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P
olarization reversal in ferroelectric
materials underpins functionality of a
broad range of optoelectronic, data

storage, and computational devices.1�4

These applications have stimulated a large
number of the experimental studies as well
as detailed theoretical analyses.5�8 The
classical description of polarization reversal
process considers purely physical mecha-
nisms in which the coupling between the
electric field and polarization provides the
driving force and the interplay between the
driving force and depolarization and wall
energies controls the thermodynamics of
the forming domains. However, simple con-
siderations of the electrostatic field energy
suggest that external and bulk screening
processeswill critically affect the energies of
forming nuclei and growing domains, pro-
viding nontrivial contribution to switching

process.9,10 The earlier analysis of switching
using solid electrodes considered the purely
electronic screening mechanisms, giving
rise to the field of ferroelectric semiconduc-
tors in the 1980s.11 However, more recent
studies of scanning probemicroscopy (SPM)
tip-induced switching demonstrate the role
of slower and thermodynamically favor-
able ionic processes and electrochemical
reactions.4,12 In real materials, the transition
between different screening mechanisms
is possible, resulting in intrinsically complex
time-dependent phenomena.
Understanding the role of surface elec-

tronic and ionic screening and electro-
chemical phenomena becomes particularly
relevant upon transition to nanoscale.
Recent studies using X-ray methods have
demonstrated that subtle changes in chem-
ical potential of environment can result
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ABSTRACT Polarization switching in ferroelectric materials is

governed by a delicate interplay between bulk polarization dy-

namics and screening processes at surfaces and domain walls. Here

we explore the mechanism of tip-induced polarization switching at

nonpolar cuts of uniaxial ferroelectrics. In this case, the in-plane

component of the polarization vector switches, allowing for detailed

observations of the resultant domain morphologies. We observe a

surprising variability of resultant domain morphologies stemming from a fundamental instability of the formed charged domain wall and associated

electric frustration. In particular, we demonstrate that controlling the vertical tip position allows the polarity of the switching to be controlled. This

represents a very unusual form of symmetry breaking where mechanical motion in the vertical direction controls the lateral domain growth. The

implication of these studies for ferroelectric devices and domain wall electronics are discussed.
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in chemically induced polarization reversal in thin
films.13�15 However, these studies allow insight only in
average system behavior, while a detailed mechanism
operational on the single domain level and control of
the local polarization state require probe-based studies.
Switching processes under the action of a strongly

inhomogeneous electric field produced by the SPM tip
havebeen extensively studiedbymany scientific groups
in uniaxial ferroelectrics as a model material.16�27

However, most parts of those studies are limited by
consideration of the polarization reversal on the polar
cuts (spontaneous polarization is perpendicular to
sample surface) and switching by vertical component
of the SPM tip electric field. In this case, only one cross-
section of a 3D ferroelectric domain can be visualized by
PFM, and the information about the structure of domain
in directions normal to the sample surface is not available.
Recent investigations by Raman confocal microscopy
demonstrated the possibility of domain visualization in
the sample bulk;28�30 however, spatial resolution is lim-
ited by a few hundred nanometers, which is not enough
for the visualization of domain features at the nanometer
scale. Normal polarization switching is associated with
changes in surface polarization bound charge which can
naturally be compensated by the electronic charge injec-
tion from the tip and surface electrochemical reactions
that dominate intrinsic materials response.
SPM investigations on nonpolar cuts (spontaneous

polarization is in the surface plane) provide suitable
alternatives. The existence of lateral components of
electric field produced by the tip allows switching
process and lateral PFM mode31 allows visualization
of resulted domains with nanometer spatial resolution.
Tip-induced polarization switching on the nonpolar
cuts has been recently theoretically considered in terms
of equilibrium thermodynamic approach in lithium
niobate and lithium tantalate single crystals27,32 and
experimentally studied in relaxor strontium barium
niobate.33 We note that studies of in-plane polarization
switching can be of interest inmultiple aspects. First of all,
these can be expected to provide cross-sectional studies
of the domain geometry, including parameters such as
intrinsic domain shape, opening angle, and kinetics of
forward and sidewaysgrowth. Second, bothdomainwalls
will necessarily be charged, allowing fundamental insight
both into stability and electronic properties of strongly
charged domain walls and potential applications in
domain wall electronic devices. Finally, time evolution of
these systems can provide information on driving forces
and bulk screening mechanism in bulk materials.
Here we systematically studied formation and

growth of isolated domains on the surface of the
nonpolar cut of lithium niobate single crystal. While
in certain cases a formation of theoretically predicted
wedge type domains was observed, in many cases
we observed formation of complex interlocked
wedge-type shapes and complex domain geometries.

