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Abstract: The results of an experimental study of the abnormal domain structure kinetics in lithium
niobate single crystals with a surface layer modified by soft proton exchange are presented. Domain
switching in a wide field range allowed two qualitatively different types of domain structure evolution
to be revealed: (1) the traditional growth of hexagonal domains in fields higher than 21.5 kV/mm
and (2) the abnormal growth of stripe domains oriented along the Y crystallographic directions in the
field range from 3.8 to 21.5 kV/mm. The stripe domains had a width up to 4 pum and depth up to
30 um. It was shown that the time dependence of the total length of stripe domains could be analyzed
in terms of the modified Kolmogorov—Avrami approach, taking into account the transition from
the one-dimensional 3-model to the one-dimensional x-model. The possibility of the controllable
creation of a quasi-periodic structure of stripe domains with an average period of 5 um by a two-stage
polarization switching process was demonstrated. The formation and growth of stripe domains were
considered in terms of the kinetic approach to the evolution of the domain structure as a result of the
domain walls” motion under inefficient screening conditions caused by the presence of a modified
surface layer. The abnormally low threshold fields were attributed to a presence of a “built-in” field
facilitating switching, created by a composition gradient induced by soft proton exchange.

Keywords: lithium niobate; proton exchange; domain switching; domain engineering; composition
gradient; optical waveguides

1. Introduction

Crystals of uniaxial ferroelectric lithium niobate (LiNbOj3, LN) are used in nonlinear
and integral optics due to the large values of optical, electro-optical, and acousto-optic
coefficients. The formation of periodical domain structures (PDS) in LN makes it possible
to realize the quasi-phasematching conditions for nonlinear optical transformations, such
as second harmonic generation and parametric light generation with record efficiency [1-4].
The creation of integrated optics devices based on LN requires the formation of PDS in
optical waveguides [5,6]. Proton exchange (PE) is a widely used technique for creating
optical waveguides by replacing Li* ions with H* protons [7], which utilize benzoic acid as
a proton source. This process leads to an increase in the refractive index for an extraordinary
wave and to a decrease in it for an ordinary wave in LN [8]. Changing the composition of
the proton source makes it possible to obtain different dependencies of the refractive index
on the depth: (a) a “step profile” with “hard” proton exchange in pure benzoic acid [7]
and a “gradient profile” with “soft” proton exchange in benzoic acid with the addition of
more than 2.7% lithium benzoate (soft proton exchange, SPE) [9,10]. It should be noted that
among the considered PE methods only SPE conserves the ferroelectric properties in the
waveguide [11].

It was previously shown that the evolution of the domain structure in PE LN depended
significantly on the used PE procedure [12]. For hard PE, an increase in the thickness of
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the modified layer led to an increase in the threshold field, as well as to the formation of
isolated nanodomains in front of the moving domain wall, thus forming a “broad domain
boundary” [13]. For SPE, an abnormal decrease in the threshold field was observed, as
well as the formation and growth of stripe domains. It has been noted that the discovered
features of the domain kinetics in SPE LN are of considerable interest for the development
of domain engineering; however, no systematic study of the domain structure evolution
and geometric parameters of stripe domains in SPE LN has been carried out.

This paper presents the results of an experimental study of the abnormal kinetics of
the domain structure in congruent LN single crystals with a surface layer modified by SPE
(SPE CLN) in a wide field range. It is shown that the growth of stripe domains is observed
up to the coercive (threshold) field in CLN. The possibility of the controllable formation of
parallel quasi-regular structures of stripe domains from a “flat” domain wall by a change
in the switching mode is demonstrated. The obtained results are explained in terms of the
kinetic approach.

2. Materials and Methods

The studied samples represented 0.5 mm thick CLN plates cut perpendicular to the
polar axis and polished to optical quality (Gooch & Housego, USA). The surface of the
plates was modified by SPE at INPHINI, Nice, France. Annealing was carried out in benzoic
acid with 3.0% lithium benzoate at 300 °C for 48 h.

