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Thekey aspect ofmaterials that exhibit
long-range order is the presence of
topological defects in the order param-

eter field, ranging from dislocations and
disclinations in liquid crystals and crystalline
solids,1 to domain walls in ferroics2 to exotic
defects in superconductors and charge-
density wave materials. Materials function-
ality in virtually all dynamic processes is
determined by the types and mobility of
these topological defects and their interac-
tions with structural elements such as point
defects, dislocations, surfaces, and inter-
faces. In ferroic systems with a vector order
parameter, the detailed classification was
given by Mermin, and includes a variety of
2D and 1D extended defects.3 The well-
known 2D topological defects include do-
main walls, the dynamics of which under-
pins virtually all aspects of ferroelectric
behavior ranging from nonlinear piezoelec-
tric responses to ferroelectric polarization
switching.4 However, 1D defects, including
vortex and antivortex states (corresponding
to “winding numbers” n = þ1, n = -1,
respectively, in Mermin's definition), have
remained elusive until very recently,5 owing to
the difficulties of experimental observations.
In ferroelectrics, the formation of a vortex-

type defect lowers the depolarization en-
ergy (all domains are head to tail), but
increases strain energy due to linear piezo-
electric coupling between the order para-
meter and lattice strain. In ferromagnets,
the coupling between magnetization and
lattice strain is weak (10-6-10-4),6 and the
magnetization cannot be screened (due to
the lack of magnetic monopoles), favoring
the formation of vortex states. The first
observation of magnetic vortex states was
reported in 1980 in a 55 nm-thick Co film,7

although studies of in-plane domain ori-
entations date back further considerably.8

Subsequently, extensive modeling has

demonstrated that formation of vortex
states is a ubiquitous aspect of a magnetiza-
tion switching process in nanostructures.9-11

Topological defect states have also been
found to be present in ferroelectromagnetic
materials, such as YMnO3.

12-14 Compared
with magnetic systems, in ferroelectrics the
strains aremuchhigher (10-3-10-2),15 thus
resulting inmuch higher strain energy pena-
lty of the vortex state. Following the initial
work of Gorbatsevich and Kopaev,16 the
interest in these systems remained dormant
until recentfirst-principles studies byNaumov
et al.,17 and the subsequent explosion of
theoretical work in this area.18-22 Similar to
magnetic systems, the formation of the
vortex state was postulated to result from
the interplay between strain and depolar-
ization energy. The strain energy diverges
with the system size (since the vortex core
acts as a disclination center) and, hence,
vortex formation is expected to be limited
tonanoscale systemsunder conditions of poor
polarization screening, setting the back-
ground to experimental activity in the area.
Transient vortex states have been inferred
by Gruverman et al. to exist in circular PZT
capacitors upon switching.23 Practically how-
ever, observation of vortex states is limited
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ABSTRACT Using a combination of piezoresponse force microscopy (PFM) and phase-field

modeling, we demonstrate ubiquitous formation of center-type and possible ferroelectric closure

domain arrangements during polarization switching near the ferroelastic domain walls in (100)

oriented rhombohedral BiFeO3. The formation of these topological defects is determined from the

vertical and lateral PFM data and confirmed from the reversible changes in surface topography.

These observations provide insight into the mechanisms of tip-induced ferroelastic domain control

and suggest that formation of topological defect states under the action of local defect- and tip-

induced fields is much more common than previously believed.
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by finite resolution. For example, piezoresponse force
microscopy (PFM) studies of arrays of tetragonal PZT
nanodots by Rodriguez et al. appear to indicate the
formation of complex closure domain states resem-
bling simulated vortex states.24 Schilling et al. have
shown the formation of vortex-like closure domains
within near single-crystal BaTiO3 nanodots.