Polarization reversal kinetics was found to be crucially
dependent on the polarity of applied switching pulses.
We attribute this surprising variability of the do-
main morphologies to a combination of phenomena
(motion of the charged domain walls, charge injection,
and screening) producing a strongly inhomogeneous
electric field. Furthermore, we demonstrate that con-
trolling the vertical tip position allows thepolarity of the
switching to be controlled. This represents very unusual
form of symmetry breaking where mechanical motion
in vertical direction controls the domain growth in
lateral direction. Theoretical calculations and computer
simulations using the Landau�Ginzburg�Devonshire
model allowed us to describe the kinetics of formation
and growth of the wedge-shaped domain and showed
good agreement with experiments. The obtained
results are important for further understanding of
the polarization switching processes in ferroelectric
materials and their practical applications.

RESULTS

The process of polarization reversal on nonpolar cuts
of uniaxial ferroelectric is different from the switching
on polar cuts both in terms of driving force and effects
of depolarization fields. The main driving force of
the switching in this case is the lateral component of
tip-induced electric field directed against spontaneous
polarization. Therefore, morphology of formed domains
is defined by spatial distribution of this field. In the case
of polar cut, the vertical component of the electric field
reaches its maximum under the tip and decreases with
distance.34 This determines symmetric with respect
to SPM tip position shape of resulted domains.18,19

Distribution of lateral component of electric field pro-
duced by the tip in terms of point charge model can be
calculated using potential from ref 32

EZ (x, y, z) ¼ UswCtip
2πε0(

ffiffiffiffiffiffiffiffiffiffiffiffi
ε11ε33

p þ 1)
z

(z2þγ2x2þ(Rtipþγy)2)3=2

(1)

where Usw, Ctip, and Rtip are the tip bias, capacitance,
and curvature radius, respectively, ε11 and ε33 are the di-
electric constants along nonpolar and polar directions, re-
spectively, and γ= (ε33)/(ε11)

1/2 is the anisotropy constant.
Calculations showed that the z-component of the

electric field is equal to zero under the tip and has
a maximum at a distance close to tip radius (Figure 1).
Such field distribution leads to nontrivial kinetics of the
polarization reversal process. Domain growth is possible
along one direction of the polar axis, where the electric
field is directed against spontaneous polarization
(Figure 1c,d). Changing of the bias sign reverse direction
of electric field produced by the tip and should change
the direction of the domain growth. At the same time,
switching is impossible in the area right under the tip.
However, experiments demonstrated switching

dynamics (Figure 2a) completely different from simple
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theoretical expectations. Both negative and positive
pulses led to formation of wedgelike domains in the
same direction (with respect to the x-axis). Switching
by positive pulses (Figure 2c) led to formation of
relatively long (1.5�2 μm) domains in the “right”
direction (electric field directed against spontaneous
polarization). Small distortions of the domain shape
and short domains in the opposite direction will be

discussed below. Unexpected switching by negative
pulses led to formation of shorter domains (500�
750 nm) in the “wrong” direction (i.e., the same as for
positive bias but against the field in this case). This
phenomenon cannot be explained in terms of classic
domain nucleation and growth because electric filed in
that area has the same direction with spontaneous
polarization (Figure 2b).

Figure 1. (a) Schematics of experiment and coordinate systemused in calculations. (b) Distributionof Z-component of electric
field produced by the tip along line x = 0 on the sample surface and different depths in the bulk. (c, d) Expected domain
configuration in the case of negative and positive bias, respectively.

