
BALKE ET AL. VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

A

CXXXX American Chemical Society

Probing Local Electromechanical
Effects in Highly Conductive
Electrolytes
Nina Balke,†,* Alexander Tselev,† ThomasM. Arruda,† Stephen Jesse,† Ying-Hao Chu,‡ and Sergei V. Kalinin†

†Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, United States and ‡Department of Materials Science and
Engineering, National Chiao Tung University, Hsinchu 30010, Taiwan

E
lectromechanical phenomena defined
as a change in strain or stress in re-
sponse to an electrical stimulus are

manifested in a broad range of materials
and systems ranging from physical such as
ferro- and piezoelectrics,1,2 electrochemical
ionic systems including batteries,3 fuel cells,4

supercapacitors,5 and more complex macro-
molecular6,7 and biological8 systems. In many
cases, electromechanical responses are ulti-
mately related to functionality, including
lifetimes and stability of batteries and fuel
cells. At the same time, electromechanical
coupling probed on the nanoscale opens
the window toward understanding the ele-
mentary mechanisms underpinning these
systems.
The most prominent example is ferro-

electric materials, broadly used for applica-
tions such as ferroelectric random access
memories (FeRAM)9 and microelectrome-
chanical systems (MEMS).10 With scanning
probe microscopy (SPM) techniques, it is
possible to use electromechanics as the

basis for high-resolution imaging to inves-
tigate the nanoscale functionality in these
systems. For ferroelectrics, the electrome-
chanical response of the sample to a varying
ac field, as a result of the piezoelectric effect,
can be used to detect domain orientations
and local piezoelectric coefficients. This tech-
nique is referred to as piezoresponse force
microscopy (PFM).11�19 Similar approaches
can be used for ferroelectric polymers20,21

and biological systems.22�25

Other examples of the systems with
strong electromechanical coupling are ionic
systems including materials for Li-ion bat-
teries and fuel cells. Here, the volume change
is induced by a bias-driven change in ionic
concentration in thematerial and the strong
coupling between ionic concentration and
molar volume.26 The indirect detection of
ion flows through strain has been utilized in
electrochemical strain microscopy (ESM),27,28

based on the same excitation and detection
principles as PFM. However, PFM or ESM has
been performed almost exclusively in air.
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ABSTRACT The functionality of a variety of materials and

devices is strongly coupled with electromechanical effects which

can be used to characterize their functionality. Of high interest is the

investigation of these electromechanical effects on the nanoscale

which can be achieved by using scanning probe microscopy. Here, an

electrical bias is applied locally to the scanning probe tip, and the

mechanical sample response is detected. In some applications with

electromechanical phenomena, such as energy storage or for

biological samples, a liquid environment is required to provide full

functionality and sample stability. However, electromechanical sample characterization has mostly been applied in air or under vacuum due to the

difficulties of applying local electric fields in a conductive environment. Here, we present a detailed study of piezoresponse force microscopy of ferroelectric

samples in liquid environments as a model system for electromechanical effects in general. The ionic strength of the liquid is varied, and possibilities and

limitations of the technique are explored. Numerical simulations are used to explain the observed phenomena and used to suggest strategies to work in

liquid environments with high ionic strength.
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Due to the large interest in electromechanical studies
of ionic and biological systems, it is of great interest to
advance electromechanical characterization techni-
ques into the liquid environment to provide spatially
resolved information in native environments.
Recently, we have shown that the imaging and mani-

pulation of ferroelectric domains can be performed in
deionized water as a liquid medium using single and
multiple frequency contact resonance PFM.29 Ferro-
electrics were chosen as a model system for elec-
tromechanical systems in general and can be easily
transferred to ionic systems.30�32 However, for ionic
systems, the liquid environment consists of high concen-
tration electrolytes, typically of the order of 1 M, which
are much more ionically conductive than deionized
water. This brings additional challenges to the electro-
mechanical characterization in the liquid environment
since the conductivity of the liquid strongly affects the
electrical potential around the biased SPM tip and can
possibly limit the application of electromechanical
characterization in liquid to energy storage materials.
Therefore, it is important to study electromechanical
effects in highly conductive liquids and determine its
application limits.