25 Recently,
McGilly et al. have found chains of interlinking flux-
closure domains and quadrupole states occurring
naturally in single crystal BaTiO3 lamellae.26 In their
studies, it was determined that the domain quadrants
arrange themselves with an additional 180� wall so as
to avoid the formation of a disclination center. The
controlled formation of the vortex-antivortex closure
domain lines in continuous films was demonstrated by
Balke et al.27 However, thus far such states have not
been found to formspontaneouslyunderneathaproximal
probe.
The driving force for topological defect formation is

the electric field produced by the external bias applied
to the scanning probemicroscope (SPM) tip (which we
define as the “tip-field”). In this paper, we demonstrate
that, through careful selection of domain crystallogra-
phy and electrical boundary conditions, it becomes
possible to spontaneously form topological defects
underneath a biased SPM tip.
For all cases of materials symmetry, formation of the

vortex state by the SPM tip-field is a nontrivial process.
The formation of a vortex directly under the tip is highly
unlikely in the normal ferroelectric, as the in-plane
polarization components of the vortex state do not
couple with the in-plane components of the tip-field.
However, in the presence of structural defects or

topological defects, the inherent radial symmetry of
the tip-field is broken, subsequently allowing forma-
tion of vortex-type topological defects (formore details
of this symmetry breaking, see ref 27). Indeed, the
breaking of symmetry by impurities to yield complex
domain structures has also been found in other
systems.28 The different types of topological defects
that can be created by polarization switching in the
film are shown in Figure 1. Two classical arrangements
are shown in Figure 1a and 1b, representing a “pure”
vortex state and an antivortex, respectively. Vortices
have been reported more commonly in the literature.
In contrast, a much less-documented class of defect
can also be formed, wherein applying an external bias
to the tip induces the formation of a domain that
effectively couples to the tip-field and maintains radial
symmetry (albeit lowered due to crystallographic ani-
sotropy effects). In this case, the in-plane components
of the tip-field favor the formation of head-to-head (or
tail-to-tail) arrangements. These have been defined as
so-called center domains byMermin and are illustrated
in Figure 1c,d. Since the center domains contain
charged domain walls, they require efficient bulk
screening for stabilization.
In the literature, the formation of topological defects

such as antivortices and center domains have attracted
significantly less attention, despite the rich physics
associated with such states. For instance, centers cor-
responding to converging polarization vectors are
expected to have elastically strained cores and charged
domainwalls, suggesting their intrinsic instability. Until
recently, the creation of nonvortex topological defects
by a biased SPM tip, have not been actively pursued.

Figure 1. Schematics of possible topological defects formed upon switching. Schematic a shows a vortex state, while schematic b
shows an antivortex (analogous to ferromagnetic vortices). The rosette structures (center-type domains) depicted in panels c
and d couple effectively with the in-plane components of the tip-field. In these cases, the tip-field favors formation of a domain
junctionbetween twochargeddomainwalls,with schematic c expected forapositive tip-samplebias, andschematicdexpected for
opposite bias. There exists a disclination center at the topological defect core (red circles) indicated by a topographical
feature (an elevation or depression), discussed further in Figure 6.
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Here, we demonstrate the formation of topological
defects, including center-type domain arrangements
and possible closure domains, during switching in
rhombohedral BiFeO3 by the biased SPM tip. We note
that unlike the case for Balke et al.,27 the domains
reported here are spontaneously formed by the loca-
lized tip-field without local manipulation by proximal
probe motion. We adopt Mermin's definition for topo-
logical defects, which stipulates that a defect is a site
(points, lines, or surfaces) at which the order parameter
in the nonuniform media ceases to vary continuously,
forming singular regions of lower dimensionality. The
presence of ferroelastic domain walls allows symmetry
breaking of the radially invariant tip-field, permitting
formation of complex domain arrangements. The center-
type defects form naturally due to the polarization
alignment under strong localized tip-fields, and are
stabilized by clamping effects and possibly polariza-
tion compensation by charge carriers in BiFeO3. Sub-
sequent visualization of polarization distribution by the
PFM illustrates the formation of the topological defects, as
further confirmed by phase-field modeling. Finally, we
demonstrate the reversible changes in surface topo-
graphy, indicative of the presence of disclinations at
the topological defect cores.

RESULTS AND DISCUSSION
Experimental Observations. As a model system, we

have chosen rhombohedral BiFeO3 (BFO) in the (001)
orientationgrownon (100) SrRuO3-buffered (SRO)DyScO3

(DSO) substrates. The BFO films have a thickness of 800
nm, and were grown on a 40 nm-thick SRO buffer
(electrode) on high quality single-crystal (110) DSO

substrates. Such a configuration results in formation of
equal-width stripe domains with walls parallel to {011}
(see Supporting Information, Figure S1). Previous ex-
perimental data showed our ability to engineer stripe
ferroelastic domains with optimal spacing (200 nm) by
controlling anisotropic strains using DSO substrates
and growth conditions.29 This allows single-domain
walls to be manipulated and perturbed, without col-
lective interactions.30,31 In the BFO studied here, the
presence of in-plane polarization inhomogeneities
(71� domain walls) allows breaking of the tip-field's
radial symmetry and, hence, establishes the conditions
for formation of other topological defect configura-
tions. Note that this material has two equivalent
upward-oriented polarization states, (hk1), and equivalent
downward-oriented polarization states, (hk-1), where
h, k = (1.

