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Domain-wall dynamics in ferroic materials underpins functionality of data storage and information technol-
ogy devices. Using localized electric field of a scanning probe microscopy tip, we experimentally demonstrate
a surprisingly rich range of polarization reversal behaviors in the vicinity of the initially flat 180° ferroelectric
domain wall. The nucleation bias is found to increase by an order of magnitude from a two-dimensional �2D�
nucleus at the wall to three-dimensional nucleus in the bulk. The wall is thus significantly ferroelectrically
softer than the bulk. The wall profoundly affects switching on length scales on the order of micrometers. The
mechanism of correlated switching is analyzed using analytical theory and phase-field modeling. The long-
range effect is ascribed to wall bending under the influence of a tip with bias that is well below the bulk
nucleation level at large distances from the wall. These studies provide an experimental link between the
macroscopic and mesoscopic physics of domain walls in ferroelectrics and atomistic models of 2D nucleation.
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I. INTRODUCTION

Dynamics of interfaces and their interaction with micro-
structure and defects is the key element determining func-
tionality of ferroelectric and ferromagnetic materials,1 elec-
trochemical systems,2–4 and phase transformations.5

Interface dynamics controls the switching speed, critical
bias, and retention in ferroic6 and phase change memories,
energy storage density in batteries and capacitors, and micro-
structure and properties of materials.7 This recognition of the
role of interface behavior in materials science and energy
and information technologies has stimulated an intensive ef-
fort on understanding the relationship between electronic,
atomic, and mesoscopic structures and dynamic behavior of
the interface.

Domain-walls separating regions with opposite ferroelec-
tric polarization are the prototypical example of interfaces in
ferroic materials and have been extensively studied over the
last 60 years.8 The narrow width of the 180° wall necessi-
tates the formation of the two-dimensional �2D� nuclei as a
rate-limiting step in wall motion and results in strong lattice
and defect pinning.9 Notably, similar motion mechanisms op-
erate at phase transformation and solid-state reaction fronts
and other high-energy interfaces. On the mesoscopic scale,
wall-defect interactions give rise to a rich spectrum of dy-
namic behaviors1,10 reflected in the complex self-affine wall
geometries observed down to �10–30 nm length scales.11,12

The synergy between electron and scanning probe mi-
croscopies has allowed comprehensive understanding of the

static domain-wall structures at atomic and mesoscopic
scales.13–15 Switching of ferroelectric domains generated in
the two limits of extremely large fields applied far away from
the domain wall �i.e., bulk switching through nucleation� or
smaller fields applied at the domain wall �i.e., field-induced
domain-wall motion� have been investigated in previous
work and are likewise now well understood.1 In the interme-
diate region, a number of observations,16–18 including the
correlated nucleation at the moving domain-wall front,19,20

suggest that the walls can strongly affect the properties of
adjacent material due to long-range electrostatic and elastic
fields. Nevertheless, fundamental questions, such as whether
the nucleation energy of a 2D nucleus21 on the wall can be
measured directly, and especially the effect of the wall on the
nucleation in the vicinity of the wall22 have never been an-
swered experimentally.

Here, we report on experimental studies of the nucleation
behavior of ferroelectric domains using the spatially local-
ized electric field of a biased scanning probe microscopy
�SPM� tip. This allows us to directly measure the intrinsic
critical voltage for the formation of 2D nucleus at the
wall23,24 as well as to reveal the influence of the wall on the
nucleation in the bulk. Surprisingly, we find that nuclei
formed in the bulk interact with the domain wall even at
extremely large micron-scale range, significantly lowering
the barriers for domain nucleation. These finding have obvi-
ous implications for dynamics of polycrystalline ferroelec-
trics, and similar mechanisms can be operational in other
systems with high-energy interfaces, including electrochemi-
cal systems and solid-solid transformations.
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II. SWITCHING SPECTROSCOPY PFM OF A
FERROELECTRIC WALL

Here we study local dynamic behavior of ferroelectric do-
main wall using spatially localized electric field of a biased
scanning probe microscopy tip. The application of the local
field to the wall results in the local wall displacement and
associated change in electromechanical response of the sur-
face is detected as piezoresponse force microscopy �PFM�
signal. This approach allows probing intrinsic �as opposed to
extended defect-controlled� polarization dynamics since the
number of defects within the probing volume is necessarily
small. The spatial extent and strength of the electric field
acting on the wall can be controlled in a broad range by
varying tip-wall separation and tip bias.

Near stoichiometric �NS� crystal of z-cut lithium niobate
�LN�, 900 nm thick was used for this study. Indium tin oxide
�ITO� electrode was deposited on a +z surface by magnetron
sputtering to establish the bottom electrode. The NSLN
sample was mounted with its −z surface upward on the 0.5-
mm-thick congruent lithium niobate substrate using organic
adhesive. Conductive silver paste was used to establish elec-
trical contact with the bottom ITO electrode. To create the
ferroelectric domain wall, the polarization in LN single crys-
tal was reversed by the application of a high �44–66 V� bias
pulse to the SPM tip, resulting in a macroscopic ��2 �m�
domain of a characteristic hexagonal shape as shown in Fig.
1�a�. The effective tip radius was calibrated from the ob-
served wall width and the bulk nucleation potential, as de-
scribed in Sec. III A

