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Abstract
Ferroelectric lithium niobate (LiNbO3) crystals with an engineered domain structure have a number of applications in 
optical systems for generation of multiple laser radiation harmonics, acoustooptics, precision actuators, vibration and 
magnetic field sensors, including those for high-temperature applications, and prospectively, in non-volatile computer 
memory. We have studied the effect of charged domain boundary on the formation of induced domain structures in con-
gruent lithium niobate (LiNbO3) crystals at the non-polar x-cut. Bi- and polydomain ferroelectric structures containing 
charged “head-to-head” and “tail-to-tail” type domain boundaries have been formed in the specimens using diffusion 
annealing in air ambient close to the Curie temperature and infrared annealing in an oxygen free environment. The sur-
face potential near the charged domain wall has been studied using an atomic force microscope (AFM) in Kelvin mode. 
We have studied surface wedge-shaped induced microscopic domains formed at the charged domain boundary and far 
from that boundary by applying electric potential to the AFM cantilever which was in contact with the crystal surface.

We have demonstrated that the morphology of the induced domain structure depends on the electrical conductivity of 
the crystals. The charged “head-to-head” domain boundary has a screening effect on the shape and size of the domain 
induced at the domain wall. Single wedge-shaped domains forming during local repolarization of reduced lithium 
niobate crystals at the AFM cantilever split into families of microscopic domains in the form of codirectional beams 
emerging from a common formation site. The charged domain wall affects the topography of the specimens by inducing 
the formation of an elongated trench, coincident with the charged boundary, during reduction annealing.
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1. Introduction

Ferroelectric lithium niobate (LiNbO3) crystals with an en-
gineered domain structure have a number of applications 

in optical systems for generation of multiple laser radiati-
on harmonics, acoustooptics, precision actuators, vibration 
and magnetic field sensors, including those for high-tempe-
rature applications, and prospectively, in non-volatile com-
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puter memory [1–12]. Despite the availability of proven 
technologies of growth of the crystals with required ferroe-
lectric domain structures and devices on their basis, rese-
archers draw much attention to the fundamental properties 
of domain structures, their technologies, formation kinetics 
and description at micro- and macroscopic levels [13–17].

Since lithium niobate is a 180° (or so called uniaxial) 
ferroelectric it can contain three types of domain bounda-
ries: “head-to-tail”, “head-to-head” and “tail-to-tail” type 
ones [18, 19]. In the former type of domain boundaries 
the line separating the two adjacent domains is parallel 
to their spontaneous polarization vectors. Head-to-tail 
domain boundaries have moderate free energy since they 
are either uncharged or weakly charged. On the contrary, 
“head-to-head” and “tail-to-tail” domain boundaries are 
arranged at a nearly 90° angle to the spontaneous polari-
zation vectors of the adjacent domains and therefore have 
their own bound charge (positive for head-to-head boun-
daries and negative for tail-to-tail ones). This charge in-
creases the free energy of the crystal and is compensated 
by mobile carriers causing local changes in the electrop-
hysical properties near the domain boundaries.

The formation of a charged domain walls in a crystal 
is not advantageous from the energy viewpoint. Howe-
ver, polydomain ferroelectric crystals that were cooled 
for sufficiently long time and underwent a paraelectric to 
ferroelectric phase transition always contain head-to-head 
and tail-to-tail domain boundaries or close ones. There are 
methods of increasing the concentration of charged do-
main boundaries. It was shown that lithium niobate and 
lithium tantalate crystals can be polarized so that only one 
long domain boundary exists in the whole crystal bulk that 
splits two domains and is oriented, at a macroscopic sca-
le, orthogonally to the spontaneous polarization direction. 
Methods of synthesizing these bidomain structures imply 
the formation of an inner force field in the crystal bulk as-
sociated with a temperature gradient [20–24] or a concen-
tration gradient [25–31] during a paraelectric to ferroelec-
tric phase transition. Since the abovementioned processes 
occur at high temperatures (~1100 °C), the domain boun-
dary morphology is largely affected by free carriers which 
can screen the electric field of charged domain walls and 
reduce their free energy. This seems to be the origin of the 
more serrated boundary pattern in bidomain LiTaO3 crys-
tals as compared to LiNbO3 crystals as seen in a microsco-
pic level: the lower Curie temperature implies a moderate 
bulk electrical conductivity during the phase transition and 
hence a larger number of head-to-tail boundaries [23].

