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A. PFM measurements of domain growth at electrode edges

To follow the growth of the down-polarised domains into
the up-polarised as-grown regions of the sample, vertical
piezoresponse force microscopy (PFM) imaging was carried
out in a Bruker Dimension V AFM system at ambient condi-
tions, using Bruker MESP tips, with a 20 kHz drive frequency,
3000 mV drive amplitdue, and 3 pm/s tip scanning velocity).
After the application of a 10 V switching pulse for the chosen
duration, concurrent PFM phase and amplitude 5 x 5 pm?
images were taken along the electrode edge with a 1024 X
1024 pixel resolution, as can be seen in Figs. S1— S4 for do-
mains switched at 23° C and 100° C, respectively. Given the
intrinsically almost perfectly binary nature of phase imaging
(180° phase difference with relatively low noise) with a steep
change between the two phase states corresponding to up- vs.
down-polarised domains, convoluted essentially only by the
tip size, vertical PFM phase provides the most reliable and
least noisy way to precisely determine the domain wall posi-
tion. The amplitude channel can be used, tracking its mini-
mum as the position of the domain wall in each scan line, and
gives comparable domain wall geometry, but with far more
noise. This is because the amplitude channel is more prone to
variability via electrostatic and electrochemical effects, and as
a result of contact resonance variations giving rise to crosstalk
with the sample topography.

B. Image processing

Each of the 1024 x 1024 px vertical PFM phase images,
with phase values normalised on a 0-360° range, were offset
to obtain comparable minimum values (centered around 180°,
crimson colour in Figs. S1,S3) for the as-grown up-polarised
domains, and maximum values (centered around 360°, yel-
low colour in Figs. S1,S3) for the down-polarised domains
growing outwards from the electrode edges. The images were
then binarised using in-house developed algorithms within the
Hystorian materials science data analysis Python package [1],
allowing the positions of the electrode edges and domain walls
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to be identified, and their x,y coordinates extracted. Finally,
the relative front displacement u(z) was obtained as the dif-
ference in the x coordinates of the electrode edge and domain
wall for each y coordinate value.

C. Modelling electric field intensity at electrode edges

When voltage pulses are applied across a ferroelectric film
sandwiched between macroscopic electrodes in a planar ca-
pacitor geometry, as schematically illustrated in Fig. S5(a—c),
previous studies have shown that polarisation switching pro-
ceeds by the nucleation, growth, and coalescence of multi-
ple domains [2, 3] in the intense, homogeneous and purely
out-of-plane electric field within the capacitor. Once the fer-
roelectric volume within the capacitor is fully switched into
the polarisation state orientated parallel to the applied electric
field, much slower outward domain growth is possible, driven
by the fringing fields extending beyond the edges of the elec-
trodes.

Using Comsol finite element 2D (slab) simulations of a 270
nm thick, 10 um long PZT film with its lower boundary fixed
at ground, and a 55 nm thick, 5 um wide perfectly conducting
top electrode to which 10 V potential could be applied, we
numerically simulated the fringing electric field to extract its
out-of-plane component, shown in Fig. S6(a). As can be seen
in Fig. S6(b), the intensity of the fringing fields decreases very
rapidly as a function of distance from the electrode edge. We
therefore expect progressively slower domain wall motion and
less significant effects of surface and bulk charge dynamics as
the domain walls are driven further from the electrodes.

D. Extracting the creep exponent 1

The domain wall velocity during creep depends on both the
temperature 7 and the vertical component of the electric field
E; which drives the motion. We therefore carried out a self-
consistent two-dimensional surface fitting of the creep equa-
tion (Eq. 1 of the main text) to the cloud of points combining
data obtained from switching at both 23° C and 100° C, as
shown in Fig. S6(a). Seed values for the two-dimensional
fitting parameters were obtained from fits carried out sepa-
rately on the datasets obtained at the two different tempera-
tures, shown for comparison in Fig. S6(b). Based on these
preliminary values, the two-dimensional fits were processed
using the Python Scipy library and the curve_fit function.



E. Multiscaling analysis of the probability distribution
function of relative displacements

The statistical distribution of the fluctuation of the domain
wall position can be quantified by defining the probability dis-
tribution function (PDF) of the relative displacements Au(r,z)
at a given length scale r

PAu(r,z)] = %/dﬂAu(r,z) (S1)

where the factor N ensures normalisation. The central mo-
ments of this PDF, reflecting its characteristic scaling proper-
ties [4], are the real-space displacement autocorrelation func-
tions

0u(r) = (JAu(r)[7) ~ ", (S2)

where §, are the associated scaling exponents for the nth mo-
ment.

