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P
olarization switching in ferroelectric
and multiferroic materials has been
intensively investigated in the context

of memory devices including ferroelectric-
based data storage1,2 and ferroelectric ran-
dom access memories.3,4 In parallel, con-
duction mechanisms in these materials
have been explored both from the funda-
mental science and to explore the relation-
ship between leakage currents and device
reliability and degradation.5�9 These stud-
ies have recently acquired new significance
once the correlation between conduction
and polarization state of the material was
established, thus opening the pathway to
applications such as ferroelectric tunneling
barriers and domain wall conduction.10�13

Much of the progress in understanding
domain- and domain-wall-mediated phe-
nomena in ferroelectrics was made possible
due to theemergenceof local scanningprobe
microscopy (SPM) techniques. Piezoresponse
forcemicroscopy (PFM) has become a power-
ful method for imaging and control of polar-
ization in ferroelectric thin films and device
structures.14�16 At the same time, conductive
atomic force microscopy (CAFM) allows local
I�Vmeasurements and imaging of the resis-
tance state of the surface. Using a combina-
tion of these techniques, Seidel et al. reported
that conduction depends on the domain wall
of multiferroic BiFeO3 (BFO) thin films and
manipulated current levels controlled by a
number of conductive domain walls.12,17�19

Several groups have explored tunneling con-
duction by polarization control in Pb(Zr,Ti)O3

(PZT) thin films and also showed nondestruc-
tive recording based on the tunneling current
reading.13,20�22

We note that a unique aspect of local
studies by SPM is high local potential
and current densities. Hence, in addition
to physical mechanisms of interest such as

bias-induced polarization switching and
current flow, a broad spectrum of thermal
and electromechanical effects can emerge.
In particular, Joule heating induced by cur-
rent flow may result in a number of effects,
which can contribute to measured PFM
signal. It also can result in a local increase
of temperature, which facilitates the do-
main nucleation and growth. These effects
are relevant for both SPM studies (e.g., Joule
heating contribution to measured electro-
mechanical signal, temperature-induced
changes in electromechanical coupling
constants) and actual nanocapacitor struc-
tures (degradation, thermally assisted elec-
trochemical processes, activation of switch-
ing) for high-density memory applica-
tions.23,24 However, there is still a lack of
information on the interplay between con-
duction and domain switching behavior, as
well as a dearth of local methods that can
establish the presence of local heating in
materials and submicrometer structures.
Here, we explore the interplay between

nonlinear electromechanical response, con-
duction currents, and Joule heating in mod-
el BFO thin film capacitor structures. These
offer idealized model systems that can sup-
port large current densities and possess
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ABSTRACT We demonstrate an approach for probing nonlinear electromechanical responses in

BiFeO3 thin film nanocapacitors using half-harmonic band excitation piezoresponse force microscopy

(PFM). Nonlinear PFM images of nanocapacitor arrays show clearly visible clusters of capacitors

associated with variations of local leakage current through the BiFeO3 film. Strain spectroscopy

measurements and finite element modeling point to significance of the Joule heating and show that

the thermal effects caused by the Joule heating can provide nontrivial contributions to the nonlinear

electromechanical responses in ferroic nanostructures. This approach can be further extended to

unambiguous mapping of electrostatic signal contributions to PFM and related techniques.

KEYWORDS: multiferroic nanocapacitor . conduction . nonlinear response .
Joule heating . PFM
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well-defined geometry and uniform surface properties.
We develop the approach based on half-harmonic
band excitation for selectively probing the nonlinear
responses associated with Joule heating effects and
establish quantitative guidelines to predict the role of
thermal effects.

RESULTS AND DISCUSSION

Linear and Nonlinear Electromechanical Responses in Ferroic
Structures. PFM is by now established as the universal
technique to visualize and probe ferroelectric domain
structures and their switching behavior across multiple
classes of ferroic material and devices.16,25,26 In single-
frequency PFM mode, the first-harmonic response of
PFM is monitored to detect ferroelectric polarization,
owing to the direct relationship between the deforma-
tion and bias, d ∼ d33Vac. The theory of the PFM image
formation mechanism for free ferroelectric surfaces and
capacitor structures is by now well understood.27�31

However, we note that application of the periodic
electric bias (Vac = V0sin(ωt)) to the material will result
in response both at the modulation frequency and at
its higher harmonics. In the thin film capacitor geome-
try, the first-harmonic response in the PFM has con-
tributions due to piezoelectric and electrostatic
interactions and, for a good tip�surface contact at
low frequencies, can be represented as (see eq S9 in
Supporting Information):

APR;ω ¼ dþ Ccant
0

kcant

� �
V0 (1)

where d, V0, kcant, and Ccant are the effective piezo-
electric coefficient of the ferroelectric film, the ampli-
tude of the driving bias, the spring constant of the
cantilever, and the cantilever�sample capacitance,
respectively.