To address nanoscale polarization switching dynamics in
the presence of domain wall, we utilize switching spectros-
copy PFM �SS-PFM�.25 SS-PFM is implemented on a com-
mercial SPM system �Asylum MFP-3D� equipped with ex-

ternal data-acquisition electronics based on NI-6115 fast
DAQ card to generate the probing signal and store local hys-
teresis loops and correlate them with surface topography.25 In
SS-PFM, the tip approaches the surface of the sample verti-
cally, with the deflection signal being used as the feedback,
until the deflection set point is achieved. Once the tip-surface
contact at the predefined indentation force is established, the
piezomotion is stopped and a hysteresis loop is acquired.
During the acquisition of a hysteresis loop in SS-PFM, the
tip is fixed at a given location on the surface of the sample
and the wave form Vtip=Vdc+Vac cos �t is applied to the tip.
Here, Vac is the amplitude of the PFM driving signal and the
corresponding frequency is typically in the 200–500 kHz
range. The probing signal Vdc is the dc bias applied to the tip
formed by the triangular wave �0.1–1 Hz� modulated by
square wave ��100 Hz� to yield on-field and off-field
responses.25 Application of sufficiently high dc bias results in
the nucleation and subsequent growth of domains of opposite
polarity below the tip with a concurrent change of the PFM
signal from PR �initial state� to −PR �switched state�. The
resulting PR dependence of dc bias contains information on
polarization dynamics, including wall motion, domain nucle-
ation and growth below the tip. In SS-PFM, the hysteresis
loops are acquired at each point in an M �N grid that is
further analyzed to yield 2D maps of polarization switching
parameters such as work of switching, imprint, coercive and
nucleation biases, etc.

Here, the local electromechanical hysteresis loops are ac-
quired over densely spaced �10 nm� grid of points �60
�60 pixels� and analyzed to produce 2D maps of switching
parameters. To ensure the reversibility of tip-induced wall
displacement, the PFM images were acquired before and af-
ter the SS-PFM mapping. While the domain wall shifts on
average, the length traveled ��1 pixel per line scan in the
image and �30 pixels total per image� is small compared to
the total number of measurement points �3600�. Thus, the
wall dynamics is almost reversible. The measurements are
performed as a function of bias window �i.e., maximal bias
during the hysteresis loop acquisition� to decouple the bias
and distance effects on wall dynamics. The scan size was
adjusted for large bias windows.

The three-dimensional �3D� data sets and 2D SS-PFM
maps contain the information on the domain nucleation in
the presence of the wall. The averaged piezoelectric response
image in Fig. 1�b� shows dark and bright regions with no
switching �that correspond to the original domains� and the
region of intermediate contrast. The examination of the hys-
teresis loops illustrates that the loops are closed in the bright
and dark regions and are open in the region of intermediate
contrast. The bright regions in Fig. 1�d� shows that in the
vicinity of the domain wall the work of switching �WoS�
�i.e., area under the loop� is nonzero and the hysteresis loops
are open even below the threshold bias for bulk nucleation.
The bright region is quite large, indicating that the presence
of the domain wall has a strong influence on polarization
dynamics even at relatively long ranges.

Analysis of the SS-PFM data as a function of bias win-
dow �the maximum amplitude of dc bias applied to the
probe� quantifies the dependence of the switching behavior
as a function of probe from the domain wall. The dynamic
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FIG. 1. �Color online� �a� Mixed piezoresponse force micros-
copy images of the domain structure before and the SS-PFM scan
with �5.0 V voltage window. Panels �b�, �c� and �d� represent area
under the central square in �a�. Note that while domain wall moved
during the experiment, the high veracity of SS-PFM map indicates
that no significant wall rearrangement was happening during single
pixel or scan line acquisition. �b� The piezoresponse, �c� imprint
and �d� work of switching SS-PFM map in the domain wall region.
��e�–�h�� Hysteresis loops from selected locations.
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evolution of the initial response, imprint �i.e., lateral shift of
hysteresis loop along the voltage axis�, and WoS are shown
in Fig. 2. For small bias windows ��3 V�, the hysteresis
loops are closed, WoS is zero, and the initial response map is
similar to the PFM image. For bias window �3 V, the in-
termediate contrast region in the initial response image and
the white feature in the work of switching image emerge,
indicating the onset of domain-wall mobility. As the bias is
increased, these features slowly extend into the region far
away from the original domain wall. Surprisingly the bound-
ary between the switching and nonswitching regions extends
as far as 1 �m for voltages of 15–25 V. While larger than
the 3 V required for nucleation at the domain wall, these are
still significantly smaller than the large bias value ��28 V�
for which the SS-PFM contrast disappears and bulk nucle-
ation is observed everywhere along the surface.

In this intermediate voltage regime, the phase does not
show �180° hysteresis at all points. Note that if the ampli-
tude shows a hysteresis behavior but the phase does not
show a hysteresis behavior �no 180° switching�, the work of
switching will still show a high value �because WoS only
reflects the mixed piezoresponse�. To determine the bulk
nucleation field, a point far from domain wall �at least about
5 �m� was chosen and bias voltage was applied incremen-
tally, starting from low values �5 V. It was only at about
28–32 V that switching behavior with 180° shift in the pi-
ezoresponse phase hysteresis was observed. Hence, the bulk
nucleation was considered to be �28 V at a switching fre-
quency of �1 Hz �inverse loop acquisition time� and detec-
tion frequency of 320 kHz.

