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Nanoscale polarization switching in ferroelectric materials by piezoresponse force microscopy in
weak and strong indentation limits is analyzed using exact solutions for coupled electroelastic fields
under the tip. Tip-induced domain switching is mapped on the Landau theory of phase transitions,
with domain size as an order parameter. For a point charge interacting with a ferroelectric surface,
switching by both first and the second order processes is possible, depending on the charge–surface
separation. For a realistic tip, the domain nucleation process is first order in charge magnitude and
polarization switching occurs only above a certain critical tip bias. In pure ferroelectric or
ferroelastic switching, the late stages of the switching process can be described using a point charge
model and arbitrarily large domains can be created. However, description of domain nucleation and
the early stages of growth process when the domain size is comparable with the tip curvature radius
sweak indentationd or the contact radiussstrong indentationd requires the exact field structure. For
higher order ferroic switchingse.g., ferroelectroelasticd, the domain size is limited by the tip–sample
contact area, thus allowing precise control of domain size. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1866483g

I. INTRODUCTION

The drive towards nanotechnology necessitates the de-
velopment of ways to control properties of matter at the
nanoscale. In the last several years, significant attention has
been devoted to the applications of piezoresponse force mi-
croscopysPFMd to the characterization of ferroelectric ma-
terials, which are used in high-density nonvolatile memories
and other electronic devices.1–3 PFM provides an approach to
nanoscale engineering via local modification and control of
ferroelectric domain structures, with ,10–30 nm
resolution.4–8 The practical viability of these PFM applica-
tions depends on the minimal stable domain size that can be
formed during local polarization switching induced by a tip-
generated field. Analysis of domain switching processes us-
ing a point charge approximation and the Landauer model
for domain geometry was given by Molotskiiet al.9,10 and,
independently, by Abplanalp.11 Here we illustrate that the
point charge model is valid only if the domain size is larger
than the tip size, limiting its applicability to the late stages of
the switching process. The stages of the polarization switch-
ing process, such as domain nucleation and early stages of

growth, which are most relevant to applications in high-
density ferroelectric data storage devices, cannot be de-
scribed using a point charge approximation. Moreover, even
though it has been shown that strains produced by the tip
may suppress local polarization12 or induce local ferroelec-
troelastic polarization switching, electrostatic models do not
take into account strain effects.13,14 Here, we analyze the
microscopic mechanisms for electric field- and mechanical
stress-induced polarization switching phenomena using re-
cently obtained expressions for the electroelastic fields under
the PFM tip,15 for strong and weak indentation regimes.16

II. THEORY

Polarization switching in ferroelectric materials is a mul-
tiple step process that includes initial domain nucleation and
subsequent forward and lateral domain expansion.17,18 Most
ferroelectric materials are characterized by extremely thin
domain walls and high wall energies, resulting in high acti-
vation barriers for a homogeneous domain nucleation in a
uniform field.19 Once the critical nucleus size is achieved,
the domains grow indefinitely, resulting in macroscopic
switching in the crystal. The free energy evolution in this
process is illustrated in Fig. 1sad. This simple picture no
longer holds for PFM tip-induced switching. In this case, the
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electroelastic fields established by the tip are confined to the
finite volume of the material, implying that tip-induced ferro-
electric switching will be spatially limited and imposing the
upper thermodynamic limit on the switched domain size.
However, the early stages of the switching process, i.e., do-
main nucleation and lateral domain growth, can be expected
to be similar to the uniform field case.

Simple estimates suggest that the electrical field under
the tip s.107 V/md can be significantly larger than those
achieved in macroscopic experiments. Hence, the activation
energy and the critical size for domain nucleation may be
sufficiently small to allow homogeneous nucleation under
the tip. The three qualitatively different polarization switch-
ing scenarios in a PFM experiment are sketched in Fig. 1sbd.
Scenario I corresponds to the situation when a tip-induced
field is insufficient to induce polarization switching below
the tip. Scenario II corresponds to the case when the activa-
tion energy for domain nucleation is zero and a domain
forms instantly. Finally, Scenario III corresponds to the case
when domain nucleation requires a nonzero activation barrier
to be overcome. In cases II and III, the final size of the
domain is limited by the spatial extent of the electroelastic
fields produced by the tip.

Here we analyze the thermodynamics of the scanning
probe microscopy induced switching process including do-
main nucleation and final domain shape, using exact expres-
sions for the electroelastic fields under the PFM tip in the
weak and strong indentation regimes.15 It is shown that the
tip-induced polarization switching can be described in the
framework of the Landau theory of phase transitions, with
the domain size as an order parameter.