At the same time, the capacitive, electrostrictive,
and Joule heating effects are all quadratic in driving
force and hence can be expected to contribute to the
second-harmonic of cantilever response. By eq S14 in
Supporting Information, the second-harmonic re-
sponse in the PFM is expressed as

APR, 2ω ¼ MV2
0 þ β

RI20
2

þ Ccant
0

4kcant
V2
0 (2)

where M, β, R, and I0 are the effective electrostrictive
coefficient, the Joule heat transduction coefficient (i.e.,
a factor describing conversion of the Joule heat into
mechanical displacement), the capacitor electrical re-
sistance, and the amplitude of the capacitor current Iac,
respectively. Note that capacitive cantilever�surface
interaction scales reciprocally with the stiffness of
cantilever and is quadratic with applied bias. The
electrostrictive and Joule heating contributions are
virtually independent of elastic properties of the sys-
tems and are quadratic in voltage amplitude and

capacitor current, respectively. We further note that,
for situations when resistance R is significantly larger
than the impedance of the voltage source, the driving
bias Vac can be maintained across the sample irrespec-
tively of Iac value.

The structure of eq 2 suggests that identification of
nonlinear interactions requires (a) reliable measure-
ments of quadratic interactions obviating the topo-
graphic cross-talk and (b) establishing the origins of
the contrast (voltage vs current driven). One approach
for these measurements can be based on spectro-
scopic measurements in which signal versus Vac is
measured at each location on the sample surface.32

However, these measurements require acquisition of
high-dimensional data (3D for single frequency and 4D
for band excitation (BE)) and also necessitate decon-
volution of linear and quadratic terms.

Here, we develop an approach for probing quad-
ratic interactions in PFM using the half-harmonic BE
(HBE). As shown in Figure 1a, when the driving
modulation bias Vac with a band of frequencies with
a central frequency at a cantilever resonant frequency
ω0 is applied to the sample for the BE method,33 the
conventional BE-PFM response can be obtained from
the first-harmonic response at the same frequency
due to the direct linear coupling of the bias. In
addition, second-harmonic response with a band of
frequencies is generated at the double frequency
2ω0 due to the quadratic terms in eq 2 and generally
falls outside of the cantilever resonance and detec-
tion band.

In this study, we excite the sample with an HBE
signal at a frequency ω0/2, as shown in Figure 1b, to
maximize the BE-PFM response at the resonant fre-
quencyω0. Therefore, the drivingmodulation bias with
a band of frequencies at half-harmonic frequencyω0/2
is applied to the conductive probe, and its second-
harmonic response is monitored over a band of fre-
quencies around the resonant frequency ω0. This
approach extends an earlier work by Harnagea et al.,
by allowing decoupling nonlinear interactions and
topographic cross-talk.34

Figure 1. Operation principle of (a) firstω0 and (b) halfω0/2
harmonic BE-PFM mode.
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Nonlinear PFM Imaging of Capacitor Structures. Pt nano-
capacitors with a diameter of around 380 nm were
prepared using ultrathin anodic aluminumoxide (AAO)
shadowmasks on an epitaxial BFO (001) thin filmwith a
thickness of 90 nm. The details of fabrication condi-
tions of BFO thin films can be found in the Methods
section.

Typical topography and leakage current maps of
the capacitors are displayed in Figure 2a,d. Geometry
of each capacitor is well-defined, as is seen in Figure 2a.
The leakage current level of each capacitor can be
clearly identified from the current maps in Figure 2d.
The resistance level from the leakage current measure-
ments is varying from kiloohms to gigaohms over the
entire area of the sample. Individual capacitors show
uniform leakage current levels over the entire area of
each capacitor, as can be expected for a configuration
with conductive top electrodes. The first-harmonic BE-
PFM amplitude and phase images of Figure 2b,c show
distribution of polarization amplitude and direction
along the BFO film thickness. The as-prepared domain
structure was clearly observed in different capacitors.35

However, HBE-PFM amplitude and phase images in
Figure 2e,f, respectively, show entirely new informa-
tion, which is not associated with the as-prepared
domain structures underneath the nanocapacitors.
Some of the nanocapacitors in the HBE-PFM amplitude
image in Figure 2e appear uniformly bright against a
dark background.

