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We review the most interesting aspects of the domain structure kinetics in ferroelectrics
important for “domain engineering” and discuss them in the framework of a unified nucleation
approach. In our approach the nucleation rate is determined by the local value of electric field
produced not only by bound charges and voltage applied to the electrodes, but also by
screening charges. As a result, any kinetically produced domain pattern, even being far from
the equilibrium, can be stabilized by bulk screening. The domain evolution represents a
self-organizing process in which the screening of polarization plays the role of feedback. The
general approach was applied for the description of the domain kinetics in lithium niobate and
lithium tantalate as the most versatile materials for applications. The revealed original
scenarios of the domain structure evolution are attributed to the retardation of the screening
processes. The decisive role of screening effectiveness for shapes of individual domains and
scenarios of the sideways domain wall motion is demonstrated both experimentally and by
computer simulation. The possibility to produce a self-assembled nano-scale domain structures
with controlled periods has been shown. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
A new branch of science and technology directed to the
creation of periodic and quasi-periodic domain structures
with desired parameters in commercially available ferro-
electrics denoted as “domain engineering” is rapidly de-
veloping nowadays. Domain engineering in ferroelectric
crystals, such as lithium niobate LiNbO3 (LN) and lithium
tantalate LiTaO3 (LT), has revolutionized their use in non-
linear optical applications [1, 2]. The performance of LN
and LT as an electro-optic, photorefractive, piezoelectric,
and nonlinear optical crystals, make them useful for many
different applications. It has been shown that LN and LT
with periodical 1D- and 2D-domain structures possessing
an efficient quasi-phase-matching open up a wide range
of possibilities for bulk and waveguide nonlinear optical
devices [2–4]. During ten years after the first electrical
poling of bulk LN samples [5], research on periodically
poled LN and LT is under intense interest around the world
resulting in production of photonic devices. Breaking the
micron-period barrier for periodical domain patterning
in LN and LT is very desirable for several new electro-
optic applications such as tunable cavity mirrors, which
need a periodicity of about 350 nm. The most efficient

exploitation of engineered sub-micron domain gratings
in LN and LT is related with the waveguide photonic
devices.

The switching by application of the external field us-
ing the electrode patterns produced by photolithography
is the most popular method of periodical poling. Fabri-
cation of the precisely governed regular domain patterns
with periods about several microns needs the solution of
key problems hindering the improvement of the charac-
teristics of electro-optical and nonlinear optical devices
[1]. The broadening of the domains out of electrode area
leads to violation of duty-cycle and period due to domain
merging. Loss of stability is a great problem for produc-
tion of sub-micron domain patterns. The uniformity of the
domain patterns is destroyed in the bulk. It is impossible
to produce the individual domains with desirable shapes
which is important for 2D patterning. It is clear that the
understanding of the physical basis of the domain engi-
neering is the only way to overcome the listed problems.
The polarization reversal phenomenon demonstrating es-
sential dependence on the experimental conditions and
material still waits for a systematic explanation based on
a universal approach.
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We present the systematic explanation of the ex-
perimental investigations of the domain kinetics in a
wide range of domain growth velocities in uniaxial
ferroelectrics with optically distinguished domains, LN
and LT. We investigate in detail the domain evolution
using in situ optical observation of the instantaneous
domain patterns under application of an electric field.
“Slow”, “fast” and “super-fast” domain boundary motion
regimes have been revealed and investigated. It was
claimed that the key property for proposed classification
is the screening effectiveness. The crucial role of the
intrinsic or artificial dielectric surface layer is clearly
exhibited as well. Computer simulation has been used for
a verification of the proposed models.

In this paper we introduce the experimental evidence
and theoretical considerations which reveal the kinetic
nature of the observed domain configurations. In other
words, the real domain configurations are determined by
the domain kinetics prehistory. We demonstrate the crucial
role of the bulk screening processes in the stabilization of
the metastable domain structures [6–8]. This approach
allows one to choose the proper experimental conditions
for stabilization of almost any domain pattern.

2. Domain structure evolution during
polarization reversal

Direct experimental visualization of domain kinetics has
revealed four main stages of domain evolution [9].