Examination of the imprint image reveals an additional
difference between the traditional switching through a 2D
nucleus on the domain wall and the nucleation mechanism
responsible for the nucleation far away from the domain wall
at intermediate voltages. The imprint images exhibit a com-
plex structure with imprint almost zero at the wall and form-
ing strong maximum and minimum at the boundaries of the
affected region. This behavior is indicative of the strong

asymmetry of the hysteresis loop for tip positions to the left
and to the right of the domain wall, as can be directly veri-
fied by the examination of the loop shape from individual
locations �Fig. 3�. The dynamic regimes observed as a func-
tion of probe-wall separation and bias window are summa-
rized in Fig. 3, delineating the regions of no switching, bulk
switching, and wall-mediated switching.

Interestingly, the transition lines in Fig. 3 between no
switching and asymmetric switching and between asymmet-
ric and symmetric switching can be classified within the
framework of standard theory of phase transitions. Defining
a dynamic order parameter �=��PR+�V�− PR−�V��dV, i.e.,
area under the loop, it is clear that the transition between the
no-switching and switching regime is second order �Fig. 4�.
Similarly, the transition between wall-mediated and bulk
switching regimes is first order for order parameter defined
as 	=��PR+�V�+ PR−�V��dV, i.e., the average signal.

These experimental studies point at two nontrivial find-
ings regarding the mesoscopic physics of ferroelectric do-
main wall as explored by SS-PFM. The observations of the
minimal tip bias for the domain-wall displacement suggest
that the critical bias corresponding to the formation of 2D
Miller-Winreich �MW� nucleus is measured directly. We also
find that in addition to the standard nucleation mechanisms
�formation of the 2D nuclei on the domain wall and bulk
nucleation�, interaction between the wall and the domain

FIG. 2. �Color online� Evolution of the wall dynamics as a func-
tion of bias window. Shown are �a� piezoresponse, �b� work of
switching, and �c� imprint SS-PFM maps. The images are corrected
�aliasing� to compensate for wall creep during measurements.
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FIG. 3. �Color online� Switching phase diagram showing polar-
ization dynamics as a function of bias window and tip-wall separa-
tion. Shown are the regions of no switching, wall-mediated switch-
ing with asymmetric loops and symmetric loops �region near x=0�,
and bulk nucleation. Red lines correspond to first-order phase tran-
sitions across which the switching loops change discontinuously
from open to closed. Blue lines correspond to second-order phase
transitions from symmetric to asymmetric switching loops. Blue
dotted line marks a continuous transition between wall-mediated
and bulk responses. The threshold bias for polarization reversal at
the wall is Vi

� and in the bulk is Vb. Shown below are experimental
PFM hysteresis loops or a bias window of �14 V at x=−220,
−140, 0, +80, and +120 nm.
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nucleus gives rise to a previously unexamined pathway for
ferroelectric domain nucleation and switching manifested as
an unexpectedly long-range �micron scale� effect of the wall
on the domain nucleation bias and loop shape. The nucle-
ation mechanism is analyzed in Sec. III using combination of
first-principles, atomistic phase field, and analytical theory.
The origins of long-range domain-wall effect on nucleation
bias are explored in Sec. IV using combination of analytical
theory and phase-field modeling.

III. 2D NUCLEATION AT DOMAIN WALLS

To get insight into the mechanism of 2D nucleation at the
domain wall, we utilize the first-principles density-functional
theory �DFT� to obtain estimates of domain-wall energy and
the height of the Peierls barrier. This data is combined with
the atomistic phase-field model to yield the estimate of
nucleation bias and these estimates are further compared
with Miller-Weinreich21 and Burtsev-Chervonobrodov23

�BC� semiclassical models for 2D nucleation.

A. Tip parameters estimation

Comparison between the two extremes of bulk nucleation
and nucleation at the wall allows us to directly evaluate the
activation energy of the 2D nucleus. Bulk nucleation takes
place only at the high values of bias ��28 V�. Here, the
applied electric field destabilizes one of the possible polar-
ization orientations, transforming the potential-energy sur-
face from the ferroelectric double well to a single well, cor-
responding to the intrinsic switching in the tip-induced
field.26,27 The energy and the electric field required to do this
can be estimated from the Landau theory parameters for
LiNbO3 �LNO�.

The potential distribution induced by the probe, Ve�x ,y�,
was approximated as Ve�x ,y ,d�	Vd /
x2+y2+d2, where V
is the applied bias and d is the effective probe size.28 Then
we identify the effective size of the tip d=86 nm from bulk
nucleation bias Vc=28 V using d=Vc


27
�11�0 /2�2, where
�=−1.95�109 m /F and 
=3.61�109 m5 / �C2 F� are ex-
pansion coefficients of Landau-Ginzburg-Devonshire �LGD�
free energy on polarization powers for the second-order
uniaxial ferroelectrics, �0 is the universal dielectric constant,
�11=84 is the component of the dielectric permittivity trans-
verse to the polarization direction. �see Ref. 22 and Appendix
A in the supplementary material44�.

Note, that in the experiments performed in the ambient
conditions �humidity�40%�, the bias is applied between the
tip apex placed in electric contact with the ferroelectric sur-
face and the bottom electrode. In such a case, a water me-
niscus appears between the tip apex and the sample
surface.29,30 The meniscus could effectively provide a wider
electric contact and prevent the corona discharge appeared
for the fields strength E	V / �
d� more than the dielectric
strength of air �3 MV/m�. Allowing for the meniscus appear-
ance and other reasons28 the effective tip size d determined
from the calibration as 86 nm may be noticeably different
from the “nominal” tip apex curvature ��10–25 nm�.