Figure 2. (a) PFM-amplitude images of domains formed after switching on Y-cut of lithium niobate singe crystal by single
rectangular pulses with amplitude Usw = ( 100 V and duration tsw = 1 s applied to the SPM tip. (b, c) Switching schemes for
negative and positive switching pulses, respectively.
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Detailed PFM images reveal additional details in
the domainmorphologies (Figure 3), namely formation
of complex interlocked domains at the domain base.
In the case of negative pulse (Figure 3a), in addition to
the main wedgelike domain there was a small elliptical
domain under the tip and area with enhanced piezo-
response between these two domains. Visualization of
the domains formed after switching by positive pulses
demonstrated an even more complicated structure
(Figure 3b). In addition to the long wedgelike domain
and elliptical domain under the tip short (200�250nm),
wedgelike domain in opposite direction can be observed.
In addition, the main domain displayed a pronounced
backswitched areawith the nested domain in the initial
polarization direction
Observed domain morphologies are significantly dif-

ferent from the shapes predicted using an equilibrium
thermodynamic approach.32 This fact can be attributed
to the interplay between the charged domain wall
and screening processes on the sample surface and in
the sample bulk, leading to sequence of complex
morphological transformations controlled by kinetics
of associated processes. Due to the inherent spatial
and dynamic complexity of the system, not all of these
phenomena can be addressed theoretically. Therefore,
the logic of the study is constructed in the following
way. First, we consider an idealized thermodynamic
domain growth and then qualitatively describe the
contributions of phenomena not amenable to direct
modeling. Finally, we discuss the implication for do-
main switching studies and opportunities for domain
structure control based on explored phenomena.

Kinetics of the Wedge-Shaped Domain Growth. To model
the process of the domain formation and growth we
used Landau�Ginzburg�Devonshir (LGD) theory.35

We considered a two-layered system formed by an
air layer and ferroelectric of thickness L, separated by
surface y = 0. Ferroelectric polarization distribution
directedalong z-axes,Pz(x,y,z), satisfies thedimensionless
LGD equation in the ferroelectric region, at �L < y < 0:

D~Pz
Dτ

� ~Pz þ ~P3z � R2c
D2~Pz
Dz2

þ D2~Pz
Dy2

þ D2~Pz
Dx2

 !
¼ ~Ez (2)

Here, ~Pz=Pz /Ps is ferroelectric polarizationnormalizedon
the spontaneous polarization PS = 0.75 C/m2, and the
external field ~Ez = Ez /Ec is normalized on the coercive
field that value Ec = 5� 107 V/mwas taken from the best
fitting to experimental data.

Dimensionless time τ is introduced as τ = t/τ0,
where characteristic time τ0 = �Γ/R is determined by
the ratio of kinetic Khalatnikov coefficient Γ and gen-
eralized dielectric stiffness R = RT(T � TC), correlation
length Rc = (�g/R)1/2 is about 1 nm at room tempera-
ture and g is the gradient coefficient in the LGD
potential. We considered case of perfectly screened
ferroelectric, which was provided by boundary charges
with surface density σ on polar surfaces, σ(z = ( W) =
( Ps, where 2W � size of the model in z direction.
Equation 2 also should be supplemented by the
boundary conditions far from the probe apex
~Pz(x,z f ¥) = ( 1 (and naturally ∂~Pz/∂xi f 0).

To define quasistationary electric field Ez in eq 2,
the corresponding potential j can be introduced as
E = �rj. The potential j satisfies electrostatic equa-
tions inside the layered system, namely the Laplace
equation, ((∂2/∂z2)þ (∂2/∂y2)þ (∂2/∂x2)jd= 0, inside the
air/vacuum ambient semi space, 0 < y <þ¥ (excluding
tip volume). The equipotential surface corresponds
to the biased conductive tip surface, jd|tip = U. The
tip apex was regarded spherical with small flat contact

Figure 3. Detailed PFM images of the domains on Y-cut of lithium niobate single crystal. Switching by (a) negative and
(b) positive single rectangular pulses.
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plate, placed in a physical point contact with ferro-
electric surface. The boundary conditions at the inter-
face y = 0 are continuous potential on the boundaries
between ferroelectric layer and ambient, jf(x,y = 0,z) =
jd(x,y = 0,z), and continuous normal component of
displacement,Dy

d�Dy
f |y=0 = 0, whereDy

f = ε0ε11
f (∂jf/∂y)

and Dy
d = ε0ε11

d (∂jd/∂y). Maxwell equation divD = 0
along with the definition, Dx,y = ε0ε11

f Ex,y and Dz =
ε0Ez þ Pz

total ≈ ε0ε33
b Ez þ Pz

FE, yields to anisotropic
Poisson relationship inside ferroelectric-semiconductor
layer �L < y < 0. Including polarization gradient,
potential distribution within ferroelectric is