The first stage, “nucleation of new domains”, devel-
ops in perfect crystals at the surface only. The nucleation
probability p ∼ exp(−Eac/Eloc) is determined by activation
field Eac, which depends on intrinsic material properties,
shape of nuclei and temperature, and electric field aver-
aged over the volume of the nucleus Eloc. Experimental
observation reveals the nucleation sites at intrinsic or arti-
ficial surface defects [8]. The facilitation of the nucleation
in real crystals at the given sites is caused by: (1) frozen-in
spatial inhomogeneity of Eac due to presence of structural
defects, (2) singularities of Eloc along the edges of finite
electrodes, and (3) Eloc created by field concentrators re-
sulting from pits at the sample surface. Moreover it is an
open question weather the initial domain state is single-
domain or contains the nano-scale residual domains [8,
9]. In the latter case the nucleation of new domains repre-
sents a field-induced transition of the “invisible” residual
nano-domains into “visible” ones.

The second stage, “forward growth”, represents an ex-
pansion of the formed “nuclei” in polar direction through
the sample. All domains at this stage have the charged
domain walls and needle-like shape is the most typical.
For example, the ratio of the longitudinal to transversal
domain sizes in LN reaches one hundred [10].

The third stage, “sideways domain growth”, represents
the domain expansion by wall motion in the direction

transversal to the polar axis. This stage is the best stud-
ied experimentally by in situ optical observation of do-
mains. The wall motion anisotropy results in formation of
the polygon domains with sides oriented along crystallo-
graphic directions.

The fourth stage, “domain coalescence”, prevails at
the completion of the switching process. At this stage
the sideways wall motion decelerates. The walls halt and
the residual region between walls disappears very rapidly
after certain rest time. This process causes the jump-like
switching behavior. It is displayed as a noise component
of the switching current, known as Barkhausen noise [11–
13].

3. General consideration
We discuss all experimentally observed stages of domain
kinetics from a unified point of view. According to this
approach, the domains with different orientation of spon-
taneous polarization are considered as the regions of dif-
ferent phases divided by domain walls which represent
the phase boundaries. Thus the domain structure evolu-
tion during switching is an example of a first-order phase
transformation.

The theory of a first-order phase transformation based
on kinetic theory of nucleation in its classical version is
80 years old [14, 15]. Nevertheless up to now it is still an
active field of research [16].

This approach has been used for description of the
growth of solid fraction during crystallization of metals
in famous Kolmogorov–Mehl–Johnson–Avrami (KMJA)
theory [17, 18]. Ishibashi and Takagi have applied KMJA
theory for explanation of the time dependence of the fer-
roelectric switching current behavior [19].

We will demonstrate how the consistent application
of the concepts of the first-order phase transformation
theory can be used for explanation of the main features
of the domain kinetics during polarization reversal. In
this approach all above mentioned stages of the domain
kinetics are governed by evolution of thermally activated
nuclei with a preferred orientation of the spontaneous
polarization.

The nucleation processes: The domain kinetics under
application of electric field is governed by competition
between nucleation processes of different dimensionali-
ties. Each nucleus represents the minimum domain with
preferential orientation of the spontaneous polarization
determined by the direction of the local electric field. The
appearance of new domains is due to formation of three-
dimensional (3D) nuclei. The domain growth by motion of
the domain walls is a result of 2D-nucleation (generation
of the steps at the wall) and 1D-nucleation (step growth
along the wall). The nucleation probability depends on
Eloc, being the driving force of all nucleation processes
during polarization reversal [8].

200



FRONTIERS OF FERROELECTRICITY

Local value of electric field: The internal electric field
Eloc representing a superposition of electric fields pro-
duced by different sources is essentially inhomogeneous.
In a ferroelectric capacitor Eloc(r, t) is determined mainly
by the sum of (1) the external field Eex(r), produced by
the voltage applied to the electrodes, (2) the depolarization
field Edep(r, t) produced by bound charges developing as a
result of spatial inhomogeneity of the spontaneous polar-
ization, (3) the external screening field Escr(r, t) originat-
ing from the redistribution of the charges at the electrodes,
and (4) the bulk screening field Eb(r, t) governed by bulk
screening processes [6–8].

Eloc(r, t) = Eex(r ) + Edep(r, t) + Escr(r, t) + Eb(r, t) (1)

The external field Eex(r) strongly depends on the elec-
trode shape. It demonstrates the singularities in the surface
layer at the electrode edges due to the fringe effect. This
effect is the most pronounced in the vicinity of the ends
and corners of the stripe electrodes. The field singularities
lead to the dominance of primary nucleation at the elec-
trode boundary. Thus the start of the switching process
at the threshold field is determined by field singularities
at the electrode edges. It is clear that the “real value” of
the threshold field is essentially higher than the value ob-
tained under the common assumption that the switching
field is equal to applied potential difference divided by
sample thickness.