On the other hand, the water layer below the tip may act
as the electrolyte layer with finite mobility that provides the
effective screening of the polarization charges outside the
sample during the tip-induced polarization reversal. The sur-
face screening charges influence on the polarization switch-
ing kinetics everywhere at the surface. A rather complex the-
oretical description of the effect is far beyond the scope of
the present study. Some model cases have been studied
previously.28 Based on these results we expect that the con-
dition of the given potential drop Ve�x ,y ,d�
	Vd /
x2+y2+d2 may be imposed at the surface z=0 to ad-
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FIG. 4. �Color online� Order-
parameters profiles across 180°
domain wall in lithium niobate, as
the tip sweeps across the domain
wall in SS-PFM experiment. �a�
Work of switching �total area un-
der the hysteresis loop�, �b� aver-
age PFM signal �average of all
data points on a hysteresis loop�,
�c� imprint �horizontal offset of the
hysteresis loops, along the voltage
axis�, and �d� vertical offset of the
hysteresis loops �along the piezo-
response axis�. The legend shown
to the right applies to �a�, �b�, �c�,
and �d�.
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equately represent the field exerted by the biased tip.
For tip positioned directly at the domain wall, the appli-

cation of the bias results in wall bending with an associated
change in the electromechanical response. Due to the pres-
ence of lattice pinning, the formation of a 2D Miller-
Weinreich nucleus as the elementary step of wall motion
requires a finite probe bias to be applied to the tip, and re-
sults in the opening of the hysteresis loop. This behavior is
directly observed in Fig. 3, where the potential Vi=3 V cor-
responds to wall unpinning from the lattice, or, equivalently,
to formation of a nucleus at the wall.

B. Domain-wall energetics

We performed the calculations of the domain-wall
energy31 for the domain wall lying at the cation plane and
between the anion planes, using both DFT calculations and
atomic-level methods with the empirical potential by Jackson
et al.32 DFT method is known to be more accurate than em-
pirical method but computationally expensive. DFT calcula-
tion yields a Y-wall energy of 160 mJ /m2 when the center of
Y wall is between two anion planes �see Fig. 5�. For the Y
wall at the cation plane, the maximum domain wall energy of
285 mJ /m2. Assuming that this is the maximum in energy,
these calculations yield a Peierls barrier to wall motion of
125 mJ /m2. The corresponding analysis using the empirical
potential yield an energy of 230 mJ /m2 with the Y-wall cen-
ter lying between anion planes and 485 mJ /m2 with the cen-
ter of Y wall at the cation plane. Thus the �presumably less
reliable� empirical study yields a Peierls barrier of
255 mJ /m2, which is twice larger value than DFT study. The
fit of polarization profile to hyperbolic tangent function de-
rived from LGD theory estimates the domain-wall width of
2.12 Å. The lattice periodicity along the Y wall is 2.58 Å.
Thus, the ratio between domain-wall width � and the lattice
periodicity d, � /d of 0.82, potentially yielding a high Peierls
potential.

C. Atomic-level phase-field modeling

The quantitative description of the 2D nucleation process
at the domain wall is achieved using recently developed dif-
fuse nucleus model. Here, the polarization profile around the
nucleus on the domain wall is given by a generalized form of
the well-known polarization profile for the 180° domain
wall,

Pz�x,y,z� 	 2Psf
−�x,lx,�x�f−�y,ly,�y�f−�z,lz,�z�

+ Pz
180�x − lx/2,y,z� , �1�

where 2f��a ,b ,g�=tanh��2a+b� /g�� tanh��2a−b� /g�, lk
corresponds to the length of the nucleus to the k direction,
and �k corresponds to the diffuseness to the k direction. The
Pz

180�x− lx /2,y ,z� term corresponds to the polarization pro-
file of the initial flat domain wall.

The free-energy change �U of a nucleus due to the exter-
nal field E acting on the 180° domain wall is a sum of the
local energy, gradient energy, and field-polarization terms
and is given by �U=�Uv+�Ui, where

�Uv = − E�
−�

� �
−�

� �
−�

�

dxdydz�Pz�x,y,z� − Pz
180�x,y,z��

�2�

and

�Ui = �
−�

�

�
−�

�

�
−�

�

dxdydz�
gx� �Pz

�x
�2

+ gy� �Pz

�y
�2

+ gz� �Pz

�z
�2

+ Uloc�Pz�� −

gx� �Pz
180

�x
�2

+ Uloc�Pz
180���� . �3�

The subscripts v and i refer to volume and interface, respec-
tively. The local contribution is Uloc�p�=Aloc�1− �p / ps�2�2,
where Aloc is the ferroelectric well depth at 0 K and gx and gz
parametrize the energy cost of longitudinal and transverse
polarization changes. The contribution of the depolarization
energy is ignored as it is negligible for a small nucleus.21

Therefore, parameters Aloc�T�, gx, gz, and Ps�T� are necessary
to evaluate the energy of the critical nucleus.

The temperature dependence of Aloc�T� is obtained from
the DFT Aloc at 0 K and the ratio of the experimental Ps at
finite temperature and at 0 K. For LiNbO3, the 0 K DFT
polarization is �0.8 C /m2 �Ref. 33�. The gx parameter is
proportional to the square root of ��100 / Ps�2 /Aloc, where �w
is the 180° domain-wall energy and Ps is the 0 K polarization
�see Eq. �16� in supplementary material44 for Ref. 24�. To

FIG. 5. �Color online� Energies of Y walls at the cation plane
and between anion planes. The equilibrium position is determined
as the center between two anion planes. The curves are guides to the
eye.
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evaluate gx, we used the DFT value of the LiNbO3 180°
domain-wall energy �w=0.160 J /m2 and Aloc=0.25 eV
�Ref. 34�. This results in gx value of 9.9�10−12 m3 /F. To
estimate the gz gradient parameter, we use the LiNbO3 gx
value and the ratio between gz and gx �gz /gx=1.7� previously
found for PbTiO3. The gz parameter is then equal to 1.68
�10−11 m3 /F.