RESULTS

Here, we perform PFM on ferroelectric BiFeO3 (BFO)
as amodel system inNa2SO4 electrolytewithmolarities
ranging from 10�6 M (deionized water) to 1 M. The
electrolyte was chosen based on compatibility with the
SPM environment. We compare the experiments with
numerical modeling of the electrical potential around
the biased SPM tip as a function of electrolyte con-
ductivity using finite element (FE) analysis software
COMSOL. Figure 1 shows the out-of-plane (OP) and in-
plane (IP) PFM amplitude between 550 kHz and 1MHz.
It can be seen that the OP contact resonance peak is
around 870 kHz and shifts strongly toward lower fre-
quencies for 1 M Na2SO4. At the OP resonance fre-
quency, the IP PFM amplitude shows a resonance as
well for lower molarities. This is due to a cross-talk

between the OP and IP signal. This resonance peak
cannot be used to image IP PFM. However, the IP PFM
signal has an independent resonance peak at 650 kHz
for all molarities. Because this peak does not shift
with increasing concentration, single frequency IP
PFM is performed at 650 kHz in the following PFM
measurements.
Figure 2 displays the IP PFM images of BFO for

electrolytes consisting of 10�6, 10�4, 10�2, and 1 M
Na2SO4 solutions measured at 650 kHz. The character-
istic stripe-like domain pattern can be identified for all
concentrations up to 1M. Here, the observed signal is 2
orders of magnitude higher than what has been
reported previously with NaCl electrolytes.30 This can
be mainly attributed to the higher contact resonance
frequencies above 650 kHz for the cantilevers used in
this study, which allowsmeasurement at higher molar-
ities due to a reduced field screening effect at higher
ac frequencies. However, the images become less
clear, that is, a decrease in spatial resolution, in addition
of the loss of the PFMphase information at 1MNa2SO4.
In fact, both the amplitude of the electromechanical
response and spatial resolution decrease until no
meaningful images can be obtained.

Numerical Modeling. To understand the observations
in more detail, let us consider the electrical behavior of
the tip�sample system immersed in a conducing
electrolyte with a relative dielectric constant εel and
specific conductivity σel. The tip apex is in contact with
a dielectric film, whose relative permittivity is εfilm. At
the frequencies used for detection of the piezore-
sponse, the double layer at the tip�electrolyte inter-
face serves as a capacitive short, and therefore its
effects can be ignored. In this approximation, the
electrolyte can be modeled as a lossy dielectric; that
is, its presence can be described by a lumped element
circuit consisting of a parallel resistor and capacitor.
The dielectric film can be modeled as a capacitor in
series with electrolyte. To take into account the
conical shape of the tip and the distributed nature
of the system, we divide the tip cone surface and the
film surface into narrow rings. A ring on the tip
surface corresponds to a ring on the film surface so
that the two rings are connected by electric field
lines.

Figure 1. (a) OP and (b) IP PFM amplitude as a function of
excitation frequency for Na2SO4 electrolytes withmolarities
from 10�6 to 1 M.

Figure 2. IP PFM images for BFO measured in a liquid
environment at 650 kHz in (a) 10�6 M Na2SO4, (b) 10

�4 M
Na2SO4, (c) 10

�2 M Na2SO4, and (d) 1 M Na2SO4.
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As illustrated in Figure 3a, the volumes of the
electrolyte and the film corresponding to a pair of such
rings can be described by a Cfn þ Celn ) Reln circuit,
where the plus sign denotes connection in series and
“ )”means connection in parallel. Figure 2b displays the
resulting circuit, where Cfn ≈ Cf(nþ1), Celn > Cel(nþ1), and
Reln< Rel(nþ1). Capacitance of the tip apex at the contact
with the films is accounted by a capacitor Cf‑tip. Nowwe
note that the localization of the piezoresponse will
be achieved if the voltage applied to the tip, Vtip,
drops through the film only under the tip�film contact
(through the capacitor Cf‑tip); everywhere else it must
drop through the electrolyte. Each partial circuit Cfn þ
Celn ) Reln is a voltage divider with input voltage Vtip and
an output voltage Vfn equal to the voltage across the
capacitor Cfn. The relation between Vtip and a Vfn for a
given n can be written as

jVfnj
jVtipj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2
eln þ C2

elnω
2

G2
eln þ (CelnþCfn)

2ω2

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tan2δel þ 1

tan2δel þ 1þCfn
Celn

� �2

vuuut (1)

where ω = 2πf is angular frequency, Geln = 1/Reln, ε0 is
the dielectric constant of vacuum, and tan δel is the
electrolyte loss tangent defined as tan δel = σel/(ωε0εel).
The transition from the lumped element values to
conductivity and dielectric constant of the electrolyte
is possible if the widths of the rings used to define
partial Celn and Reln are sufficiently small. Then, each
Celn�Reln pair may be treated as a parallel-plate capac-
itor, and consequently, the loss tangent can be ex-
pressed through a partial capacitance and conduc-
tance as tan δel = Geln/(ωCeln). This fact is used in the
last part of eq 1.