The requirement of a pre-existing defect structure
in order to break the symmetry of the tip-field and form
more complex domain patterns is shown in Figure 2.
Accordingly, this figure shows the results of tip-field
induced polarization switching both away from, and at,
the domain wall. The topography and domain pattern
evolution is shown in Figure 2a-c for the case of a
negative tip bias, with the tip located far from the
domain wall, for four separate pulses of -15 V (pulse
width 1 s). The topography scan is displayed in Figure 2a.
The dark contrasts in the out-of-plane image (OP-PFM)
shown in Figure 2b indicates uniform polarization
switching in the vertical components where the tip
was placed, while the in-plane image (IP-PFM) shown
in Figure 2c displays two contrasts, indicating two
distinct in-plane directions. This proves that both

Figure 2. Topography (a,d), out-of-plane PFM scans (b,e) and in-plane PFM scans (c,f) of the film after bias has been applied.
In-plane PFM scans of the film after application of four separate pulses away from the domain wall (the case shown in panel c
and one pulse at the wall (the case shown in panel f) illustrate the crucial role of the interface in determining the resulting
domain structure. In both image sets, -15 V/1 s pulses were applied.
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vertical and lateral components are undergoing switching
as a result of the tip field, but note that the polarization
switching is straightforward and does not result in
formation of exotic defect states. However, when the
tip is placed at the domainwall (Figure 2d-f), the result
differs significantly, with a more complex domain struc-
ture and significant domain wall rotation observed.
Thus, these ferroelastic domain walls are the key to
breaking the tip-field's radial symmetry, facilitating
formation of more complex states.

When pulses of large amplitude are applied at the
wall, we eventually observe formation of topological
defects. Theoretically, application of a large bias at the
interface (ca. -30 V) can result in the formation of
complete closure domains (a vortex-like state), or a
junction between two oppositely charged domain
walls (referred to as the antivortex-like state). We show
experimentally in Figure 3 the domain pattern result-
ing from application of a high voltage pulse at the wall,
with the topography around the switched area in
Figure 3a, the IP-PFM image in Figure 3b and a close-
up of the IP-PFM in Figure 3c. In Figure 3c, there
appears clear formation of a multidomain junction.
The choice of assignment of polarization directions
depicted in Figure 3c is such that it is energetically
most favorable; it appears that a closure domain
pattern has formed. The significant relaxation of the
structure precluded an orthogonal scan to confirm
these direction assignments. Extensive details of assign-
mentof thepolarizationdirections aregiven inSupporting
Information, Figure S2. Comparing the schematics in

Figure 1, we can see that if Figure 3c does indeed
contain the same in-plane polarization directions as in
Figure 1a, then this domain arrangement will be
expected to have a similar disclination center. To
further explore the domain structures that were observed,
phase-field modeling was undertaken.

Phase-Field Modeling. The ferroelectric domain struc-
ture on the epitaxial BFO thin film was modeled using
the phase-field method,32 in which the spontaneous
polarization distribution, and thus the domain struc-
ture and its evolution, is governedby the time-dependent
Ginzburg-Landau (TDGL) equations.33 Details of the
simulation method can be found in our previous
publications.34-36 To obtain a two-domain structure,
we started from a paraelectric state with zero polariza-
tion plus small polarization perturbations along the
[111] and [111] directions and annealed the system at
room temperature. The virgin two-domain structure
can be seen in Supporting Information, Figure S3. It
consists of blue [111] domains and yellow [111] do-
mains, separated by 71� domain walls parallel to the
(011) plane, approximately 45� from the interface
between the thin film and the substrate.