Using the electric field strength, estimated as 5
�107 V /m from the expression E	V / �
d� at d=86 nm,
dielectric anisotropy factor 
=0.24 and experimentally ob-
served voltage of 3 V at the domain wall and solving numeri-
cally for the polarization profile with minimum energy at
different lk and �k, we obtain that ly �12 Å, lz�20 Å, �y
�4 Å, �z�6 Å and a critical nucleus energy of 0.17 eV or
about 7kBT, sufficient for almost instantaneous nucleation.
Although there are several sources of uncertainty in the cal-
culation of the critical nucleus energy, such as the variation
in the values of Aloc and room temperature Ps �e.g., see Ref.
35�, these will not change the value of the critical nucleus
energy by a large enough amount to make the nucleation
time longer or comparable to the experimental, approxi-
mately millisecond, time scale. This suggests that the activa-
tion barrier for 2D nucleation at the wall is controlled by the
thermally activated process.

D. Semiclassical models for 2D nucleation

The atomistic model in Sec. III C estimates the activation
barrier for 2D domain nucleation as 0.17 eV, if the depolar-
ization field effects are ignored. In this section, we analyze
the effects of depolarization contributions on the 2D nucle-
ation using extensions of MW and BC models. We note that
MW considered the lattice discreteness in very oversimpli-
fied model and do not take the possibility of the wall bending
into account. Furthermore, the wall is regarded infinitely
thin. In contrast to MW smooth BC �Ref. 23� approach con-
sidered much more realistic model with continuous lattice
potential and diffuse domain walls, at that the nucleus shape
and domain-wall width are calculated self-consistently.

For the MW model, the activation energy for 2D rigid
nucleus formation in the electric field of a biased PFM tip
averaged over the nucleus volume is given by

Fa
MW��w,V,x0� =

8

3
3

ln� ��w��

2cPsd
2V
� �c��w��3

��0�11

�

d2V
, �4�

where �w is the domain-wall energy, parameter �
=
�
d2+x0

2�3 originated from the averaging of the tip electric
field,

E3 =
V�d + z/
�d


��d + z/
�2 + �2�3/2 �5�

over the nucleus volume ��=
x2+y2�, c is the lattice con-
stant, 
=
�33 /�11 is the dielectric anisotropy factor, x0 is the
distance between the tip apex and the wall �see Appendix B
in the supplementary material44 for details�. The LiNbO3 ma-
terials parameters are c=0.5 nm, Ps=0.75 C /m2, �11=84,
and �33=30. The domain-wall energy ��w�=�min+�� /2 was
calculated using density-functional theory as �w�x�	�min

+�� sin2���x−x0� /c�, where �min=0.160 J /m2 and periodic
lattice potential ��=0.125 J /m2.31 The activation barrier
calculated using Eq. �1� for applied voltage of 3 V and d
=86 nm is significantly larger than 50kBT. The expected ob-
servation time t= t0 exp�−Fa /kBT��108 s at phonon times
t0=10−12 s, which is too high to account for reasonable ex-
perimental time. We estimate that according to MW model
an applied voltage of 16–21 V would be required to unpin
the domain wall from the lattice at x0=0 �see Table I in
Appendix B in the supplementary material44�.

Using BC approach we obtained the barrier directly at the
wall �x0=0�,

Fa
BC��w,V,x0 = 0� =
ln�
d
�min��

2cPsV
� �c
�min���3

4��0�11


d

V
.

�6�

Let us underline the following distinctions between MW and
expression �6�: �1� replacement of ��w�=�min+�� /2 with

�min��, where �min is the minimal value of potential and
�� is the modulation depth. �2� Due to the domain-wall dif-
fuseness, a subcritical nucleus has a very smooth shape and
factor 16
3 /9	3.2 disappears.

Equation �2� yields nucleation potential of 3.6 V for ob-
servation time �10 ms �corresponding to barrier 25kBT� and
10.5 V for instant nucleation �corresponding to barrier of
1kBT�. Note that these estimates are very close to that of the
atomistic model, with primary uncertainly related to numeri-
cal values of LNO parameters and the contribution of depo-
larization field of the nucleus, and are fully consistent with
experimental observations.

IV. LONG-RANGE MESOSCOPIC DYNAMICS AT THE
FERROELECTRIC WALL

The examination of the diagram in Fig. 3 illustrates the
presence of the long-range interactions in the system exhib-
ited as long-range effects of preexisting domain wall on
nucleation bias and hysteresis loop shape. The nucleation
bias is reduced by �10% compared to bulk values at dis-
tances as large as �2–3 �m, which is �30 larger then tip
radius estimated from either spatial resolution or bulk nucle-
ation bias. To get insight into origins of this behavior, we
perform the extensive phase-field modeling of switching pro-
cess, and develop an analytical long-range interaction model.