As is seen from eq 1, if tan δel , 1, then

jVfnj
jVtipj �

Celn
Celn þ Cfn

(2)

If tan δel . (1 þ Cfn/Celn), |Vfn|/|Vtip| ≈ 1. Approxi-
mately, the behavior of the ratio |Vfn|/|Vtip| as a function
of tan δel can be described by the following argument
(this is similar to the standard Bode plot analysis with
s = tan δel as the plot parameter). Below tan δel≈ 1, the
ratio is approximately constant and equals the value
defined by eq 2. At tan δel≈ 1, the ratio |Vfn|/|Vtip| starts
increasing quickly. The fast growth stops at tan δel ≈
(1 þ Cfn/Celn), and after that, the ratio asymptotically
approaches unity. The curve of the function will be
S-shaped. The value of Cfn/Celn is determined by di-
electric constants of the film and electrolyte, film
thickness, and the number of a partial circuit n, which
is equivalent to the distance from the tip. Note that the
ratio Cfn/Celn is growing with increasing distance from
the tip due to the conical tip shape and at sufficiently
large distances Cfn . Celn. This allows us to define a
parameter, which we refer to as localization length, to
characterize possible imaging resolution as a function
of electrolyte conductivity and imaging frequency. For
a given tan δel, one can find a partial circuit with a
number n0 such that

jVfn0 j
jVtipj ¼ k 1 � Celn0

Celn0 þ Cfn0

 !
þ Celn0
Celn0 þ Cfn0

(3)

where k is a fraction of the whole swing of the ratio
|Vfn|/|Vtip| from its minimum value for n0 at tan δel = 0,
defined by eq 2, to unity. For n < n0, the amplitude of
the voltage drop across the film is close to voltage
applied to the tip, and the localization effect of the tip is
smeared out for these distances from the tip. The param-
eter k < 1 and its exact value can be set depending
on the requirements of the experiment. In the case
Cfn0/Celn0 . tan δel . 1, which is true for large enough
distances from the tip, one can simplify the right-hand
side of eq 1, and after substituting it in the left-hand
side of eq 3 and following further simplification, one
arrives at the equation for n0:

Celn0
Celn0 þ Cfn0

¼ k

tanδel
(4)

We further note that an increase in the localization
length with respect to the voltage drop across the film
leads to a decrease of the peak value of the electric
fields due to reduced potential gradients in the vicinity
of the tip apex. This in turn results in decreased piezo-
response and signal strength in the PFM images.

While tan δel can be readily determined from
experimentally measured electrolyte conductivity,
the dielectric constant, and a known driving frequency,
the parameters Cfn and Celn cannot be found experi-
mentally or analytically. Therefore, we have performed

Figure 3. (a) Schematic illustrating electrical behavior of the
tip�sample systemwith a tip in contactwith a dielectricfilm
immersed into an electrolyte solution. The presence of the
double layer at the tip�electrolyte interface is ignored. (b)
Equivalent distributed lumped element circuit of the
tip�sample system.
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FE numerical modeling of the potential distribution
across the electrolyte and the dielectric film. The
simulations were performed using 2D axisymmetric
models of the tip�sample system with an ac/dc mod-
ule of COMSOL Multiphysics v.4.2 FE analysis package.
Figures 4 and 5 depict the simulation result for differ-
ent combinations ofmaterial parameters close to those
used in the imaging experiments.

The series of plots in Figure 4a�c illustrates the
delocalization of the stimulus from the probe tip with
increasing conductivity of the electrolyte solutions.
The FE model parameters used for the plots are as
follows: film thickness is 500 nm, dielectric constants of
electrolyte solutions and the film were 80 (water) and
107 (BFO),33 respectively, and the driving frequency
used was 650 kHz. Conductivity values for the electro-
lytes used in the simulations were obtained through

measurements with a commercial conductivity meter.
Note that for the lowest conductivity values corre-
sponding to the DI water and to the 10�4 M Na2SO4

solution, when tan δel j 1, the potential distributions
are indistinguishable at the length scale of the plots, as
can be expected from the predictions of the simple
model of a chain of Cfn þ Celn ) Reln circuits.