The situation is different for domain formation and 
growth in bi- and polydomain crystals at low temperatu-
res, e.g. as a result of local repolarization by an external 
electric field. The extremely low concentration of intrinsic 
carriers reduces the efficiency of bulk screening in large 
single-domain regions. However, higher or lower intrin-
sic carrier concentrations at charged domain walls should 
cause the formation of new domains with structures dif-
fering from that of the single-domain region. Moreover, 
the intrinsic electric fields of the adjacent domains may 

give an additional contribution in the local electric field. 
An unusual behavior of domains at a charged domain wall 
in lithium niobate crystals was observed earlier: the sign 
of a needle-shaped domain changed to the opposite when 
passing through such a boundary [24].

An experimental method for obtaining data on the do-
main structure and modifying it in situ is piezoresponse 
force microscopy (PFM) which is an optional mode availa-
ble in atomic force microscope (AFM). Applying electric 
potential to the microscope cantilever one can locally pola-
rize even ferroelectric materials with a high switching field 
such as LiNbO3. There are multiple indications that ferroe-
lectric domains forming in lithium niobate crystals due to 
polarization have complex shapes depending on a number 
of factors: crystallographic orientation of specimen, mag-
nitude and time of voltage application to probe, method of 
probe movement on specimen surface, electrical conducti-
vity of specimen, surface layer quality and ambient condi-
tions [32–38]. The complex pattern of domain formation is 
caused by the fundamental instability of charged domain 
boundaries forming due to electric potential application to 
the cantilever: the room temperature electrical conductivi-
ty of the crystal is low and the field of the growing domain 
has not sufficient time for being screened by bulk carriers. 
This causes the formation of relatively shallow domains 
and increases the free energy of the cantilever and the do-
main boundary. The competition of these processes and the 
presence of external factors cause the formation of diffe-
rently shaped domain structures [32].

The aim of this work is to study local polarization in 
lithium niobate crystals under atomic force microscope 
probe in the vicinity of the charged domain boundary.

2. Experimental

We used commercially available lithium niobate crystal 
plates of congruent composition (cuts z and y + 128°). The 
plates were cut into 10 × 10 × 0.5 mm3 rectangles and a 
head-to-head bidomain ferroelectric structures were for-
med by diffusion annealing in air [25, 26, 29]. The Curie 
temperature of the crystals was 1138 ± 2 °C according 
to differential scanning calorimetry. After the bidomain 
structure was formed, two z-cut specimens were heat tre-
ated in an oxygen free environment for increasing elec-
trical conductivity (the so-called reduction annealing). 
One specimen was fast annealed at above the Curie point 
(1150 °C) for the formation of a polydomain ferroelectric 
structure and the other one was annealed for 100 min at 
1050 °C for increasing electrical conductivity in the bido-
main crystal. The specimens were annealed in an ULVAC 
VHC-P610 infrared furnace in a dry nitrogen atmosphe-
re. The electrical conductivity of the reduced crystals was 
at least 10-8 Ohm-1 × cm-1 according to fast measurement 
of reference specimens with a laboratory multimeter; this 
result is in agreement with literary data [39, 40]. We as-
sumed that the electrical conductivity of the as-cut speci-
mens (before reduction annealing) was 10-18 Ohm-1·cm-1.
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For AFM studies with the method described earlier 
[22, 24] we prepared thin transverse cuts of the crystals 
so the polar axis z was in the specimen plane and the per-
pendicular non-polar axis x was orthogonal to the crystal 
surface. The specimen preparation sequence is shown in 
Fig. 1. After crystal thinning and polishing we glued them 
onto a metallic substrate with conductive silver paste.

Data on the test crystals are summarized in Table 1.

