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Ultrathin limit and dead-layer effects in local polarization switching of BiFeO;
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Using piezoresponse force microscopy in an ultrahigh vacuum, polarization switching has been detected and
quantified in epitaxial BiFeO; films from 200 to about 4 unit cells thick. Local remnant piezoresponse was
utilized to probe both ferroelectric properties and effects of imperfect electrical contacts. It was found that
the shape of electromechanical hysteresis loops is strongly influenced by an extrinsic dielectric gap, primarily
through the suppressing effect of the depolarizing field on the spontaneous polarization in the ultrathin films.
Furthermore, statistical analysis of the hysteresis loops has revealed lateral variation of the extrinsic dielectric
gap with sub—10-nm resolution. Robust and reproducible ferroelectric properties of nanoscale BiFeO; indicate
its potential for nanoscale applications in information storage and spintronics.
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I. INTRODUCTION

Ferroelectric materials and polarization switching in
confined geometries have strong potential for information
storage,? energy storage,® optoelectronic and spintronic
applications.*> Ferroelectricity also is subject to pronounced
size effects, manifested as scaling of the magnitude of
ferroelectric polarization®’ and scaling of the coercive field
that triggers polarization switching,®~!! as well as the evolution
of the polarization domain morphology with the size'>!3 and
dimensionality'*!3 of ferroelectric and multiferroic materials.
Although ferroelectric size effects have been investigated for
many decades,'®!” many questions remain open or controver-
sial.

One such question, which pertains to many prospective
ferroelectric applications, relates to the scaling of the coercive
field (E.) with film thickness (/) or dimensionality. For macro-
scopic films, with dimensions far exceeding the correlation
length, the coercive field follows the Kay-Dunn law E. ~
h2/3 18 established using the Landauer nucleation model for
polarization switching.'” In the original model, the Kay-Dunn
law is expected to break down at an ultrathin limit, because the
nucleus shape changes from the half-prolate Landauer shape'”
to a cylindrical shape, which in turn cancels the depolarizing
energy of the charged apex. In this case, the coercive field
scaling is expected to saturate at a certain value. While this
scenario was invoked by Jo et al.® to explain the saturation of
the field in epitaxial BaTiO3/SrRuQOj capacitors below ~10
nm, other authors, based on studies of the ferroelectric polymer
polyvinylidene fluoride (PVDF),'? have claimed that the
saturation signals the onset of intrinsic ferroelectric switching,
where the direction of spontaneous polarization is reversed uni-
formly throughout the film rather than through the nucleation-
growth mechanism. Finally, Dawber et al.'! suggested that
Kay-Dunn scaling in PVDF switching should be recovered
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down to as low as 1 nm by including the effect of the dielectric
dead layer and the depolarizing field in the polymer film.

Reliable interpretation of size-dependent ferroelectric
switching requires the knowledge of the electric field inside
the ferroelectric volume. However, the electric field is in
general nonuniform throughout the ferroelectric capacitor
because of dead layers (manifested, among other effects, as
dielectric gaps in the contact region), dopant profiles, and
space-charge regions, the properties of which are largely
unknown. The problem is further complicated because con-
ventional polarization—electric field (P-E) hysteresis measure-
ments based on the displacement current are not explicitly
sensitive to dielectric gaps.”’ The resulting uncertainty in the
interpretation becomes most pronounced at the ultrathin limit,
where extrinsic effects dominate the electric field profile.

Here, we studied the properties of ferroelectric switching
in ultrathin films using the magnitude and hysteresis of
piezoresponse (strain due to applied electric field),”! rather
than those of the displacement current, as in conventional P-E
measurements. Under a reasonable assumption that the overall
piezoresponse is dominated by the ferroelectric volume, the
magnitude of piezoresponse provides a direct measure of the
electric field inside the ferroelectric. Systematic analysis of
piezoresponse hysteresis loops allowed us to detect remnant
and switchable polarization down to 4 unit cells (1.6 nm)
in epitaxial films of BiFeOs; (BFO) and infer the presence
of the dielectric gaps and the intrinsic ferroelectric behavior.
Furthermore, we have, for the first time, spatially resolved
the variation of the dielectric gap effects with <10-nm
resolution.

