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Abstract 

 

Ferroelectric nanoplates are attractive for applications in nano electronic devices. Defect 

engineering has been an effective way to control and manipulate ferroelectric properties in 

nanoscale devices. Defects can act as pinning centers for ferroelectric domain wall motion, 

altering the switching properties and domain dynamics of ferroelectrics. However, there is a 

lack of detailed investigation on the interactions between defects and domain walls in 

ferroelectric nanoplates due to the limitation of previous characterization techniques, which 

impedes the development of defect engineering in ferroelectric nanodevices. In this study, we 

applied in-situ biasing transmission electron microscopy to explore how dislocation loops, 

which were judiciously introduced into barium titanate nanoplates via electron beam irradiation, 

affect the motion of ferroelectric domain walls. The results show that the motion was 

dramatically suppressed by these localized defects, because of the local strain fields induced by 

the defects. The pinning effect can be further enhanced by multiple domain walls embedded 

with defect arrays. These results indicate the possibility of manipulating domain switching in 

ferroelectric nanoplates via the electron beam. 
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Introduction 

Ferroelectrics are functional materials that undergo spontaneous electric polarization.1 The 

electric polarizations of ferroelectric materials can be manually altered by applying external 

stimuli, including mechanical stress, heating or cooling, and electric biasing.2 Based on the 

feature of electric polarization reversal, functionalities of ferroelectric materials have been 

realized in electronic industry and their commercial products include sensors, actuators, 

capacitors and memories, to name a few.3 Modern electronic devices are becoming smaller and 

smaller in dimensions,4 leading to the reduced size of ferroelectrics used in nanoelectronics 

devices.5 Ferroelectric nanoparticles,6 nanorods,7 nanowires,8 and nanoplates,9 are now 

accelerating the revolution of the nanoelectronic industries. 

Although the high surface-volume ratios of nanoscale ferroelectrics make them distinct from 

their bulk counterparts in many aspects of physical properties,10-13 it is reported that the intrinsic 

ferroelectric properties are sustained in ferroelectric nanoplates with thicknesses down to the 

nanometer scale,14 which makes ferroelectric nanoplates attractive in nanocapacitors and 

nanoactuators.1 There have been some studies on the fabrication of sub-100 nm ferroelectric 

nanoplates, including focused ion-beam (FIB) machining of bulk ferroelectrics and 

hydrothermal synthesis.14 Similar to other ferroelectric nanomaterials, the functionality of 

ferroelectric nanoplates is based on reorientation of ferroelectric polarization under external 

stimuli,15-18 which is affected significantly by local structures.19, 20 

Defect engineering21 is an effective way to tune local structure and properties in ferroelectric 

nanoplates. A number of ex-situ studies indicate that structural defects can positively affect the 

interaction between defects and ferroelectric domain walls in ferroelectric materials.22-24 An 

investigation on the ferroelectricity of BiFeO3 ceramics showed a pinched-like shape of 

polarization-electric-field hysteresis, which is usually caused by domain wall pinning.22 It is 

speculated that this strong pinning effect was caused by charged defects in BiFeO3 ceramics. 
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In LiTaO3 single domain crystals, atomic force microscopy investigation revealed curved 

domain walls around bright spots.24 It is believed that these bright spots were concentrated 

defects acting as barriers for domain wall motion. Grain boundaries, which are planar defects, 

strongly pin domain wall motion in Pb(Zr0.45Ti0.55)O3 films.25 The existence of grain boundaries 

significantly affects the configuration of domain walls at grain boundaries, weakening the 

piezoelectric nonlinear response. Hence, it is possible to judiciously introduce localized defects 

using methods like, for example,  ion beam irradiation, to manipulate the domain switching 

behaviors of ferroelectrics.26 Compared to ion beam irradiation, electron beam (e-beam) 

irradiation27 is a gentler and a more manageable way to control the formation of defects,28 

providing a solution of controlling localized domain wall motion, especially for ferroelectric 

nanomaterials. However, there are limited literatures demonstrating how defects interact with 

domain walls and corresponding defect structures, which hinders our understanding of the role 

of defects in ferroelectric properties of nanomaterials. 