The depth dependence of the concentration of H* (C(h)) in the sample was measured
by confocal Raman microscopy (CRM) with submicron spatial resolution using a confocal
Raman microscope Alpha 300 AR (WITec, Germany) with excitation laser on wavelength
488 nm. The measured maximum intensity of the Raman spectrum line 3492 cm~! cor-
responding to the oscillations of the OH group was proportional to the concentration of
H* ions [14] (Figure la,b). Based on the experimentally measured dependence C(h), the
depth of the modified layer in our samples was about 2 microns (Figure 1c).
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Figure 1. (a) Raman spectrum of SPE CLN. (b) Spectral region with the 3492 cm~! line. (c) Depth
dependence of the amplitude of the 3492 cm ™! line (relative concentration of H* ions) near the Z+

polar surface.

For domain switching, the sample was placed in a cell (Figure 2). Transparent elec-
trodes based on saturated LiCl aqueous solution were used. Switching was carried out in
the field range from 1 to 25 kV/mm by applying a single rectangular or triangular pulse
with a duration from 100 ms to 300 s. The pulses were generated by an ADC/DAC board
PCI-6251 (National Instruments, Austin, TX, USA) and amplified using a Trek 20/20c
high-voltage amplifier (Trek Inc., Lockport, NY, USA) (Figure 2). The domain structure was
in situ imaged using an LMA10 optical microscope (Carl Zeiss, Oberkochen, Germany)
with a FASTCAM Mini UX100 high-speed video camera (Tech Imaging, Saugus, MA, USA)
with a recording rate of up to 2500 frames/s.

The imaging of the static domain structure on the surface and in the bulk was carried
out by the CRM based on the measurement of the spatial distribution of the shifts of
the 581 cm~! E(TOg) and 872 cm~! A1(LOA4) lines in the Raman spectrum during 2D
scanning [15]. The spatial resolution of the method was about 500 nm.
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Figure 2. Scheme of the setup for domain switching with in situ optical domain imaging.

3. Results

Switching of polarization in a wide range of fields allowed two qualitatively different
types of domain structure evolution to be revealed: (1) the growth of oriented stripe
domains in the field range from 3.8 to 21.5 kV/mm and (2) the growth of hexagonal
domains for fields above 21.5 kV/mm.

The first type of domain structure evolution represents the formation of stripe domains
and their growth in three Y crystallographic directions (Figure 3). The domain growth
terminated when the domain encountered another stripe domain. The similar oriented
growth of stripe domains was observed during the formation of a domain structure as a
result of pulsed heating by IR laser radiation [16].

Figure 3. Instantaneous optical images of the domain structure during polarization switching
in increasing field. (a,b) At the time interval from the start of field pulse application: (a) 37 s
(E=8kV/mm), (b) 955 (E =19 kV/mm). (c—e) Magnified fragment of the images marked in (a), at
the time interval: (c) 22 s (E = 4.5 kV/mm), (d) 37 s (E =8 kV/mm), (e) 95 s (E = 19 kV/mm). The
field growth rate is 0.2 kV/(mm s).

Imaging of the domain structure after partial polarization reversal under the field of
5 kV/mm by the CRM method has shown that the stripe domains have a width of about
4 um and a depth up to 30 um (Figure 4).
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Figure 4. CRM images of the stripe domains after partial polarization reversal: (a) view on the polar
surface, (b) view at the XZ section.

To analyze the orientation distribution of the stripe domains, the results of in situ opti-
cal imaging of the domain structure evolution were processed by the following algorithm
(Figure 5):

(1) The background (the first video frame) was subtracted from all images (Figure 5a);
(2) The resulting images were binarized by the Lee method [17];

(3) The Fourier transform of the binarized image was calculated (Figure 5b);

(4) An angular convolution of the Fourier transform was performed (Figure 5c).
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Figure 5. (a) Instantaneous optical image of the domain structure after background subtraction.
(b) The Fourier transform of the image. (c) The angular convolution of the Fourier transform. Applied
field 8 kV/mm.