Local polarization of ferroelectric domains, study of 
forming domain structures and measurement of surface 
potential signal were carried out under a MFP-3D Stand 
Аlone scanning probe microscope (SPM) (Asylum Rese-
arch, USA) with Asyelec-01 cantilevers (Asylum Rese-
arch, USA) in PFM mode and in Kelvin mode. For domain 
polarization we applied electric potential to the cantilever 
relative to earthed substrates with glued-on specimens. 
Among lithium niobate crystal cuts with a lateral position 
of the polar axis z, the highest threshold switching field 
and hence the shortest growing domain were observed 
in the x-cut crystals [33, 34]. Therefore we applied high 
electric potentials to the cantilever (160 to 200 V). All the 
experiments were carried out at room temperature without 
stabilization of humidity or illumination in the scanning 
area. In the PFM images of the domain structure the dark 
color regions correspond to the left-hand direction of the 
spontaneous polarization and the bright regions correspond 
to the right-hand direction of the spontaneous polarization.

3. Results and discussion

To determine the charge state of crystal surface at do-
main boundaries and evaluate the width of the region 

in which the charged domain boundary can change the 
electrophysical properties of the material we studied the 
specimens in Kelvin mode (Fig. 2). Analysis of the data 
showed that both in the #Z_HH specimen without reduc-
tion annealing and in the #Z_HH_B specimen, the surface 
potentials at the domain boundary are distributed inhomo-
geneously. In both crystals the potentials at the boundary 
are higher than the background ones which agrees with 
earlier experimental data [41]. The contrast of the charged 
domain boundary in scans obtained in Kelvin mode is bet-
ter in the crystal that was not reduction annealed (Fig. 2b) 
probably due to the lower electrical conductivity of that 
crystal. The width of the region with changed surface po-
tential is 20 µm in the unannealed crystal and 2 µm in the 
reduction annealed one.

Study of the surface topography for the #Z_HH_B 
specimen showed that annealing of the x-cut crystal in 
an oxygen free environment caused the formation of an 
elongated trench on the crystal surface which coincided 
with the charged domain wall in the PFM scan (Fig. 3). 
The depth and width of the trench are approx. 0.5 nm 
and 1 µm, respectively. Below we will discuss possible 

origins of this trench.
Many authors observed earlier [32, 42, 43] that the 

shape, length and configuration of the forming domains 
may vary depending on the method of local repolarization 
in LiNbO3 crystals with the SPM cantilever. For example, 
it was reported that the induced domain structure depends 
on the method of probe movement relative to the crystal 
surface. If the probe remained in contact with the specimen 
surface while moving between the polarization points the 
spontaneous polarization vectors of the forming domains 
were directed against the cantilever electric field [32], and 
additional micro- and nanodomains formed along the can-
tilever route [42, 43]. These observations were only made 
if the cantilever potential was negative. If the cantilever 
was lifted above the crystal surface before moving to the 
next polarization point the directions of the spontaneous 
polarization vectors of the forming domains coincided 
with the cantilever electric field direction, and no additio-
nal nanodomains formed along the cantilever route.

To determine the effect of cantilever contact with the 
specimen surface during moving between polarization 
points on the morphology of the polarized domains we 
studied domains obtained under different conditions. In 
the #Y128_HH specimen, 10 domains were polarized at 
the domain boundary to the right and to the left far from 

Table 1. Parameters of test lithium niobate crystals.

Specimen Bidomain structure formation Reduction annealing Domain structure
#X_SD – – Monodomain
#Y128_HH

Air annealing at 1140 °C for 120 min

–

Head-to-head bidomain#Z_HH –

#Z_HH_B Annealing in 6.0 grade dry nitrogen 
atmosphere at 1050 °C for 100 min

#X_PD_B – Annealing in 6.0 grade dry nitrogen 
atmosphere at 1150 °C for 5 min Polydomain

Figure 1. Schematic of specimen preparation for studies.
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Figure 2. Visualization of head-to-head type charged domain boundary in (a and b) #Z_HH and (c and d) #Z_HH_B specimens (a 
and c) in piezoelectric force microscopy mode and (b and d) in Kelvin mode.