II. EXPERIMENTAL DETAILS

BFO films were deposited on 5-nm conducting
Lag7Sr93MnO3 (LSMO) electrodes by pulsed-laser deposi-
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tion (PLD) with reflection high-energy electron diffraction
(RHEED) control of the growth process, at 750 °C and Po; =
200 mTorr for LSMO and 670 °C and Py, = 100 mTorr for
BFO.?>23 After the growth, the heterostructures were slowly
cooled to room temperature in 1 atm of oxygen at a rate of
~5 K/min. Film thicknesses were determined from RHEED
analysis during PLD growth and independently confirmed by
transmission electron microscopy and x-ray ellipsometry on
representative samples. BFO films (except 12 and 50 nm)
were first annealed at ~350 °C and Pg, = 10 mTorr to remove
surface contamination, while preventing film decomposition
and changes of stoichiometry (described later), and then
introduced into the vacuum microscope chamber without
exposure to ambient. The high crystalline quality of the
films was supported by x-ray diffraction [Fig. 1(a)], atomic
force microscopy exhibiting flat topography with unit-cell
high steps (as seen in Fig. 1(c) for a representative 5-
nm film), and scanning transmission electron microscopy
[Fig. 1(c)].

Piezoelectric and ferroelectric properties were character-
ized using piezoresponse force microscopy (PFM) in an ultra-
high vacuum at the background pressure of ~2 x 10~'° Torr as
described elsewhere.”* Local piezoresponse hysteresis loops
were acquired by applying bias pulses of increasing magnitude
to the tip (Pt-coated Mikromasch CSC37) and measuring
the out-of-plane remnant piezoresponse between the pulses.
Although we did not directly control the size and curvature
of the probe tip, which determines the spatial distribution and
strength of applied electric field, we estimated it to be much
larger (>25 nm) than the thickness of the ultrathin films (except
for the 50-nm film), and we did not detect any significant
difference in the switching behavior obtained with different
tips.

The measurement sensitivity was maximized using the
band-excitation technique,25 where the cantilever is excited
by a band of frequencies in the vicinity of the first contact
resonance [Fig. 2(a) and 2(b)]. Fig. 2(a) shows a typical hys-
teresis measurement on a 2.8-nm BFO film and the hysteresis
loops [Fig. 2(c)] extracted by integrating the response in the
probed frequency range.

5 nm film
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FIG. 1. (Color online) (a) X-ray diffraction
analysis of BFO(100)/LSMO films, some of
which were subsequently used in PFM mea-
surements. The thickness of LSMO is 5 nm
for all BFO films. Scans are shifted for clarity.
(b) AFM topography of the 5-nm BFO film
and its cross section (inset) along the white
dashed line. (c) Z-contrast scanning transmission
electron microscopy image of a cross-section of
a 3.6 nm BFO film.

III. RESULTS

A. Average thickness dependence of local ferroelectric switching

Although the PFM methodology was applied to ultrathin
BFO and PbTiO3; films, as well as nanoparticles, in previous
works,”?227-30 all such measurements were carried out in
an ambient environment and thus could be compromised by
extrinsic local electrochemical reactions, particularly in the
thickness range of <10 nm, as previously noted for BFO??
and other perovskite surfaces.*! Furthermore, only in-field
piezoresponse??3” was used to infer ferroelectric switching in
ultrathin films, leaving uncertain the existence of switchable
remnant polarization and the respective size effects.

Here, the piezoresponse hysteresis loops corresponding
to the switching of remnant out-of-plane polarization were
reproducibly observed down to the thinnest, 1.6-nm BFO film
[Fig. 3(a)]. The hysteresis loops on two separate 2-nm films,
only one of which had been annealed in vacuum, were nearly
identical [Fig. 3(b)], indicating that the measured properties
were intrinsic to as-grown films. Good reproducibility of the
hysteresis loops in consecutive switching cycles [Figs. 2(a)
and 2(c)] and negligible variation of the contact resonance
frequency during ferroelectric switching [Fig. 2(d)] testified
to the lack of surface damage and electrochemical reactions
during ferroelectric switching. At the same time, we verified
that spontaneous polarization of the 2-nm [Figs. 3(c) and 3(d)]
and 5-nm (not shown) BFO films could be reversed in a large
surface area (~90 x 140 nm? for the 2-nm film) by poling it
with a biased tip. Altogether, we conclude that epitaxial BFO
retains ferroelectricity down to at least 1.6 nm.

