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More and more evidence points out the coexistence of displacive and order-disorder dynamics
in the phase transition of barium titanate. Here, we report an initial state determined phase tran-
sition in barium titanate by applying second harmonic generation technology and piezoresponse
force microscopy (PFM). The out-of-plane PFM results of these barium titanate crystals show
the increase in domain walls in the surfaces after annealing, leading to the increase in the second
harmonic signal measured. This work directly revealed how the displacive and order-disorder
dominate the phase transition and what the role is that the domain wall plays in this process.
Published by AIP Publishing. https://doi.org/10.1063/1.5023293

Over the past several years, the dynamics of ferroelectric
phase transition in ferroelectric materials was classified in
terms of being either displacive or order-disorder type.'
Nowadays, more and more theoretical calculations and experi-
mental data have proved that the two types of dynamics coex-
ist in the ferroelectric phase transition of barium titanate.>
Barium titanate (BaTiO3, BTO) is a typical perovskite oxide
ferroelectric, which belongs to one of the most interesting
material classes because of its huge potential applications as
well as its broad range of understanding the basic physics.*”
BTO undergoes three structural phase transitions with the
temperature decrease—at around 125 °C from cubic to tetrag-
onal, along with the paraelectric phase to the ferroelectric
phase; at around 0 °C from tetragonal to orthorhombic; and at
around —90 °C from orthorhombic to rhombohedral.®

For the phase transition of BTO around its ferroelectric
curie temperature T-=125°C, second-harmonic generation
(SHG) should be a perfect technique to indicate this process’
because SHG is only allowed in noncentrosymmetric struc-
tures in the leading electric-dipole (ED) order.'® Therefore, the
finding of a finite integral SHG signal in the cubic paraelectric
phase of BTO was thought of as a most surprising experimen-
tal result. The explanation of the occurrence of the unexpected
SHG signal includes local broken symmetry caused by defects,
pinning effects by polar molecules, quantum paraelectric, and
ferroelectric fluctuation.'"'* In this paper, we use the typical
reflected SHG technique to prove the coexistence of displacive
and order-disorder dynamics in the phase transition of barium
titanate and demonstrate that the initial state of the ferroelectric
material will determine the kinetic mechanism of phase trans-
formation around 7. Using piezoresponse force microscopy
(PFM) and atomic force microscopy (AFM), we also illustrate
the role that domain walls play in the phase transition of bar-
ium titanate.

We use two types of BTO single crystals grown by the
top seeded solution growth (TSSG) method. One type is the

¥ Author to whom correspondence should be addressed: kjjin@iphy.ac.cn

0003-6951/2018/112(10)/102904/4/$30.00

112, 102904-1

(001)-oriented BTO single crystal with the polarization coher-
ently polarized along the surface normal and the other is the
(100)-oriented BTO single crystal with random polarization
orientation near the surface. The typical reflected SHG config-
uration employed is shown in Fig. 1. The incident laser is
generated from a mode-lock femtosecond (fs) Ti:Sapphire
oscillator (Tsunami 3941-X1BB, Spectra Physics) with a cen-
tral wavelength at 800 nm, a pulse duration of about 100 fs, a
repetition rate of 82 MHz, and the energy rate attenuated to
70 mW before being focused. Based on the different polariza-
tion combinations of the incident and reflected light, two con-
figurations were employed. One is denoted by p-out, for the
analyzer polarization parallel to the plane of incidence and
the incident light polarization being rotated, and the other is
denoted by s-out, for the analyzer polarization perpendicular
to the plane of incidence and the incident light polarization
being rotated.

The relationship between the intensity of SHG from a
non-centrosymmetry crystal and its nonlinear polarization
iS 120X |P(20)|>. The SH light intensity is also directly
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FIG. 1. Typical reflected SHG configuration. 0 is the angle between incident
light and the sample normal, set as 45°. ¢ stands for the polarization of inci-
dent fundamental light, which is controlled by a half-wave (//2) plate assem-
bled on a stepping motor manipulated by computer. Lens 1 and lens 3 are
for focusing the laser, while lens 2 is for collimating. The coordinate system
is established as shown which is not sample dependent.

Published by AIP Publishing.


https://doi.org/10.1063/1.5023293
https://doi.org/10.1063/1.5023293
https://doi.org/10.1063/1.5023293
mailto:kjjin@iphy.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5023293&domain=pdf&date_stamp=2018-03-08

102904-2 Wang et al.

proportional to the sum of SH photons S5,,), under the coor-
dingte shown in Fig. 1, which can be written as $(,,) o €5
712 & P.'° The surface symmetries of the polarized
(001) BTO and the non-polarized (100) BTO crystals belong
to the point groups of 4 mm and m, respectively. The optical
second-order susceptibility tensors of symmetry 4 mm and
symmetry m (the mirror plane is aligned parallel to the inci-
dent plane) are in the forms of

