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a  b  s  t  r  a  c  t

Temperature  dependence  of  the surface  potential  distribution  on  the  BaTiO3 (0  0  1)  single  crystal  ferro-
electric  domain  walls  was  investigated  by the  scanning  Kelvin  probe  microscopy.  After  decreasing  the
single  crystal  temperature  below  the Curie  point  (TC),  high  potential  (∼600  mV)  stripes  were  immediately

◦
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observed  near  the  90 a–c domain  wall  surface.  The  potential  stripes  were  not  stable  and  decayed  with
time.  The  adjacent  c domain  surface  screening  charges  and  their mobility  play  a  dominant  role  in  this
experiment.  The  corrugation  topography  at the  90◦ a–c domain  wall  acts  as a natural  charge  trap  and
should  not  be neglected.  Besides,  the  polarization  and  the  strain  variations  across  the  wall  induce  large
physical  changes  of  the  material.

©  2014  Elsevier  B.V.  All  rights  reserved.
emperature effect

. Introduction

In ferroelectrics, domain walls separate domains with different
olarizations, playing an important role in ferroelectric perfor-
ance and the design of future electronic devices [1]. Domain walls

hysical properties, such as the electrical conductivity, magnetic
roperties and the atomic structure have attracted a widespread

nterest in recent years [2–5]. Dynamic studies of the domain walls
ave also been carried out [6–9]. Ferroelectric domain walls are
nly 2–4 nm wide [10–14]. Additionally, with the electric dipole
irection change across the domain wall, the polarization and
he strain also change [15]. Understanding domain wall behavior
s crucial for ferroelectrics promising applications, particularly in
onvolatile memory, microwave ceramics, electromechanical sen-
ors and actuators [1], and other such systems.

As a convenient, nondestructive and high resolution technique,
he scanning probe microscopy (SPM) provides a powerful method
or observing domain structures and their dynamic behavior at
he micron and nanometer scales [16–23], enabling direct domain
all dynamics studies. Among the SPM modes, scanning Kelvin

robe microscopy (SKPFM) is sensitive to electrostatic forces, and
an be directly used to detect surface potential distribution on

∗ Corresponding author: Tel.: +86 10 6233 4499; fax: +86 10 6233 2345.
E-mail addresses: lqiao@ustb.edu.cn (L.J. Qiao), volinsky@usf.edu (A.A. Volinsky).
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169-4332/© 2014 Elsevier B.V. All rights reserved.
ferroelectric surfaces in-situ [24,25], which is useful for character-
izing the ferroelectric domain wall performance.

2. Experiment

Here, a direct observation of the domain wall behavior was per-
formed, while controllably cooling the BaTiO3 (0 0 1) single crystal.
An obvious high potential zone was  observed at the 90◦ a–c domain
wall. In this case, the change of temperature induced the fine tilt of
the domain polarization [26], thus straining the domain wall areas.
The polarization and strain changes across the wall induce physi-
cal change of the material that can not be ignored. The screening
charge migration at the ferroelectric surface after temperature vari-
ation would also lead to a large charge trapped at the mismatched
domain wall zone. The decay of the surface potential barrier gave an
evidence for the surface charge migration. The corrugation topogra-
phy at the 90◦ a–c domain wall, which acts as a charge trap, should
not be neglected.

Commercial zero degree cut, undoped BaTiO3 single crystal with
〈0 0 1〉 orientation and 5 × 5 × 1 mm3 dimensions was  used here for
in situ imaging. The crystal was transparent and colorless. The sam-
ple preparation was  as follows: first, the crystals were poled along
the [1 0 0] direction to get the a domain on the (0 0 1) observed

plane, and then the (0 0 1) surface was polished carefully by dia-
mond lapping pastes and a 50 nm colloidal silica suspension until
the (0 0 1) surface roughness was less than 1 nm.  The sample was
then cleaned supersonically in deionized water for 100 s. The Curie
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Fig. 1. (a) AFM topography image of the 90◦ a– c domain structure on the (0 0 1) BaTiO3 surface (200 nm Z scale); (b) corresponding surface potential image captured at
1 g to 9
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15 ◦C (0.6 V Z scale); (c) surface potential image captured immediately after coolin
he  potential barrier continued to decay with time when the temperature was  kep