Comparative statistics for the thickness dependence of
ferroelectric switching was derived from 30 to 100 hysteresis
loops from each film. Each hysteresis loop was fitted with a
phenomenological function [Fig. 2(c)] to extract the switching
bias.>> The average hysteresis loops [Fig. 3(a)] revealed
rapid drop-off of remnant piezoresponse with decreasing
film thickness [Fig. 3(b)], as well as significant lowering of
the switching bias. Given the imperfections in the chemical
stoichiometry found at the interfaces of epitaxial oxide films,
as well as the nonepitaxial top contact (tip—surface), it is
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FIG. 2. (Color online) (a) Band-excitation piezoresponse force
spectroscopy of two consecutive cycles of the ferroelectric switching
on the surface of a 2.8-nm BFO film in ultrahigh vacuum. Pseudocolor
plots show the frequency spectrum of the amplitude and phase
of cantilever oscillation at its first contact resonance frequency
(~232 kHz) along (b) the bias trajectory of ferroelectric switching.
(b) The envelope of tip bias used to locally switch ferroelectric
polarization. (c) Average hysteresis loop extracted from (a) and (b)
as described in the text. The red (medium gray) lines show a fit using
a phenomenological function. (d) Resonance frequency and resonant
amplitude of cantilever oscillation along the ferroelectric hysteresis
loop.

reasonable to assume the existence of the dielectric gaps
within the Pt-tip-BFO-LSMO nanocapacitor, which lower the
electric field inside the BFO film compared to the perfect-
contact scenario!! and could explain the observed trend. In
this case, the normal component of the electric field inside
the film E, can be approximated by a capacitor model with
dielectric gaps>’

Ugy Pzd
E, = i e (1)
eah +epd  go(eqh + €)d)

where d is the total thickness of the dielectric gaps, U is the
potential across the film, P, is the out-of-plane polarization
component, &4 is the dielectric constant of the dead layer
(assumed the same for top and bottom layers), and 81117 is the di-
electric background constant of the ferroelectric/piezoelectric
volume, i.e., independent of the film thickness, in contrast to
the dielectric permittivity 8;3 part related to the soft mode.
The thickness of the dielectric gaps d is not known a
priori, presenting a major problem for the quantitative in-
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terpretation of the ferroelectric hysteresis loops from ultrathin
films (particularly the thickness dependence of the switching
voltage), obtained both locally as in our experiments and
in capacitor measurements with fixed electrodes. However,
local piezoresponse is a second independent observable value,
which can potentially provide the much-needed information
on the scaling of the electric field profile and/or polarization
across the thickness range or across the surface of the
ferroelectric film.

Assuming uniform polarization perpendicular to the film’s
surface, the out-of-plane piezoelectric strain produced in the
tetragonal film by applied electric field can be expressed
as u, < h-E,e3360Q11P,, where E, is the electric field
inside the ferroelectric and ¢33 and Q1 are the components
of the dielectric and electrostrictive tensors, respectively.
Experimentally, the out-of-plane piezoresponse is measured
approximately as a first derivative of the out-of-plane piezo-
electric strain with respect to applied bias, du,/dU. Thus, if
we were to assume a linear potential drop across the whole
Pt-tip/BFO/LSMO structure (a perfect-contact scenario) with
a corresponding out-of-plane electric field component of E, =
U/ h, the measured piezoresponse would depend only on the
magnitude of spontaneous polarization P,. The dielectric gaps
located at the interfaces (1) lower the electric field inside the
ferroelectric volume of Eq. (1) and (2) suppress the magnitude
of spontaneous polarization because of the depolarizing field,
the second term in Eq. (1). Therefore, in the presence of the
dielectric gaps, both pure electrostatics of the junction and the
scaling of the ferroelectric properties of the film contribute to
the overall thickness dependence of piezoresponse (more
generally, intrinsic scaling of the dielectric properties and
the polarization also contribute to the thickness dependence
of piezoresponse). To analyze this problem further, we first
introduce the relevant aspects of the intrinsic model for
ferroelectric switching?® in the context of finite film thickness
and interfacial dielectric gaps. Our previous experiments’*3?
have shown that intrinsic switching is the dominant mechanism
for polarization reversal in PFM measurements.

B. Model for thickness dependence of intrinsic switching

The one-dimensional (1D) model detailed here is applicable
while &7 < R, i.e., for film thickness 4 smaller than the tip
radius R. Because R > 25 nm (see the Appendix) the model can
be applied to all studied BFO films, with a possible exception
of the 50-nm film. The presence of the thickness-dependent
depolarization field self-consistently reduces the polarization
value P, via the ferroelectric equation of state with cubic
nonlinearity:%¢

a(P.) + B(P}) = (E.) + Ep. )

Here, we use the average polarization (P3;) = % Oh P3(2)dz.