The depolarization field Edep(r, t) is produced by bound
charges existing at the polar surfaces of the sample and
at the charged domain walls (“head-to-head” or “tail-
to-tail”). For typical ferroelectrics Edep in single-domain
plate can reach 108–109 V/m. This enormous value is es-
sentially reduced for narrow domains and especially for
the needle-like ones. That is the reason why triangular and
spindle nuclei shapes are the most favorable ones. Edep

decelerates the sideways wall motion and limits the wall
shift from the initial state. The screening processes dimin-
ish the impact of Edep. Thus for low switching rate Edep

can be compensated almost totally and complete switch-
ing can be observed. For high switching rate the screening
retards and applied field leads only to a small wall shift.
In this case the initial domain state recovers after switch-
off of the external field (“backswitching”). The screening
processes can be divided in external and bulk screening.

External screening in ferroelectric capacitor is caused
by a current in external circuit. Its rate is defined by the
characteristic time of the external circuit τ ex. This time
constant is determined by the product of resistance and ca-
pacity of the circuit, and usually ranges from nanoseconds
to microseconds. The experimentally observed switching
time ts cannot exceed τ ex.

The fast external screening never compensates Edep

completely due to existence of the intrinsic dielectric sur-
face layer (“dielectric gap” or “dead layer”) [8, 20]. For

ferroelectric capacitor of the thickness d the bulk resid-
ual depolarization field Erd remains in the area, freshly
switched from one single-domain state to another one,
even after complete external screening due to existence of
the dielectric layer of thickness L and dielectric permit-
tivity εL [8, 20]:

Erd = Edep − Escr = (2L/d)(PS/(εLεo)) (2)

where PS is spontaneous polarization.
The existence of the residual depolarization field is the

reason why “slow” bulk screening processes are very im-
portant.

Bulk screening is the only way to compensate Erd. Three
bulk screening mechanisms are considered usually: (1) re-
distribution of the bulk charges [8, 20], (2) reorientation of
the defect dipoles [21], and (3) injection of carriers from
the electrode through the dielectric gap [22]. The time
constants of all considered mechanisms τ b range from
milliseconds up to months. While Erd is several orders of
magnitude less than Edep, nevertheless it is of the same or-
der as experimentally observed threshold fields. For short
field pulse the bulk screening of the new state lags behind.
Thus such switching is ineffective for irreversible change
of the domain structure.

The cooperative action of Erd and Eb leads to the back-
switching after switch-off of the external field. This effect
could be observed in the areas where Eloc(r, t) exceeds the
threshold field Eth, i.e.

Eloc(r, t) = −[Edep(r, t) − Escr(r, t) + Eb(r, t)]

= −[Erd(r, t) + Eb(r, t)] > Eth (3)

The limiting values of screening effectiveness leads to
different variants of domain kinetics after field switch-off:
(1) for ineffective bulk screening the initial domain state
can be reconstructed completely; (2) for effective bulk
screening almost any field-induced domain pattern can be
stabilized.

It has been shown experimentally that each of domain
kinetics stages can develop according to different sce-
narios which are strongly dependent on bulk screening
effectiveness. The critical values of the applied fields and
switching rates corresponding to replacement of domain
kinetic scenarios are dependent on material and exper-
imental conditions. The crucial parameter determining
the selection of the particular scenario of the domain ki-
netics is the ratio R between switching rate (1/ts) and
bulk screening rate (1/τ scr). Here ts is the switching time
and τ scr is the screening time constant [23]. Three ranges
of the bulk screening effectiveness are considered: (1)
R � 1—“complete screening”, (2) R >1—“incomplete
screening”, and (3) R � 1 — “ineffective screening”. In
the following Sections we discuss the domain kinetic sce-
narios for sideways domain wall motion and growth of
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individual domain, which is crucial for manufacturing of
engineered 1D and 2D periodical domain structures.

It must be stressed that static ferroelectric domain struc-
ture configuration obtained under application of the pro-
posed approach differs from the equilibrium domain struc-
tures obtained in classical theory [11]. The equilibrium
multi-domain state is determined in this theory by the
minimum of the total free energy. Only two limiting types
of the equilibrium domain structures can exist according
to this approach. First, the periodical laminar or maze
domain structure with neutral domain walls forms if the
screening effects are neglected. The domain period is de-
termined by the values of spontaneous polarization, di-
electric permittivity, density of the domain wall energy,
and sample thickness [9, 11]. Second type demonstrates
the absence of any domain structure (single-domain state
without domain walls) due to complete screening of the
depolarization field. It is well-known that both classical
predictions contradict experimentally observed domain
patterns. In contrast our approach predicts that practi-
cally any domain pattern can be produced and stabilized.
These metastable domain structures remain for a long time
(about months and years) and present a static one for any
application.

