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ABSTRACT

Ferroelectric domain dynamics in Pb(Mg1/3Nb2/3)O3–0.3PbTiO3 single crystals have been studied by in situ biasing high-voltage transmis-
sion electron microscopy with a direct electron detection camera. We have achieved time-resolved recording of polarization switching in
real space on a 2.5 ms time scale. The reversible response of micrometer-scale domains was observed by applying an electric field of 1 kV/
mm. Detailed analyses on smaller sized domains 100–500 nm in size revealed that the domain switching initiated at a corner of a rectangu-
lar domain and propagated inward rapidly. The switching proceeded within 60 ms and the maximum switching rate, as fast as 6–8 μm/s,
was observed. The domain switching kinetics was classified as two-dimensional nucleation and growth mode based on the Kolmogolov–
Avrami–Ishibashi model.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0064291

I. INTRODUCTION

Ferroelectric materials such as Pb(Mg1/3Nb2/3)O3–PbTiO3

(PMN–PT) are known as relaxor ferroelectrics characterized by
excellent electromechanical properties that appear at the phase
boundary (morphotropic phase boundary: MPB) between the
rhombohedral and the tetragonal phases.1–4 They have a wide
range of potential applications such as ultrasonic probes, actuators,
and capacitors. The relaxor ferroelectrics are characterized by inho-
mogeneous nanostructures known as polar nano-regions. To eluci-
date nanometer-scale ferroelectric domain configurations and their
switching mechanism, in situ observation by transmission electron
microscopy (TEM) is indispensable. Tan et al. reported the effect
of a cyclic electric field on domain boundary cracking in a
PMN-0.35PT single crystal.5,6 Sato et al. revealed reversible
response of polarization switching in a PMN-0.3PT single crystal
by in situ TEM observations under electrical biasing.7,8 Besides the
PMN–PT, there are several examples of such in situ biasing obser-
vations on other ferroelectric materials, such as BiFeO3 and Pb(Zr,
Ti)O3 (PZT) epitaxial films.9–12 However, polarization switching on
a nanometer-scale is usually so fast that aforementioned in situ
imaging based on a conventional TV-rate [30 frames/s (fps)]
charge-coupled device (CCD) camera can detect relatively slow

dynamics. Newly developed direct electron detection (DED)
cameras overcome this limit with frame rates of 400–1600 fps.13–16

However, these high-performance cameras have not yet been used
in the study of ferroelectrics.

An important point in TEM observation of the ferroelectric
domain structures is the specimen thickness in electron propaga-
tion direction. Tsai and Cowley pointed out that domain width of
BaTiO3 films is thickness dependent due to surface relaxation
effects.17 Their experimental results clearly show reduction of the
domain width as the thickness reduces in the thickness range of
20–80 nm. It should be noted that typical specimen thickness used
for conventional 200 kV-class TEM observation is 10–100 nm.
Therefore, a relatively thick TEM specimen is suitable for domain
structure characterization. However, materials containing heavy
element Pb (atomic number Z = 82) prevent clear-cut imaging due
to strong electron scattering as the specimen thickness increases.
To meet these rather conflicting demands, high-voltage transmis-
sion electron microscopy (HVEM) is a powerful tool in respect of
maximum observable thickness with a high spatial resolution.18,19

Alternative research methods include x-ray diffraction under elec-
tric fields20 or piezoforce microscopy.21 Although these advanced
techniques have excellent advantages, it is practically impossible to
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observe internal microstructures in real space. HVEM is hence the
only technique that can reveal the ferroelectric domain structures
of a relatively thick TEM foil with a high spatial resolution in a
multiscale field of view up to tens of micrometer scale.

In this study, to elucidate domain switching dynamics in a
thick PMN–PT single crystal, we employed in situ biasing HVEM
using a DED CMOS camera. We developed an electrical biasing
specimen holder for in situ HVEM observation compatible with
high-angle specimen tilt of ±50°. We have achieved time-resolved
recording of domain switching in real space on a 2.5 ms time scale.