The built-in field E}, is proportional to the built-in potential and
. . . . R _ eqUp P

polarization contributions: E;, = prve e Then, Eq. (2)

can be rewritten, including the renormalized coefficient ¢ =

1
o+ &0 eqh+ebd’ as

ar(P.) + B(P) = Ued

= —+4+ E. 3
Edh—i-SZd b 3
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FIG. 3. (Color online) Average hysteresis loops acquired from 10 to 30 random locations on the surfaces of BFO films ranging from
1.6 to 12 nm. The loops were acquired using the same physical cantilever in ultrahigh vacuum. (b) Comparison of vacuum piezoresponse
hysteresis loops from two 2-nm BFO/LSMO films, only one of which was annealed in vacuum. (c) Piezoresponse amplitude and (d) phase of
an upward-polarized ferroelectric domain recorded on the 2-nm film by poling the area in the center at —0.8 V.

Then thermodynamic or intrinsic coercive bias becomes

2 CIR3

EY = _E, 4+
‘ T3\ B

1 d 3/2
= —E+E (14 ——"
ey ggh +g,d

~

1 4 3/2
I~ 0
g e (14 )

heff 3/2
- Eg(l_f> , 4)

where the bulk thermodynamic coercive field is E? =
2 —g (for BFO, it is about 5 x 10% V/m)and AT = =<

33 ey
is the critical thickness for ferroelectricity. Using Eq. (4), we

estimate the intrinsic thermodynamic switching bias as

heff 3/2
U.=E'h~n[1-=2) . (5)
h

At the same time, the values for spontaneous polarization
are given by

P.(E,=0,U =0)

R b 1 d
=+ |-—==%P [I+ ———
B wso egh + ed

Y
easeta TPs\1 = n (©)
where the bulk spontaneous polarization is P? = —%.

Within the Landau-Ginzburg-Devonshire approach, the
out-of-plane strain u,, and piezoresponse u, of a tetragonal
film are

f
U, = e380011 PE;,

h
uz%/ 8{380Q11PzEde
0

0 ff
e3zh Uegy b he
~ pb /1 — Ce
SOQlll—hgﬁf/h ehtend S h
U
N )
1= neff /h

Under the assumption of constant dielectric permittivity
8{3, the piezoresponse is given by

u—U,/l—hiﬁf (®
z = h'

Equation (8) can fit the experimentally observed thickness
dependence of piezoresponse reasonably well, as seen in
Fig. 4(a). The corresponding critical thickness AT lies in the
range from 1 to 2 nm, which is consistent with our observation
of ferroelectric switching in BFO down to at least 1.6 nm.
Using the bulk value for o (¢ = —8 x 108 m/F) and assuming
g4 between 1 and 4, the corresponding thickness of the dead
layers is between 0.01 and 0.03 nm. Therefore, the dielectric
gaps are very thin in this case, and the scaling mainly arises
from the effect of the depolarizing field on the spontaneous
polarization, rather than the electrostatic attenuation of the
applied electric field inside the ferroelectric volume.

Equation (5) predicts that the nucleation bias scales linearly
with the film thickness, deviating from linearity only when the
thickness approaches the critical value h°. The slope equals
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FIG. 4. (Color online) Thickness depen-
dence of piezoresponse (medium gray/red) pre-
dicted by the intrinsic model, Eq. (8), with the
assumption of a thickness-independent back-
ground dielectric constant 4, and AT = 1.88
nm. Dark gray (blue) dots are experimentally
measured piezoresponse values from Fig. 3(a).
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the coercive field in the bulk, or the region of the film far from
the interfaces. As seen in Figs. 4(b) and 4(c), the experimental
thickness dependencies of both positive and negative switching
bias are indeed linear in almost all the measured range. The
slopes are ~47 MV /m for the negative and ~58 MV /m for
the positive switching bias. Assuming intrinsic switching and
the bulk dielectric constant of 30g,>> these values correspond
to a spontaneous polarization of ~25 uC/cm? in the (111)
direction. This value is three- to fivefold smaller than the
reported values for the BFO bulk,’® but we consider the
agreement to be satisfactory given the simplifying assumptions
of our procedure and that polarization can be smaller in our
particular thin films that the record values obtained for bulk or
thick films of BFO.