Recent advances in in-situ transmission electron microscopy (TEM) provide a possibility to 

probe into how domain walls interact with defects under external electric fields. In this paper, 

arrays of artificial defects were introduced in BaTiO3 nanoplates by e-beam irradiation, and 

then in-situ biasing TEM was used to reveal the dynamic interaction between domain walls and 

the defects under electric field in real time. Extensive (Scanning) transmission electron 

microscopy ((S)TEM) investigations suggest that these defects are dislocation loops with the 

vacancy nature. Multiple pinning of domain switching was realized by introducing parallel 

defect arrays, which reinforced the clamping force to the domain wall motion. Based on our 

experimental observations, the possibility of tuning domain switching behaviors of ferroelectric 

nanomaterials using e-beam irradiation-induced defects arrays is proposed. 
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Experimental 

In-situ biasing TEM samples were produced using mechanical grinding followed by FIB 

processing. A BaTiO3 lamellae with dimensions of 60 µm × 10 µm × 1 µm (length × width  

×thickness) was lifted out from a BaTiO3 single crystal and fixed on a copper base with 

platinum deposition. Multiple nanoplates with dimensions of 3.0 µm ×  1.7 µm ×  0.1 µm 

(length ×  width  × thickness) was created from the BaTiO3 lamellae. FIB operated at 

30kV:50pA was used for the coarse milling and 10kV:10pA for the fine milling. In-situ biasing 

TEM experiments were conducted in a JEM-2100 electron microscope operated at 200 kV, 

using a Hysitron PI 95 TEM PicoIndenter equipped with a conductive probe. The bias was 

supplied by a Keithley 2602A SourceMeter integrated in an Electrical Characterization Module 

along the ± [010] crystallographic direction of the specimen. Atomic-resolution STEM-ADF 

images were obtained using the HAADF detector in an aberration-corrected FEI-Themis Z 

STEM operated at 300 kV. The images were obtained with a semi-convergence angle of 17.9 

mrad and collection angle range of 48-200 mrad. 

 

 

Results and discussion 

BaTiO3 is a classic ferroelectric that has been extensively studied for decades.29, 30 At room 

temperature, it is of a tetragonal structure with a very small difference between the lattice 

parameters of c and a (a=3.9998 Å, c=4.0180 Å, c/a=1.0046).31 Spontaneous polarization 

occurs along any of the six <001>pc (subscript pc denotes pseudo cubic) axes. There are two 

types of domain walls in the tetragonal BaTiO3: 180 ferroelectric domain walls and 90 

ferroelastic domain walls.29 BaTiO3 nanoplates for in-situ biasing TEM were prepared using 

FIB (see the Experimental Section). Fig. 1(a) presents typical 90 stripe domains with the 
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domain walls in 45 inclination relative to a <100> direction. The image contrast between those 

stripes indicates domains with different polarizations. E-beam illumination and TEM 

observations were conducted using a JEM-2100 TEM operated at 200 kV. The current density 

monitored in the fluorescent screen was 0.8 pA/cm2. To introduce defects by e-beam irradiation, 

a parallel e-beam was continuously shone on an area with a diameter of >4 μm for ~45 minutes. 

Before e-beam illumination, there was no obvious imprint along the two domain walls, as 

shown in the TEM image of Fig. 1(a). After e-beam illumination for 45 minutes, defects 

arranged evenly along both domain walls, as shown in the TEM image in Fig. 1(b) (As will be 

shown in Fig. 3, these defects were dislocation loops). These defects were seen more clearly 

from the STEM annular dark-field (STEM-ADF) image in Fig. 1(c), in which the bright spots 

around the domain walls indicate the defects introduced by the e-beam illumination. It should 

be noted that these defects were not precisely located at the domain walls. The defects were 

distributed not only in the domain wall area, but also the adjacent area where the local stain 

might also concentrate when defects formed under e-beam irradiation. 
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Fig. 1 TEM images showing 90° ferroelastic domains of BaTiO3 before (a) and after (b) e-beam 

illumination. Before e-beam illumination, there was no clear imprint along domain walls, while 

defects (denoted by yellow arrows) nucleated along the pre-existing 90° domain walls after a 

certain time of e-beam illumination. The images were taken near a two-beam condition with g 

= (200) when the sample was oriented close to the [001] zone axis. (c) A corresponding STEM-

ADF image of the same area in (b) after e-beam illumination. 