emperature of these samples was measured at 130 ◦C. After that, to
btain the multi-domain structure on the BaTiO3 (0 0 1) surface for
he surface potential measurements, the sample was annealed in
ir at 110 ◦C for 2 h, prior to the ferroelectric and paraelectric phases
ransitions at the 130 ◦C Curie temperature. The BaTiO3 single
rystal has a typical tetragonal perovskite structure at room tem-
erature. The complex polarized domain structure was  comprised
f the domains containing a, c+ and c− domains, and boundaries
etween these domains. It is possible to identify the direction of
pontaneous polarization in ferroelectrics using SKPFM by measur-
ng the surface potential due to the charge with respect to different
olarization on the BaTiO3 (0 0 1) plane.

The experiments were carried out with the Digital Instruments
imension V SPM system. Scanning surface potential microscopy
as performed in this paper. During the surface potential measure-
ents W2C-coated tip (NSG01/W2C, NT-MDT, Russia) was used.

hese experiments were performed at 135 kHz, just below the can-
ilevers’ resonance frequency of 150 kHz. The lift scan height in
he interleave control was set to 100 nm.  An oscillating voltage
accosωt was applied directly to the cantilever tip to measure the
urface potential. In these studies the driving voltage, Vac, was  set at

 V. The scan rate was 0.6 Hz with 256 scan lines, thus it took almost
4 min  to finish the whole image capture. A hot plate was  equipped
nto the sample stage to achieve the control of the sample temper-
ture during the experiments. The commercial hot plate provides

 temperature range from ambient to 250 ◦C. The Lakeshore 332
emperature controller was used to drive the hot plate and real-
ze accurate temperature measurements and control with ±0.5 ◦C
ccuracy. The heating rate was keep at 100 ◦C/min.

In this work, the surface potential distribution of the nanoscale
omain structures was measured when decreasing the tempera-
ure of the ferroelectric phase. The sample was first kept in air
t room temperature. Then a heat treatment in which the sample
emperature was increased from RT to 115 ◦C was conducted. After
0 min  stabilization, temperature decrease from 115 ◦C to 90 ◦C was
ontrolled using the hot plate, and SKPFM was used to capture the
urface potential evolution.

. Results and discussion

Fig. 1 shows the surface potential distribution of the 90◦ a–c
omain structure before and after cooling. Fig. 1(a) is the AFM
opography image of the 90◦ a–c domain structure with respect
o the (0 0 1) BaTiO3 surface with a 200 nm Z scale at 115 ◦C. Since
he c domain has a polarization vector pointing either upward (c+)
r downward (c−) with respect to the (0 0 1) plane, the polariza-
ion charge is generated on the surface. The dark regions within

he c domain have a negative potential and correspond to the
− domains, while the surrounding bright regions have a positive
otential and correspond to the c+ domains. The a domain polar-

zation vector is in the (0 0 1) plane and thus has no surface charge,
0 ◦C showing a higher potential barrier at the 90◦ a– c domain wall (0.6 V Z scale).
tant at 90 ◦C.

so its contrast is in-between the c+ and c− domains. The corru-
gated topography is attributed to the adjacent a and c domains,
induced by the 0.6◦ orientation difference at room temperature.
The observed straight lines on the surface were assigned to the 90◦

a–c domain walls on the (0 0 1) surface. Although there is no corru-
gation on the surface, the 180◦ c–c domain wall obviously appears
as curved lines in the surface potential image. It is observed that the
typical c domain stripe size is about 10 �m on the (0 0 1) surface.
The domain wall width is estimated at 100 nm from the surface
potential image in Fig. 1(b).

