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P
olarization switching in ferroelectric
materials underpins the functionality
of ferroelectric-based data storage1,2

and random access memory,3,4 as well as
emergent applications such as ferroelectric
tunneling barriers,5�8 domain wall elec-
tronics,9�13 and ferroelectric gate transis-
tors.14,15 Hence, extensive efforts were aimed
at understanding polarization switching dy-
namics in macro- and nanoscale systems.
Classically, these phenomena are described
by the Kolmogorov�Avrami�Ishibashi (KAI)
model or similar statistical models often
used to interpret the results of macroscopic
polarization�electric fieldmeasurements.16�22

However, the switching behavior in the
ferroelectric materials varies locally due to
the intrinsic randomness of the material.21

Correspondingly, macroscopic electrical
measurements are insufficient to describe
deterministic switching dynamics on the
level of single structural elements.
To establish the relationship between

polarization switching and local microstruc-
ture and hence get insight into determinis-
tic polarization switchingmechanisms, local
polarization switching in ferroelectric mate-
rials and devices has been extensively ex-
plored using hysteresis loop measurements
in piezoresponse forcemicroscopy (PFM) and
switching spectroscopy PFM (SS-PFM).23�31

On free surfaces, switching is localized with-
in a small volume below the tip, and hence
the process can be described using deter-
ministic models.32�35 These measurements
can be similarly performed in capacitor struc-
tures, in which switching happens at defect
sites25,36,37 rather than at the tip location. In
a few cases, domain growth and nucleation
was observed, albeit at reduced resolution

compared to tip-electrode PFM.38 Recently,
Wu et al. reported that the classical KAI
model described well the switching dy-
namics in epitaxial Pb(Zr,Ti)O3 (PZT) capaci-
tor structures.27 However, even though this
imaging approach enables one to probe the
switching dynamics over the entire area of
the capacitor,24,25,31,36 it does not provide
information on the spatially resolved local
switching dynamics within the capacitor.
Moreover, this imaging approach does not
provide information on themetastable polari-
zation states since PFM imaging typically

* Address correspondence to
kimy4@ornl.gov,
sergei2@ornl.gov.

Received for review October 5, 2011
and accepted December 2, 2011.

Published online
10.1021/nn203831h

ABSTRACT

Spatially resolved polarization switching in ferroelectric nanocapacitors was studied on the

sub-25 nm scale using the first-order reversal curve (FORC) method. The chosen capacitor

geometry allows both high-veracity observation of the domain structure and mapping of

polarization switching in a uniform field, synergistically combining microstructural observa-

tions and probing of uniform-field polarization responses as relevant to device operation.

A classical Kolmogorov�Avrami�Ishibashi model has been adapted to the voltage domain,

and the individual switching dynamics of the FORC response curves are well approximated by

the adapted model. The comparison with microstructures suggests a strong spatial variability

of the switching dynamics inside the nanocapacitors.

KEYWORDS: ferroelectric nanocapacitor . spatially resolved switching
dynamics . PFM . BEPS . KAI . FORC
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takes a couple of minutes after applying the bias
pulses.30

In larger capacitors, the origin of PFM imaging
contrast still remains a challenge since the PFM signal
itself can be affected by the bimorph-like response of
the biased capacitor structure and its spatial resolution
may not be enough to describe the nanoscale switch-
ing behavior over the entire capacitor.39 The SS-PFM
technique based on local hysteresis loop measure-
ments provides further insight into the spatially re-
solved local switching properties.26,28,29 However, the
classical SS-PFM approach is limited by the fact that in
hysteretic systems the knowledge of system response
to one field history is insufficient to predict it for
different histories and for hysteresis loops obtained
for different bias windows.
Here, we use the first-order reversal curve (FORC)

method based on SS-PFM to explore further spatially
resolved local switching dynamics in BiFeO3 (BFO)
nanocapacitor structures. These structures allow the
probing of local response to a uniform electric field,
similar to the realistic operational conditions of ferro-
electric devices. At the same time, these structures
allow spatially resolved imaging of the domains struc-
ture. This approach hence allows one to explore the
spatially resolved, history-dependent polarization dy-
namics in these systems and directly link it to the
microstructure.