 

Heterostructures composed of different structures are common in ferroelectric materials. 

Interfaces of heterostructures are usually preferential nucleation sites of defects.32, 33 For 90 

ferroelastic domain walls, the lattice parameter across the domain wall changes slightly. The 

corresponding lattice mismatch leads to strain localized along the domain wall region. Due to 
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the existence of elastic strain energy of the domain wall, the nucleation energy of defects is 

lowered, making the nucleation of defects easier within this area when the material is exposed 

to the e-beam irradiation.28, 34 

To study the effect of irradiation-induced defects on domain wall motion under electric bias, 

in-situ TEM experiments were carried out. The experimental setup of the in-situ biasing TEM 

experiments is shown in Fig. 2(a), which was similar to that of previous studies.2, 18 A 

conductive probe served as an electrode for electrical loading. During the experiment, electrical 

bias was gradually applied to the sample along the [010] direction. For comparison, domain 

switching experiments were conducted in samples with and without irradiation-induced defects. 

Without irradiation-induced defects, domain switching was not hampered (Supplementary 

Information Movie S1). Fig. 2(b)-(e) (extracted from Supplementary Information Movie S2) 

demonstrate the evolution of domain wall motion under negative electrical bias in the presence 

of the irradiation-induced defects. The yellow dashed lines indicate the regions where the 

defects formed under e-beam illumination. The pink and blue arrows indicate the polarization 

directions of domains, [100] for the right domain and [1̅00] for the left domain. No domain 

switching occurred when the voltage was lower than -15 V. Domain switching was initiated 

when the applied bias reached -15 V (Fig. 2(b)). Domain walls moved along [1̅00] direction 

under electrical bias but were clamped by some barriers (indicated by the yellow arrows in Fig. 

2(b)). The pinned domains were of triangular shape with each vertex staying in front of a defect 

site. With the gradual increase of the electric bias, the vertices of the triangle domains moved 

slightly away from the initial pinned positions. They may be clamped by other defects nearby. 

When the voltage increased to near -18V, the upper part of the domains began to switch (Fig. 

2(c)). Similar to the previous situation, the dense defects in the upper part prohibited domain 

wall motion, pinning the domain tips and leaving the domains with the shape of slim triangles 

(indicated by the green arrows in Fig. 2(c)). At -19V, almost all the individual domains were 
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pinned, and the right front end of the domains aligned along the 45 defect array on the right 

(Fig. 2(d)). The yellow defect arrays served as strong barriers for domain switching. With the 

further increase of the voltage, the domain switching was competed with the pinning force of 

defects, which can be clearly resolved by the quick ‘shuffle’ behavior of the domain wall motion 

(Fig. 2(e)). The clamping behavior of domains by irradiation-induced defects was also observed 

when positive bias was applied (Supplementary Information Movie S3). It is worth noting that 

the bias was applied along the [010] direction, while the domain wall moved along the [1̅00] 

direction. Previous studies2, 13 observed two stages of domain switching when an electric field 

is perpendicular to the initial domain configuration, i.e., 180° domain switching followed by 

90° domain switching. The first stage usually occurs when the applied bias is low, while the 

second stage requires much higher energy. This is because 180° domain switching requires less 

elastic energy compared with 90° domain switching. Therefore, it is reasonable to observe 180° 

polarization reversal (along ± [100] directions) when the applied electrical loading is at a low 

level, as shown in this work. 

 

Fig. 2 (a) The experimental setup of the in-situ biasing TEM experiments. (b) – (e) 
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Chronological TEM image series (extracted from Supplementary Information Movie S2) 

showing the pinning effect of irradiation-induced defects on the domain wall motion. The pink 

and blue arrows indicate the polarization directions of the domains. The yellow dashed lines 

indicate the defect arrays. The yellow and green arrows indicate the pinning spots of the domain 

wall motion. The images were taken near a two-beam condition with g = (200) when the sample 

was oriented close to the [001] zone axis.  