ε0 εb33
D2jf

Dz2
þ εf11

D2jf

Dx2
þ D2jf

Dy2

 !0
@

1
A ¼ DPz

Dz
(3)

Here, ε0 = 8.85 � 10�12 F/m is the universal di-
electric constant, ε33

b ≈ 5 is the background dielectric
permittivity of the ferroelectric, and ε11

f = 84. The
grounded bottom electrode was considered by the
zero potential boundary condition, jf(x,y = L,z) = 0.

Using the COMSOL Multiphysics package, we con-
sidered the cases of domain formation with the (a)
presence and (b) absence of the free charge carriers in
the Debye approximation. The SPM tip was modeled
by part of the sphere with radius Rtip = 25 nm and
conical part with angle 10�, oriented normally to the
sample surface.

We found that inclusion of the carriers in con-
ventional form and for realistic concentrations
(1023�1025 m�3) does not provide any significant
changes in the distribution of the potential and polar-
ization across the domain. Introduction of the charge
carries should lead to the appearance of the screening;
however, in our case the screening effect would

make visible changes only if the value of density of
the charge carriers is comparable to the polarization
gradient ∂Pz/∂z value, which can be roughly estimated
as109C/m3. According to this estimation, the charge
density in turn should be approximately equal to
1028 1/m3, which is close to a half-metal. However, this
fact can be explained by the limitations of the used
Debye model. Taking into account of the nonlinear
screening processes potentially can change simulation
results.

Results of the COMSOL finite element simulations
in the dielectric limitwith the absence of charge carriers
are presented in Figure 4. In simulation we used tip
radius 20 nm, tip bias Usw = þ100 V. Time evolution of
the domain shape can be found in the supplementary
video file and in Figure 4a,b.

The calculated spatial distribution of polarization
(Figure 4a) has two components: spontaneous and
induced. Spontaneous polarization (~P = ( 1) far from
the tip has completely ferroelectric origin, while elec-
tric field induced component leads to the appearance
of polarization peaks near the tip.

Simulateddomains at lategrowth stages (Figure 4b,c)
demonstrate well-defined wedgelike shape and in a
good agreement with experimental results (Figure 3).
One should note that this shape is far from semiellipsoi-
dal as used by Pertsev and Kholkin32 in an equilibrium
thermodynamic approach. Calculation of spatial distri-
bution of electric field near the charged domain wall of
the growing domain (Figure 4d) confirms the existence
of a breakdown effect predicted in (ref 36) and explains
domain growth in the areas with external electric field
well below the coercive one. Breakdown is caused by
the spatial distribution of the electric field in the im-
mediate vicinity of the domain apex. Simulations show

Figure 4. LGD simulation of the domain growth under SPM probe on LNO Y-cut. (a) Polarization profiles across LNO-surface
z-line at different timemoments indicated at the layer on the plot. (b) Evolution of the domain shape (x�z and y�z cross sections).
Contour maps of polarization Pz (c) and electric field Ez (d) across the x�z plane (y = 0 nm) at the time moment t = 50τ0.
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that sign and value of the electric field produced by
charged domainwalls supports forward domain growth
even in the areas where the tip field is already faint.
This leads to reaching the submicron and even micron
domain lengths. The domain breakdown effect has
been recently experimentally observed in LiNbO3 for
a different geometry.37 The detailed numerical analysis
of the domain growth and breakdownphenomenon for
nonpolar cuts will be published elsewhere.

Characteristics Features of the Domain Shapes. The ex-
perimentally observed overall wedgelike shape of the
domains is consistent with simulated data (Figure 4).
However, experiments demonstratedboth thepresence
ofmore complex domainmorphologies and finer details
in the wedge domains. All the observed characteristic
features of the domain shape can be divided into a few
groups: (1) backswitching with formation of the domain
in the “wrong” direction (Figure 3b); (2) formation of the
isolated domain under the tip (Figure 3a); (3) presence
of the area with enhanced piezoresponse near the tip
(Figure 3a). We will discuss these phenomena in details
below.