RESULTS AND DISCUSSION

Polarization Switching in Ferroelectric Nanostructures. As a
model system, we have chosen (001) oriented film
BFO nanocapacitors. These structures were prepared
similarly to the PZT capacitor structures studied pre-
viously.31,40 Pt nanoelectrodes with a diameter of
380 nm were deposited on a 90 nm thick BFO thin
film. These structures offer an ideal model system since
domain structures can be observed and switching
dynamics can be studied through the thin Pt top
electrodes. At the same time, the signal generation
volume for top electrode PFM is much larger than that
for the tip-electrode PFM as determined by capacitor
size. Thus, they offer ideal model systems that can both
allow a model for nanoscale switching dynamics of
capacitor structures and provide correlation between
polarization switching and the local microstructure.

As-grown domain structures of the BFO thin films
show randomly distributed upward stripe domains
inside a downwardmatrix.41 It is well-known that there
are eight polarization and three domainwall variants in
epitaxial BFO films grown on SrRuO3 (SRO)/SrTiO3(STO)-
(001).10,42 Although the BFO thin films preferentially
show a specific stripe shape of domains over the whole
sample surface, the as-grown domain structures also
show eight polarization variants with three different
domain walls. Figure 1a�c shows typical topography
and PFM images of BFO nanocapacitors. The as-grown

Figure 1. (a) Topography, (b) PFM amplitude, and (c) PFM phase of BFO nanocapacitors. Scale bar represents 400 nm. (d) BE
amplitude (top) and phase (middle) spectra as a function of (bottom) varying bias voltage obtained from blue filled circle of
panel c. (e) Piezoresponse hysteresis loops obtained from each color-filled circle of panel c: blue (green) and black (red) filled
circles represent downward (upward) domain regions. The blue, green, red, and black filled circles are referred to as locations
1, 2, 3, and 4, respectively. The solid and dotted lines of panels a�c represent the scanned regions for BEPS and the capacitors,
respectively.
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domain structures underneath the capacitors can be
well identified through Pt top electrodes and show
randomly distributed upward stripe domains inside a
downward matrix domain. The domain boundaries are
continuous through the edges of the capacitors, sug-
gesting that the deposition of the top electrode did not
affect the domain structure of the BFO films, as shown
in Figure 1b,c.

Spatially resolved switching behavior in the BFO
nanocapacitors was explored using the band excita-
tion (BE) switching spectroscopy PFMmethod (BEPS).43

The bias-on steps in the waveform, comprising a
sequence of dc bias pulses at regular intervals with
magnitude following a triangular envelope, are used to
switch polarization in the material, and a read-out is
performed during bias-off steps (after each bias-on
pulse) similar to typical hysteresis loop measurement.29

For the BE method, a BE waveform centered at the
contact resonance of the cantilever is applied to the tip
during the bias-off steps. The individual hysteresis
loops based on the BE method are acquired on a
two-dimensional grid on the sample surface.28,43,44

An example of BE spectra obtained from location 1
of Figure 1c is presented in Figure 1d. Local switching
events inside the capacitor are clearly observed as
straight vertical lines where the amplitude becomes
smaller than the noise floor and the phase changes by
180�. The frequency response curve of these data in
Figure 1d is fitted using the simple harmonic oscillator
model to yield amplitude, phase, quality factor, and

resonant frequency.43 The bias dependence of the
piezoresponse, which is obtained from amplitude
and phase, yields the local PFM hysteresis loops in
Figure 1e.

