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Abstract—Relaxor-based ferroelectric single crystals 
possess colossal piezoelectric and dielectric properties 
and have been attractive for a wide range of 
electromechanical applications including transducers, 
sensors, and actuators. However, domain dynamics of 
relaxor ferroelectric single crystals are still not fully 
understood despite significant progress in the last three 
decades, partly because of the combined relaxor and 
normal ferroelectrics with complex domain structures 
within the material. Without a comprehensive 
understanding of domain dynamics, rational domain 
engineering for high piezoelectricity is challenging. In 
this review, we review experimental methods for 
characterizing domain dynamics in nanoscale and bulk 
mesoscale that exhibit both intrinsic and extrinsic 
contributions. We focus on literature published since 
2010 and critically evaluate their strengths and 
limitations. From an overview of recent understanding, 
we highlight the need for real-time observations at 
appropriate time and length scales and cross-validation of different methods for precise measurements of domain 
dynamics. 

Index Terms—Ferroelectrics, Piezoelectrics, Domain engineering, Polarization rotation, Domain wall motion, 
Relaxor-PT single crystals 

 

  
I. INTRODUCTION 

ERROELECTRICITY is characterized by spontaneous 

polarization which can be switchable by an external 

electric field. Ferroelectric materials exhibit diverse properties, 

including pyroelectricity and non-linear dielectric behavior, 

which have led to their application in various technologies. 

These applications include ferroelectric memory devices [1, 

2], pyroelectric sensors [3], energy storage systems [4, 5], and 

flexible electronics [6]. Notably, ferroelectrics can also 

possess piezoelectricity, allowing them to accumulate 

electrical charge upon mechanical stress or vice versa. In their 

virgin state, ferroelectric domains are disordered, which 

diminishes piezoelectric effects due to the differing 
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orientations of these domains. However, when an electric field 

above the coercive field (EC) is applied, ferroelectrics can 

achieve an aligned domain configuration and retain remanent 

polarization (Pr) even after the field is removed. This process, 

known as electrical poling, is a post-treatment method used to 

align randomly oriented domains along a specific direction 

[7]. As a result of this ability to control domain orientation, 

numerous applications have been developed for 

electromechanical systems, including actuators [8, 9], sensors 

[10], nanogenerators [11], electro-optic devices [12], 

transducers [13, 14], and biomedical devices [15]. Therefore, 

understanding domain dynamics is crucial in elucidating the 

correlation between domain engineering and piezoelectricity. 

Relaxor-based ferroelectric single crystals have attracted 

significant attention due to their outstanding piezoelectric 
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coefficient (d33 > 1500 pC/N) and electromechanical coupling 

factor (k33 > 0.90) [16-18]. The first generation of relaxor-

PbTiO3 (relaxor-PT) single crystals consisted of binary 

systems such as Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) or 

Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT). Since 2007, second and 

third generations of ternary or doped systems have been 

developed, including Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-

PbTiO3 (PIN-PMN-PT) and Pb(Mg1/3Nb2/3)O3-PbZrO3-

PbTiO3 (PMN-PZT), to further enhance functionality (See 

Fig. 1). 

Numerous studies have investigated the origin of high 

piezoelectricity in relaxor-PT single crystals. Key findings 

suggest that the monoclinic phase may enhance 

piezoelectricity due to its multiple polarization directions [19-

24]. Additionally, polarization rotation can increase 

piezoelectric responses, with larger rotation angles leading to 

greater effects [25-30]. Electric field-induced phase 

transformation has also been linked to the exceptional strain 

and piezoelectric coefficient observed in these materials [16, 

31-35]. Furthermore, polar nanoregions (PNRs) within 

relaxor-PT systems may influence piezoelectric behaviors due 

to their local structural heterogeneity and flat energy 

landscape, which features low activation energy for 

polarization switching [36-40]. Despite extensive research 

into the mechanisms underlying the ultrahigh piezoelectric 

properties of relaxor-PT crystals, debate persists regarding 

poling-dependent characteristics, particularly the effects of 

direct current (DC) poling and alternating current (AC) poling. 

Some studies suggest that reducing domain size and  

increasing domain wall density can improve piezoelectricity 

[41-47], whereas others propose that enlarging domain size 

contributes to the effectiveness of AC poling [48-53]. Given 

that ferroelectric domain characteristics significantly 

influence piezoelectricity, continued study of domain 

dynamics is essential for understanding the performance of 

relaxor ferroelectric single crystals. 