To verify relationship between half- and first-har-
monic BE responses, negative and positive poling
procedures were performed on the capacitors. Under
negative poling, there was observed a significant
change of the domain structure (Figure 3a,c), whereas
the HBE-PFM amplitude does not show any significant
change (compare Figure 3b,d). This indicates that the
HBE response is not directly related to the first-harmo-
nic BE response, that is, polarization distribution in the
material.

Nonlinear PFM versus Leakage Currents. As mentioned
earlier (see eq 2), the second-harmonic response in the
PFM includes capacitive, electrostrictive, and Joule
heating contributions. In order to establish the origins
of the HBE signal, we note that capacitive and electro-
strictive interactions are expected to be approxi-
mately uniform across the sample surface and cannot
explain the clear contrast and the formation of the
capacitor clusters in the HBE amplitude images of
Figures 2 and 3.

Figure 4 shows maps of topography, first-harmonic
BE response, HBE response, resonant frequency, and
current over the same region acquired within several
subsequent scans. The HBE-PFM amplitude does not
show any correlation with the first-harmonic BE-PFM
response as well as with the resonant frequency.
However, the clear contrast in the HBE-PFM amplitude
image exactly corresponds to high leakage current, as

is evident from Figure 4e,f.36 This considerable correla-
tion therefore suggests that it is the Joule heat gener-
ated by high leakage current flow through the
nanocapacitors that primarily contributes to the sec-
ond-harmonic response.

We further measured HBE nonlinearity curves on
both weakly and highly leaky capacitors, as shown in
Figure 5b. For weakly leaky capacitors, the capacitive
and electrostrictive interactions mainly contribute to
the second-harmonic response since Joule heating can
be negligible in this case, whereas all three interactions
contribute to the second-harmonic response of highly
leaky capacitors. The highly leaky capacitors show a
much higher HBE nonlinear response, which can be
attributed to additional Joule heating.

To further clarify the heat generation in the high
leakage current nanocapacitors, strain spectroscopy
measurements were performed at the capacitors with
two different leakage current levels.13 In these, the
local strain induced by application of dc to a SPM
probe is measured directly through a static displace-
ment of the SPM probe. As shown in Figure 5c, highly
leaky capacitors of monodomain states exhibit higher
strain amplitudes with more a symmetric shape of
hysteresis loop. The difference in the strain loops is
more significant for the multidomain nanocapacitors.
For typical multidomain capacitors with low leakage
currents, an asymmetric and/or incomplete switching
can exist at the bias sweeps in the range between�5
and þ5 V due to the domains stabilized by strain
relaxation and partially due to built-in fields in the
sample (Figure 5d).37 Even though some of the
weakly leaky capacitors show very asymmetric loops,
highly leaky capacitors in the multidomain state al-
ways showmore symmetric loops and higher average
strain amplitudes. The higher amplitude characteris-
tic of highly leaky capacitors in both mono- and
multidomain states can originate from thermal ex-
pansion of BFO thin films due to Joule heating.38

In turn, the more symmetric shape of the hystere-
sis loops can appear due to thermally assisted
switching.39,40 In fact, it is well-established that higher
temperatures lead to smaller coercive voltages in
ferroelectric films and accelerate their back-switching.
Therefore, the measured local switching behavior de-
pends on local thermal behavior and leakage current
level. This is especially true for BFO thin films, which
generally show higher leakage currents than typical
ferroelectric materials such as PZT and BaTiO3.

41 In this
situation, the interplay between thermal and switching
behavior of our BFO capacitors can be nontrivial to
understand.