It is clear that the domain kinetics depends also on
the mechanical properties of the material due to electro-
mechanical coupling. In proper ferroelectrics the first or-
der corrections to the driving force due to piezoelectric
effect leads to renormalization of the local value of the
switching field [11]. Gopalan et al. [24] explained the
hexagonal shape of the isolated domains in LN taking
into account the anisotropy of the domain wall energy
induced by piezoelectric effect. In this paper these effects
are accounted for implicitly. We assume that the electro-
mechanical coupling leads to observed anisotropy of the
nucleation processes. This fact allows us to explain the ex-
perimentally observed continuous transformation of the of
domain shape from regular hexagon to three-ray stars (see
Section 6).

4. Materials and experimental conditions
The discussed general consideration has been applied for
explanation of the domain kinetics in lithium niobate
LiNbO3(LN) and lithium tantalate LiTaO3(LT). These
materials are widely used for creation of periodically
poled structures for nonlinear optical applications. The
production of the precise tailored periodical domain struc-
tures requires the deep understanding of the domain ki-
netic processes in an inhomogeneous electric field pro-
duced by electrode patterns.

LN and LT are the favorite objects of the domain engi-
neering, in spite of the fact that the coercive fields in the
most popular congruent compositions (CLN and CLT) are
enormously high (about 210 kV/cm). For many years both

materials were classified as “frozen ferroelectrics”. Quite
recently new LN and LT families of crystals closer to sto-
ichiometric composition (SLN and SLT) demonstrating
essentially lower coercive fields have become available
[25–28].

These crystals are uniaxial with C3 symmetry in the fer-
roelectric phase and domain structure with 180◦ domain
walls only. The domain walls are visualized due to pro-
nounced electro-optical effects and direct optical methods
can be used for in situ observation of the domain kinetics
[29, 30]. In the framework of our approach the experi-
mentally observed optical contrast of the domain walls
and “domain wall prints” (see Section 5) can be attributed
to change of the refractive index induced by incompletely
compensated depolarization field in the vicinity of the
domain wall [23].

Our switching experiments were held in optical-grade
single-domain wafers cut perpendicular to the polar axis
and carefully polished. The thickness for CLN and CLT
ranges from 0.2 to 0.5 mm, and for SLN and SLT − from
1 to 2 mm.

For the in situ investigation of the domain kinetics in an
uniform electric field we prepared 1-mm-diameter circu-
lar transparent electrodes of: (1) liquid electrolyte (water
solution of LiCl) in a special fixture and (2) In2O3: Sn
(ITO) films deposited by magnetron sputtering. The used
electrode sizes allow visualizing the domain kinetics over
the whole switched area with enough spatial resolution.
The direct observations of the domain evolution were car-
ried out using a polarizing microscope with simultaneous
TV-recording and subsequent processing of the image se-
ries.

For the periodical poling the wafers were lithographi-
cally patterned with periodic stripe metal electrodes de-
posited on Z+-surface only and oriented along one of
Y-directions. The patterned surface was covered by a pho-
toresist layer. High voltage pulses producing an electric
field greater than the coercive one were applied through
the fixture containing a saturated water solution of LiCl
(Fig. 1). The domain patterns produced by partial poling
were revealed on both Z-surfaces by etching using pure
hydrofluoric acid (HF) at room temperature. The obtained
surface relief was visualized by optical microscopy, scan-
ning electron microscopy (SEM) and atomic force mi-
croscopy (AFM). Moreover we have used the methods
of domain visualization without etching by optical mi-
croscopy with phase contrast and by piezoelectric force
microscopy (PFM) [31].

5. Sideways domain wall motion
5.1. Slow domain growth
“Slow domain growth” is obtained for complete bulk
screening (R � 1). In this case the switching process in
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Figure 1 Experimental setup used for periodical poling: 1—wafer, 2—
liquid electrolyte, 3—insulating layer, 4—periodic electrodes, 5—O-rings.

Figure 2 In situ optical visualization of the layer-by-layer domain growth
by step propagation along the wall in CLN. Time intervals from field switch-
on: (a) 1.20 s, (b) 1.28 s. Liquid electrodes. Eex=220 kV/cm.

SLT, CLN and SLN is achieved through the sideways mo-
tion of the walls strictly oriented along the Y-directions.

In situ observation of the domain kinetics shows that the
switching always starts with nucleation at the electrode
edges or at the artificially produced surface defects in
the center of the electrode area in accordance with our
approach [32, 33].