The algorithm for processing video recording frames and presenting the results was
implemented using the OpenCV, SciPy, Skimage, and Matplotlib libraries [18-21].

The analysis demonstrated that the stripe domains are oriented along three equivalent
directions, coinciding with the Y crystallographic directions in LN with C3, symmetry.

For switching in an increasing field, the time dependence of the total length of the
stripe domains L (Figure 6a) and the average effective period of the structure T = A/L were
analyzed, where A is the area of the analyzed region (Figure 6b).

The modified Kolmogorov—Avrami approach was used for the analysis of L(t) depen-
dence [22-24]. Such an approach was previously used to analyze the time dependence of
the total area of switched domains in ferroelectrics [25]. It was taken into account that, at the
initial stage, the increase in L occurred due to the growth of stripe domains that appeared
in lower fields on surface defects, which corresponds to the Kolmogorov—-Avrami 3-model.
After that, the formation of new stripe domains and their subsequent growth prevail, which
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corresponds to the Kolmogorov—Avrami a-model (Figure 3). The general equation of L(f)
dependence within a Kolmogorov—Avrami approach can be written as follows:

L) = Lus (1= exp (= [ a(@0"@ 00 ) ), 1)

where L,y is the maximum total length of stripe domains, « is the probability of nucleation
per unit area, I(C,t) is the length of the stripe domain, which was formed at time ¢, by time ¢.
For o-model «(t) = const; for f-model a(t) = 4(1).
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Figure 6. Time dependencies of the domain structure parameters during switching in increasing field:
(a) the total length of the stripe domains and (b) the effective period of the domain structure, fitted by
Equation (7) and Equation (8), respectively.

It was assumed that the growth rate of the stripe domain was proportional to the field
excess over the threshold value [26]:

_ JuW(E—Ey),E>Ey
o(E) = { o=, @)

where y is the domain wall mobility and Ey, is the threshold field. It is necessary to pay
attention to the fact that the used formula is dissimilar to the Rayleigh law, which is used
for the vibration of the domain walls as a whole [27].

In this case, it should be taken into account that the external field increases linearly

with time:
E(t) = Rt, ®3)

where R = dE/dt is the field growth rate.
The length of one particular stripe domain I(g,t) can be found as follows:

& t) = /U(E(t’))dt’, 4)
¢

Substituting Equations (2)—(4) into (1) and integrating, we obtain the following formula
for the o-model:

Lo(t) = Lyax (1 — exp(—u<_61R(t3 - t§t> + %Eth(tz - tft) + (;th _ Etht) (t— tst))>>, G)

where a = ap, and t5; = Ey;/R is the start time of the switching process.
Similarly, for the 3-model:

L(t) = Lmax(l - exp(—b(t - tst)z)), ©6)

where b = uR/2.
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The measured time dependence of the total length of stripe domains (Lexy(t)) was fitted
by the following formula:

Lg(t),t <t
_ B s cat
Lexp(t) {L,X(t — At), t > teat )

where At is a time constant taking into account that the «-process starts when some part of
the total length has been switched by the S-process.
Similarly, the time dependence of the average effective period of the domain structure
was fitted by the formula:
A

" Leyp(t)

The parameters Ly = 96 mm, R = 0.2 kV/(mm-s), and Ey, = 3.8 kV/mm were fixed during
fitting. The values of the best fit parameters are as follows:a = (7.1 = 0.5)-107° mm/(kV-s?),
At=—B0+1)s,and b= (1.8 £0.1)-1073 s 2.

The growth of hexagonal domains was observed in the fields above 21.5 kV/mm,
which corresponds to the threshold field for polarization reversal in CLN crystals [28]. In
this case, the domain walls are parallel to the Y crystallographic directions (Figure 7).