 

Extensive TEM and STEM imaging experiments were carried out on the irradiation-induced 

defects shown in Fig. 1 to determine the nature of these defects. Fig. 3(a) presents two-beam 

bright-field images of the defects captured under different diffraction conditions, for the 

purpose of crystalline defect identification (bright-field images are presented as bright-field 

provides better image quality than dark-field in this case). The defects are composed of two 

black lobes with no contrast line parallel to [100] direction. It was found that the size of the 

defect images changes by reversing g (g is the reflection plane vector), and the direction of non-

contrast line between the two black lobes does not change along with the varying reflections, 

which differentiate the irradiation-induced defects as dislocation loops rather than other types 

of defects.35, 36 

High dose e-beam illumination injected abundant energy to the perovskite material, leading to 

the formation of dislocation loops,  whose activation energy is much lower than that of other 

types of defects.37 This effect was extremely profound in the domain wall areas compared with 

areas away from the domain walls, where the chain bonds are much more stable, serving as a 

promising way to artificially manipulate localized defect arrays. 

Fig. 3(b) presents an atomic-scale STEM-ADF image of the defect. In the image, the bright 

contrast from the defect was composed of two lobes that can be resolved. The two-lobe bright 

contrast area was contributed by local strain field diffraction contrast because of the relatively 

small collection angle of STEM-ADF images. From the intensity profile obtained from the 

defect area, the intensity of the background contrast shows a shape of “M”, indicating a weak 

remanent diffraction contrast of the areas between and away from the two lobes. Such an “M” 
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shaped contrast is attributed to the different diffraction conditions in and around the two lobes. 

The local strain field of the area surrounding a defect is affected by the defect, which causes 

the intensity variation of the background contrast. In this case, the strain field in the area around 

the dislocation core excites stronger Bragg reflection, making the area brighter compared with 

the dislocation core area. When a high-energy e-beam interacts with the sample, part of the 

atomic arrays was knocked out. The atomic chains were broken, causing the formation of TiO2 

or BaO stacking layer vacancies (Fig. 3(c)).36 

It is conventionally reckoned that the defects can impact the motion of ferroelectric domain 

walls.22, 23 The curving of domain walls between the defects at mesoscale23 and a pinched-like 

shape of polarization-electric-field hysteresis loop from macroscale measurement 22 are 

believed to be the direct evidence of this pinning effect. Consequently, this effect contributes 

to ferroelectric performances regarding the physical behaviors like aging and electrical 

fatigue.38, 39 In our results, the domain walls also ‘curved’ when they encountered defects. The 

curvy walls are presented in the form of triangles and the triangle vertices were the sites where 

the localized defects resided. Interestingly, a multiple pinning effect was observed when 

domains encountered an array of multiple layers of defects which supplied a higher clamping 

force compared with an array of a single layer of defects. A schematic diagram in Fig. 3(d) 

demonstrates the difference between a single pinning effect and a multiple pinning effect. For 

the blue domains in the top half part, they were pinned by a single defect array (clamping wall 

Ⅰ). The tips of the blue domains aligned with one of the defect arrays. While for the blue domains 

in the lower half part, they were constrained by both defects walls Ⅰ and Ⅱ (the domains in this 

part looked like a comb with one end of the head aligned with one defect array, the other end 

aligned with another defect array), which further increased barrier energy for domain switching. 

It should be noted that, for the left defect wall, the actual length of the defect array (the left 

yellow dashed line in Fig. 2(b)-(e)) was longer than the clamping wall Ⅱ in Fig. 3(d). The single 
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pinning effect took place in the top left part was due to the non-uniform sample thickness that 

caused an uneven electric field distribution. The thinner thickness in the upper part provided 

stronger electric field to get rid of the constraint by the left defect array. 

 

Fig. 3 (a) Bright-field TEM images of illuminated defects with different reflections, viewed 

from Z = [001]. (b) STEM-ADF image of a dislocation loop observed from the [001] direction. 