Figure 3. Change in surface topography at charged domain boundary in #Z_HH_B specimen: (a) topography, (b): (1) surface profile 
and (2) piezoresponse phase chart along the section shown in figure.

it with a positive or negative cantilever potential of 200 
V for different durations (Fig. 4 a–f). Applying a positive 
potential for 10 s or more produced a complex polarized 
domain structure which contained an elongated domain 
the spontaneous polarization direction of which coincided 
with that of the applied electric field (main domain) and 

two small (additional) domains that were symmetrical re-
lative to the potential application point, the spontaneous  
polarization of which was directed against the electric 
field. Increasing the time of applying positive potential 
broadened and lengthened the main domain and changed 
the shape of the additional domains but slightly.
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Figure 4. Domains formed in LiNbO3 crystals by (a–c) cantilever contacting with crystal surface and (d–f) cantilever lifter above 
crystal surface while moving between points: (a–c) #Y128_HH specimen: (a) left, (b) at and (c) right of domain boundary, (d) 
#X_SD specimen, (e) monodomain region of #X_PD_B specimen and (f) #Z_HH_B specimen. Potential application duration is 
shown on scans.

Application of a negative potential with the same am-
plitude as above produced two types of domain structu-
res. If the application time was short (~10 s) the morpho-
logy of the complex domain structure was close to that 
for positive potential (one main and two additional do-
mains). Increasing the cantilever electric field exposure 
time (30 s or more) completely removed the main domain 
and one additional domain and caused a slight growth of 
the second additional domain the spontaneous polariza-
tion of which was directed against the cantilever electric 
field. Microdomains did not form along the cantilever 
route whether the potential was positive or negative. Our 
polarization results for contacting cantilever movement 
between polarization points agree with earlier data [32] 
for y-cut crystals and can be accounted for by different 
screening rates of electric fields induced in the crystal 
and in the surface region by positive and negative canti-
lever electric potentials.

The pattern was different if the cantilever was lifted 
above the crystal surface while moving to the next polari-
zation point. Then the growth directions of needle-shaped 
domains coincided with the cantilever electric field direc-
tion whether the potential was positive or negative (Fig. 4 
d–f). With an increase in the electrical conductivity of the 
crystal which depends on the time and temperature of re-
duction annealing the role of mobile carriers in screening 

of the cantilever electric field increases. This causes smea-
ring of the domains polarized by the cantilever and makes 
their shapes almost round. Unlike the initial (not reducti-
on annealed) crystal in which induced domains have clo-
se linear sizes, the area of domains polarized by negative 
cantilever potential in specimens after reduction annealing 
was 3–4 that of domains polarized by positive cantilever 
potential. This can be accounted for by contact phenomena 
between the cantilever material and lithium niobate or by 
differences in the mobilities and concentrations of carriers 
with effective positive and negative charge sign.

Polarization with cantilever lifting without exposure 
produces domain structures having a stronger contrast 
and a visually resolvable end of beam. However if this 
method is used the polarization of adjacent points takes 
more time as compared to polarization with a contacting 
cantilever. This shifts the polarization points relative to 
one another and to the domain boundary due to an imper-
fect scanning probe microscope positioning system.

Induced domain structures were stable in time and re-
mained unchanged several days after polarization whether 
the cantilever was contacting or lifted while moving bet-
ween polarization points.

Study of domain formation under cantilever electric 
field in polydomain crystal #X_PD_B showed that depen-
ding on domain boundary type (head-to-head or tail-to-
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tail) the domain grew in different manners if potential was 
applied directly to the domain boundary. For positive po-
larization at a head-to-head boundary and negative pola-
rization at a tail-to-tail boundary, the new domain growth 
was slight if any (Fig. 5 a, d). This can be accounted for 
by the same direction of the cantilever electric field and 
the spontaneous polarization vector in each adjacent do-
main. The growth of induced domains at a tail-to-tail do-
main boundary in case of negative cantilever potential 
occurred similarly. Then the cantilever electric field was 
directed against the spontaneous polarization vectors of 
the adjacent domains and therefore the area of the repola-
rized region increased twofold (Fig. 5b).

The growth of induced domains at a head-to-head do-
main boundary in the case of positive cantilever potential 
occurred differently. Then two oppositely directed submi-
cron sized domains formed, and the area of the polarized 
region did not exceed twofold the induced domain area 
in the single-domain region. The domain wall was the 
barrier for needle-shaped domain propagation to adjacent 
macrodomains (Fig. 5 c). The sizes of the induced do-
mains were within 1 µm. Note that there were no traces 
of formation of the domain with a twofold greater area for 
either phased or amplitude lateral piezoresponse signals.