Even though an entire capacitor was excited by
applying the bias to the top electrode, the spatially
varying piezoresponse was monitored at individual
locations inside the capacitors, as shown in the hyster-
esis loops of Figure 1e. While the downward domain
regions show clear switching events as a function of
applied biases, some upward domain regions show
incomplete polarization switching, evidence of the
presence of pinned ferroelectric domains. As shown
in Figure 1, the upward domains extend over long
distances and even extend outside of the capacitors.
Thus, they are able to act as pinning centers for
switching as observed in the spatial maps of BEPS data
(Figure 2). We argue that this pinning is due to the
effect of domains extending outside of the capacitor
region and hence unaffected by the applied electric
field. This observation illustrates that the local switch-
ing behavior inside the capacitors can bemonitored by
a combination of domain imaging at different bias
levels and BEPS mapping.

Spatially Resolved Mapping of Polarization Switch-

ing. To further explore the local switching proper-
ties, hysteresis loop measurements were performed
over a dense 60 � 60 spatial point grid within the
solid line box of Figure 1a.45 Individual hysteresis
loopswere analyzed to extract switching coefficients.29

Figure 2. BEPS spatial maps of BFO nanocapacitors: (a) positive coercive voltage VC
þ, (b) negative coercive voltage VC

�,
(c) switchable polarization PS, and (d) work of switching AS. PFM (e) amplitude and (f) phase images of BFO nanocapacitors.
The black lines of (d�f) mark the same capacitors in both PFMand BEPS images from the enlarged figures of Figure 1b,c. Scale
bar is 200 nm.
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Local variations of ferroelectric switching coefficients,44

including coercive voltage, switchable polarization, and
work of switching, are shown in Figure 2. The spatial
resolution of Figure 2 is better than 20 nm, which is the
highest reported to date for SS-PFM of capacitor
structures, and allows the exploration of the spatially
resolved switching behavior inside the capacitors. The
spatial maps of the switchable polarization andwork of
switching show highly resolved images with large
spatial distributions. The variability can be as large as
27�38% for switchable polarization and work of
switching within a capacitor (Figure 2).

Intriguingly, the local variations show a strong
correlation with the pre-existing domain structures
underlying the nanocapacitors. The downward do-
main regions show higher switchable polarization,
positive coercive voltage, and work of switching and
lower negative coercive voltage. The lower switchable
polarization and work of switching of upward domain
regions are relevant to the incomplete polarization
switching, as seen in Figure 1e. While the piezo-
response hysteresis loops of Figure 1e only provide
discrete switching information of a few different
points, the highly resolved spatial BEPS maps of
Figure 2c,d allow the exploration of the spatial change
in the switching properties; that is, both the switchable
polarization and the work of switching gradually
change from upward to downward domains, which is
probably related to the domain wall motion of the pre-
existing domain wall. Higher positive and lower nega-
tive coercive voltages of downward domain regions
indicate that downward (upward) domain regions
have a positive (negative) bias shift. In this situation,
nucleation under the positive (negative) biases primar-
ily starts from upward (downward) domain regions,
domain boundaries between upward and downward
domain regions, and/or capacitor boundaries near the

upward (downward) domain regions; see bright blue
(red) regions of Figure 2a (2b).

Spatial distributions of the switching properties
were also found from principal component analysis
(PCA), which allows the identification of relevant com-
ponents and corresponding component spectra of the
data set.46 While direct interpretation of PCA compo-
nents in terms of physical mechanisms is typically
impossible since they are statistically defined, this
approach allows optimal visualization of variability of
the response. Furthermore, in some cases, semiquali-
tative interpretation of PCA decomposition data can
be achieved based on the shape of corresponding
eigenvectors.47 For instance, the components 1 and 2
of Figure 3 can be roughly identified as corresponding
to vertical shift and area under the hysteresis loops and
show the strongest spatial variation. The third compo-
nent is effectively the loop width, whereas the fourth is
imprint. Components 5 and above represent the varia-
bility of the hysteresis loops between successive cycles
at the same point. Note that these components are
very weak and show largely random spatial distribu-
tion. Overall, PCA analysis suggests that the variability
of the hysteresis loop is primarily determined by four
primary parameters; that is, they can be captured well
by SS-PFM parameter maps.