A. Phase field modeling of long-range interaction effects

The mesoscale mechanism of polarization switching in
LiNbO3 under PFM tip is further modeled using the phase-
field approach36 in which the ferroelectric domain is de-
scribed by the spatial distribution of the polarization vector
P� �x�. The temporal evolution of polarization P� �x� is obtained
by solving the time-dependent Ginzburg-Landau equation,

�Pi�x,t�
�t

= − L
�F

�Pi�x,t�
�i = 1,2,3� , �7�

where L is the kinetic coefficient associated with domain-
wall mobility and F is the free-energy functional. The free
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energy functional includes bulk, domain wall, elastic, and
electrostatic energies as F=�V�fbulk+ fgrad+ felas+ felec�dV.

For LNO, the bulk free energy fbulk is described by the
Landau polynomial expansion as follows:

fbulk = �1P3
2 + �11P3

4 + �2�P1
2 + P2

2� , �8�

where �1=−1.0�109 C−2 m2 N, �11=0.9025
�109 C−4 m6 N, and �2=0.9725�109 C−2 m2 N at room
temperature. The gradient energy density fgrad is nonzero at
the domain walls and is described by

fgrad =
1

2
G11�P1,1

2 + P1,2
2 + P2,1

2 + P2,2
2 + P3,1

2 + P3,2
2 �

+
1

2
G22�P1,3

2 + P2,3
2 + P3,3

2 � , �9�

where Pi,j =
�Pi

�xj
, G11=G22=0.4G0, G0=�0��x�2, �0=−�1, and

�x is the grid size of the simulation box. The elastic energy
felas arises from the electrostrictive strains,

felast =
1

2
Cijkl�eij − eij

o ��ekl − ekl
o � , �10�

where Cijkl is the elastic stiffness tensor, eij is the total strain,
and eij

o =QijklPkPl with Qijkl representing the electrostrictive
coefficients. The nonzero elastic stiffness and electrostrictive
coefficients in the Voigt’s notation are C11=1.99
�1011 N m−2, C12=0.55�1011 N m−2, C44=0.6
�1011 N m−2, Q11=0.016 C−2 m4, Q12=−0.003 C−2 m4,
and Q44=0.019 C−2 m4. The elastic solution, eij, is obtained
by solving the elasticity equation, Cijkl� j��ekl−ekl

o ��=0 using
a combination37 of Khachaturyan theory of elasticity38,39 and
Stroh’s algorithm.40

Finally, the electrostatic energy density of an inhomoge-
neous polarization distribution under an applied electric
field, Ei

ex, is felec=− 1
2EiPi−Ei

exPi, where Ei is the electrical
field generated by the inhomogeneous polarization that does
not include the external field contribution. The first term is
the electrostatic energy of an inhomogeneous polarization
distribution and the second term is the coupling energy be-
tween the external field and polarization distribution. In
terms of total electric field, Ei, which includes both the elec-
tric field due to polarization inhomogeneity and the external
field, the corresponding energy component is felec=
−1 /2�ij

b �oEiEj −EiPi, �ij
b is the relative background permittiv-

ity ��7–10� �Ref. 41� and �o=8.85�10−12 F m−1 is the di-
electric permittivity of vacuum. The electric field is obtained
by solving the Poisson equation for the electric potential,
−�ij

b �o�i� j�=−�iPi, using a similar method to the elasticity
solution.42

Equation �7� is solved using the Fourier spectral method
on a 128�x�128�x�64�x domain with periodic boundary
conditions along x1 and x2 axes. The film thickness is hf
=56�x. The critical bulk nucleation potential is obtained by
gradually increasing the potential �0 at the tip in steps of
0.05 V until a new domain is observed.

The switching diagram of the tip bias voltage required for
switching �i.e., for observing open PFM loops� as a function
of the distance from the wall, determined from phase-field

simulations, is shown in Fig. 6. The circles in the figure are
estimated using phase-field simulations. The open circles
represent the open loops and the closed loops are indicated
by filled circles. The distances and the bias window voltage
values are calibrated using experimental data. Also shown in
the dotted line is an approximate fit to the experimental data
points from Fig. 3. A series of typical polarizations hysteresis
loops at different tip positions for a fixed bias voltage of 16
V are shown in Fig. 6�b�. Note the excellent agreement be-
tween the experimental and theoretical switching diagrams.
Here, we focus our comparison on two specific aspects of
this diagram, namely, �1� the switching threshold bias at the
domain wall versus away from the wall and �2� the long-
range influence of the wall up to several micrometers.

Interestingly, the phase-field modeling suggests the pres-
ence of a threshold field for domain-wall motion, despite the
fact that the lattice-level pinning is not included explicitly.
The threshold bias using phase-field modeling is finite and
the magnitude of this bias depends on the number of time
steps for which the system was relaxed under a bias field. In
general for a shorter period of relaxation, kinetic effects are
still dominant and the bias threshold at the wall is higher. For
example, for �100 time steps, the bias threshold is �3 V,
close to experimental results. For long relaxation times, the
system approaches a steady-state threshold of �0.3 V. The
same value of steady-state threshold bias was also observed
for a simulation of the wall system under a uniform electric
field instead of a biased tip and likely represents the effects
of the spatial discretization grid in the phase-field model.
Overall, this suggests that experimentally observed 3 V
threshold corresponds to the formation of 2D nucleus con-
trolled by the lattice periodicity effects.