The presence of a partially backswitched area
on the domains formed after application of positive
pulse leads to consideration of a dual-stage switching
process, including tip-induced switching and back-
switching stages. Polarization reversal under the action
of tip-induced electric field leads to formation of a long
prolate domain in the first stage; backswitching on
the second stage leads to partial restoration of initial
polarization inside the domain and formation of short
domain in the opposite direction. Similar behavior
on polar cuts of ferroelectrics with formation of the
doughnut-shaped domains was reported recently in
the number of studies.12,24,38�40 This phenomenon
can be explained using the same approach. External
electric field in a considered configuration is concen-
trated in a small area under the tip and leads to a
redistribution of charge carriers on the sample surface
and into the bulk (screening of the SPM tip field).
When bias is switched off these charges produce an
electric fieldwith opposite direction to external electric
field.

However, spatial distribution of the electric field
component along polar axis Ez in the current experi-
mental configuration differs significantly from the
polar one (Figure 1b). Backswitching in this case has
two pronounced contributions (Figure 3b): well-known
restoration of the initial polarization direction inside
the main wedge domain (analogue of the formation
of doughnut-shaped domains on the polar cut) and
growth of the new wedge-shaped domain in the op-
posite direction. The morphology of the domain struc-
tures formed on the second stage (symmetric growth
in both direction with respect to the tip position)
demonstrates that charges caused the second switch-
ing stage are located exactly under the tip.

The morphology of the resulted domain structures
is controlled by efficiency and the time dynamics of
the backswitching stage. This explains anomalous
direction of the domain growth observed for negative
bias (Figure 3a). In this case, backswitching leads
to complete disappearing of the initial domain, and
consequent PFM visualization reveals the domain
formed on the second switching stage (with opposite
direction).

Pronounced anisotropy of the backswitching stage
can be attributed to anisotropy of the charge carriers
(ions) existing in the top adsorption layer. The recently
environmental studies demonstrated a number of
phenomena which were attributed to screening pro-
cess by ions in the thin surface water layer.4,12 In
addition, time-resolved Kelvin probe force microscopy
measurements demonstrated higher value of the mo-
bility of the negative ions (in comparison with positive
ions) on the surface of lithium niobate single crystal.41

This fact explains observed experimental results.
Screening of the domain formed by positive pulses is
faster; therefore, backswitching stage is not so pro-
nounced, like for the negative pulses.

The second characteristic feature of the domain
morphology is a presence of the small isolated domain
in the area right under the tip. It can be explained as
a result of spontaneous bacswitching in the area near
the tip which is caused by nontrivial spatial distribution
of the electric field (Figure 4d). Simulation predicts the
presence of the areas (z > 0 nm; x ≈ (20 nm), where
the z-component of electric field has direction support-
ing switching and a value that is high enough (above
coercive field) for the switching. Such a distribution of
electric field can lead to the formation of isolated
domain under the tip after termination of the switch-
ing pulse.

We can assume that the third type of the character-
istic features, presence of the area with enhanced
piezoresponse (Figure 3a), can be caused by depolar-
ization electric field distribution produced by charged
domain walls in the sample bulk and corresponded
interaction with SPM tip during visualization.

The deviations of the domain shape in proximity to
the SPM tip are not surprising. The polarization switch-
ing considered in the current manuscript represent
delicate interplay of various phenomena, including
motion of the charged domain walls, screening by
charge carriers on the sample surface and in the
sample bulk, charge injection, etc. Themain supporting
factor is the fundamental instability of the charged
domain wall, which cannot be completely screened
with absence of the slow bulk screening processes
(characteristic time up to few seconds42). This leads on
the one hand to formion of the shallow structures to
minimize electrostatic energy. On the other hand, this
increases energies of the domain wall and biased tip.
Competition of these two processes in the absence
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(inefficiency) of bulk screening leads to electrical
frustration at the domain wall with formation of char-
acteristic domain features (elliptic domain, enhanced
piezoresponse) in vicinity of the tip.

Symmetry Breaking Induced by Mechanical Tip Motion. In-
vestigated phenomena are important for the funda-
mental studies in the field of ferroelectric physics.
Moreover, dual-stage kinetics opens opportunities of
the control of domains growth direction by changing
of the switching stages.