Upon decreasing the sample temperature to 90 ◦C, the image
topography did not change significantly, only exhibiting a slight
change of the a–c domain tilt angle. Neither a, nor c domain poten-
tials change was observed. However, the potential distribution near
the 90◦ a–c domain walls underwent a significant change. The cor-
responding surface potential image at 115 ◦C is shown in Fig. 1(b).
The c domain zones show nearly positive high surface potential dis-
tribution on the stripes with only quite tiny negative zone around
them. After cooling to 90 ◦C, the surface potential image was imme-
diately captured. A higher broad potential barrier burst at the 90◦

a–c domain wall area (0.6 V Z scale) is shown in Fig. 1(c). The height
reached 200 mV, while the width of the domain wall was up to
1–3 �m.  Cross section profiles between 90 ◦C and 115 ◦C were com-
pared to clarify the location of the potential barrier. The circled area
showing a large drop of the surface potential was  induced by the
surface impurity, used as a reference mark. Fig. 2(a) and (b) shows
the surface potential profiles across the marked line acquired at
115 ◦C and immediately after cooling to 90 ◦C, respectively. It shows
that the potential barrier embraces the 90◦ a–c domain wall and
exactly matches the domain wall in Fig. 2(c). The increased domain
wall potential contrast is transient. At 90 ◦C decay of the potential
barrier continues, as shown in Fig. 3, where both the height and the
width were reduced. At the first 45 min  the domain wall potential
decayed quite fast and then slowed down. It shows a large instabil-
ity after a few dozen degrees change in temperature. Further, after
120 min  the domain wall potential barrier disappeared. Quantita-
tive analysis of the surface potential decay process shows that the
domain wall high potential relaxes, following an exponential time
dependence, given by V = V0 + B exp(−t/�), where � is the associ-
ated relaxation time constant. The time constants extracted from
the data is � = 30.6 s. The decay rate became slower with time, as
seen in Fig. 4, until the domain wall barrier disappeared completely.
It followed conventional charge diffusion process. The high domain
wall potential can be fully recovered when given sufficient time.

In ferroelectrics, domain polarization would induce surface
charges [26]. The surface charges play a significant role in the ferro-
electric domain performance [26]. Therefore, the surface screening

charges should be taken into account in the ferroelectrics character-
ization. Previous studies have already shown that screening plays
a significant role in the polarization reversal processes and to a
large extent determines the stability of the domain structures in
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ig. 2. (a) The surface potential scan line at 115 ◦C. Here, the circled area is a topo
cquired immediately after cooling to 90 ◦C; (c) the surface potentials comparison b

erroelectrics [27,28]. This temperature field-induced domain wall
otential stability transition to metastability and then back to sta-
ility provides a charge migration model across the domain wall.
harge trapping and diffusion at the domain walls cause a large sur-
ace potential change around the domain walls. Since at the top of
he c domain surface the polarization vector points either upward
c+) or downward (c−) with respect to the (0 0 1) plane, the polariza-

ion charge is generated on the surface. However, for the a domain,
ts vector is in the (0 0 1) plane and thus has no surface charge. Ther-

al activation is inclined to cause the surface charge migration with
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en 115 ◦C and 90 ◦C showing an alignment at the domain wall.

the temperature change. The polarization intensity goes down with
the increasing temperature of the ferroelectric phase [26]. Then,
after cooling, the domain polarization was  enhanced to a certain
extent, thus the original screening charge was  not sufficient to com-
pensate the new polarization state, inducing charge spreading on
the surface. The surface charge density was  also increased. The a–c
domain wall suffers a topological misfit due to the transition of the
a and c domains, thus it acts as a natural trap for charges, holes, oxy-
gen vacancies, etc. During the surface charge migration the domain

wall acts as a trap, attracting charges. Thus, the screening charges
are inclined to assemble on the sample surface.