Analysis of Nonlinear Response. The strain spectroscopy
measurements clearly show that the HBE response is
associated with the high leakage current of the capa-
citors. With a harmonically oscillating bias voltage
applied to a BFO capacitor Vac = V0sin(ωt), where t is
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time and ω is an angular frequency, the power P

dissipated in a leaky capacitor with a resistance Rcap is

P ¼ I2acRcap ¼ V2
ac

Rcap
¼ V2

0

Rcap
sin2(ωt)

¼ V2
0

2Rcap
� V2

0

2Rcap
cos(2ωt) ¼ P0 � P2ωcos(2ωt) (3)

The second relation can be applied since the leaky
capacitors in this study follow Ohm's law in the voltage
range used in the experiments as can concluded from
I�V measurements of the capacitors (not shown). In
the steady state, the displacement of the surface
resulting from thermal expansion occurs only due to
the oscillating part of the Joule power P2ω with a
frequency 2ω and an amplitude δz0 = βP2ω, where β

is the transduction coefficient referred to the power
(see eq 2 and eq S12 in Supporting Information). The

factor β depends on the frequency, materials properties
in the vicinity of the capacitor, aswell as on details of the
heat generation and heat loss in the sample, such as
distribution of Joule heat generation in the volume and
heat exchange with the substrate and surrounding.
Since the resistance of the Pt electrode is much smaller
than the resistance of the BFO film, the variations of this
factor β across the electrode will be responsible for
the HBE image contrast in the case of a negligible
tip�electrode contact resistance (so that the amplitude
of the current I0 remains constant).

It should be taken into consideration that other
factors with the Vac

2 dependence may contribute to the
HBE signal. One of them can be thermal expansion of
the cantilever tip pyramid due to Joule heat generated
in the metallic coating of the tip itself or in the tip�
surface junction due to the tip�Pt electrode contact
resistance, which can be high in the case of a damaged

Figure 2. (a) Topography map, (d) current map, (b,e) amplitude and (c,f) phase images of first-harmonic BE-PFM (b,c) and
HBE-PFM (e,f) of BFO nanocapacitors. All images except (d) were obtained from the same area. Scale bar is 560 nm.

Figure 3. (a,c) PFMphase and (b,d) HBE-PFMamplitude images of BFO thinfilmnanocapacitors in (a,b) as-prepared states and
in (c,d) as-poled states. Voltage biases of�3.5 V (þ3.5 V) were applied to the right (left) three capacitors marked by black full
circles in panel (a). Scale bar is 400 nm.
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tip coating or a contaminated or rough electrode
surface. The others are electrostriction and capaci-
tance mentioned above (see eq 2). Our experiments
showed that the former contribution can be signifi-
cant in the HBE response, and special care should be
taken to eliminate it from the data (a procedure for
this is described in Supporting Information). The
following analysis of the experimental data demon-
strates that the procedure results in the elimination
of the contribution from the tip expansion in the
HBE signal.

Let us consider possible contribution of the tip
expansion as an example. The periodic thermal expan-
sion of the tip with a resistance Rtip can be accounted
analogously to the expansion of the sample (Figure 5a).
The microscope signal will be then proportional to the
sum of the surface displacement and the tip expansion
with a combined amplitude Δz0 = δz þ δztip:

Δz0 ¼ V2
0

2(RcapþRtip)
2(βcapRcap þ βtipRtip)

� V2
0

2Rcap
βcap þ βtip

Rtip
Rcap

 !
(4)

Here, we used the fact that Rtip, Rcap. The values of
Δz0 obtained from HBE experiments can be plotted as
functions of V0

2/(2Rcap). As follows from eq 4, the data

should fall on straight lines with slopes determined by
the combination (βcapþ βtipRtip/Rcap), and they will be
different for different Rcap values if the term βtipRtip/
Rcap accounting for the tip contribution is large. How-
ever, for a small contribution of the tip (i.e., for βcap .
βtipRtip/Rcap), the data should follow the same straight
line independently from the capacitor resistance.
Figure 6 demonstrates that this is the case for our
capacitors for the data processed according to the
contact resistance elimination procedure mentioned
above. Indeed, when the contact is good, there is no
significant HBE signal for the tip contribution, which
was verified with a 200 nm thick Pt film on a SiO2/
Si substrate as a sample and a variable resistor of
77�177 kΩ in series with the probe tip under the
same experimental conditions as with the BFO
nanocapacitors.