( 0 0 0 0 x5 0

-2

X4 mm 0 0 0 Xis 0 0 (1)
Y30 A3 A3 0 0 0

and

@) Yi X2 Az 0 s 0
7»m = 0 0 0 X24 0 X26 ) (2)
Y31 X2 X33 0 s 0

respectively.'* Substituting Eqs. (1) and (2) into the expres-
sion of S>,,), we can derive the specific expressions of S,
in 4 mm and m symmetries, respectively, under the two con-
figurations p-out and s-out, namely,

S4mm,pfuut o8 (A COSZ(P - B Sinz(P)Za (3)
S4mm,s—out o8 (C Sinzq))zﬂ
Sm.p—ou < (Dsin2¢ + E cos’p — Fsin’ ¢)’, @
Sm.s—ou < (Hsin2¢ + I cos’ @ + J sinp)’,

where Lf(f(, L;)v, and LQ are the three nonvanishing diagonal
elements of transmission Fresnel tensor at frequency Q.'*
What the letters A~J denote for can be found in our former
research as Ref. 13. The theoretical expression groups (3)
and (4) are used to fit the experimental results, illustrating
the symmetry variation of the BTO crystal surfaces.

The samples are all heated from room temperature (RT)
to 400°C and then cooled back to RT. In this process, the
SHG signals are measured at each fixed temperature point after
being maintained for 30 s. The results of temperature depen-
dence of the normalized SHG signal I3, = I} /1753 .. is pre-
sented in Fig. 2, for ¢ =0° under the p-out configuration.
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FIG. 2. The temperature dependence of the normalized SHG signal 132

= f;s /[fz“;,C) for the polarized and non-polarized BTO crystals. The gray
dashed lines denote the Curie temperature 7 of BTO at 125°C.
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Here, 1(2}”) and I(Zz‘goc) are the SHG intensities at the current
temperature and RT, respectively. It can be obviously seen
that the SHG intensities decrease as the temperature
increases, generally in both cases, while the SHG intensity of
the non-polarized (100) BTO drops much faster than that of
the polarized (001) BTO at the very beginning of the
temperature-rising process. This difference might be the
result of the off-center Ti displacement pinned by the charged
ions deposited on the surface of the polarized samples.'' This
pinning effect might also cause the distinct difference in the
heating and cooling slopes of the polarized (001) BTO, for
there is no deposited surface ion engaged in the process cool-
ing from its cubic phase.

When the samples are heated over the T (125 °C), the
SHG intensity of the polarized (001) BTO falls rapidly,
implying the process of phase transition from tetragonal to
cubic. Meanwhile, the most interesting phenomenon appears
that in the non-polarized (100) BTO, the SHG intensity
recovers to a peak of 10% of initial SHG intensity at the tem-
perature T + ~30 °C and then keeps the dropping tendency
until a negligible low level. This behavior will also be dis-
cussed in detail later.

In the subsequent cooling process, a remarkable hystere-
sis in both types of BTO crystals was observed. Although the
hysteresis curves show different loop shapes and reversing
direction, a higher SHG intensity was observed in both cases
compared with their initial SHG intensity correspondingly,
while the increase for the polarized (001) BTO is larger than
that for the non-polarized (100) BTO.

To explore the specific evolution of structure symmetry
in the temperature changing process, we carried out the in-
situ polarization-dependent SHG measurement in the selected
temperatures when BTO exhibiting different phases, as shown
in Fig. 3. For the polarized (001) BTO, the SHG patterns have
kept their shapes during the heating process, in both its tetrag-
onal phase [Fig. 3(a)] and cubic phase [Fig. 3(b)], with the p-
out patterns characterized by a twofold rotational symmetry
possessing two major peaks and two minor ones and the s-out
patterns characterized by a fourfold rotational symmetry. This
uniformity demonstrates that the structural symmetry of the
surface of polarized (001) BTO has been maintained in the
heating process, which belongs to the 4 mm point group,"
and no in-plane polarization occurred. For the cubic phase of
non-polarized (100) BTO, the situation is similar to our for-
mer research on the cubic SrTiO; surface whose point group
is also 4 mm, and thus, the SHG patterns in Fig. 3(e) are con-
sistent with those in Figs. 3(a) and 3(b). Theoretical simula-
tions (solid lines) have a good agreement with the
experimental data (discrete points) when substituting the
expression (3) in Figs. 3(a), 3(b), and 3(e).

Figure 3(d) presents the p-out and s-out SHG patterns of
non-polarized (100) BTO at RT, whose polarization direc-
tion is mainly in-plane.* The solid lines in Fig. 3(d) are the
theoretical simulations under the assumption that the surface
symmetry belongs to the m point group.

Figures 3(c) and 3(f) show the SHG polar plots of the
two types of crystals cooled back to RT. A thermal annealing
will destroy the ferroelectric ordering in BTO,'® leading to a
multi-domain structure in the crystals. We assume that the
surface symmetry of the BTO crystals cooled back to RT is a
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combination of 4 mm where the polarization is out-of-plane
and m where the polarization is in-plane. The solid lines in
Figs. 3(c) and 3(f) are the theoretical simulation based on the
above assumption, having a good fit with the experimental
data.