First-Order Reversal Curve Measurements. Quantification
of the polarization switching in material requires
knowledge of the fraction of switched material versus
the applied voltage. Ideally, this information is en-
coded in the measured PFM signal. However, we note
that contributions of electrostatic interactions and
intrinsic piezoelectric nonlinearity, while minimized in
the off-field PFMmeasurements, cannot be completely
excluded. Furthermore, a single hysteresis loop is
insufficient to fully study the polarization switching;
that is, the signal evolution in the minor loop can

Figure 3. (a) First nine principal components from the PCA of BEPS images in Figure 2 and (b) their corresponding BEPS
images. The image sequence in each figure is from left to right and then from top to bottom.
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proceed alongmultiple pathways that are not known a
priori (see Figures 5a and 6). To probe polarization
switching mechanisms further and explore the multiple
remnant states dependent on field history, FORC47�49

measurements with the BE approach (FORC-BEPS) are
carried out.

The principle of FORC-BEPS measurements is illu-
strated in Figure 4d. A triangular wave with pro-
gressively increasing relative amplitude defines the
envelope of the FORC waveform (here, 16 hysteresis
loops). The wave is modulated by high-frequency
(2ms) rectangular pulses. From the comparison between
panels b and c of Figure 4, it was found that the FORC
results also strongly depend on the pre-existing do-
main structures. Figure 4e,f shows individual FORCs.
While some upward domain regions show incomplete

switching similar to BEPS (Figure 4f), all downward
domain regions show complete switching (Figure 4e).
Intriguingly, all of the forward segments coincide, which
shows reproducibility and no time drift (Figure 4e).
We note that all loops have horizontal reversal curves,
as can be expected for off-field measurements in the
absence of slow relaxation kinetics. This is further con-
firmed by direct relaxationmeasurements (Figure S1 of
the Supporting Information), indicating that there was
no significant relaxation on the switched states of BEPS
up to 300 ms.

We further analyze FORC data using the Preisach
model.47�49 In this, a system is represented as a super-
position of linear bistable elements (hysterons) char-
acterized by upper (E2) and lower (E1) switching fields
(Figure 5b,c). The density of hysterons as a function of

Figure 5. Schematics of (a) signal evolution in the first minor loops with multiple pathways (each loop corresponds to a first
minor loop) and (b) Preisach plane and the segments probed in on-field (bright blue) and off-field (bright green)
measurements. (b) Instant field (Ei) evolution along time and stopping field (ES) for each loop.

Figure 4. (a) Topography and (b) PFM amplitude images of BFO nanocapacitors for FORC-BEPS measurements. (c) Sum of
piezoresponse and (d) bias voltage sweep for FORC-BEPS measurements. (e,f) Each FORC was measured at the (e) blue and
(f) black filled circles of panel c, respectively. (The other FORCs of green, yellow, and gray filled circles are presented in Figure 6.)
Black and blue lines mark the present capacitors. Scale bar corresponds to 320 nm.
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switching fields describes the response of the system
for an arbitrary field history. The corresponding Preisach
density can be determined from FORC data.

As shown in Figure 6, FORCs were obtained from
three different downward domain regions within the
same capacitor, and each FORC shows different switch-
ing behavior even inside the downward domain re-
gion. The Preisach density of Figure 6 simply presents
the population map of the switching fields. For in-
stance, the Preisach density of Figure 6c has a slanted
elliptical shape, which means that the switching fields
of diagonal axis are laterally more diffused. The differ-
ent FORCs and their corresponding Preisach density
are relevant to the switching procedures inside the
capacitor. The Preisach density in Figure 6a shows a
single delta-function-type feature, which means that
there is no disorder and all of the switching events
uniformly happen at a specific voltage. Note that the
width of the Gaussian peak in the Preisach density is
very narrow, and spatial variability is primarily related
to the variation of the corresponding critical fields.

