emerge in the bombarded samples, where the relative
difference between the baseline pinning and a-domain
contribution is nowhere near so significant. Specifically,
at any level of He’™ bombardment we see a marked
increase in baseline pinning [Fig. S5(b) in [31]]. Rather
than being strongly pinned only at the a domains, the
domain walls in these samples are subject to comparable
variations throughout the entire potential energy landscape.
Effectively, the bombardment defects can be seen as
“dressing” the strong confinement effects of the a domains,
which are reflected in the corresponding decrease in the
value of the scaling parameter.

This dressing of a domains after any ion bombardment
may appear to contrast with Fig. 2 and Ref. [40], where
significant variations in switching voltage are observed
only with bombardment above 10" ions/cm?; and with as
Fig. 3(a), where similar scaling parameters are observed
across all samples. How can similar distributions of event
sizes be observed in both the as-grown sample with strong,
highly directional pinning by a domains, and in the ion-
bombarded samples with an increased but not presumably
directional collective pinning due to the He?* ions?

This answer is revealed by the switching maps themselves
[Figs. 1(f)-1(j)]. In the most bombarded sample [Fig. 1(j)],
significant pinning appears parallel to the crystallographic
axes, but far removed from any observed a domains. These
regions act akin to the a domains and contribute to a similar
distribution of small and large events among all samples.

Likewise, while the switching voltages may change, these
changes need not impact switching event size.

As to the nature of these regions, we note that the
identical and simultaneous growth of these thin films
minimizes potential variations between them. Rather, the
only notable difference between these samples is the
increasing level of He’™ bombardment and the resulting
point-defect density, which must therefore selectively
segregate or orient along the crystallographic axes.

Indeed, previous simulations actually suggest that
aligned point defects may have strikingly similar pinning
effects to those of a domains. Kimmel et al. used ab initio
calculations to show that oxygen vacancies prefer c-axis
sites over a-axis sites, and this preference can drive the
rotation of the entire unit cell around the vacancy [50]. In
our case, defects induced by He?* ion bombardment could
be a preferential site for oxygen vacancy colocalization, and
thus drive such axial rotations, resulting in the formation of
features acting akin to a domains, with associated direc-
tional pinning in the bombarded samples.

The implications of this screening of a-domain pinning
by point defects are twofold. First, our Letter suggests that
the key to more controllable ferroelectric switching may
not be more perfect, less-defective films, but indeed the
opposite, with induced defects ensuring more consistent
switching dynamics. Meanwhile, at the nanoscale, the
inferred organization of point-defects along crystallo-
graphic axes could potentially lead to the formation and
stabilization of new polarization textures.

In summary, we investigated the interplay between
extended quasi-one-dimensional (a domain) and point
(He>* bombardment and implantation) defects, and their
effects on ferroelectric switching and domain-wall motion.
We found more intense He?>* bombardment associated with
an increase in coercive voltage. Despite the subsequent
increase in driving voltages required, all samples main-
tained a power-law distribution of switching event size
dominated by creep dynamics, with critical exponent
values highly stable both within an individual experiment
and across samples that had undergone different levels of
He’* bombardment. We simultaneously observed a
remarkable local-scale interaction between the bombard-
ment defects and the a-domains, where the point defects
appear to dress the extended defects, effectively screening
their pinning strength. Such additional point defects can
thus induce more uniform and predictable domain-wall
dynamics. Moreover, at increasing He’" bombardment
densities, the point defects themselves appear to segregate
and align with the crystalline axes of the ferroelectric,
giving rise to directional pinning more evenly distributed
through the sample. This understanding of the effects of a
domains and point defects on ferroelectric switching
dynamics and scaling parameters can therefore help to
further enhance ferroelectric device performance via defect
engineering.
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