II. EXPERIMENTAL PROCEDURE

TEM specimens of (1−x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 (PMN–
xPT, nominal composition of x = 0.3) single crystal were prepared
in the following manner. First, a small piece of PMN–PT wafer
approximately 2 × 2 × 0.5 mm3 in size was glued on a molybdenum
single hole TEM grid. Then, the crystal was thinned by mechanical
polishing using a dimple grinder, followed by low-energy Ar ion
milling at ∼100 K, in order to ensure electron transparency. The
thickness of the area used for HVEM observation was estimated to
be 200–300 nm (Fig. S1 in the supplementary material). PT

content of x∼ 0.3 was confirmed by TEM-EDS analysis (Table S1
in the supplementary material). The crystal structure of our speci-
mens was regarded as monoclinic (MB phase, Cm) based on the
compositional analysis together with the phase diagram4 and crystal
structure information reported in the literature.22–25 In the following,
all indices are assigned based on the monoclinic (MB) notation
unless otherwise noted (a conversion relationship of Cm to pseudo-
cubic is as follows: [100]Cm//[110]cubic, [001]Cm//[001]cubic).

In this study, we employed in situ biasing in a high-voltage
electron microscope (JEOL JEM-1000EES installed at the Research
Center for UHVEM, Osaka University) operating at 1 MV
equipped with a DED CMOS camera (Gatan K2IS). We developed
an electrical biasing specimen holder for in situ HVEM observation
compatible with high-angle specimen tilt of ±50°. The electrodes
for in situ biasing experiments were fixed to the ion-milled specimen
surface using silver paste. The electrodes were set across the perfora-
tion produced by ion milling. Spacing between the two electrodes
was approximately 1 mm. The appearance of the electrodes is con-
ceptually similar to that reported in the paper by Xu et al.6 Electric
fields up to 1 kV/mm was applied in-plane to the specimen in a
direction orthogonal to the longitudinal direction of the specimen
holder using a dc power supply (see the supplemental material). The

FIG. 1. BF-TEM images extracted from in situ biasing observation. The elapsed time after electric field application is as follows: (a) 0, (b) t = 440, (c) 690, (d) 815,
(e) 1325, and (f ) 19 625 ms (2310 ms after turning off the electric field).
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electric field intensity was estimated by dividing an applied voltage
by the distance between two electrodes. The DED CMOS camera
enables fast image acquisition with a frame rate of 400 fps (2.5ms/
image). We set “look-back time” of the camera to be 1 s for image
acquisition (Fig. S2 in the supplementary material). All the acquired
images were processed using a dedicated software (Gatan GMS3).

III. RESULTS

Figure 1 shows bright-field (BF) TEM images extracted from
in situ biasing observation. The elapsed time after electric field
application is as follows: (a) 0, (b) t = 440, (c) 690, (d) 815,
(e) 1325, and (f) 19 625 ms (2310 ms after turning off the electric
field). The image size is 1920 × 1792 pixels with the pixel size of
2.2 nm. The observation was performed at room temperature with
electron flux of 2 × 1022 e/m2s. Under this observation condition,
the effect of radiation damage due to the knock-on displacements on
the domain structure is negligible (Table S2 in the supplementary
material). The beam incident direction was in the [001] zone axis
[indices were labeled assuming the monoclinic phase (MB) with
Cm symmetry22–25]. The polar axis of the monoclinic MB phase lies
in the ac mirror plane [(100) and (010)],23,25,26 and hence the
domain walls (DWs) are parallel to the {110} in the [001] projec-
tion. The specimen film was poled by applying electric field (E) of
1 kV/mm. The in-plane field direction was near [010] of the crystal
(an arrow indicates the approximate direction of the electric field).
In Fig. 1(a), ferroelectric domain structures of sub-micrometer to a
few micrometers are seen. A low signal to noise ratio is inevitable
for fast image acquisition (2.5 ms/image). In the triangular-shaped
domain located at the center of the image, DWs are mostly parallel
to (�110) (i.e., projected DWs are in the [110] direction). These are
considered to be the 90° a–a domains since the polar axis is in the
ac planes [(100) and (010)]. Some of the DWs differ from neither
{100} nor {110}. The DWs observed in the region surrounding the
central triangular-shaped domain almost disappeared rapidly
within 690 ms after the application of the electric field. In contrast,
DWs in the central region was preserved until it disappeared at
1325 ms. These contrast variation in the DWs are due to rearrange-
ment of domains in the electric field direction (movie S2 in the
supplementary material). Once the electric field is turned off,
domain contrast almost recovered after 2.3 s (movie S3 in the
supplementary material). Such a reversible domain dynamics has
also been reported in a previous study.7 It should be noted that
crystal orientation slightly deviated when applying the electric
fields, while the original excitation was almost retained (Fig. S3 in
the supplementary material). Background stripes in the vertical
direction are possibly due to surface morphology of the TEM speci-
men since they did not change with the electric field. A possible
temperature rise due to in situ biasing can be negligible since there
was no specimen drift during the observation.