Switching Mechanisms in KAI Formalism. In the present
FORC-BEPS measurements, we use a one directional
bias sweep, in which the bias sweep is from positive to
negative. For the switching dynamics studies, switch-
ing pulse trains of different pulse conditions with the

same set pulses are applied and the switching is
evaluated by subsequent PFM imaging or electrical
measurements at each step.17,30 Here, each envelope
of the waveform shows the triangular wave from a
fixed maximum positive amplitude to a progressively
increasing relative amplitude toward the maximum
negative amplitude. Hence, themaximumpositive bias
(progressively increasing relative amplitude) can be
regarded as a set (switching) pulse of the typical
switching experiments. This bias sweep allows us to
explore further the nucleation and domain growth
dynamics under negative directional biases.

As mentioned above, one of the drawbacks of the
imaging approach is the unstable part of the switched
regions. However, the present FORC-BEPS approach
collects the polarization switching information just
after applying the bias pulse, which means that the
unstable part of the switched regions can be mini-
mized (see Figure S1 in Supporting Information).

For ferroic materials, polarization switching dy-
namics are classically described by the Kolmogorov�
Avrami�Ishibashi (KAI) model16,17

ΔP(t)
PS

¼ P(t) ¼ 1 � exp � t

τ

� �n
" #

(1)

Figure 6. Normalized FORCs (red lines) and their Gaussian fitted curves (black dashed lines) (top) and Preisach density
(bottom) at the positions of (a) green, (b) yellow, and (c) gray filled circles of Figure 4. Thewhite unfilled circle in panel a shows
the location of the delta-function-type feature.
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where ΔP(t), PS, P(t), n, and τ are the switched polariza-
tion, the saturation polarization (here, the switchable
polarization), the volume fraction of the switched
polarization at time t, the geometric dimension of the
domain growth, and the characteristic switching time,
respectively. The KAI approach is expected to be
applicable for statistically well averaged situations
and gives us the dimensionality of the process. For
tip-electrode PFM on conventional (nonrelaxor) ferro-
electrics, the KAI model cannot be expected to be
applicable due to the presence of a single nucleation
center and a nonuniform field distribution. However,
once the top electrodes are sufficiently large, the field
(within the capacitor) is almost uniform and the KAI can
be applicable for top electrode PFM.27 Indeed, the
KAI model was well described by switching dynamics
using a step-by-step PFM approach based on top
electrode PFM.27

For the PFM imaging approaches such as step-by-
step PFM,24,25,27,31 the switching information is col-
lected from the contrast change in the PFM image over
the entire area of the capacitor. On the contrary, the
present FORC-BEPS approach for the switching dy-
namics is based on the collection of local piezore-
sponse at individual measuring points (not from
images) within the nanocapacitors. Although the bias
pulse sweep is applied to the entire nanocapacitor
(global excitation), the piezoresponse, raised from the
local switching event, can be only collected near the tip
position (local measurement). It has contributions from
directly below the tip and adjacent regions. Hence, this
approach is a “hybrid” of local and nonlocal cases. Thus,
using the FORC-BEPS approach, the spatial distribution
of the KAI coefficients, such as the geometric dimen-
sion n, can be obtained and provide insight into the
local switching dynamics. For instance, if the KAI
coefficients are the same everywhere, this means
that multiple (almost spatially uniform) defect cen-
ters control the switching in a capacitor. However, if
these parameters change strongly with location, of
interest will be the variability inside a capacitor and
the correlation of the KAI parameters with the local
microstructure and a comparison of the average
local coefficients with the macroscopic ones.