The driving force for the 180° polarization switching
process in ferroelectrics is the change in the bulk free energy
density:11,13

Dgbulk = − DPiEi − DdimEiXm, s1d

wherePi, Ei, Xm, anddim, are components of the polarization,
electric field, stress, and piezoelectric constants tensor,i
=1,2,3, andm=1, . . . ,6. The first and second terms in Eq.
s1d describe ferroelectric and ferroelectroelastic switching,
respectively. Notably, for ferroelectric materials such as
LiNbO3 and lead–zirconate–titanatesPZTd, the signs of the
corresponding free energy terms are opposite and the polari-
ties of the domains formed by ferroelectric and ferroelectro-

elastic switching are reverse, thus providing an approach to
distinguish these switching mechanisms.

The free energy of the nucleating domain is

DG = DGbulk + DGwall + DGdep, s2d

where the first term is the change in bulk free energy,
DGbulk=eDgbulk dV, the second term is the domain wall en-
ergy, and the third term is the depolarization field energy. In
the Landauer model of switching, the domain shape is ap-
proximated as a half ellipsoid with the small and large axis
equal tord and ld, correspondinglyfFig. 2sadg. The domain
wall contribution to the free energy in this geometry is ap-
proximated asDGwall=brdld, whereb=swallp

2/2 andswall is
the direction-independent domain wall energy. The depolar-
ization energy contribution isDGdep=crd

4/ ld, where

c =
4pPs

2

3«11
FlnS2ld

rd

Î«11

«33
D − 1G s3d

has only a weak dependence on the domain geometry.20

The mechanism of polarization switching can be ana-
lyzed using free energy surfaces representing the domain en-
ergy as a function ofld, rd. A free energy surface calculated
for BaTiO3 ss=7 mJ/m2,Ps=0.26 C/m2,«11=2000,«33

=120d21 for the uniform fieldE=105 V/m is shown in Fig.
3sad. The free energy surface has a saddle point and the do-
main grows indefinitely once the critical size corresponding
to activation barrier for nucleationEa is reachedfcompare
with Fig. 1sadg. Minimization of Eq. s2d with respect tord

and ld allows one to estimate the critical domain size and
activation energy for nucleation, rc=5b/6a, lc
=53/2bc1/2/6a3/2, and Ea=55/2b3c1/2/108a5/2, where a
=4pPsE/3. For the parameters in the text, the activation
energy for domain nucleation isEa=2.43105 eV for lc
=16.4mm, rc=0.264mm. Thus, for relatively weak fields
corresponding to experimental coercive fields, homogeneous
domain nucleation is impossible and in typical ferroelectric
materials domain nucleation occurs on the surface or at in-
terface defects. However, the activation energy for nucle-
ation is a strong function of the field, and for the fields on the
order of 107 V/m generated by the tip of radius,100 nm at
potential of 1 V, the corresponding parameters are:Ea

=2.17 eV forlc=11.4 nm,rc=2.6 nm. The strong scaling of
Ea with bias suggests that even for relatively low tip biases
on the order of 1–10 V, the activation energy is small
enough to allow thermal fluctuations to overcome the activa-
tion barrier, resulting in ferroelectric domain formation under
the tip. Thus, domain nucleation in PFM does not require an
impurity or other nucleation center as in the uniform field

FIG. 1. sad The domain free energy as a function of lateral domain size for
a uniform field.sbd Possible scenarios for the domain free energy evolution
for tip-induced switching. Case I: switching doesn’t occursexternal field is
below the threshold valued. Case II: nonactivation type of switchingsexter-
nal field is arbitrarily larged; domain nucleates directly below the tip. Case
III: activation type of switchingsexternal field is above the threshold valued;
domain nucleation requires overcoming the activation barrierEa.

FIG. 2. sad The domain geometry during tip-induced switching andsbd
geometric parameters of the tip–surface junction.
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case. Instead, the tipper seacts as a nucleation center.
To examine this behavior quantitatively, the change in

free energy due to the presence of the tip is calculated. The
electroelastic field distribution generated by the PFM tip is
highly nonuniform and the corresponding domain free en-
ergy is

DGbulk =E
V

Dgbulksr ddV= 2pE
0

ld

dzE
0

rszd

Dgbulksr,zdr dr ,

s4d

where rszd=rd
Î1−z2/ ld

2. An initial insight into the PFM
switching phenomena can be obtained using point charge
models that are applicable if domain sizesld, rd@R, a, where
R is the tip radius anda is the contact radiusfFig. 2sbdg, and
provided that the singularity at the origin is weak enough to
ensure convergence of the integral in Eq.s4d. For ferroelec-
tric switching induced by a point chargeqs located on the
surface, the integral in Eq.s4d can be taken analytically and
DGbulk=drdld/ sld+grdd, where d=2Psqs/ s«0+Î«11«33d and
g=Î«33/«11. The free energy surface forqs=100e− is shown
in Fig. 3sbd.