The long range influence of the wall can be understood by
tracking the domain-wall evolution with time around a hys-
teresis loop, as shown in Fig. 7. For tip biases below the bulk
nucleation bias of 28 V, the switching mechanism is pre-
dominantly governed by the attraction and repulsion of the
wall due to the nearby tip. An opening in the polarization
loop is observed when the wall bends and crosses past the
region under the tip, and retraces back under a reverse bias.
The asymmetry in the polarization loop arises from this fact
in which the loop opening occurs only for the bias that bends
the wall toward the tip.

B. Analytical studies

To decipher the origins of long-range wall-tip interac-
tions, we analyze the mesoscopic mechanism of polarization
switching in the presence of an initially flat 180° domain
wall and in the absence of the lattice pinning. The dynamics
of the polarization field, P3, is described by the Landau-
Ginzburg-Devonshire-Khalatnikov relaxation equation,

− �
d

dt
P3 = �P3 + 
P3

3 − �� �2P3

�z2 +
�2P3

�x2 +
�2P3

�y2 � − E3,

�11�

where � is the Khalatnikov coefficient, ��0 in ferroelectric
phase, the gradient term ��0, expansion coefficient 
�0
for the second-order phase transitions considered hereinafter.
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The polarization boundary conditions are P3−�� P3 /�z=0 at
the surface.

Electric field E3�x ,y ,z�=−�� /�z, where the electrostatic
potential distribution, ��r�, in ferroelectric is coupled with
polarization as

�0�33
b �2�

�z2 + �0�11� �2�

�x2 +
�2�

�y2� =
�P3

�z
, �12�

where �33
b �10 is the dielectric permittivity of background

state41 and �0 is the universal dielectric constant. �11 and
�33��33

b are dielectric permittivity values perpendicular and
along polar axis z. The potential distribution induced by the
probe yields boundary conditions ��� ,z=0�=V�t�d /
�2+d2,
where V is the applied bias and d is the effective probe size,
hereinafter �=
x2+y2.

Allowing for the superposition principle, the electric field
that satisfy Eq. �5� is the sum E3�x ,y ,z�=E3

e�x ,y ,z�
+E3

d�x ,y ,z�, where E3
e�x ,y ,z� is the probe field inside the

sample and E3
d�x ,y ,z� is the depolarization field created by

the curved domain wall.43 Expressions for the fields are
listed in Appendix A of the supplementary material.44 Note
that ferroelectric cubic nonlinearity ��
P3

3� and the order-
parameter spatial dispersion �polarization gradient� deter-
mine only the short-range correlation effects between the do-
main nucleus and the wall, which dominate at distances
�x0��d. However the Coulombic electric field is mainly re-
sponsible for the long-range interaction between the slightly
curved domain walls and the probe-induced domain nucleus
located even far enough �i.e., at �x0��d� from the walls. Ac-
tually, the power decay of Coulombic field possibly results in
correlated switching at distances more than 100 nm.

Using direct variational method for polarization redistri-
bution P3�x ,y ,z , t�	 P0�x�+ PV�t�f�x ,y ,z�, where P0�x�
= Ps tanh��x−x0� /2L�� is the initial flat domain-wall profile
positioned at x=x0 �the correlation length is L�=
−� /2�
and the spontaneous polarization is Ps

2=−� /
�. The

coordinate-dependent part f�� ,z�	

�11�0/�−2��d2

�L�d+d2+�2�
d2+�2 satisfy the

linearized Eq. �4�. The parameter PV serves as effective
variational parameter describing domain geometry and al-
lows reducing complex problem of domain dynamics in the
nonuniform field to an algebraic equation obtained after the

FIG. 6. �Color online� �a� Phase-field prediction of switching
phase diagram. The open and closed circles, calculated using phase-
field simulations, represent the open and closed loops, respectively.
The broken red line is an approximate fit to the experimental data
from Fig. 3 and the solid black line is an approximate fit to the
phase-field predictions. The phase-field limit for nucleation bias at
the wall is �0.3 V for 1000 steps relaxation �as compared to 0 in
ideal model�. The x and y axes in phase field were calibrated using
experimental values. �b� Five representative polarization hysteresis
loops at steady state at different tip positions �−1080 nm,
−120 nm, 0 nm, +120 nm, +1080 nm� from the wall at a
fixed tip bias voltage of 16 V.

(a) (b)

FIG. 7. �Color online� Phase-field modeling results: �a� an asymmetric polarization hysteresis loop at a fixed tip bias of 16 V when the
tip is positioned on the negative domain �−Ps� away from the wall. �b� Eight representative sections showing the evolution of the domain
wall with time around the hysteresis loop. The sections correspond to the points marked with red circles and labeled 1–8 in the hysteresis
loop on the left. The attraction and repulsion of the wall due to the nearby tip results in asymmetric switching.
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substitution of P3�x ,y ,z , t� into the LGD free-energy func-
tional, integration, and minimization on PV.22

Thus we derived that in the presence of lattice pinning of
viscous friction type, the amplitude PV should be found from
the equation of Landau-Khalatnikov type,

�
d

dt
PV + w1PV + w2�x0�PV

2 + w3PV
3 = V�t� , �13�

where constants wi describe tip geometry and materials prop-
erties as22

w1 	 1, w2�x0� 	
− 3
Psx0


�L� + d�2 + x0
2


− 2��11�0

4�2�L� + d�
,

w3 	

�11�0

4�2�L� + d�2 . �14�

Equations �4�–�7� provide comprehensive description of
polarization dynamics in the vicinity of the wall and in the
bulk.