Typically, the KAI model describes the domain
growth process in the time domain. However, this time
domain is very inefficient to explore domain switching
dynamics because it takes many orders of magnitude
in time. On the other hand, it is well-known that the
characteristic switching time τ exhibits a strong de-
pendence on the local voltage bias which can be found
from both the empirical law of electrical measure-
ments17,50,51 and creep motion of PFM measurements52

τ(V) ¼ τ0exp
V0
V

� �
(2)

where τ0 is the characteristic switching time constant
and V0 is the activation voltage. Li et al. reported an
adapted KAI model combined with the above relation-
ship to describe a frequency-dependent coercive field
in ferroelectric thin films.53 Using eq 2, the KAI model
can also be adapted to be more efficient to explore
polarization switching dynamics. Thus, the adapted
KAI model can be described as follows:

ΔP(t, V)
PS

¼ 1 � exp � t

τ0

� �n

exp � nV0
V

� �" #
(3)

Considering the absolute value (instead of the volume
fraction) of ΔP(t,V) with constant time t, eq 3 can be
rewritten as

ΔP(V) ¼ PS 1 � exp � t

τ0

� �n

exp � nV0
V

� �" #( )

(4)

In order to explore the validity of the adapted KAI
model of eq 4 for macroscopic systems, polarization
switching based on macroscopic electrical measure-
ments was performed on a capacitor of an area of
750 μm2 prepared on 300 nm thick (001) oriented BFO
films using bias pulse trains, which is similar to ref 18.18,54

The detailedmeasurements can be found elsewhere.54

Since we assume that the activation voltage V0 is
constant in eq 2, the polarization switching data were
only collected from the constant activation voltage
regime (high voltage regime of Figure 3c in ref 54).
The fit of Figure 7 shows a good approximation and
the obtained values (the switchable polarization PS =
131.7 μC/cm2, the geometric dimension n = 1.1, and
the activation voltage V0 = 15 V) are rather similar to
those of ref 54. This indicates the validity of the adapted
KAI model.

From the FORC data, the work of switching of the
ith loop ΔAS,i can be approximately rewritten as
(�VC,n þ Np)ΔPi, where VC,n, Np, and ΔPi are nega-
tive coercive voltage, positive nucleation voltage, and

Figure 7. Switched polarization (black symbols) from
switching current as a function of voltage. The solid line
shows the fitting result using the adapted KAI model.
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accumulated switched polarization of the ith loop,
respectively (see Figure 8a). If we additionally assume
that ΔPi is equal to ΔPi,min, which is the instantaneous
switched polarization generated at the local minimum
bias pulse Vi,min of the ith loop, the work of switching of
the ith loop ΔAS,i can be linearly proportional to the
instantaneous switched polarization ΔPi,min. In this
situation, the switchable polarization PS can be also
replaced by the work of switching AS since they also
have a linear relationship. Hence, eq 4 can be rewritten
again as

ΔAS(V) ¼ AS 1 � exp � t

τ0

� �n

exp � nV0
V

� �" #( )

þAS;offset

(5)where ΔAS(V) and AS,offset are the work of switching
for the switched polarization and the noise offset,
respectively. Here, the noise offset was introduced to
have a better fitting; however, the noise offset is nearly
zero (themean value of the noise offset over the whole
measured area is 8.9� 10�3). This replacement proce-
dure allows amore reliable approach for the analysis of
switching dynamics since the area data of the work of
switching obviously are less noisy than the single point
data of the switched polarization.

To describe the switching dynamics of the BFO
nanocapacitors, the work of switching of the ith loop
ΔAS,iwas extracted fromeach FORC andwas presented
as a function of the voltage difference V between
the positive maximum (here, þ3.75 V) and the local

minimum voltage Vi,min as shown in Figure 8c. Even
though some of the points show an inconsistency at
the beginning or ending stages which might be rele-
vant to local nucleation31 and/or variable activation
voltages,54 the fit results primarily show a good ap-
proximation (red line of Figure 8c). Figure 8d�f shows
KAI coefficients of AS, n, and V0, respectively. The work
of switching AS map of Figure 8d is very similar to
the switchable polarization PS map of the 16th loop
of FORC (Figure 8b). This shows the validity of the
above assumption on the linear relationship be-
tween the switchable polarization PS and the work
of switching AS.