DISCUSSION

In order to quantify the electromechanical response,
several parameters need be known, independent of
the measurement environment. Simplified, the surface
displacement D is given by

D ¼ X 3 Vapplied 3 deff 3A(ω) 3A0 (5)

where Vapplied is the applied voltage to the tip, deff is the
effective piezoelectric coefficient, A(ω) is the cantilever
transfer function which is ideally 1 away from the
contact resonance and Q at the resonance, and A0 is
the correlation between signal on the photodetector and
actual displacement. Note that Vapplied is not necessa-
rily the voltage acting at the surface of the sample since
fields can be screened through adsorbate layers at the
surface which is described by the screening factor X.
From Figure 2, it can be seen that the amplitude of

the PFM signal decreases with increasing conductivity
of the liquid solution. However, single frequency PFM
close to the contact resonance peak can be subject to
topography cross-talk, and SPM tips with different Q

factors affect the measured PFM amplitude. Therefore,
to extract the quantitative decrease of the electromecha-
nical signal, contact resonance peaks aremeasured using
the band excitationmethod (BE).34 The PFM amplitude is
extracted by fitting the contact resonance peak using a
simple harmonic oscillator. This was done in a spatially
resolvedmanner for a 256� 256 grid in a 3� 3 μm2 area.
The averaged PFM amplitude for the imaged area is
plotted as a function of molarity in Figure 5a.
According to the numerical simulations, the poten-

tial below the biased tip (Vapplied) is not affected by the
conductivity of the liquid, only the potential drop
around the tip (Figure 5b). In addition, the parameters
deff, A(ω), andA0 donot change for liquids of different con-
ductivity. Therefore, the decrease in PFM amplitude

Figure 4. Numerically obtained voltage distributions when 1 Vac is applied to the tip for the following electrolytes: (a)
deionizedwater (s = 1.5� 10�4 S/m, tan δ = 5.2� 10�2) and 10�4 MNa2SO4 solution (s = 2.6� 10�3 S/m, tan δ = 0.9); for these
solutions, the potential distributions are indistinguishable at the length scale of the plot; (b) 10�2 MNa2SO4 solution (s = 0.36
S/m, tan δ = 124); (c) 1 M Na2SO4 solution (s = 1.73S/m, tan δ = 590).

Figure 5. (a) OP PFM amplitude extracted from multifre-
quency detection methods as a function of molarity with a
molarity of 10�6 for deionized water. (b) Voltage under the
biased SPM tip as a function of radial distance for electro-
lytes with various tan δ when 1 Vac is applied to the tip. (c)
Effective voltage on the sample surface underneath the tip
as a function of dead layer thickness, dlayer, for a dielectric
constant of the dead layer of εlayer = 1 for solutions of
different conductivities. (d) Effective voltage on the sample
surface underneath the tip as a function of dead layer
thickness, dlayer, for 1 M Na2SO4 for various values of εlayer.
The effective voltages on the sample are indicated for 10�2 M
Na2SO4 and 1 M Na2SO4 as estimated from (a) relative to the
measurement in deionized water.
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cannot be explained by the changes in electrical
potential associated with the increase of electrolyte
conductivity per se. Other factors influencing the PFM
amplitude are the effective piezoelectric constant of
the sample and the correlation between the photo-
detector signal and the actual sample expansion. Both
parameters do not change with increasing conductiv-
ity of the liquid.
We argue that the decrease in PFM amplitude can be

explained by the effect of the gap or low-permittivity
“dead layer” between the tip and sample. We did not
include a gap between the tip and sample in the
simulation discussed above; however, in reality, such
a “gap” is always present and is mainly formed by a
low-polarizability layer of surface adsorbates on the
sample and the tip. It is easily understandable that this
effect is stronger at a higher ion concentration, result-
ing in a lower PFM amplitude.
From the changes of the PFM signal, which is directly

proportional to the potential drop over the sample, the
voltage on the sample surface can be estimated. This
allows making some conclusion about the properties
of the dead layer as described by the thickness dlayer
and the dielectric constant εlayer. We havemodeled the
voltage on the sample surface underneath the tip
taking into account the presence of a dead layer.
Figure 5c shows the voltage on the sample surface
when a voltage of an 1 Vac amplitude is applied to
the tip as a function of the dead layer thickness under
the assumption εlayer = 1. The dead layer is assumed to
be uniform across the whole sample surface. It can be
seen that, in the presence of a dead layer, the voltage
can drop significantly, and the voltage drop is stronger
for larger dlayer and for solutions with lower conductiv-
ities. Note that the curves for 10�2 and 1 M Na2SO4 are
nearly identical. For these molarities, the effective
voltage drop across the sample can be experimentally
estimated to be 30 and 7%, respectively, based of the
changes in PFM amplitude relative to deionized water