For monoaffine systems, such as 1-dimensional equili-
brated interfaces at zero temperature in weak collective pin-

ning, the PDF is well approximated by a Gaussian function
[5-7], and the second moment or roughness B(r) = 0a(r) ~
r2¢ is sufficient to fully characterise the scaling, with a single-
valued exponent §, = { Vn. For multiaffine systems, such
as out-of-equilibrium, correlated disorder, or strong pinning
scenarios [8—10] the full set of higher order scaling exponents
&y # (n/2) &, are necessary to characterise the interface rough-
ening.

To investigate the nature of the domain walls and the sym-
metry of their relative displacements, we therefore carried out
a multiscaling analysis [11, 12] to evaluate their PDF and its
central moments. As shown in Figs. S8 (a—d) and S9(a—d),
the PDFs obtained for different r values and switching pulse
durations for domain walls written at 23° C and 100° C, re-
spectively, are generally quite symmetric. The corresponding
renormalised central moments, shown in Figs. S8 (e-h) and
S9(e-h)

Cu(r,2) = [on(r,2)]"/" (S3)

show some fanning at the highest and lowest r values, but col-
lapse to within 15 % in the intermediate range.
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FIG. S1: PFM phase images of domain growth at electrode edges at 23°C. Domains written with 10 V pulses applied to the top
electrode for the indicated switching pulse duration. The white bar represents 1 pm, and all images are shown at the same PFM
phase scale, with the white and black regions on the scale representing the approximate value of the down and up polarised
domains, respectively.
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FIG. S2: PFM amplitude images of domain growth at electrode edges at 23° C. Acquired concurrently with the measurements

shown in Fig. S1, the amplitude images recapitulate the same information, with the 180° domain walls visible as a narrow dark

line to the right of the electrode, itself corresponding to a region of minimum amplitude at the left of each image, since it blocks
our PFM signal. The white bar represents 1 pum.
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FIG. S3: PFM phase images of domain growth at electrode edges at 100° C. Domains written with 10 V pulses applied to the
top electrode for the indicated switching pulse duration. The white bar represents 1 um, and all images are shown at the same
PFM phase scale. with the white and black regions on the scale representing the approximate value of the down and up
polarised domains, respectively.
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FIG. S4: PFM amplitude images of domain growth at electrode edges at 100° C. Acquired concurrently with the measurements

shown in Fig. S3, the amplitude images recapitulate the same information, with the 180° domain walls visible as a narrow dark

line to the right of the electrode, itself corresponding to a region of minimum amplitude at the left of each image, since it blocks
our PFM signal. The white bar represents 1 pum.
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FIG. S5: Schematic representation of polarisation reversal in a planar capacitor geometry (a) The initially up-polarised PZT
thin film, with a SrRuO3 epitaxial bottom electrode and Au/Ti patterned top electrodes, between which 10 V pulses are applied,
giving rise to uniform, out-of-plane, high intensity electric field under the top electrode, and fringing fields extending from its
edges (field lines represented in red). As a result, initial domain nucleation and growth occurs directly under the top electrode
(b), followed by propagation of domain walls away from the electrode edges (c).
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FIG. S6: Electric field driving domain wall dynamics at electrode edges (a) Finite element simulation of the out-of-plane
component of the electric field E, in the planar capacitor geometry of the measurements, and (b) the corresponding values of E,
extracted at the ferroelectric surface, as a function of the distance from the electrode edge. The inset shows the E, values at
length scales corresponding to the width of the domains imaged in our experiments.
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FIG. S7: Fitting domain wall motion as a creep process v(E) = e*sT () Domain wall velocity as a function of the

out-of-plane electric field and temperature, self-consistently fitting the data obtained at both 23° C and 100° C as a
two-dimensional surface. The inset shows domain wall velocity as a function of the out-of-plane component of the electric field
at the edge of the electrode, where solid lines are extracted from the two-dimensional fit, and the dashed lines from fits done
separately on the data obtained at the two different temperatures. 23° C data are shown on the blue—green colour scale, and
100° C data on the red—yellow colour scale.
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FIG. S8: Multiscaling analysis for domain walls written at 23° C (a—d) Probability distribution function of relative
displacements Au(r, z) for r € 6,40,60,400 nm and (e-h) power law scaling of its averaged renormalised central moments
C>—Cg, for domain walls written with switching pulse duration of 56, 178, 562, and 1778 s.
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FIG. S9: Multiscaling analysis for domain walls written at 100° C (a—d) Probability distribution function of relative

displacements Au(r,z) for r € 6,40,60,400 nm and (e-h) power law scaling of its averaged renormalised central moments
C,—Cs, for domain walls written with switching pulse duration of 3, 30, 300, and 3000 s.