Numerical simulations further justified the experi-
mental results. The coefficient β cannot be found
analytically for the real sample geometry, and we used
finite element (FE) analysis to directly calculate surface
displacements resulting from the time-dependent part
of the dissipated power. The FE modeling was per-
formed using a COMSOL v4.2 multiphysics FE analysis
package. Figure 6 displays the calculated amplitude
δz0 of the periodic displacements of the Pt electrode
surface along the surface normal in the center of the

Figure 4. (a) Topography, (b,c) first-harmonic BE-PFM (b) amplitude and (c) phase, (d) resonant frequency, (e) HBE-PFM
amplitude, and (f) current maps of BFO nanocapacitors obtained with a bias of �250 mV applied to the conductive SPM tip.
Scale bar is 400 nm.
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electrode as a function of P2ω together with the
experimental data for three values of the capacitor
resistance. As is seen, the results of the FE model and
the experimental data are in excellent agreement. The
peak-to-peak temperature swing in the electrode

center was found to be about 8 �C for the lowest
resistance of the capacitor with amplitude of the
dissipated power of 9 μW.

SUMMARY

In summary, combining SPM experiments and nu-
merical modeling, we have investigated the interplay
between nonlinear electromechanical responses, con-
duction currents, and Joule heating in BFO nanocapa-
citors. We have developed a PFM technique based on
half-harmonic excitations that allows selectively prob-
ing of nonlinear responses associated with Joule heat-
ing, electrostrictive, and capacitive effects. The clear
contrast of clearly visible capacitor was observed in
HBE amplitude. On the basis of the comparison be-
tween HBE amplitude and current maps, the HBE-PFM
contrast can be explained by Joule heating generated
by high leakage current through the BFO film. The
strain spectroscopy measurements also show that a
local increase of temperature due to Joule heating
contributes to polarization switching along with the
thermal expansion. The FE modeling indicates signifi-
cance of the Joule heating contribution to the non-
linear response. The results show that the thermal
effects due to Joule heating can provide nontrivial
contributions to the electromechanical response,

Figure 5. (a) Schematic of heat generation on the tip�electrode junction and the nanocapacitor structures. (b) HBE
nonlinearity curves of weakly and highly leaky capacitors visible in Figure 4f. Strain loops of (c) mono- and (d) multidomain
nanocapacitors with low (black square, R > 1 GΩ) and high (red triangle, R ≈ 40 kΩ) leakage currents. Vertical offset was
adjusted for each strain loop.

Figure 6. Amplitude δz0 of the periodic displacements of
the electrode surface along the surface normal in the center
of the electrode as a function of the oscillating part of the
dissipated Joule power for three capacitors with resistances
Rcap = 20, 73.3, and 175 kΩ. Full symbols correspond to
experimental points, open symbols are results of the nu-
merical FE modeling, and the green solid line is a linear fit
for all experimental data points.
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which is relevant for both SPM studies and actual high-
density memory applications, thus allowing improve-
ments of SPM techniques as well as opening new
pathways in the nanoscale memory applications.
We further note that the proposed strategy based on

excitation of half-harmonic signals can be further

extended to analysis of second-, third-, and higher
harmonic signals obviating the (poorly understood)
effects of cantilever transfer function. Hence, this
approach is ideally suited for probing broad spec-
trum of nonlinear interactions in scanning probe
microscopy.

METHODS
Materials. An epitaxial BFO thin film with a thickness of

90 nm was grown by pulsed laser deposition on a (001)-
oriented 75 nm thick SrRuO3 (SRO) bottom electrode de-
posited on a SrTiO3 (STO) substrate. The details of the
growth conditions of BFO thin films can be found
elsewhere.42 Ultrathin AAO shadow masks were prepared
by anodization of aluminum35,43,44 and placed on the BFO
thin films. Then, 25 nm thick Pt top electrodes were depos-
ited through the AAO shadow mask by electron beam
evaporation. Finally, film-type Pt/BFO/SRO nanocapacitors
with a diameter of around 380 nm were obtained by
removing the AAO mask.

Measurements. Scanning probe microscopy studies were
carried out with a commercial system (Asylum Cypher) ad-
ditionally equipped with a Labview/Matlab-based BE con-
troller and a current amplifier (Femto DLPCA-200). First-
harmonic and HBE-PFM were performed at 340�460 kHz
and 170�230 kHz, respectively, with 0.5 Vpp BE bias signal
applied to a Pt/Cr-coated SPM probe (Budget Sensors Mul-
ti75E-G). Strain spectroscopy was performed at a bias sweep
rate of 100 Hz. Using the strain spectroscopy, the local strain
loops were directly acquired from a static displacement
under an application of dc to the SPM probe. The detailed
information in the HBE-PFM measurements can be found on
the Supporting Information.