from Figure 5a. These values are plotted together with
the effective voltage as a function of dlayer for various
εlayer values for 1M (and 10�2 M) Na2SO4. It can be seen
that a very low dielectric constant of around 1 is
required to achieve the 7% PFM signal strengths for
1MNa2SO4 if the dead layer thickness is around 2.7 nm.
Higher values for εlayer are possible, but then the dead
layer thickness becomes unreasonably large. In the
case of 10�2 M Na2SO4 with a 30% PFM amplitude,
various combinations of εlayer and dlayer can be found to
explain the PFM amplitude drop and cannot be de-
convoluted. If we assume that the thickness of the
dead layer in this case cannot be larger than that for
1 M Na2SO4, then the dielectric constant of the dead
layer needs to be below 5. Here, we are unable to
extract anymore information about the dead layer, and
we have to refer to future experiments to uncover its
nature and physical properties.
The localization length is another very important

factor to be considered in electromechanical charac-
terization. As shown above, depending on the con-
ductivity of the electrolyte, the potential drop around
the tip changes from localized to delocalized. This issue
was also discussed by Rodriguez et al.31 Despite the
fact that the strain detection with the SPM tip will still
be localized, a global field drop comes with some
disadvantages. When the electromechanical effect of
the sample is excited globally, the breakdown voltage
of the sample or electrolyte is shifted to lower values
due to the higher probability of influence of defects
within the probed volume when compared to the local
excitation scenario. Therefore, a local potential drop
around the SPM tip is highly preferred.
For further considerations, we define the critical

localization length as two times the tip radius, which
is around 30 nm for the tip used in this study. If the
electric potential at a distance from the tip r = 60 nm is
small, the potential drop is local, if it is high, the
potential drop is considered to be global (Figure 6a).

Figure 6. (a) Voltage distribution near the tip apex for an electrolyte tan δ = 14 and a film thickness 50 nm when 1 Vac is
applied to the tip. (b) Numerically obtained absolute values of the potential on the film surface at a distance from the tip r =
60 nm vs electrolyte loss tangent for film thicknesses, as indicated at the curves in the plot. The film dielectric constant is
107. The simulations were performed for four driving frequencies: 6.5 kHz (black), 65 kHz (red), 650 kHz (green), and 6.5
MHz (blue). Tip apex radius is 30 nm. (c) Absolute values of the potential on the film surface at a distance from the tip r =
60 nm vs electrolyte conductivity for a film thickness of 50 nm and different values of the film dielectric constant as
indicated in the plot.
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The numerical results strongly depend on the sample
properties, such as sample thickness and dielectric
properties. Figure 6 provides further elaboration of
the numerically obtained tip�sample system behavior
for the variation of these parameters. Figure 6b dis-
plays absolute values of the potential on the film
surface at a distance from the tip r = 60 nm versus

electrolyte loss tangent for four logarithmically spaced
film thicknesses in the range of 50 nm to 5 μm. The
plots are shown in a log�linear scale. We note that the
behavior predicted by the simple lumped element
model is clearly visible. Abs(V) as a function of tan δel
first remains almost constant with increasing tan δel
until a value tan δel ≈ 1, independent from the film's
thickness. Afterward, it grows and comes to saturation
asymptotically approaching unity. The value of tan δel,
at which the saturation starts, decreases with increas-
ing film thickness, as expected from the lumped ele-
ment model. Note that, for a given distance from the
tip, the ratio Cfn/Celn drops with increasing film thick-
ness. Identical behavior is observed for varying film
dielectric constant, as evident from Figure 6c.
In most cases, the ionic conductivity of the electro-