The out-of-plane domain evolution on the surfaces of the
two types of BTO crystals is demonstrated by PFM technol-
ogy, as shown in Fig. 4. We marked an area of 30 um
x 30 um on each type of BTO crystal. The PFM images make
it clear that in both cases the amount of domains with random
poling directions increased after the sample being annealed,
which gave rise to an increase in domain walls at the surface
as well as the SH signal generated from the surface. From
Fig. 2, it can be found that the increasing degree of SHG
intensity from unity to disorder of the surface of polarized
(100) BTO is higher than that from disorder to more disorder
of the surface of non-polarized (001) BTO.

Appl. Phys. Lett. 112, 102904 (2018)

FIG. 3. In-situ polarization-dependent
SHG polar plots for the polarized
(001) BTO crystal at (a) RT, (b)
250°C, and (c¢) cooled back to RT and
the non-polarized (100) BTO crystal at
(d) RT, (b) 250°C, and (c) cooled back
to RT. The solid and hollow points are
experimental data, and the solid lines
are theoretical fittings.

270

Non-polarized BTO cooled to RT

The ferroelectric phase transition in BTO was once
thought displacive,'” until some experimental and theoretical
evidence proved the coexistence of a displacive and order-
disorder component in its phase transition mechanism.*'®
Figure 5 visually exhibits the difference in displacive and
order-disorder mechanisms. It is theoretically predicted that
the SHG intensity in ferroelectrics is proportional to the
spontaneous polarization,'' and thus, the displacive phase
transition from low-temperature to high-temperature would
be accompanied by the decrease in the SHG intensity of fer-
roelectric materials. While the order-disorder mechanism
would definitely cause the excess domains, and the emerging
domain walls where net polarizations exist must contribute
more SHG signals.

For the polarized (001) BTO before being heated, the SH
signals are derived from the breaking of the center symmetry
along the direction out-of-plane, including polarization-induced

FIG. 4. (a) and (d) are the AFM results
of areas on the surfaces of polarized
(001) BTO and non-polarized (100)
BTO crystals, respectively. (b) and (e)
are the corresponding out-of-plane

PFM phase image of (a) and (d) before
the sample being heated. (c) and (f) are
also the corresponding PFM phase
image of (a) and (d), while after the
sample being heated.
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FIG. 5. Sketch of pure displacive and order-disorder ferroelectric phase tran-
sition mechanisms. The direction and length of the arrows indicate the direc-
tion and intensity of the ferroelectric polarization.

and surface-induced breaking. When the temperature exceeds
T¢, the phase of the BTO crystal transforms from tetragonal
to cubic, accompanied by the dramatic decrease in SHG
intensity to more than 90% of the initial SHG intensity. A fur-
ther decrease in the SH signal with the temperature can be
explained by the heterogeneous media at the surface, local
inhomogeneity, and the quantum paraelectric effect,'!!*!9-2!
We speculate that in the polarized (001) BTO heating process,
only displacive behavior appeared and the center symmetry
breaking at the surface is always out-of-plane. This can
explain why the shapes of the SHG patterns in Figs. 3(a) and
3(b) are the same, as well as other several temperature points
between 25 °C and 200 °C in the heating process, which were
not shown here.

As to the non-polarized (100) BTO, if there were only
displacive behavior happened in the heating process, the
SHG intensity around T should drop directly, the same as
that for the polarized BTO. However, a distinct and unex-
pected recovery of the SHG intensity between T and T
+ ~30°C is observed. This contradiction means that along-
side the displacive transition, order-disorder transition also
occurred, leading to the long-range order being destroyed
and the domain walls showing up and thus the SHG intensity
increasing. The competition between the two mechanisms
leads to its special dropping tendency. The surficial symme-
try of the cubic non-polarized (100) BTO at 150°C also
belongs to the 4 mm point group, and its SHG patterns and
theoretical simulations are again proved.

In summary, though plenty of studies have been done on
using SHG to exhibit the phase transition in BTO'!1%2%:%3
and on proving the coexistence of displacive and order-
disorder dynamics in the phase transition of BTO,>'%242¢
the coexistence is demonstrated by SHG results in this work.
Because of the difference in the initial polarization states of
the polarized (001) and non-polarized (100) BTO crystals,
the dominated kinetic mechanism of phase transformation
around T is displacive for the polarized (001) BTO, while
displacive and order-disorder for the other depending on the
temperature variation. The out-of-plane PFM results present
the increase in domain walls in BTO crystals after annealing,
which we believe is the reason for the corresponding excess
SH signal measured, as different polarizations on each side
of the domain walls break the inversion symmetry, which

Appl. Phys. Lett. 112, 102904 (2018)

contributes to the SHG signal reflected from the surface for
polarized BTO.
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