Figure 2 shows details of domain switching process by in situ
biasing obtained for another specimen. Domain sizes are
∼100–500 nm. In this field of view, the DWs are mostly parallel to
{110}. These are considered to be 90° a–a domains. The elapsed
time after electric field application is as follows: (a) 0 and (b)
t = 75 ms. The image size is 1920 × 1792 pixels with the pixel size
of 1.1 nm. The observation was made by exciting hh0 systematic

reflections. Electric field of 1 kV/mm was applied in a direction
near [110] of the crystal (an arrow indicates the approximate direc-
tion of the electric field). After applying the electric field, BF-TEM
images were taken every 2.5 ms (movie S1 in the supplementary
material). In the following, we focused on five domains with differ-
ent sizes as marked by arrows (#1–#5). In these domains, clear con-
trast changes were observed by applying the electric field. The
change in domain contrast was then measured as a decrease in
domain area.

FIG. 2. BF-TEM images extracted from in situ biasing observation. The elapsed
time after electric field application is as follows: (a) 0 and (b) t = 75 ms.
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Figure 3(a) shows degree of domain reversal (p) as a function
of time after applying the electric field. The parameter p is defined
as a value obtained by dividing an area of a reversed domain by its
initial area. As seen, the domain reversal proceeded within ∼60 ms,
except for the domain #1, which had the largest initial area among
the five domains investigated. The domain response showed a
three-step process of (I) rearrangement start, (II) rapid movement,
and (III) saturation. These fine structural changes could not be cap-
tured by a conventional TV-rate camera with time resolution of
33 ms and were first clarified in this study by utilizing DED CMOS
camera. It was found that the maximum switching rates were in the
range of 6–8 μm/s and they were almost independent of the initial
domain sizes as shown in Fig. 3(b). The obtained almost constant
mobility may be arose from the polarization switching mechanism
via nucleation and growth.

Typical domain reversal process is shown in Fig. 4. A dark
rectangular-shape contrast shows a ferroelectric domain. The scale
bar corresponds to 100 nm. The electric field is in the longitudinal
direction of the domain (E//∼[110]). In stage I, the morphological
change begins slowly from the apex of the rectangular domain.
Subsequently, in stage II, the morphological change rapidly pro-
gresses into the domain. In stage III, the contrast remains near the
original DW, which eventually disappears.

IV. DISCUSSION

We analyzed the results shown in Fig. 3 based on the
Kolmogorov–Avrami–Ishibashi (KAI) model.27–29 This model rep-
resents a kinetics of solid-state phenomena via nucleation and
growth. Degree of domain reversal (p) as a function of time can be
expressed as follows:

p(t) ¼ 1� exp � t
t0

� �n� �
, (1)

where n and t0 are the fitting parameters. Fitting curves for two
extreme cases are shown in Fig. 5. The fit by the KAI model well
reproduces the outline of the time dependence of the domain
switching behavior. For the domains #2 and #1, n = 2.4 and 3.2
were obtained, respectively. Accordingly, all the obtained data show
the n values between 2 and 3. According to the KAI model, n
values of 2 � n � 3 indicate two-dimensional nucleation and
growth mode. The n value for the domain #1 slightly exceeds 3 but
this can be attributed to the fitting accuracy. As shown in Fig. 2(a),
domains are rectangular-shape with sizes of ∼100 ×∼ 500 nm2. On
the other hand, specimen thickness is around 200–300 nm (Fig. S1
in the supplementary material). According to the literature,17 the
non-ferroelectric layer due to surface relaxation is on the order of
10 nm in thickness, and hence possible structural artifact becomes
apparent for a thin region less than ∼50 nm. In this case, volume
fraction of a non-ferroelectric artificial layer reaches as high as
40%, which may affect the domain structure characterization by
TEM as a rough estimate. Thus, we emphasize here that the
present study using HVEM excludes possible artifacts due to
surface relaxation. Analytically derived two-dimensional nucleation
and growth suggests that boundary between reversed and unre-
versed regions moves one-dimensionally in the electric field direc-
tion. This situation is emphasized when DWs are observed by
TEM with edge-on condition (DWs are seen as a line) as employed
in this study [Fig. 2(a)].