To demonstrate this, we designed experiments
with controlled vertical motion of the biased SPM
tip (Figure 5). In these experiments, two lines of the
domains have been formed using standard switching
procedure (each odd domain in the line) and proce-
dure with withdrawing of biased tip before switching
pulse ends (each even domain in the line). Obtained
results demonstrated fundamental difference between
domain shapes for both negative (Figure 5a) and
positive (Figure 5b) pulse polarities.

The shapes of the domain observed in thewithdraw
mode (Figure 5) are very close to theoretical simula-
tions (Figure 4c). This fact can be naturally explained by
a dual-stage mechanism of the switching process
in the contact mode. The first stage can be described
by a pure LGD approach, while more complicated
processes should be modeled for simulation of
the second stage. Complex nontrivial distribution of

electric field existed in the area under the grounded tip
just after termination of the switching pulse consider-
ably change resulted domain structure.

Observed experimental results demonstrated ex-
tremely unexpected switching behavior when vertical
motion of the tip (y-direction) allows controlling kinetics
of the domain growth along perpendicular z-direction.
This potentially can be used for future practical applica-
tions of the ferroelectric materials as variability of the
resultant domain structures can be drastically increased.

CONCLUSION

We experimentally studied the processes of tip-
induced polarization reversal on a nonpolar cut of
lithium niobate single crystal and revealed a formation
of complex domain structures consisting of a few
separate domains. We found that changing of the
polarity of switching pulses does not lead to a change
of the domain growthdirection as expected from spatial
distribution of electric field. This fact has been explained
by complex kinetics of the switching process. We
showed that switching proceeds in two separate stages:
(1) switching during application of switching pulse and
(2) “backswitching” after pulse termination. Observed
strong anisotropy of the backswitching stage led to the
essential differences in the morphology of domains
formed by switching pulses of opposite polarities and
has been attributed to different values of mobility of
charge carriers on the sample surface and in the sample
bulk participating in the screening of fresh domains.
Theoretical calculations in Landau�Ginzburg�

Devonshire theory allowed simulating formation and
growth of the wedge-shaped domains with shapes
close to experiment. Moreover, calculations of electric
field spatial distribution near the charged domain wall
confirmed breakdown phenomenon and explained ex-
perimentally observed growth of the domains in the
areas with external electric field below the coercive one.
Obtained results are important fromboth fundamen-

tal and practical points of view. From a fundamental
point of view, this study allows us tomodel a process of
the formation and growth of the domains with charged
domain walls. Moreover, it opens opportunities for
experimental and theoretical studies of poorly known
process of forward domain growth in the sample bulk.
From a practical point of view, we explored unusual
symmetry breaking, where vertical motion of the SPM
tip controls the domain growth and canpotentially give
a rise to development of novel techniques for domain
control useful for various ferroelectric applications.

METHODS
As a model system, we used a plate of congruent LiNbO3

single-crystal cut perpendicular to the Y (010) crystallographic
direction. Lithium niobate single crystals represent goodmodel

uniaxial ferroelectric material because it has only two possible
antiparallel directions of spontaneous polarization. Moreover,
the industrial technique of these crystals growth provides
samples with low concentrations of defects. The thickness of

Figure 5. PFM�amplitude images of the domains formed
after switching on Y-cut of lithiumniobate single crystal. SPM
tip stays in contact after termination of the pulse (“Contact”
mode) or is withdrawn form the surface with applied bias
(“Withdraw” mode) as labeled on the figure. Switching by
(a) negative and (b) positive single rectangular pulses.
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the sample has been decreased by mechanical polishing down
to 20 μm. Experiments were performed with a commercial
scanning probe microscope Dimension 3100 (Bruker, USA).
Multi-75G-E (Budget Sensors, USA) SPM tips with a conductive
platinum coating and 25�35 nm of typical curvature radius
have been used. Polarization reversal was carried out by
application of the single rectangular pulses with amplitude
Usw ranging from �100 to þ100 V and with duration tsw = 1 s
to the SPM tip. Lateral piezoresponse force microscopy has
been used for visualization of resulted domains. Experiments
were carried out under environmental conditions (room tem-
perature and 30% of relative humidity).
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