Domain wall motion usually proceeds via the propaga-
tion along the wall of an optically distinguished micro-
scale domain steps (bunches of the elementary nano-scale
steps) (Fig. 2) [32–34], thus confirming above discussed
approach. The wall decelerates while shifting from the ini-
tial position and partial backswitching is observed after
field switch-off.

For quantitative description of the deceleration effect
let us consider the shift of the single plane domain wall
from the initial state with accomplished bulk screening
(Erd completely compensated by the bulk screening). For
slow bulk screening the spatial distribution of Eb remains
fixed during field-induced wall shift and becomes asym-
metric relatively to the shifted wall. In this case Eb is
codirectional with Erd in the switched area. The total field
at the wall averaged over the sample thickness �Eloc co-

incides with the field produced by a stripe capacitor with
the width equal to the wall shift �x and the surface charge
determined by the doubled bulk screening charge density
2σ b [34–36]

�Eloc(�x) = (2σb/εεo)F(�x/d) (4)

where F(�x/d) = 1/π[2arctg(�x/d) + (�x/d)
1n (1 + d2/�x2)], and σ b=2Ps(ε/εL)L/d.

The decelerating field at the wall increases with �x thus
suppressing the step generation (2D-nucleation). As a re-
sult the wall motion velocity diminishes and the wall stops
at some distance from the initial position. After external
field switch-off the action of Erd+ Eb leads to return of the
domain wall to the initial state (“complete backswitch-
ing”). The experimentally obtained field dependence of
the wall shift measured during step-by-step increase of
Eex amplitude is fairly well described by Equation 4 [36].

When the generation of the individual steps is sup-
pressed due to the incomplete screening (R>1), two un-
usual scenarios of sideways wall motion can be realized:
(1) loss of the domain wall stability through formation
of the finger structure, and (2) acceleration of the wall
motion due to domain merging.

5.2. Loss of the domain wall shape stability
The perturbation of the planar wall shape leads to a loss
of the domain wall shape stability through formation of
the self-assembled domain structure with sub-micron fin-
gers (Fig. 3). The effect is the most pronounced while
switching with artificial dielectric layer. The perturbation
of the domain wall shape can be induced by (1) inhomo-
geneity of Eloc due to electrode shape irregularity or (2)
local decreasing of the threshold field. The perturbation of
the domain wall shape evolves forming a ledge (“finger”)
strictly oriented along Y-direction (Fig. 3a). The corre-
lated nucleation, leading to peculiarities of Eloc spatial
distribution, result in the appearance of the neighboring
fingers and propagation of the finger structure along the
wall (Fig. 3b). The decelerating effect for shifted wall,
characterized by Eloc(�x), is suppressed for a finger tip
due to diminishing (comparatively with the plane wall)
of the neighboring switched area, which is the source
of �Eloc (see Equation 3). Finally the correlated finger
structure forms along the wall (Fig. 3c). During period-
ical domain poling this mechanism provides the abnor-
mal “domain broadening” (large shift of the domain wall
from the electrode edge), which is extremely undesirable
for periodical poling. The “fingering” leads to the domain
merging, thus destroying the periodicity of the domain
pattern [37–39].
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Figure 3 Loss of the wall shape stability during switching in CLN in the
area covered by artificial dielectric layer. Stages of the structure evolution.
Optical observation of domains revealed by etching.

5.3. Acceleration of the domain wall motion
Although the step generation probability becomes negli-
gible for incomplete screening (R > 1), the applied field
is strong enough for the step growth. That is the reason
why the domain wall propagation can be accelerated by
domain merging (Fig. 4), which leads to an effective gen-
eration of a great number of steps at the wall. These steps
rapidly propagate along existing walls [32–34]. As a re-
sult the local deviation of the wall orientation from the
allowed crystallographic directions disappears (Fig. 4b).
The obtained abnormally fast domain growth (“domain
gulping”) is followed by easily visualized memory effect
caused by retardation of the bulk screening.

“Domain wall prints” remain at the places, where the
walls stay for a comparatively long-time before jump to
a new position induced by merging (Fig. 4b). Such ef-
fect can be understood if we take into consideration the
electro-optical nature of the observed contrast of the do-
main walls. The calculated bulk distribution of Eloc in
the ferroelectric capacitor with dielectric surface layer
demonstrates the field increase in the vicinity of the static
domain wall [38]. The field induced variation of the re-
fractive index leads to observed optical contrast of the
domain wall. It is clear that Eb also demonstrates a spatial
anomaly in the vicinity of the wall (see Equation 1). After
the wall jump the domain wall prints fade gradually due
to comparatively slow bulk screening process. The print

Figure 4 In situ optical visualization of “domain gulping” during reversal
poling in uniform field in CLN. Arrows indicate the domain wall prints. Time
interval between the frames 0.04 s. Liquid electrodes. Eex=153 kV/cm.

life-time is defined by the bulk screening time constant.
This effect has been experimentally observed in CLT by
Gopalan and Mitchell [40].