T(t) ®)

(b) (d)

Figure 7. Growth of hexagonal domains in the fields above 21.5 kV/mm. Instantaneous optical
images of the domain structure during polarization reversal under the field of 22 kV/mm. The time
intervals from the start of field pulse application: (a) 220 ms, (b) 228 ms, (c) 236 ms, (d) 244 ms.

(a) 200 pm

Optical microscopy, transmitted light.

The domain appeared after the merging of two hexagonal domains rapidly restored
its hexagonal shape due to the formation and growth of ultrafast short-living walls (shape
stability effect) (Figure 4) [29]. Thus, for partial polarization reversal, it is possible to obtain
the flat strictly oriented domain walls of millimeter length, which can be used for the
growth of stripe domains in fields less than 21.5 kV/mm.

Creation of Quasi-Periodic Domain Structures

The process of the formation of the quasi-periodic structure of stripe domains after a
change in the switching mode was investigated. In this case the switching process consisted
of two stages. At the first stage, long flat domain walls were created in a field of 22 kV/mm,
and at the second stage, a series of short rectangular pulses with an amplitude of 10 kV/mm
and duration of 100 ms with 10 s interval between pulses was applied. Such a switching
procedure leads to the formation of a quasi-regular structure of oriented stripe domains
that appeared on the flat domain wall and grew along the Y crystallographic direction
(Figure 8a,b). The domain width was about 2 pm, and the length—up to 100 um, the
average period—was about 5 pm (Figure 8c). The domain depth measured in the crystal
volume by the CRM reached 20 um (Figure 8d).
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(c)

Figure 8. Quasi-periodic structure of stripe domains growing during polarization reversal by series

of short rectangular pulses of low field from a flat domain wall created in high field. (a) Optical
image in transmitted light. Images obtained by CRM method: (b) in polar XY plane, (d) in XZ plane.
(c) Schematic representation of quasi-periodic structure.

4. Discussion

The observed oriented growth of stripe domains can be explained within the frame-
work of the kinetic approach to the domain structure evolution based on the analogy
between the growth of domains and crystals. The driving force of the process in this case
is the excess of the polar component of the local field (Ej,. ) over the threshold value [26].
The local field contains the contributions of: (1) a uniform external field (E.y) induced by
the applied voltage, (2) a depolarization field (E4y) created by bound charges, depending
on domain size and shape, (3) an external screening field (E.y scr) created by the current in
the external circuit, and (4) a bulk screening field (E},) due to slow bulk screening processes.

Ejoc.z (1’, t) = Eexz — (Erd.z (7’, t) —Ep; (1’, t))/ )

where E,j ; (7, t) = Egep.z (1, t) — Eex.scrz (1, t) is the residual depolarization field.

The motion of the domain wall is caused by the generation of the steps on the wall
and the motion of the kinks along the wall [26]. The step generation velocity is determined
by the excess of Ej,., above the threshold value for generating steps Ey, 5

dns/dt(E) = k(Ejoc: — Epnst), (10)

where 7, is the concentration of steps, and k is the coefficient.
The kink motion velocity is determined by the excess of Ej,., above the threshold
value for the kinks” motion Ey,

Uk(E) = Vk(Eloc.z - Eth.k)/ (11)

where 1y, is the mobility of kinks.
In a ferroelectric capacitor with an artificial dielectric layer, E,; , is proportional to the
ratio of the layer thickness L; to the thickness of the sample d.

Ey, = ZPSLd/(ELEOd)r (12)

where €1, and g are dielectric permittivities of the dielectric layer and vacuum.