Comparison of the shapes of domains forming in 
non-reduced and reduced lithium niobate crystals sho-
wed that under specific conditions one needle-shaped do-
main can split into a family of adjacent parallel narrow 
wedge-shaped domains (beams) emerging from a com-
mon formation site. Examples of this domain growth are 
shown in Fig. 4 e and in Fig. 6. This multi-beam growth 
pattern was only observed in reduced lithium niobate 
crystals, the domain beams being the more the longer was 
the oxygen-free environment reduction. The length of in-
dividual beams emerging from the domain is generally 
larger in local polarization regions where the cantilever 
potential was negative. It is safe to assume that this phe-
nomenon is associated with the bulk electric field scree-
ning in the cantilever/crystal contact region.

The induced domain grew in bidomain crystals along 
the boundary, but after some minimum distance between 
the potential application point and the charged domain wall 
(~4 µm) a symmetrical semicircle-shaped domain grew in 
the direction from the boundary towards the wedge-sha-
ped domain polarized by the cantilever (Figs 5 b, 6 d). The 
spontaneous polarization vector of the induced domain 
had the same direction as the cantilever electric field.

The morphology of the domain structure induced by 
local polarization of ferroelectric domains on non-polar 
x-cuts of LiNbO3 crystal surfaces with the AFM cantilever 
depends on a number of intrinsic and extrinsic factors. The 
intrinsic factors include crystal electrical conductivity, sur-
face quality, potential application time, cantilever electric 
field direction; the extrinsic factors can be experimental 
conditions (temperature, humidity) and method of experi-
ment (contact or contactless cantilever movement between 
voltage application points). If the test crystal is not sin-
gle-domain these factors additionally include the effect of 
charged head-to-head and tail-to-tail domain boundaries.

Charged domain boundaries in bi- or polydomain crys-
tals are surrounded by regions of changed surface poten-
tial. The width of these regions may vary from 20 µm 
in insulating crystals (without annealing in an oxygen 
free environment) to 2 µm in highly electrically conduc-
tive specimens. The largest difference in electrophysical 
properties is observed between the crystal bulk and the 
domain boundary where according to literary data [41] 
the surface potential is the highest at the head-to-head 
boundaries and the lowest at the tail-to-tail ones.

The room temperature electrical conductivity of undo-
ped lithium niobate crystals is 10-15–10-18 Ohm-1 × cm-1. 
Reduction annealing increases the electrical conductivity 
to about 10-7–10-8 Ohm-1 × cm-1 [39, 40, 44]. The electrical 
conductivity of a charged domain wall differs from that 
of a single-domain region and may reach 10-2 Ohm-1 × 
cm-1 in magnesium doped crystals which is ~13 orders 
of magnitude higher than the dark electrical conductivity 
of as-grown congruent lithium niobate [45]. Note that li-
terary data on the electrical conductivity of domain boun-
daries in thermally reduced lithium niobate crystals are 
very scarce. The wide range of possible electrical conduc-
tivity, anisotropy of physical properties and the difference 
between the electrical conductivities of the bulk and the 
surface entail polarization of differently shaped and sized 
domains in the crystals.

During local polarization of domains in a single-do-
main specimen or a single-domain region in a bidomain 
specimen, even a small number of free carriers remaining 
in the material at room temperature can partially screen 
the cantilever electric field and lead to the formation of 
asymmetrical domains that are known from microscopic 
studies [32] of 180° ferroelectrics. The induced domain 
has a typical wedge shape and is elongated along the op-
tical axis. This phenomenon is also observed close to the 
domain boundary. The effect of an increase in electrical 
conductivity (due to reduction annealing) on the induced 
domain structure shows itself as a change in the shape 
of the forming domain from elongated needle-shaped to 
smeared and close to round (Fig. 4). The high concentrati-
on of carriers (in thermally reduced LiNbO3 crystals these 
carriers are polarons [40, 46–50]) provides for a more ef-
ficient screening of the cantilever electric field and elimi-
nation of additional domains. The latter form in insulating 
(unannealed) LiNbO3 due to the secondary polarization 
of slowly dissipating surface charge. With an increase in 
the electrical conductivity of the crystals the single beam 
shaped domain emerging from the electric field applicati-
on point splits gradually first into 3–4 shorter beams and, 
with a further growth in carrier concentration, into 5 or 
more beams. Individual beams can even be resolved at the 
edges of semicircle-shaped domains forming during local 
polarization of specimens after long-term heat treatment 
in an oxygen free environment and seem to efficiently mi-
nimize the free energy of the induced domain boundary.