A more significant disparity between theory and experiment
is observed in the intercept of the magnitude of switching bias
at zero thickness. According to Eq. (5), the maximum intercept
is zero (at zero h°M). At nonzero critical thickness, switching
bias becomes complex below A4S, formally translating into
a negative intercept. The inspection of Fig. 4(c) reveals that
(ignoring the two thinnest films) the scaling of the positive
nucleation bias intercepts the y-axis at approximately zero,
which is consistent with the very thin dielectric gaps estimated
from the thickness dependence of piezoresponse. However, the
values for the magnitude of the negative nucleation bias have
a positive intercept.

Although at present we cannot explain the origin of the
large intercept, it has a dramatic effect on the scaling of the
apparent switching field, which is usually calculated as U, /h
(valid only in the limit of zero dielectric gap, as we discussed
previously). Calculating the apparent switching field from our
data [Fig. 4(d)] reveals that the positive switching field remains
approximately constant across the thickness range, as expected
based on the intrinsic switching model. However, because
of a nonzero intercept the negative switching field scales
approximately as E. oo h~%73+0:04 which is a similar trend

4 6
Film thickness (nm)

é 10 12

to the well-known Kay-Dunn law (coercive field oo h~0:66)
derived for macroscopic films.'® The Kay-Dunn law should
not apply for ultrathin films where the polarization nucleus
becomes cylindrical.8 Furthermore, within the intrinsic model,
the growth of the switching field with decreasing thickness
implies an increase of spontaneous polarization, because as

discussed previously, | P,| = /—% and the coercive field E? =

%, / —% (o and B are the first and second coefficients in the

Landau-Ginzburg-Devonshire equation of state). This would
starkly contradict simultaneous piezoresponse measurements
[Fig. 3(a)], which imply that polarization decreases with
decreasing thickness. Piezoresponse measurements therefore
provide sufficient self-consistency to rule out the rapid in-
crease of the apparent switching field with decreasing film
thickness.

C. Spatially resolved analysis of ferroelectric switching

Given the sensitivity of remnant piezoresponse to the
properties of the dielectric gaps discussed in the previous
sections, we anticipated some observable variation among
local hysteresis loops across the surface. To verify this
hypothesis, we acquired 9600 hysteresis loops on a grid
of 80 x40 points with a spatial resolution of 2 nm per
pixel on the surface of the 2-nm BFO film. As seen in
Fig. 5(a), systematic variations were indeed observable, with
about twofold variation of piezoresponse magnitude across
the surface, but well within the measurement accuracy. The
changes were not all random, with piezoresponse on average
smaller at the bottom and top of the map (light gray/green)
and larger (medium gray/red) in the middle [Fig. 5(a)]. The
pronounced regions of zero piezoresponse (dark gray/dark
blue) in Fig. 5(a) correspond to defects on the surface where no
hysteresis loop opening was observed. They are not discussed
here further.
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FIG. 5. (Color online) Spatially resolved hysteresis mapping of a
2-nm BFO film in ultrahigh vacuum. (a) The remnant piezoresponse
extracted from an average of three hysteresis loops at each of the 3200
points of the map. The hysteresis loops did not open in the dark gray
(dark blue) regions because of topographic defects. (b) Distributions
of positive and negative switching bias across the surface of the 2-nm
film.

The streakiness of some lines in Fig. 5(a) indicates abrupt
changes between consecutive lines across the surface, which
suggests that the changes in the critical thickness and the
corresponding dielectric gaps are occurring at the top (Pt-BFO)
rather than bottom (BFO-LSMO) interface. If we were to
attribute the observed variations to subtle changes in the
dielectric gap, the ratio of piezoresponse values from two

. . h_heff
locations on the surface would be z—; =/ 7

cr2

Although

we do not have an independent measure of the respective
critical thicknesses, for a 2-nm film, a twofold suppression
of piezoresponse would be produced by increasing the critical
thickness by a factor of 1.2 to 1.8 for the range of critical
thicknesses from 1.6 to 1 nm (a range derived earlier and
consistent with the film thickness range studied here).