The tip-induced domain switching can be compared to
the Landau theory of phase transitions, with domain size as
an order parameter. In the case of a point charge on the
surface, domain formation is a second order phase transition,
since in the vicinity of the point charge, the electrostatic field
is infinitely large and nucleation always occursfscenario II
in Fig. 1sbdg. Similar behavior is expected for a point charge
inside a ferroelectric material.

This situation changes drastically for a point charge
above, rather than on, the ferroelectric surface. In this case,
Eq. s4d can also be evaluated analytically; however, the cor-
responding closed-form solution is rather cumbersome. For a
point chargeqa located at heighth above the surface, the
field in the ferroelectric is finite and nucleation is a first order
phase transition. Free energy surfaces for several point
charge magnitudes andh=10 nm are shown in Figs.
3scd–3sed. For qa=100e−, the free energy is positive for all
ld, rd and a domain does not form, corresponding to scenario
I in Fig. 1sbd. For qa=200e− the free energy surface devel-
ops a kink. Finally, forqa=400e− the free energy minimum

corresponding to a stable domain and a saddle point corre-
sponding to the activation energy for nucleation are clearly
seen, corresponding to scenario III in Fig. 1sbd. The charac-
teristic domain size is on the order of several unit cell pa-
rameters, suggesting that the applicability of continuum
theory for the description of the nucleation step can be lim-
ited. The behavior in Fig. 3 closely resembles the free energy
surface evolution in a first-order phase transition. For large
charge magnitudes or small charge–surface separations, the
activation energy becomes small, and the free energy surface
resembles that for a point charge on the surface, correspond-
ing to scenario III in Fig. 1sbd.

III. SWITCHING IN THE WEAK INDENTATION REGIME

This analysis can be extended to spherical tip geometry
by modeling the tip by a distribution of image charges. For
the weak indentation regimescontact radiusa=0d, the field
distribution can be derived using the image charge
method.15,22,23 The charge distribution in the tip is repre-
sented by the set of image chargesQi located at distancesr i

from the center of the sphere such that

Qi+1 =
k − 1

k + 1

R

2sR+ dd − r i
Qi , s5ad

r i+1 =
R2

2sR+ dd − r i
, s5bd

where R is the tip radius,d is the tip–surface separation,
Q0=4p«0RV, r0=0, andV is the tip bias. The tip–surface
capacitance isCdsd,kdV=oi=0

` Qi and for small tip–surface
separation Cdskd=4p«0Rfsk+1d /k−1glnfsk+1d /2g.24 The
potential distribution inside the dielectric material induced
by chargeQi, at distanceR+d−r i above the surface is25

Visr,zd =
Qi

2p«0sk + 1d
1

Îr2 + sr i + z/g − d − Rd2
, s6d

whereg=Îk33/k11 andr is the radial coordinate on the sur-
face. The total potential inside the ferroelectric is

FIG. 3. The free energy surface for domain switching
in: sad a uniform field and the field produced by a point
chargesbd on the surface andscd, sdd, sed above the
surface.sfd The free energy surface for a realistic tip
shape. Plotted is the logarithm of the absolute value of
the energy in eV. Solid lines separate regions of oppo-
site signs, indicated by the plus and minus signs. Saddle
points ssd and local minimasPd are shown.
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Vicsr,zd = o
i=0

`

Vi . s7d

At points that are far from the contact area,r ,z@R, the
potential distribution is similar to that generated by a point
chargeQ=CdV on the anisotropic dielectric surface

Vicsr,zd =
CdV

2p«0sk + 1d
1

Îr2 + sz/gd2
. s8d

An approximation of a point chargeqa=CdV located at
distanceR from the surface was used in Ref. 9 to describe
the domain switching processes for a domain size larger than
the tip radius. While valid forrd, ld.R, the point-charge
approximation is no longer valid for small separations from
the contact area and a full description using Eqs.s5d ands7d
is required. The crossover from sphere-plane to the
asymptotic point charge behavior occurs at distances compa-
rable to the tip radius. Given the characteristic size of the tip
son the order of 10–200 nmd, a rigorous description of the
domain nucleation and early stages of domain growth in the
weak indentation limit necessitates the use of Eq.s7d. This is
also the case for applications such as ferroelectric domain
patterning in thin films, in which the minimal experimentally
achievable domain sizesradius,20 nmd5 is comparable to
the tip radius of the curvature.