To simulate the PFM tip on the surface of the thin
film in the phase-fieldmethod, we assumed the follow-
ing electrical potential distribution,

φappl ¼ φa
r0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(x1 - x0)
2 þ (x2 - y0)

2 þ r02
p (1)

where φa is the voltage applied on the surface of thin
film with the conductive tip, (x0,y0) is the tip location,
and r0 is the effective radius, and x1, x2 are the

Figure 3. Close-up topography (a), IP-PFM image (b), and close-up IP-PFM image (c) of a domain pattern formed by appli-
cation of -20 V, 20 s tip-sample bias at the domain wall. Arrows in the IP-PFM image indicate a possible assignment of
polarization directions. In the set of images a-c we have observed a multidomain junction. The domains comprising this
domain junction are clearly outlined by the dashed line in the close-up in panel c. Phase-field modeling of a closure domain
pattern is shown in panels d-f, with the top-down view of the domain state (d), the close-up of the boxed region in panel d
(e), and the associated polarization map (f).
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coordinates on the surface. The electric potential on
the bottom surface of film is kept at zero.

Figure 3d shows a simulation of a closure domain
state in the BFO film. The close-up is shown in Figure 3e
with the corresponding polarization distribution map
in Figure 3f. There appears close agreement between
the phase-field model in Figure 3f and the experimen-
tal closure domain pattern seen in Figure 3c. The
domain state wasmodeled by assuming a four-domain
random noise distribution in a region between the
virgin two domain structure, allowing the system to
reach a metastable state, and subsequently approach-
ing the center of themetastable domain with a PFM tip
biased at þ6 V. It is noteworthy that the phase field
model in Figure 3e appears to show a small, extra wall
at the center (between the green and blue domains).
This type of extra, elongated wall was also observed by
McGilly et al. in flux-closure domains found in BaTiO3

lamellae, and will presumably form to prevent disclina-
tions that would otherwise arise from a true four-
domain junction.26 Experimentally, determining whether
this is indeed the case is limited by the resolution of the
PFM system employed.

Formation and Stability of Topological Defect States. Ex-
perimentally, we have found that the closure domain
state relaxes quickly; hence, exploring the dynamics of
formation of these states is considerably more difficult.
The inherently limited time resolution (at lowest qual-
ity, each scan takes at least 128 s to capture with our
experimental setup) of the PFM image capture techni-
ques used here generally prohibits classical polariza-
tion relaxation experiments (as breakdown may be on
the order of a few seconds), so instead this must
be undertaken in a quasi-dynamic fashion. A simple

experiment that provides insight into the formation of
some of the complex domain arrangements observed
is shown in Figure 4. Here, 1 s pulses of varying ampli-
tudes were applied through the tip at the domain wall,
with the resulting domain structures imaged (IP-PFM
images are shown). At low voltages (Figure 4a,b) there
is a slight domain wall twist, accompanied by a small
“step” region. With increasing voltage (Figure 4c-e),
however, the degree of rotation increases significantly,
along with the size of the step, until finally the driving
force is sufficiently large to form a complex pattern
spanning the two stripe domains (Figure 4f, see Sup-
porting Information, Figure S5 for polarization direction
analysis). At lower voltages, such states are unlikely to
form, due to the requirement of switching multiple in-
plane polarization directions (an inherently nontrivial
process).

In addition, it has been predicted by Balke et al.27

and demonstrated in PZT by Varatharajan et al.37 that
nucleation bias for domains is significantly reduced at
domain walls, as a result of domain wall twist; in this
experiment, we have validated that the macroscopic
twist indeed occurs. Indeed, it appears that such rota-
tions are crucial for formation of exotic states.31

Interestingly, the phase-field models predict that
upon application of larger electric fields, the type of the
topological defect shows a drastic change, namely the
formation of center-type domains. Figure 5a and 5b
show simulations of two center-type domain struc-
tures on the BFO thin film; the tip location is at the
center of the thin film, exactly at the 71� domainwall of
the two-domain structure. In the first simulation, dis-
played in Figure 5a, the applied voltage is φa ≈-40 V,
and r0 = 10 nm. The ferroelectric domains along the