The above discussed acceleration effect prevails for
switching from multi-domain initial state with high con-
centration of small isolated domains. The switching rate
for “step generation by merging only” mechanism is de-
termined by only one parameter—the concentration of
the individual domains in the initial state. The complete
switching can be achieved if the relative concentration
exceeds the critical value, which is about 0.02 accord-
ing to our computer simulations on triangular lattice [41].
The discussed switching scenario prevails for the first
switching in CLT [42, 43], which starts with a forma-
tion of sub-micron-diameter domains with a density about
1000 mm−2 (Fig. 5). It leads to an acceleration of the do-
main wall motion velocity by more than two orders of
magnitude from 1 µm/s for isolated domains to 130 µm/s
(for Eex=190 kV/cm).

5.4. Super-fast motion of the switching front
In strong enough fields the switching process can continue
even for absolutely ineffective bulk screening (R � 1). In
this case the continuous motion of the wall is absolutely
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Figure 5 In situ optical visualization of the domain kinetics during switch-
ing in CLT. Time intervals from the field switch-on: (a) 0.3 s, (b) 0.9 s.
1-mm-diameter liquid electrodes. Eex=190 kV/cm.

forbidden and domain growth is achieved through propa-
gation of the boundary of ensemble of isolated needle-like
domains. Such “discrete switching” results in super-fast
motion of the switching front demonstrating pronounce
self-assembling behavior.

This effect has been observed during spontaneous back-
switching after abrupt removing of the external switch-
ing field in LN and LT crystals with an artificial dielec-
tric surface layer [44–46]. Various self-organized nano-
scale domain structures develop (1) arrays strictly ori-
ented along crystallographic directions (Fig. 6a) and (2)
stripes (Fig. 6b). Similar effect has been observed during
“super-fast switching” in PGO [47, 48].

Formation of all obtained self-assembled structures can
be considered as manifestation of the correlated nucle-
ation effect in the vicinity of the shifted domain wall
which is stopped by incomplete screening. The correlated

Figure 6 Quasi-periodic nano-scale domain structures: (a) arrays and (b)
stripes. Backswitching near the edge of the stripe electrode under the artifi-
cial dielectric layer in CLN. SEM images. Domains revealed by etching.

nucleation is caused by a pronounced maximum of Eloc,
existing in this case in front of the wall at the distance
nearly equal to the thickness of the surface dielectric layer
L, shown by computer simulation [38]. This field maxi-
mum essentially increases the 3D-nucleation probability
in front of the wall thus leading to appearance of iso-
lated domains at the distance L along the boundary. Any
arising isolated domain cannot spread out due to suppres-
sion of 2D-nucleation at its wall by the uncompensated
Edep. The arising domains repel each other due to elec-
trostatic and electro-mechanical interaction. As a result
the quasi-regular domain chain consisting of needle-like
domains with submicro- or nano-scale transversal sizes
aligns along the wall (Fig. 7). It has been shown by sim-
ulation that the new field maximum appears at approxi-
mately same distance from the formed domain chain thus
initiating formation of the second one [38]. Thus, self-
maintained enlarging quasi-regular domain structure can
cover the areas of about square millimeters.

The role of the correlated nucleation can be intensified
by: (1) increasing of R through rising of the switching
field or by hindering of the screening processes, (2) de-
position of the artificial surface dielectric layer, thus in-
creasing Erd. The later allows us to control the period of
the quasi-regular structure, which is important for domain
engineering. It has been revealed experimentally that the
velocity of such process exceeds by orders of magnitude
the usual wall motion velocity. That is the reason why the
process can be named as “super-fast domain growth.”

Correlated nucleation plays the most important role dur-
ing backswitching in CLN after an abrupt removing of
the external field. The record value of Ps in LN leads
to abnormally high value of Erd, which induces back-
switching. The backward motion of the domain wall is
achieved through propagation of the highly organized
quasi-periodical structure of domain arrays strictly ori-
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Figure 7 Nanodomain arrays oriented along (a) Y+ and (b) X-directions.
Backswitching near the edge of the stripe electrode under the artificial
dielectric layer in CLN. SEM images. Domains revealed by etching. Black
rectangles show electrode positions [33].

ented along crystallographic directions (Fig. 7) [38, 44–
46, 49]. Each quasi-regular array is comprised of nano-
domains with a diameter 30–100 nm and an average linear
density exceeding 104 mm−1. Two variants of array orien-
tation are obtained: (1) along the Y+-direction at 60◦ to the
electrode edges (Fig. 7a) and (2) along the X-directions
(Fig. 7b). In the later case the fast growth of nano-domains
along electrodes can lead to the formation of a periodic set
of nano-scale stripe domains with period about 100 nm
(Fig. 6b).