The intensity profile along the arrow direction in the rectangle area is presented. (c) A schematic 

diagram presenting the local strain resulted from a vacancy loop. The yellow elliptical region 

represents the vacant layer and the surrounding light-yellow region represents the area with 

localized strain. (d) A schematic diagram presenting stepped pinning by multiple defect arrays. 

The yellow arrow denotes the moving direction of the domain walls. 

 

Irradiation of highly energetic particles was reported to have significant impact on the 

mechanical, thermal  and electrical properties of materials.28 For ferroelectric materials, the 

dielectric properties and piezoelectric properties could be altered under irradiation, leading to 

retention failure in some cases.40, 41 Neutron irradiation was reported to affect the polarization-
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electric field hysteresis loop of BaTiO3 ceramics.42 Ultraviolet ray irradiation was utilized to 

enhance the ferromagnetism in modified BaTiO3 crystallites.43 In fact, the modification of 

macroscale properties by irradiation is closely related to the change of the microstructure.44, 45 

An early investigation reported a decrease of switching voltage in BaTiO3 after γ-ray and pile 

irradiation,46 which is contrary to our results showing an increase of switching voltage after e-

beam irradiation. However, the structural change was not clear in that early study. In our 

experiment, high energy from an e-beam initiated the formation of defects. In BaTiO3, the 

formation energy of interstitial loops is much higher than vacancy loops.28 Therefore, the 

formation of TiO2 or BaO stacking layer vacancy is preferred in this case.35 Because domain 

switching behaviors usually involve lattice expansion/compression, the strain field is 

accommodated during the switching process. The local strain introduced by partial lattice 

corruption would increase the energy required for lattice expansion/compression, hindering or 

even prohibiting domain switching beyond the point of defects. The dislocation loops would 

grow, and the density of defects would increase with illumination time. Predictably, the pinning 

force would get stronger due to the larger local strain. Increasing the number of defect sites 

makes it possible to pin more domains at different positions, which will dramatically decrease 

the mobility of the domain walls or hinder the domain switching process. 

In addition to the contribution of the local strain induced by dislocation loops, charged carriers 

may also contribute to the pinning of domain wall motion. Investigations of the effect of 

ultraviolet light on ferroelectric properties in BaTiO3 single crystals47 and PZT thin films48 both 

suggest the suppression of switchable polarization could result from the trapping of charged 

carriers at domain walls, especially 90° ferroelastic domain walls,49 where there are polarization 

discontinuity. For the defect arrays in BaTiO3 nanoplates, there could be injected charges from 

e-beam illumination. As the blue and pink domains in Fig. 3(d) are 180° domains, the 

boundaries between the two different domains are head-to-head/tail-to-tail charged domain 
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walls. The charge density induced by the polarization charges at the charged domain walls 

reached maximum at the vertices of the triangle domains.50 The highly charged vertices of the 

triangle domains were trapped by the charged defects, leading to the inhibition of domain wall 

motion in this nanoplate. 

It is very common to witness irradiation-induced defects under the irradiation of energetic 

particles including laser, proton, neutron, electron beam, and ion beam.28 Previous 

investigations on materials exposed to energetic irradiation focused mainly on the fundamental 

mechanisms of the damage caused by the irradiation and how to eliminate the effect.34 In nano-

engineered materials, irradiation has already been considered as a useful tool to tune the 

properties of materials.51 In ferroelectric nanoplates, electron irradiation can also serve as a tool 

to inject defects at precise locations. By taking advantage of the irradiation-induced defects, the 

domain switching behavior can be effectively manipulated, which subsequently manipulates 

ferroelectric properties, including coercivity and polarity. Our results indicate the potential of 

controlling domain switching in ferroelectric nanomaterials via electron-beam induced 

crystalline defects. 

 

 

Conclusions 

In summary, we have demonstrated that vacancy-type dislocation loops introduced at selected 

sites in ferroelectric nanoplates by e-beam irradiation enable dynamic domain switching. In-

situ biasing TEM experiments confirmed strong pinning effects from the local strain fields 

induced by these defects. We further demonstrate that the domain switching behavior can be 

controlled by introducing a multi-pinning effect through arrays of multiple layers of defects, 

this can be used for tuning the switching behaviors of ferroelectric nanomaterials. 
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