In respect of the crystal symmetry, the electric field direction
significantly deviated from the polar axis [100] of the MB phase
(Fig. 2), while the polarization reversal was observed. This result
implies a possible coexistence of the monoclinic MC phase with Pm
symmetry in our specimen. In this case, the polar axis exists on the
(010) plane of the MC phase, which corresponds to the (110) plane
of the MB phase (a conversion relationship of Cm to Pm is as
follows: [100]Cm//[110]Pm, [001]Cm//[001]Pm).

23,25,26 According to
the x-ray study on PMN–xPT,22 the MB phase is stable in the com-
position range of 0.27 � � � 0:30, while the MC phase is stable in
0:31 � � � 0:34. The composition of our specimen (x = 0.3) is

FIG. 3. (a) Degree of domain reversal (p) as a function of time after applying
the electric field. (b) Maximum switching rates as a function of initial domain
area.
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close to the phase boundary, and so it is plausible that the MC

phase locally coexists, which facilitated the polarization switching.
Lam et al. reported the hysteresis loops of the PMN-0.35PT

single crystal.30 In their study, the single crystal was poled under
the electric field of 1 kV/mm and the hysteresis loops showed coer-
cive field of 0.58 kV/mm. Luo et al. also reported similar hysteresis
loops for PMN-0.28PT single crystals.31 Therefore, electric field of
1 kV/mm is sufficient to induce polarization switching. Actually,
our experiments revealed that domain reversal occurred within
60 ms after the electric field application (Fig. 3). We have clarified
an elementary process of polarization switching in a PMN–PT cap-
tured on the 2.5 ms time scale; however, there is a gap in the scale
between macroscopic polarization switching and microstructural

changes. Further study is needed to link multiscale results based on
several experimental techniques in order to explain an excellent
piezoelectricity of PMN–PT in terms of the elementary processes.

V. CONCLUSIONS

In summary, the fast response of ferroelectric domains of
PMN–PT single crystals has been studied by an in situ biasing
using HVEM together with DED CMOS camera. We have achieved
time-resolved recording of domain switching in real space on a
2.5 ms time scale. The switching proceeded within 60 ms, and the
maximum switching rate, as fast as 6–8 μm/s, was observed. Such a
direct observation with a DED camera resulted in a breakthrough
in temporal resolution over a conventional CCD camera. The
domain switching kinetics was classified as two-dimensional nucle-
ation and growth based on the KAI model (2.4≤ n≤ 3.2). In situ
biasing HVEM combined with a DED CMOS camera is a powerful
technique to reveal ferroelectric domain switching in thick ferro-
electric materials. To detect the atomic process of polarization
switching, another experimental setup with a nanosecond scale
temporal resolution, such as pulse-TEM using a laser photocathode
or a pump-probe technique, will be necessary.

SUPPLEMENTARY MATERIAL

See the supplementary material for the detailed description of
the experimental procedure and experimental conditions, together
with movie files of in situ biasing observation.

ACKNOWLEDGMENTS

The authors wish to thank Dr. H. Yasuda for invaluable com-
ments and discussion. This study was partially supported by a
Grant-in-Aid for Scientific Research (Grant Nos. 17H02746 and
19H02463) from the Ministry of Education, Culture, Sports,
Science, and Technology, Japan.

FIG. 4. Typical domain reversal process extracted from in
situ biasing observation. The scale bar is 100 nm.

FIG. 5. Time dependence of the degree of domain reversal and their fitting
based on the KAI model.
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