Introducing the new parameter P= PV


−2��11�0

−2��L�+d� − Ps, one
can rewrite the static Eq. �6� as

�P�6n�x0� − 5� + 
P3 + 3
P2Ps�1 − n�x0��

=

− 2��11�0V

L� + d
− 3
Ps

3�1 − n�x0�� . �15�

Let us underline that the terms determined by the function
n�x0�=x0 /
�L�+d�2+x0

2 originated from nonlinear �cubic�
interactions of the probe field and the stray depolarization
field with initially flat domain wall. As the result wall curva-
ture or domain nucleation appears.

Far from wall �x0�d� the Eq. �8� reduces to the usual
symmetric ferroelectric hysteresis �P+
P3

=V
−2��11�0 / �L�+d�. Near the wall �x0�d� Eq. �S.7�
gives equation −5�P+
P3+3
P2Ps=


−2��11�0V

L�+d −3
Ps
3 that

possesses no hysteresis because of negative �.
Static thermodynamic coercive biases Vc

��x0� are deter-
mined from dV /dPV=0. The expected behavior of the hys-
teresis loops as a function of tip surface separation is illus-
trated in Fig. 8. Directly at the wall, the loop is closed and
the local response originates from the bias-induced bending
of the domain wall. The bistability is possible for x0

2

�2�L�+d�2. The loop width, determined as the difference of
coercive biases �Vc= �Vc

+−Vc
−� /2, monotonically increases

with the distance x. Far from wall �x0�d� corresponding
coercive biases are symmetric, Vc

�= �2�Ps�L�

+d� /
−54��11�0. The inclusion of viscous friction leads to
the loop broadening and smearing far from the wall while
near the wall the minor loop opening is observed �compare
solid and dotted curves�. Note that the qualitative evolution
of hysteresis loops in Fig. 8 is highly reminiscent of the
experimental data in Fig. 3.

V. SUMMARY

To summarize, ferroelectric domain walls, long believed
to be the simplest example of static topological defect in

ferroic materials, are found to exhibit an unexpectedly rich
panoply of nanoscale switching behaviors due to interplay
between wall bowing and bulklike nucleation. The effective
nucleation bias is found to increase by an order of magnitude
from a 2D nucleus at the wall to 3D nucleus in the bulk. The
effect of the wall is extremely long range with significantly
lower nucleation bias even for tip-wall separation in the mi-
crometer range. This is due to the compensation of depolar-
ization field of nascent domain by wall bowing. Notably, the
nucleation bias at the wall �3 V� allows a direct measurement
of the nucleation energy for the 2D nucleus, which is found
to be well below that predicted by rigid ferroelectric �Miller
Weinreich�21 models ��16–21 V�, but is in a reasonable
agreement with the smooth lattice potential models
�Burtsev-Chervonobrodov�23 ��3–7 V� and in excellent
agreement with recently developed diffuse nucleus model.24

Our studies open a pathway to detailed atomistic under-
standing of domain-wall dynamic in ferroic materials, in-
cluding wall-defect interactions �pinning�, structure, and be-
havior of the walls with coupled order parameters, and
dynamic effects such as nucleation in front of the moving
wall. In these, the biased probe represents local charged de-
fect of controlled strength. These studies become increas-
ingly important given the rapidly growing role of ferroelec-

Tip

wall

V>0 V<0

V=0

Tip
wall

V>0 V<0

V=0

Tip
wall

V>Vc
+ V<0

V=0

Tip

wall

Domain

V>Vc
+

V=0

V<Vc
��

0.1 1 10 10
2

0

1

2

B
ia
s
w
in
d
o
w

�V
/V
c
� �

-1 0 1

-1

0

1

x0=0

(a)

Bias V/ Vc
��

-1 0 1

-1

0

1

L��<<x0<d

(b)

Distance from the wall x0/d

�=0
��0

-1 0 1

-1

0

1

(d)

-1 0 1

-1

0

1

(f)

-1 0 1

-1

0

1

Minor loop

(c)
-1 0 1

-1

0

1

Minor loop

(e)

Domain wall reversible bending Bulk nucleationCorrelated nucleation

x0>>10dd<x0��10d0��x0<d

Full loops

P
o
la
ri
z
a
ti
o
n
P
3
/P
S

FIG. 8. �Color online� Map of the switching regimes �upper
row� and corresponding ferroelectric polarization hysteresis loop
shape �insets �a�–�e�� depending on the wall-tip separation, x0, cal-
culated from the analytical theory. Dotted curve �and loops �a�–�e��
is plotted for the static case �=0, solid curves �and loops �a�–�e��
correspond to the kinetic case with ��0. The reversible wall bend-
ing occurs at 0�x0�d, correlated nucleation occurs at d�x0

�10d, and symmetric bulk nucleation starts at x0�10d. Curves
correspond to the different relaxation coefficients �=0, 10−8, 10−7,
10−6 SI units. Material parameters for LiNbO3 are L�=
−� /2�
�0.5 nm, extrapolation length ��L�, �=10−9 m3 /F, �11=84,
�33=30, �=−2�109 SI units, 
=3.61�109 m5 / �C2 F�, Ps

=0.75 C /m2, and frequency �=2��104 rad s−1.
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trics and multiferroics in information and energy storage
technologies.

Finally, we expect that the fundamental mechanisms ex-
plored in this work—namely, the lowering of the potential
barrier to the nucleation of a new phase induced by the pres-
ence of �mobile� interface due to screening of long-range
electrostatic and elastic fields—will be applicable to a broad
range of electrochemical and solid-solid phase transforma-
tions.
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