SKPFM utilizes a nulling method and measures the sample effec-
tive surface voltage by adjusting the tip bias voltage [29], thus as

1

2

3

4

5

300 60 90 120

Po
te

nt
ia

l d
ec

ay
 ra

te
, m

V/
m

in

Time, min
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[24] Q. Zhang, C.H. Kim, Y.H. Jang, H.J. Hwang, J.H. Cho, Appl. Phys. Lett. 96 (2010)
tures showing a difference in the a– c domain angles with temperature variation.
�l and �h represent low and high temperature domain angles, respectively.)

t feels a minimum electric force from the sample, the output sig-
al from the instrument was inverted to reflect the actual surface
olarity. In our experiments, the work function acquired from the
omain wall surface potential [30] and the signal inversion gave
ufficient evidence that the 90◦ domain wall is inclined to assem-
le the mobile charges. The observed high potential at the domain
all indicates that there are charges emerging around it. To a cer-

ain extent, the domain wall inhibits surface charges motion and,
onsequently, results in the surface potential enhancement. Then,
ith the exposure to the surrounding environment, the assembled

urface charges at the domain wall are neutralized by the surface
dsorbates to reduce the instantaneous high energy at the domain
all area. Thus, the c domain surface charge diffusion plays a major
art in the process.

In addition, the appearance of the high potential zone could
e due to the material properties changes in the area of the main
omain wall. The wall is found to be quite narrow, thus the polariza-
ion change at the boundary is abrupt [15]. With the abrupt change
f the polarization direction across the wall, the inhomogeneous
tress always exists in the vicinity of the domain wall due to the
xternal field effect [31]. Thus, these highly stressed and distorted
egions around the domain wall could have different physical prop-
rties from the bulk values [32]. The domain wall width could also
hange at the domain wall zone. Jun et al. performed high resolu-
ion transmission electron microscopy and showed that with the
ncreasing temperature, the areas of BaTiO3 nanoparticle domains
ncreased and the domain walls became narrower, however, the

alls did not move during the heating and cooling cycles, up to
00 ◦C [33]. The fringe bending due to the phase shift in the domain
all with varying temperature was also observed [34]. Rao and
ang’s simulation results also showed that under the applied elec-

ric field, the domain wall would broaden and serve as an embryo
or the new field-induced phase, producing large reversible strain
35]. The broad change of the domain wall width and strain after
ecreasing the temperature may  be associated with the surface
ffects. Temperature fluctuations induce strain, accompanied by
he domain wall polarization direction change, resulting in a dif-
erent average corrugation angle between the a and c domains,
hown schematically in Fig. 5. The angle change has already been
eported by Kalinin et al. [26], where at relatively high tempera-
ures the angle became smaller. The presence of the 90◦ domain
alls strain inhibits the motion of surface charges, contributing to

he mobilized surface charges accumulation.
Thus, the thermodynamically high potential behavior in the
icinity of the domain wall or boundary is significantly affected by
he combination of several effects, i.e.: (1) surface charge mobility,
2) domain walls character, (3) domain pattern, (4) polarization

[
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and strain change across the wall. For the coupling effect, after
decreasing the temperature, the surface screening charges and
their mobility play a dominant role in the described experiments.
Besides, polarization and strain changes across the wall induce
a large physical change of the material, also contributing to the
appearance of the high potential zone.

4. Conclusions

In summary, SKPFM was  employed to study the surface poten-
tial evolution at the 90◦ a–c domain wall on the (0 0 1) BaTiO3 single
crystal surface due to decreasing temperature. A strong tempera-
ture effect on the surface potential of the BaTiO3 domain wall was
found. A high broad domain wall potential barrier appears at the
90◦ a–c domain walls immediately after decreasing the ferroelec-
tric phase temperature. The observed potential barriers were not
stable and gradually decayed with time. The temperature decrease
induced high potential barrier at the 90◦ a–c domain wall, which
mainly relies on the c domain surface charge migration, helped by
the increasing domain polarity and the subsequent charges trapped
at the 90◦ a–c domain twin walls. The high domain wall poten-
tial barrier decay followed the screening charges adsorbed on the
surface. Direct observation of the 90◦ a–c domain wall high poten-
tial zone gives convincing evidence that the fine tilt of the domain
wall polarization would induce strain in the domain wall areas.
The polarization and strain changes across the wall induce large
physical material changes, which should also be taken into account.
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