lyte is a given parameter and cannot bemodified easily
without sacrificing functionality. In the following, dif-
ferent strategies are proposed to work in highly con-
ductive electrolytes. One strategy is to use higher
frequencies to excite the electromechanical effect, as
evident from the definition of the loss tangent tan δ =
σ/εω. In Figure 7, we provide a guideline plot, which
shows the boundary between local and global field
drop as af unction of measurement frequency and
electrolyte conductivity based on the definition of
the loss tangent. Here, we chose tan δel < 1 as criteria
for localized potential drop, as evident from Figure 6b
for a BFO thin film of 50 nm (small electrical potential at
r = 60 nm for tan δel < 1). Figure 7 can be used to
determine the measurement frequency for a given
electrolyte conductivity to maintain a local potential
drop. Since the contact resonance frequencies are fixed
depending on the cantilever tip properties, higher

eigenmodes have to be considered to be able to utilize
higher frequencies or stiffer tips need to be used.
Figure 7 also contains the conductivity points of the
electrolyte used in this study. For the measurement
frequency of 650 kHz, as used in Figure 2, one can see
that the Na2SO4 solutions used span across the local to
global potential scenarios.
A second strategy to further improve the potential

localization is provided in Figure 6b. Evidently, thinner
samples reduce the potential drop through the film at
r = 60 nm, which illustrates that sample design can be
utilized to facilitate potential localization and to en-
hance spatial resolution. However, this strategy is only
possible if sample functionality can be maintained.
The data presented here were collected for BFO

due to its relatively high dielectric constant of ∼100,
comparable to that of the electrolyte solvent, water
(εH2O ≈ 80). The relative differences of the dielectric
constants of the electrode and the electrolyte strongly
affect the potential distribution around the tip, as is
evident from Figure 6c. This is a very important point
that has to be evaluatedwhen other electromechanical
systems are considered. A system of great interest is
performing ESM on Li-ion battery materials, such as
LiCoO2, LiMn2O4, etc. in liquid electrolyte. Here, typical
dielectric constants are between 15 and 20.35 Accord-
ing to Figure 6c, this raises the potential at double the
tip radius drastically for electrolytes with low conduc-
tivity, which corresponds to an increase of the localiza-
tion length. This is a problem that needs to be
considered carefully when samples with higher di-
electric constants are considered and will be subject
to future research.

CONCLUSION

In summary, an experimental and numerical study
for the effect of electrolyte conductivity on nanoscale
characterization of electromechanical phenomena in
liquid is presented. BiFeO3 and Na2SO4 were chosen as
a model system for electromechanical phenomena
and electrolytes, respectively. It was demonstrated that
ferroelectric domains can be imaged up to 1 M Na2SO4

solutions; however, the resolution and signal strengths
are reduced at these high concentrations. This is due to
the fact that the potential drop around the biased SPM
tip changes from locally to globally for electrolyteswith
increasing conductivity. It was demonstrated that a
local potential drop is essential for nanoscale electro-
mechanical characterization in liquid, and numerical
simulation of the electric potential drop around the
biased SPM tip as a function of sample properties
outlines strategies to improve the potential localiza-
tion for a given electrolyte conductivity. The identifica-
tion of possible limitations and strategies is essential to
develop advanced techniques for electromechanical
measurements in liquids on a variety of sample sys-
tems, ranging from functional oxides to biological

Figure 7. Logarithmic plot of tan δ as a function of mea-
surement frequency and electrolyte conductivity as defined
by tan δ = σ/εω. Blue areas are defined by tan δ < 1, which
represents a local sample excitation. Red areas display tan
δ > 10 when the potential drop around the tip becomes
global. The pink dots represent the electrolytes and mea-
surement frequency used in this study.
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samples. Only if these characterization techniques are
in place, fundamental nanoscale phenomena and

their role in macroscopic device functionality can be
studied.

METHODS
The experiments were performed on 50 nm thick (001)

oriented multiferroic BFO films with SrRuO3 (SRO) bottom
electrode epitaxially grown on low miscut (<0.01�) (001) SrTiO3

(STO) single-crystal substrate by pulsed laser deposition as
described elsewhere.36 BFO is a well-characterized ferroelectric
material with strong electromechanical responses with differ-
ent out-of-plane and in-plane polarization components. PFM
imaging was performed on a commercial SPM system (MFP-3D,
Asylum Research) withmetal-coated SPM tips (Nanosensors, k =
0.5�9.5 N/m). The Na2SO4 solutions were used in the form of a
droplet on the sample surface as opposed to completely
submerged samples to avoid electrical shorting between the
tip and the sample ground, that is, the bottom electrode of the
sample. OP and IP PFM contact resonance peaksweremeasured
between 0 and 2MHz, and the independent peaks for OP and IP
PFM signals were identified.
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