Figure 4. (a-f) IP-PFM images taken after application of negative bias at the domain wall with increasing voltage. The biases
used were -16, -18, -20, -24, -26, and -30 V, respectively. With increasing bias, the degree of domain wall rotation
increases. The region defined by the existing domain wall growing perpendicularly in a lateral direction is termed the “step”
region, as shown in panel e. (f) At -30 V the domain twist is large enough to produce a highly complex domain structure
spanning the as-grown stripe domains.
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pseudocubic [111] (orange), [111] (light green), [111]
(navy blue), and [111] (gray) directions form a center-
type domain arrangement, with polarization vectors
oriented toward the core, as drawn in the inset in
Figure 5a. The displacement map predicted by this
center-type domain arrangement is shown in Figure 5c. In
the second simulation displayed in Figure 5b, the
applied voltage φa ≈ þ40 V, and r0 = 10 nm. In this
case, the [111] domain (white) and the [111] domain
(dark green) are observed in the simulation, along with
the two-domain thin film, forming an alternative center-
type domain arrangement. Again, the polarization
directions are drawn in the corresponding inset. Ex-
perimental demonstration of formation of these defect
structures is shown in the topography and PFM images
in Figure 5d-f. A center-type domainwas produced by
applying a relatively high voltage (-30 V, 1 s pulse)
through the tip at the domain wall. At lower voltages,
we do not observe these states forming. Information
on polarization assignment is contained in Supporting
Information, Figure S4. The topographical scan around
the region of the center-type domain is shown in
Figure 5d. There appears to be good agreement be-
tween the predicted displacement map in Figure 5c
and the experimental results in Figure 5d, with the
displacement maximum at the core of the topological
defect. Similarly, there appears close agreement be-

tween the simulation in Figure 5a, and the experimental
result in Figure 5f, suggesting that these are, indeed,
center-type domain arrangements forming in the BFO
film. One should note that the phase-field simulations
(see Supporting Information, Figure S3) show that the
center-domain state reaches through-thickness only at
high applied fields. This confirms our previously stated
argument that center-type domains are energetically
more expensive to form.

In contrast to vortices and antivortices, the forma-
tion of center-type topological defects preserves the
radial symmetry of the tip-field. Such configurations
are energetically favorable under the tip-field, as the
rosette structures Figure 1(c,d) couple effectively with
the in-plane components of the tip-field, reducing
electrostatic energy. However, this state requires
head-to-head (or tail-to-tail, for opposite tip bias)
polarization arrangements at the tip site, resulting in
formation of charged domain junctions. Thus, adequate
charge screening is aprerequisite for stabilizationof these
topological defect states. Lastly, due to requirements of
switching multiple in-plane components simultaneously,
and the intrinsic instability of the center-type domain, we
expect formation to require relatively large tip-fields.

The phase-field modeling provides straightforward
explanation for the formation of center-type domains
due to direct coupling of polarization and electric field

Figure 5. Phase-field modeling (a-c) of a center-type domain arrangement and experimental data (d-f). (a) The phase-field
simulation shows a center-typedomain arrangement, with polarization vectors pointed toward the center, drawn in the inset.
(b) The phase-field simulation shows an alternative center-type arrangement,with vectors pointing away from the core, and is
as predicted for the opposite tip bias. (c) Simulated displacementmap from the center-type domain arrangement depicted in
panel a. (d-f), PFM image set with topography (d), OP-PFM (e), and IP-PFM (f) is shown for a domain produced by-30 V, 1 s
pulse applied through the tip at the domain wall. Arrows in panel f indicate in-plane polarization directions. Note the agree-
ment between the structure in panel f and the phase-fieldmodel in panel a, aswell as the similarity between the displacement
map in panel c and the experimental result in panel d.
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of the probe. Somewhat more surprising is that these
structures are stable in the field-off state, since they are
formed by charged domains walls. We propose that
this behavior may be achieved through clamping by
surrounding ferroelastic domains, and also compensa-
tion of the polarization charges by screening charges
and ionic diffusion.

Observation of Disclination on Defect Cores. Notably, in-
dependent evidence of formation of the topological
defect states is given by the existence of a disclination
at the defect core due to elastic mismatch between the
domains. The associated change in topography must
be reversible and repeatable, to prove that the topo-
graphical feature is polarization-dependent and not
the result of electro-chemical effects. Shown in Figure 6a,b
is a topography andOP-PFM image, respectively, of the
film before application of bias. A -12 V pulse is then
applied through the tip at the domain wall, with
resulting changes in topography and domain structure
displayed in Figure 6c,d. Clearly, there appears a large
spike-like feature in Figure 6c where the domain has
nucleated. When the opposite bias is subsequently
applied (þ12 V), the topographical spike feature has
vanished, as can be seen in Figure 6e, and the domain