The sizes and shapes of the domains forming after 
AFM cantilever application directly to a charged domain 
wall depend on the type and sign of the applied voltage. If 
the electric field direction is the same as that of the spon-
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Figure 5. Matrices of induced domains formed in #X_PD_B crystal at charged (a and b) tail-to-tail and (c and d) head-to-head 
domain boundary for (a and c) positive and (b and d) negative 200 V potential applied for 60 s.

Figure 6. Multi-beam domains induced by applying (a and c) positive and (b and d) negative 160 V potential to cantilever for LiNbO3 
crystals thermally reduced in an oxygen free environment (a and b) for 5 min at 1150 °C and (c and d) for 100 min at 1050 °C.

taneous polarization vectors in the adjacent domains the 
induced domains do not grow, predictably. If the cantile-
ver electric field direction is directed against the sponta-
neous polarization vectors of the adjacent macrodomains, 

the forming domain structure depends on the type of the 
existing domain boundary. In tail-to-tail structures the in-
duced domain propagates to both sides of the boundary 
forming a large repolarized region. On the contrary, at 
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head-to-head boundaries domains grow but slightly (the 
linear size of the repolarized region is within 1 µm for 
200 V voltage applied for 60 s). This can be caused by 
the much efficient screening of the cantilever electric 
field by head-to-head domain boundaries due to higher 
electron concentrations in nearby regions. This elevated 
carrier concentration is accounted for by the fact that a 
head-to-head domain structure couples the ends of spon-
taneous polarization vectors of adjacent domains, i.e., the 
Li+ cations in the oxygen octahedrals of the unit cells. 
The compensation of the double layer of positive char-
ges by bulk electrons increases the electrical conductivity 
of head-to-head domain boundaries. This was confirmed 
experimentally earlier [41] using conductive atomic force 
microscopy. Carrier mobility in a reduced LiNbO3 crystal 
with a Debye length of 1 µm and an electrical conducti-
vity of 10-8 Ohm-1 × cm-1 for electron or polaron conduc-
tivity is μ ~ 10-3 cm2/(V × s) at a free carrier concentra-
tion of ~1014 cm-3. This estimate is in a good agreement 
with earlier Hall carrier mobility data obtained for similar 
specimens at room temperature [44]. A tail-to-tail domain 
structure is a double layer of negative charges in a crystal 
structure and is not resolvable by conductive AFM [41]. 
These structures seem not to accumulate high concentra-
tion of free negative carriers and hence do not screen the 
cantilever electric field and do not hinder the growth of 
induced domains in the macrodomain neighborhood.

The effect of charged domain boundaries is not limited 
to the electrophysical properties of crystals. It was found 
that reduction annealing in an oxygen free environment at 
a temperature that is known to be below the Curie point 
not only changes the color of the crystal and increases its 
electrical conductivity by producing color centers, but also 
changes its surface morphology. Along with the expected 
smoothing of the crystal topography [51, 52] due to re-
crystallization of the surface layer that was damaged and 
probably partially amorphized during specimen mechani-

cal polishing, reduction annealing of an x-cut produced an 
elongated trench with a depth of ~0.5 nm and a width of 
~1 µm coinciding with the charged head-to-head domain 
boundary. This trench can originate from a change in the 
recrystallization activation energy, deceleration of the la-
teral growth of the material and enhanced sublimation of 
the material at the domain boundary. Clarification of the 
origin of this phenomenon requires further investigation.

4. Conclusion

Local repolarization of ferroelectric domains in bidomain 
LiNbO3 crystals with charged head-to-head and tail-to-tail 
domain walls was studied by applying electric potential 
to AFM cantilever. We observed polarization regularities 
and dependence of domain size on the polarity, duration 
and application point of electric potential. Screening of 
the growth of the induced domains by head-to-head do-
main boundaries was shown. Multi-beam domain growth 
in LiNbO3 crystals after reduction annealing in an oxygen 
free environment was described.
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