The dotted blue pixels within the capacitors of
Figure 8b,d are relevant to the incomplete switching
of upward domain regions. The geometric dimension n
of the domain wall motion was primarily around 2,
which shows that the domain wall geometry inside the
capacitors had a two-dimensional domain growth, and
some of the n values near the domain and capacitor
boundaries are close to 3, which is probably related to
the nucleation sites. The activation voltage V0 also
shows a spatial distribution inside the capacitors and
is in the range between 15 and 20 V, which can be
rewritten as an actual activation electric field between
1.25 and 1.8 � 108 V/m. The obtained field is in the
similar range of the negative activation electric field of
BFO thin films.54,55 The proper values from the adapted
KAI model clearly show that the present model de-
scribes well the polarization switching dynamics of
BFO nanocapacitors.

Figure 8. (a) Schematic of FORCs. (b) Switchable polarizationPS of the 16th loopof FORC fromFigure 4. (c) Raw (black line) and
fitted (red line) work of switching curve as a function of the voltage difference V between the positivemaximumand the local
minimum voltage Vi,min. Spatial maps of KAI coefficients: (d) AS, (e) n, and (f) V0 of work of switching curve. Scale bar
corresponds to 320 nm.
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SUMMARY

In summary, we have investigated spatially resolved
polarization switching processes of BFO nanocapaci-
tors using the SS-PFM technique. The spatial maps of
the switching coefficients using highly resolved BEPS
measurements, which possess the highest resolution
to date, show that the switching properties depend on
pre-existing domain patterns. The spatial maps and the
Preisach density of the FORCs also reveal that the
individual polarization switching inside the nanocapa-
citors depends on the pre-existing domain patterns.
In order to analyze the switching behavior of the FORCs
in BFO nanocapacitors, the classical KAI model has
been adapted to the voltage domain. The polarization
switching dynamics of the FORCs are well approxi-
mated by the adapted KAI model. The KAI coefficients
show spatial distributions inside the capacitors and

reveal that domain wall motion inside a capacitor
primarily undergoes two-dimensional domain growth.
The proper obtained values from the adapted KAI
model shows that the present model describes well
the polarization switching dynamics of BFO nanocapa-
citors. The results both show the spatially resolved
nanoscale switching dynamics of capacitor structures
on the sub-25 nm scale and provide a correlation
between polarization switching and the local micro-
structure. Notably, the resolution (about 600 nm2) on
the local switching dynamics is remarkably higher than
that of the previous reports which corresponded to at
least about 4000 nm2.24,25,27,31 This approach allows
one to explore spatially resolved switching dynamics in
the nanoscale range andwill enable further insight into
the control of device functionalities to achieve a high
memory density.

METHODS
Materials. A 90 nm thick (001) oriented epitaxial BFO thin

film was prepared by pulsed laser deposition on SRO/STO
substrate. Twenty-five nanometer thick Pt was deposited on
top of the thin films through ultrathin anodic aluminum oxide
(AAO) masks by electron beam evaporation. After removing the
AAO mask, the film-type Pt/BFO/SRO nanocapacitors with a
diameter of around 380 nm were successfully obtained. The
detailed fabrication information of the thin films and AAO
masks can be found elsewhere.31,40,41,56 For microscopic elec-
trical measurements, 300 nm thick (001) oriented epitaxial
BFO films were grown on SRO/STO substrates. An epitaxial
SRO top electrode with an area of 750 μm2 was deposited on
the films. The details on the growth process and the electrical
measurements are published elsewhere.54

Measurements. Atomic force microscopy studies were pre-
formed with a commercial system (Asylum Cypher) additionally
equipped with a Labview/Matlab based BE controller. PFM was
carried out with ∼300 kHz of 0.4 Vpp ac bias applied to a Pt/Cr-
coated probe (Budget sensors Multi75E-G). BEPS and FORC-
BEPS were performed with 280�400 kHz of 0.4 Vpp BE signal
applied to the conductive probe.
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