The free energy surface calculated using Eqs.s6d ands7d
for a tip radiusR=50 nm and biasV=5 V is shown in Fig.
3sfd. Similar to the case with a point charge above the sur-
face, domain nucleation is possible only above a certain
threshold value of tip bias, corresponding to a first-order
phase transition. The bias dependence of the domain energy
fcorresponding to the minimum in Figs. 3sbd, 3sed, and 3sfdg
and the equilibrium lateral domain sizerd for BaTiO3 in a
point charge model for different charge–surface separations
sassuming the spherical tip geometryd are shown in Figs. 4sad
and 4sbd. Notably, behavior for a spherical tip resembles that
for a point charge at,1 nm separation. This indicates that
tip-induced switching cannot be adequately described by a
point charge located at the center of the curvature of the tip,
due to the concentration of image charges at the tip–surface
junction as expected for a high-k material. The effective
charge–surface separation and hence the critical nucleation
bias will be larger for materials with lower dielectric con-
stant such as LiNbO3. The domain size and energy plotted as
functions of tip chargeQtip=CdVtip are almost independent of

the effective tip radiussnot shownd, suggesting that the tip
charge is the parameter that controls the mechanism of the
switching process.

For large domain sizes,rd, ld.a, the point charge ap-
proach can also be applied in the strong indentation case,
when the capacitance of the tip–surface contact areaCca

=4k«0a is larger than that of the spherical part of the tip
Cca.Cd.

15 In this case, the contact area capacitance must be
used in Eq.s8d. In the general case of piezoelectric indenta-
tion, when both tip bias and indentation force contribute to
the tip charge through dielectric and inverse piezoelectric
coupling, the point charge model can be applied using an
effective tip charge determined through the stiffness relation
for the appropriate indenter geometryfe.g., Eq.s24d in Ref.
15 for a spherical tipg.

IV. SWITCHING IN A STRONG INDENTATION REGIME

To extend this analysis of the ferroelectric polarization
switching processes to a realistic tip geometry, including the
effect of contact areasa.0d and elastic stresssP.0d and to
describe nucleation and the early stages of domain growth,
we develop a model based on the exact solutions for the
electroelastic field structure for the strong indentation case.15

The total potential induced by the tip can be represented
as a sum of the electrostatic contribution due to the tip bias,
and the electromechanical contribution due to the load force,
and the electromechanical coupling in the material asc
=cel+cem. For tip biases on the order of several Volts and
larger typically used in the PFM experiments,cel@cem and
the electrostatic potential under the tip is

cel = −
2c0H

*

p
o
j=1

3
kj

*

g j
* sNj

*C3
* + Lj

*C4
*darcsinS a

l2j
D , s9d

where the relevant constants are defined in Ref. 15. Equation
s9d takes into account electromechanical coupling and is a
generalization of the electrostatic model for a conducting
disk on an anisotropic dielectric half-plane for the case of a
transversely isotropic piezoelectric material.

The analysis of the switching process is performed for
BaTiO3, with R=50 nm anda=3 nm, and an indentation
force of P=92 nN. To quantify the domain switching behav-
ior, the free energy density Eq.s1d is calculated using an
exact formula for the electrostatic field, while the bulk con-
tribution to the free energy Eq.s4d and the minimum of the
domain free energy as a function ofld, rd are calculated
numerically.26 The bias dependence of the domain energy

FIG. 4. The domain energysad and domain sizesbd for
a point charge on the surfacessolidd, a point charge at
3 nm sdashd, 10 nm sdash dotd and 30 nmsdotd above
the surface and for a spherical tip shapesmd as a func-
tion of the effective tip charge and tip bias. The posi-
tions 1, 2, and 3 forh=10 nm correspond to free energy
surfaces in Figs. 3scd–3sed.
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and lateral domain size is illustrated in Figs. 4sad and 4sbd,
respectively. Note that for large biases, the switching behav-
ior is well approximated by the point charge model where the
charge magnitude is now related to the indentation param-
eters by the stiffness relation

Q =
4a3C2

*

3pR
+

2ac0C4
*

p
, s10d

where C2
* =15.40 N/V m andC4

* =48.54310−9 C/mV for
BaTiO3. This is an extension of the point charge model that
takes into account the electromechanical coupling in the ma-
terial.

Tip induced switching behavior in the strong indentation
regime is qualitatively similar to that corresponding to a
point charge above a ferroelectric surface. Domains can
nucleate only above a critical voltage. For BaTiO3, this mini-
mum is calculated to beV.0.1 V, with the minimum do-
main size being,3 nm, i.e., comparable to the contact ra-
dius, in agreement with an early suggestion by Gruverman.27

Tip flattening during imaging will result in an increase of the
contact radius and hence will increase the minimum achiev-
able domain size. In contrast, for a small contact area,
switching is dominated by the field produced by the spherical
and conical parts of the tip, resulting in optimal conditions
for domain nucleation.