An increase in the (E,;, — Ep ;) term in Equation (9) due to a retardation of the bulk
screening leads to a spatially inhomogeneous Ej,. on the domain wall and, as a result,
to various shapes of growing polygonal domains [22]. Previously, it was shown that the
calculated angular dependence E,;,(¢) for a hexagonal domain had its minima at the
domain vertices [26]. This result made it possible to explain the experimentally observed
effect of “determined nucleation”, which is the generation of steps at the vertices of a
polygonal domain [26]. A further increase in E,; due to a thicker dielectric layer leads to
an Ej,. decrease close to the threshold values. As a result, the steps’ generation and the
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kinks” motion occur only at the vertexes of the stripe domains [26], which leads to their
elongation without increasing the width.

To explain the process of the formation of the quasi-periodic structure of stripe domains
upon changing the switching mode, the distribution of the excess of Ej,. , over Ey, i at the
domain wall and the change in the moving wall shape (Figure 9) after the formation of a
single ledge on it were numerically calculated [30].

Z2 2 ZZ Z.
[ [
o MseNO

X (um)

Figure 9. Computer simulation of shape evolution of a moving domain wall for switching by the
series of rectangular field pulses. N is the number of pulses.

The calculation was performed by the finite element method using the COMSOL
Multiphysics software package. The effect of incomplete compensation of the bound charge
on the surface behind the moving domain wall was taken into account. The local electric
field on the domain wall was calculated at a depth of 400 nm. The change in the wall shape
as a result of the application of the field pulse was obtained from the field dependence of the
wall velocity according to Equation (2). Iterative calculation of the local field distribution
and inhomogeneous domain wall shift made it possible to obtain the change in the wall
shape during switching by a series of pulses. It is shown that quasi-periodic structures of
ledges (stripe domains) are formed at the domain wall (Figure 9). The field decrease in
the valleys between the ledges below the threshold ensures the existence of stable concave
angles [30].

The orientation of the stripe domains in Y directions is due to the anisotropy of the
domain growth velocity. The lower threshold fields for growth in the Y+ directions lead to
anisotropic growth.

The abnormally low threshold fields for the stripe domains’ growth can be attributed
to the influence of the composition gradient that appeared as a result of the SPE process. The
gradient leads to the appearance of a “built-in” (bias) field, which facilitates the switching
process and reduces the threshold field.

5. Conclusions

This paper presents the results of an experimental study of the abnormal evolution of
the domain structure in lithium niobate single crystals of congruent composition with a
surface layer modified by the SPE process. The study of the domain switching in a wide field
range allowed two qualitatively different types of domain structure evolution to be revealed:
(1) the growth of oriented stripe domains in the field range from 3.8 to 21.5 kV/mm and
(2) the growth of hexagonal domains in the fields above 21.5 kV/mm. Imaging of the
domain structure in the crystal bulk showed that the stripe domains were 4 um wide and
up to 30 pm deep. It was found that the stripe domains were oriented predominantly
along three directions equivalent according to the LN symmetry (Czy) coinciding with
the Y crystallographic directions. The time dependence of the total length of the stripe
domains and the average effective domain structure period was analyzed for switching
in an increasing field. It was shown that both dependencies could be analyzed within
the framework of the modified Kolmogorov—Avrami approach, taking into account the
transition from a one-dimensional 3-model to a one-dimensional o-model. The possibility
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of creating a quasi-periodic structure of stripe domains by changing the switching mode
from traditional to abnormal was demonstrated. In the fields of more than 21.5 kV/mm,
extended flat domain walls were created, from which, in the fields of less than 21.5 kV/mm,
a quasi-periodic structure of stripe domains grew. The length of the stripe domains was up
to 100 pum, the depth was up to 20 um, and the average period was about 5 um.

The formation and growth of stripe domains were explained in terms of the kinetic
approach to the evolution of the domain structure as a result of the domain wall motion
under conditions of inefficient screening of the depolarization field caused by the presence
of a modified surface layer in CLN SPE, which reduced the efficiency of fast external
screening. The abnormally low threshold fields were attributed to the influence of an
additional “built-in” field that facilitated the switching process due to a composition
gradient created as a result of SPE.
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