Thus, piezoresponse mapping appears to be a sensitive
probe of the local junction properties, particularly at the
ultrathin limit. With increasing film thickness, the sensitivity
of piezoresponse to the changes of the critical thickness dimin-
ishes. Prospectively, this trend can be used to differentiate local
changes of the dielectric gap from surface-specific variations
(e.g., contact potential difference and electrochemistry), which
are present on the surface irrespective of film thickness. The
extrinsic dead layer (which is likely going to be present in
most measurements, particularly in ambient or liquids) does
not impede ferroelectricity down to a length scale of the
unit-cell. Furthermore, the absolute width of the distribution
of the switching bias for ultrathin films is about £0.1 V
[Fig. 5(b)], which is about an order of magnitude smaller
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FIG. 6. (Color online) Estimating the effective tip size (tip
modeled as a disc with radius R,) using the width of a ferroelectric
domain wall recorded on the surface of a 50-nm PbZrTiO; epitaxial
film in ultrahigh vacuum. Images represent the recorded square
domain in the amplitude (a) and phase (b) of piezoresponse. (c) The
plot shows two domain wall profiles extracted approximately along
the (white) dashed lines, and the corresponding fits following the
procedure in the Appendix.

than that for 50-nm BFO films (1 V).>* This has important
practical implications for the reproducibility of devices based
on nanoscale ferroelectrics.

IV. CONCLUSIONS

We have presented the first systematic and statistical
analysis of the remnant piezoresponse hysteresis loops
measured on a series of epitaxial thin films of BFO
from 50 to 1.6 nm. All BFO films were found to be
repeatedly and reproducibly switchable, demonstrating the
feasibility of nanoscale ferroelectricity for the fundamental
studies and device applications replying on polarization
switching, such as polarization-controlled electron transport
and ultrahigh density information storage.! Using the
magnitude of piezoresponse to probe ferroelectricity, as
well as the electrostatic properties of the ferroelectric
junction, we have inferred that the shape of the fer-
roelectric hysteresis loop is primarily influenced by the
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extrinsic dielectric gaps at the films’ interfaces, which, in turn,
suppress spontaneous polarization through the effect of the
depolarizing field. An overall good agreement was obtained
between the experimentally observed scaling of piezoresponse
and switching field and the intrinsic model for ferroelectric
switching. Thus, we have also been able to estimate the
magnitude of spontaneous polarization in the studied films.
However, the model cannot at present explain the offset in the
switching bias for one of the switching polarities. This offset
gives rise to a spurious Kay-Dunn-like scaling of the switching
field. At the same time, the scaling is self-consistently ruled
out by the corresponding scaling of piezoresponse.

Finally, we have demonstrated spatially resolved map-
ping of the extrinsic dielectric gap within nanometer-scale
resolution based on the variations of individual ferroelectric
hysteresis loops across the surface. The observed variations are
consistent with our assignment of the imperfect tip—surface
contact as the origin of the extrinsic dielectric gap. Such
systematic measurements of nanoscale ferroelectricity now
pose a possibility of exploring the scaling of the multiferroic
properties of BFO down to a few unit cells in thickness.
However, careful tip and surface preparation can prospectively
eliminate the extrinsic dielectric gap and allow a more rigorous
comparison between experiment and theory, including a
possibility of increased piezoresponse with decreasing film
thickness motivated by the intrinsic model.
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APPENDIX

To support our use of the 1D approximation for the
electrostatics of the problem, we estimated the tip size based
on the width of the domain wall profile as detailed in Ref. 34.
Figure 6 shows the image of the poled domain structure on
a reference 50-nm epitaxial film of PbZr(,TipgO3; and line
profiles of the corresponding domain walls. The domain wall
profile was fitted using the following equation:**

(x) + ) ds3 + 1+4 d
~ — — —V
u(x) X uo+a | | dss 3 T3V

» (x —x0)/r 1 (x —x0)/r i|
I(x — xo)/r|+ 1/4 " 4" — xo)/r| +3/4]

where u(x) is the measured piezoresponse, d;; are the
piezoelectric coefficients, v is the Poisson ratio. « is the pro-
portionality coefficient, xg is the relative center of the domain
wall, and r = 2R;/m, where R; is the disc radius, assuming
a model of a disc and a single image charge description of
the localized electric field, are all fitting parameters.>* Based
on the reasonably good fit (Fig. 6), the radius of the disc
(approximating the AFM tip apex) equals 25 and 29 nm for the
two walls, which is also in good agreement with the width of
the domain walls (~29 and ~33 nm, respectively). Therefore,
our typical effective tip size is much larger than the thickness
of all ultrathin films (with the exception of the 50-nm BFO
film, which is used only as a reference). Thus, the relatively
large tip size justifies the use of the 1D approximation for the
electric field in this study. Parenthetically, the effective tip size
in ultrahigh vacuum is approximately twofold smaller than in
the ambient environment.
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