The applicability of the point charge model is limited to
the first-order ferroelectric and ferroelastic switching pro-
cesses. In particular, the integral in Eq.s4d converges only
for a,2, wherea describes the asymptotic behavior for
potential and strain in the formf =x−a, wherex is the dis-
tance from the tip–surface contact. For high order ferroelec-
tric switching, both electrostatic and strain fields decay as
1/x2; hencea=2 for ferrobielectric, ferrobielastic, and fer-

roelastoelectric switching and the integralfEq. s4dg does not
converge, necessitating the exact structure of the field to be
taken into account.

To extend this analysis to ferroelectroelastic switching
described by the second term in Eq.s1d, the stress distribu-
tion inside the material is found as a solution of the mechani-
cal indentation problem:

szz=
4H*

pR
o
j=1

3

a j
*sNj

*C1
* + Lj

*C2
*d

3 bzj arcsinS l1j

r
D − sa2 − l1j

2 d1/2c, s11d

where the constants are defined in Ref. 15. The free energy
density for the ferroelectroelastic switching processDgbulk

=−2d33Ezszz is calculated numerically from Eqs.s9d and
s11d. Similarly to ferroelectric switching, the domain energy
is calculated by Eq.s4d and numerical minimization yields
domain size and energy.

The calculated bias dependence of the domain energy
and the equilibrium lateral domain size for ferroelectroelastic
switching are shown in Figs. 5sad and 5sbd, respectively.
Similarly to ferroelectric switching, domain nucleation oc-
curs only above a critical bias. At the same time, the domain
size is a much weaker function of the bias, reflecting a faster
decay of the electroelastic fields, as the distance from the
tip–surface junction increases.

Examples of the ferroelectroelastic switching in PFM are
illustrated in experiments using a single crystal of lithium
niobatesLNd and also a thin film of PZT in Fig. 6. In these
experiments, a single voltage pulse was applied via the tip to
a ferroelectric sampleswith the tip held under a controlled

FIG. 5. The domain energysad and lateral domain size
sbd as a function of effective tip charge and tip bias for
a point chargessolidd, ferroelectric switchingsjd and
ferroelectroelastic switchingsmd for BaTiO3, with R
=50 nm anda=3 nm, and an indentation force ofP
=92 nN.

FIG. 6. Examples of ferroelectroelastic domain switch-
ing in: sad a lithium niobate single crystal andsbd a PZT
thin film. Tip bias is −200 V insad and −6 V in sbd.
Domains generated as a result of ferroelectric and fer-
roelectroelastic switchingsdark and bright regions, re-
spectivelyd exhibit dramatically different sizes.
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loading forced followed by imaging of the resulting domain
structure by PFM. In both images, a dark region corresponds
to a ferroelectrically switched domain. In addition, an in-
verse domainswith polarization opposite to the applied fieldd
can be seen as a white spot in the center of the larger dark
region. This bright region is a domain generated due to fer-
roelectroelastic switching as a result of combined action of
mechanical stress and electric field.13 Note that the ferroelec-
troelastically switched domains are significantly smaller than
ferroelectric domains, in agreement with predictions in Fig.
5sbd. The fact that the ferroelectroelastic switching has been
observed in such different systems as perovskite thin film
sPZTd and uniaxial single crystalsLNd infers a universal na-
ture of this phenomenon.

V. SUMMARY

To summarize, the tip-induced nanoscale ferroelectric
switching in the weak and strong indentation limits is ana-
lyzed using exact closed form solutions for the electroelastic
fields. It is shown that domain nucleation can be described in
terms of the Landau theory of phase transitions, where do-
main size is an order parameter and the applied bias plays the
role of temperature. For a point charge on the surface or
inside the ferroelectric, ferroelectric nucleation can be con-
sidered as a second order phase transition, while for a charge
above the surface and for a realistic tip shape, the switching
is of first order. In ferroelectric switching, the domain size is
independent of the contact area and is determined solely by
the tip charge or force. In contrast, in the high order ferro-
electroelastic switching, the tip–surface contact contribution
to the domain free energy dominates due to the much higher
decay rate of the product of electrostatic and elastic fields.
Similarly, domain nucleation and early stages of domain
growth are sensitive to the exact structure of the electroelas-
tic fields inside the material, necessitating further analysis of
these phenomena for high density ferroelectric applications.
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