HBE Signal Calibration. The amplitude of the microscope
photodetector signal Vω

ph produced by a harmonic displace-
ment δz(t) = δz sin(ωt) of the sample surface in contact with the
tip can be expressed as follows:

Vph
ω ¼ sS0(ω)δz (5)

where s is the detector sensitivity, that is, the conversion
factor between the displacement of the tip and the photo-
detector output voltage, and S0(ω) has a meaning of the
frequency response (transfer) function of the cantilever. For
the lowest resonant vibration mode (eigenmode) of the
cantilever in contact with a sample, which is used in our BE
experiments, the cantilever deformation is very close in
shape to pure bending caused by a constant force applied
to the tip apex. Therefore, it can be considered that S0(0) = 1
for this mode, which is generally not the case for higher
modes. The response of the cantilever to a small harmonic
excitation with an angular frequency ω close to a frequency
of a resonant modeω0 can be well-described as a response of
a simple harmonic oscillator (SHO) with complex oscillation
amplitude:33,45

H(ω) ¼ Aω0
2

ω2 þ i
ωω0

Q
�ω0

2
(6)

where ω0 is the eigenfrequency of the cantilever mode, Q is
the quality factor of the mode, and A is directly proportional
to the intensity (amplitude) of the driving excitation. It is easy
to see that for the lowest mode S0(ω) = H(ω)/A.

Factor s in eq 5 can be determined using standard proce-
dures of the microscope calibration, for example, through
analysis of force�distance curves.46 To obtain values of δz,
the amplitude of the microscope response Vω

ph as a function of

frequency is first fit by the functional form:

jH(ω) j ¼ Aω2
0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(ω2 �ω2
0)
2 þ (ωω0=Q)

2
q (7)

with A, ω0, and Q being fitting parameters, and then the
displacement amplitude δz0 is obtained using the calibrated
detector sensitivity s and the value of the parameter A: δz0 =A/s.
Note, that |H(ω0)| = AQ, and with Q being close to 100�200, this
determines the high sensitivity of the method to the small
sample surface displacements down to subpicometer range.
This calibration procedure is valid for both BE and HBE mea-
surement modes.

Finite Element Analysis. The FE modeling was performed with
a Joule heating and thermal expansionmodule of COMSOL v4.2
multiphysics FE analysis package. Themodel is 2D axisymmetric
with actual thickness and radius of the capacitor electrode as
well as BFO and SRO film thicknesses. The model layout is
shown in Figure S1 of the Supporting Information. The harmo-
nically oscillating bias voltage was applied between the SRO/
STO interface and the upper surface of the Pt electrode. The
material properties used in the model are listed in Table S-I of
the Supporting Information. The conductivity of the BFO film
was adjusted to results in the resistance of the capacitor
matching the experimental values. Since the displacement of
the sample surface is increasing with the volume of thematerial
affected by the Joule heating, the overall size of the model
should be sufficiently large. Here we used the fact that the
periodic surface displacements occur due to periodic tempera-
ture modulations in a limited volume of the sample. Indeed, the
lateral size of the sample volume involved in the periodic
thermal expansion and contraction is about of the thermal
penetration depth for the frequency 2ω: lT = (RT/2ω)

1/2, where
RT = k/(FCp) is the thermal diffusivity, k is the thermal con-
ductivity, F is density, and Cp is the material specific heat.47 For
the parameters for STO given in Table S-I, lT ≈ 1.5 μm for a
frequencyω/(2π) = 170 kHz used in the experiments. The radius
and height of the FE model were set to 10 μm . lT, and the
temperature at the outer boundaries of the model was set to a
constant value of 20 �C. The calculations were performed with a
time-dependent solver starting from an initial condition of zero
current and a uniform temperature across the sample equal
to 20 �C until the steady state is apparently reached (after about
five periods of the bias voltage oscillations).
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Supporting Information Available: Derivations of equations
for the first- and second-harmonic PFM response, FE model
layout and materials properties used in the FE model, as well as
a procedure for elimination of contact resistance contribution in
the HBE-PFM measurements. This material is available free of
charge via the Internet at http://pubs.acs.org.
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