6. Growth of isolated domains
It has been shown experimentally for several ferroelectrics
that the shapes of isolated domains growing in uniform
electric field essentially depend on the field value [42,
50–53].

6.1. Hexagonal domain shape
The perfect hexagon domains with sides strictly oriented
along Y-directions are formed for switching under com-
plete screening (R<1) in any LN (Fig. 8a) and SLT
(Fig. 8b).

For incomplete screening (R>1) Erd suppresses the
step propagation along the walls, thus leading to the

Figure 8 Hexagon domains: (a) CLN, (b) SLT. Optical images: (a) domains
revealed by etching, (b) phase-contrast-microscopy [21].

Figure 9 Exotic polygon domains formed during switching in CLN under
artificial dielectric layer: (a) convex hexagons, (b) hexagon with concave
angles (“Mercedes star”) and regular triangle. Domains revealed by etching.
(a) Switching by two pulses and etching of Z− surface after each pulse [21].

essential deviation from the hexagonal shape. The do-
main shapes essentially deviating from the equiangular
hexagons forms in LN during very fast switching. Simi-
lar effect is observed also in the samples covered by an
artificial dielectric layer (Fig. 9).

6.2. Triangular domain shape
Individual domains of triangular shape with the sides
strictly oriented along the X-directions were observed in
CLN and CLT (Fig. 10). In CLT, the regular triangular
domains were always obtained for any switching condi-
tions (Fig. 10a), whereas in CLN such domains form for
switching with an artificial dielectric layer or as a result
of fast spontaneous backswitching (Fig. 10b).

The observed quantitative difference between domain
shapes in CLT (triangles) and SLT or any LN (hexagons)
for switching in ordinary conditions can be attributed to
the large difference of the screening times. It has been
shown experimentally that the screening process in CLT
is essentially slower (τ scr ∼ 1 s) as compared with LN and
SLT (τ scr ∼ 50–100 ms). The continuous transformation
from hexagons to triangles in CLN induced by incomplete
screening is a clear demonstration that the domain shape
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Figure 10 Triangle domains: (a) CLT, (b) CLN (formed during switching
under artificial dielectric layer). Optical images. Etch-revealed domains
[21].

Figure 11 Computer simulation of isolated domain growth. The ratio be-
tween the rates of step generation and step growth increases from (a) to (d)
[21].

is governed by competition between step generation and
step kinetics of domain growth.

We have verified by computer simulation the kinetic
nature of the domain shape. The model is based on the ex-
perimentally observed main features of the domain growth
in crystals with C3 symmetry. First, the generation of new
steps occurs at three vertices of the regular hexagonal
isolated domain (Y+-crystallographic directions). Second,
the steps grow along Y+-directions. The wall orientation
is determined by the step concentration similar to forma-
tion of vicinal faces during crystal growth. The hexagons
are formed for high step growth velocity and low step
generation rate (low step concentration) (Fig. 11a).

The variation of the ratios between the step genera-
tion and step growth rates due to retardation of the bulk
screening changes the domain shape. Existence of a trail

Figure 12 Web-type domain structure for switching with artificial dielectric
layer in SLT. Optical image. Domains revealed by etching [31].

of uncompensated field following the moving step decel-
erates the step growth thus increasing the step concentra-
tion at the wall. The simulation of the isolated domain
growth predicts existence of hexagons, triangles and even
polygons with concave angles similar to “Mercedes star”
(Fig. 11d). All shapes have been experimentally observed
during switching in CLN covered by artificial dielectric
layer (Fig. 9).

6.3. Web-like domain shape
It is interesting that the similar laws of the domain growth
can be observed even during above discussed discrete
switching for completely ineffective screening (R � 1).
The effect has been studied during switching in SLT com-
pletely covered by artificial dielectric layer (photoresist).
The switching starts with the formation of a conventional
hexagon domain around the pin-hole in the dielectric
layer. The subsequent growth is achieved through spread-
ing of the quasi-regular ensemble of micro-scale isolated
domains following the same mechanisms as the contin-
uous growth of the isolated domain. The shape of the
switched area is the same regular polygon as in the case
of growth of isolated domains. The “steps” forms and
propagates along the boundary of the ensemble playing
the role of the domain wall (Fig. 12). The averaged dis-
tance between the nuclei is very close to the thickness of
the artificial dielectric gap.