structure, shown in Figure 6f, largely returns to the
virgin state. Note here, however, that the domain
structure and topography are not identical to the virgin
states, as many factors (such as tip degradation, im-
print, local defects) will affect the switching. Finally, to
confirm that the film is stable at the high voltages used
in these experiments, amultidomain junctionwas formed
by applying a -25 V pulse through the probe. Subse-
quently, nine switching loops were obtained by ramp-
ing through (30 V at the center of the multidomain
junction. The nine loops, and their average, are shown
in Figure 6g-i, with piezoresponse in Figure 6g, with
corresponding (average) amplitude hysteresis in
Figure 6h, and (average) phase hysteresis in Figure 6i.
The switching loops vary very little over the cycle,
suggesting that the film's ferroelectric properties are
unaffected by application of these high voltage pulses.
In summary, the reversible change in topography
indicates the presence of a disclination at the topological
defect core.

SUMMARY

Combining piezoresponse force microscopy and
phase-field modeling, we demonstrate ubiquitous

Figure 6. Formation and reversal of topographical feature: (a, c, e) topography is shown with the (b, d, f) corresponding
OP-PFM images. A virgin scan is shown in panels a and b. A -12 V bias is then applied at the domain wall, and the result is
shown in (c, d). Subsequent application of a twoþ12 V pulses at the same location yields the (e) topography and (f) OP-PFM
image. The domains structure has returned to the virgin state, and the topographical feature has largely disappeared.
This reversible change in surface topography is indicative of formation of a disclination at the defect core. (g) Nine hysteresis
loops obtained at a single point by the PFM tip in a different region of the sample, at the center of a multidomain junction
(voltage ramps from -30 V to þ30 V). The average of the nine loops is bold and maroon-colored; (h) associated average
amplitude and (i) phase hysteresis loops. These loops suggest that the sample retains ferroelectric properties (and is not
damaged) even after repeated application of high voltage pulses through the tip.
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formation of center-type domain and possible ferro-
electric closure arrangements during polarization
switching at the ferroelastic domain walls in (100)
oriented rhombohedral BiFeO3 thin films. Flux-closure
states are associated with the symmetry breaking
induced by the pre-existing ferroelastic domain walls
in the system. The formation of center-type defects can
be explained by the field geometry created by a PFM

tip. Center-type defects were found to be stable only
when formed under high localized tip-fields. The re-
versible changes in surface topography associated
with the formation of the disclinations at the defect
cores are observed. Overall, these studies suggest that
formation of topological defects during localized polariza-
tion switching in multiaxial ferroelectrics is a significantly
more ubiquitous phenomenon than believed previously.

METHODS
Research was carried out on two identical BFO samples.

Details of sample preparation can be found elsewhere.29 Work
at UNSW was carried out with a Digital Instruments Multimode
SPM with Veeco Nanoscope IIIA controller. The software used
was Digital Instruments Nanoscope II version 5.12r2, and WsXM
3.0.38 Some work was also carried out on a JEOL SPM 5400. Two
SR-830 DSP lock-in amplifiers, from Stanford Research Systems,
were utilized for the PFM setup. An Agilent Technologies
81150A 120 MHz pulse function arbitrary generator was used
to generate pulses fed to the SPM tip. Tips used were from
Nanosensors, type PPP-CONTPt-50 and were Pt/Ir coated with
radii of about 7 nm, resonant frequency of 13 kHz, and force
constant of 0.2 N/m. The PFM measurement at NCKU was
carried out by a Veeco di-CPII SPM system, also equipped with
two SR-830 DSP lock-in amplifiers. The scan-controlling and the
image-analysis software were digital instruments ProScan ver-
sion 1.9, and .IP (Image Processing and data analysis) version
2.1.15, respectively. The voltage pulses were applied by the
PICOTEST G5100A 50 MHz function arbitrary waveform gen-
erator through the SPM tip. The conductive tips were commer-
cial Pt/Ir-coated tips with a resonant frequency of 140 kHz and
force constant of 4.5 N/m (type PPP-NCSTPt-20 Nanosensors).
Some experimentation was carried out at ORNL on a commer-
cial atomic force microscope (Asylum Research, Cypher model)
equippedwith NI PXI based band excitation controller to enable
switching spectroscopy PFM (SS-PFM) measurements.
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