7. Domain engineering
The understanding of the field induced domain kinetics in
LN and LT allows us to propose recently an original pol-
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Figure 13 Main stages of the domain evolution during backswitched poling.
(a) nucleation, (b) broadening, (c) backswitching after field switch off.
White arrows show the directions of the domain wall motion [33].

ing method for creation of short-pitch periodical domain
structures, so-called “backswitched poling” [44, 45, 54].

We exploit the unique abilities of the backswitching
process, which was always considered as undesirable one,
because it destroys the tailored structure. During back-
switched poling, several distinguishable stages of domain
evolution can be revealed (Fig. 13). The process starts with
formation of new domains at the z+- polar surface along
the electrode edges due to the field singularities caused

by the fringe effect (Fig. 13a). During the second stage,
the domains grow and propagate through the wafer form-
ing the laminar domains. The always observed domain
broadening out of the electrode area leads to an essen-
tial difference between the lithographically defined elec-
trode pattern and the produced periodical domain struc-
ture (Fig. 13b). For short periods domain broadening re-
sults in domain merging, thus limiting the production of
the short-pitch domain patterns. After rapid decreasing of
the poling field, the backswitching starts through shrink-
age of the laminar domains by the backward wall motion
and formation of the domains with the initial orientation
of Ps along the electrode edges (Fig. 13c).

The application of this improved poling method to LN
demonstrates the spatial frequency multiplication of the
domain patterns as compared to the spatial frequency of
the electrodes and self-maintained formation of the ori-
ented domain arrays consisting of individual nano-scale
domains [44, 46]. The mechanism of frequency multipli-
cation is based on domain formation along the electrode
edges during backswitching. For “frequency tripling”
(Fig. 14c), the subsequent growth and merging of the
domains lead to formation of a couple of strictly oriented
sub-micron-width domain stripes with depth about 20–
50 µm under the edges of wide electrodes (Fig. 14d).
For narrow electrodes only the “frequency doubling” can
be obtained with the depth of the backswitched domain
stripes about 50–100 µm (Fig. 14a). The cross sections
of the backswitched domain reveal two distinct variants
of domain evolution: “erasing” and “splitting”. During
“erasing” the backswitched domains are formed in the
earlier switched area without any disturbance of the ex-
ternal shape of the laminar domain (Fig. 14e). During

Figure 14 Domain frequency multiplication (a), (b) “doubling,” (c), (d) “tripling,” (e) “erasing,” (f) “splitting”. (a), (c) z+ view, (b), (d), (e), (f) y
cross-sections. Optical images. Domains revealed by etching. CLN [33].
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“splitting” the backswitched domains cut the switched one
conserving its volume and varying the shape (Fig. 14f).

Backswitched poling in CLN enables higher fidelity and
shorter period domain patterning of thick substrates than
can be achieved with conventional poling. 4 µm-period
5-cm-length devices were characterized for continuous-
wave (cw) single-pass second harmonic generation (SHG)
of blue light [45]. First-order single-pass cw SHG at 460–
465 nm produced 61 mW of power at 6.1%/W efficiency
from a Ti:sapphire laser source and 60 mW at 2.8%/W
efficiency for a laser-diode source was achieved [55].

8. Conclusion
In the present paper, we have formulated the unified ap-
proach to the domain kinetics based on the nucleation
mechanism of the polarization reversal and demonstrated
its validity for understanding the variety of experimentally
observed domain evolution scenarios. We prove that the
kinetics of the ferroelectric domain structure essentially
depends upon effectiveness of the screening processes.
Original scenarios of the domain structure evolution were
revealed experimentally and discussed within unified ap-
proach accounting for the decisive role of the retardation
of the screening process. We demonstrate that the evo-
lution of a domain structure in ferroelectrics during de-
cay of the highly-nonequilibrium state presents the self-
organizing process, in which the screening of polarization
reversal plays the role of feedback. The discussed results
of the fundamental investigations can be used as a physi-
cal basis of “domain engineering”. We have proposed and
realized several new techniques, which allow to produce
the short-pitch regular domain patterns with record pe-
riods and nano-scale quasi-regular domain structures in
lithium niobate and lithium tantalate single crystals. The
crystals possessing such regular structures demonstrate
new non-linear optical properties required for modern co-
herent light frequency conversion devices.
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