Traditional experimental methods for analyzing domain 

dynamics include piezoelectric force microscopy (PFM) [54-

56], polarized light microscopy (PLM) [57, 58], and X-ray 

diffraction (XRD) [59, 60]. These techniques are typically 

complemented by charge-coupled devices (CCDs) with high 

frame rates and in-situ measuring equipment for pressure, 

electric field, or temperature to facilitate the investigation of 

domain dynamics. However, PFM examines surface features 

within a restricted area, potentially failing to represent the bulk 

structure in ferroelectric materials which exhibit depth 

dependence on the order of micrometers [61-64]. While PLM 

offers a large spatial depth of several hundred microns, it is 

limited to identifying ferroelectric domains with distinct 

optical properties, and domain overlap along the observation 

direction can hinder accurate structural analysis [65, 66]. 

Although XRD effectively evaluates bulk response, it has 

limitations in refinement selection regarding inhomogeneous 

domain size [67-69]. Therefore, comprehensive analysis of 

ferroelectric domains requires multiple methods or advanced 

measurement techniques to ensure consistency between 

structural and macroscopic behavior. 

This review provides a comprehensive overview of 

characterization methods for relaxor ferroelectric single 

crystals, with particular emphasis on domain dynamics 

including polarization rotation, domain wall motion, phase 

transformation, and their effect on piezoelectricity. The paper 

has three primary objectives: First, we establish correlations 

between ferroelectric domain dynamics and piezoelectric 

properties. Because ferroelectric domain characteristics 

determine piezoelectricity, understanding domain dynamics is 

crucial for explaining the properties of relaxor-PT crystals. 

Second, we identify the mechanisms that govern ferroelectric 

domains. Understanding the driving forces and complex 

processes of domain dynamics is necessary to optimize 

material performance. Third, we examine the relationship 

between domain dynamics and ferroelectric phases, such as 

monoclinic phases and polar nanoregions (PNRs). 

II. OPTICAL METHOD 

Given the phase instability of relaxor-PT single crystals [36, 

70, 71] and their susceptibility to structural and electrical 

changes [72, 73], noncontact and nondestructive optical 

methods have been developed to investigate domain dynamics. 

PLM exploits optical anisotropy to study domain formation in 

Highlights 

• In relaxor-based ferroelectric single crystals, domain dynamics are complex yet crucial for various piezoelectric 
applications such as transducers and sensors. 

• Despite substantial progress, understanding of domain dynamics remains incomplete due to the intricate structure 
of materials, which hinders rational domain engineering. 

• This review evaluates experimental methods for characterizing domain dynamics and highlights the necessity of 
real-time observations and cross-validation of different analyses. 

 

 
Fig. 1.  Publications of different relaxor ferroelectric single crystals 
since 1997. Search on Web of Science for “Single crystal” and 
“Relaxor ferroelectric”, “PMN-PT”, “PZN-PT”, “PIN-PMN-PT”, or 
“PMN-PZT” in the topic, title, or abstract. 
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various orientations relative to spontaneous polarization, and 

in-situ PLM enables studies of high-temperature poling and 

domain wall motion [74-81]. For example, domain 

configurations in pure rhombohedral PMN-22PT [78] and 

pure  tetragonal PMN-60PT [74] exhibit extinction angles (θ) 

at θ = 45°, and θ = 0° or 90°, respectively, due to the distinct 

contrast between rhombohedral and tetragonal phases under 

PLM observation. However, relaxor ferroelectric single 

crystals near the morphotropic phase boundary (MPB) often 

contain mixed phases or monoclinic structures, resulting in 

complex PLM images of micro-/nanoscale domain structures 

[82, 83]. Although the observed irreversible domain switching 

may induce phase coexistence and enhance piezoelectricity 

through large polarization rotation [57, 75], extracting local 

information about domain walls and phase differences from 

PLM results remains challenging. To address these limitations, 

Birefringence imaging microscopy (BIM) employs a rotating 

polarizer and circular analyzer to observe the full-angle 

rotation [84]. BIM provides detailed information about 

domain structures and their spatial distribution. Several BIM 

studies have characterized domain walls in alternating current 

(AC) poled rhombohedral PMN-PT crystals with ultrahigh 

transparency [48, 85]. Luo et al. investigated domain walls 

and phase transformations in BiScO3-PbTiO3 (BS-PT) single 

crystals near the MPB (Fig. 2) [86]. Their observations 

showed that domain walls gradually disappeared as 

temperature increased up to 500 °C, accompanied by 

fluctuations in both the angle φ and phase shift |sin δ| at lower 

temperatures. The system underwent a transformation from a 

multi-domain state to a homogeneous tetragonal state at 385 

°C, followed by a tetragonal-to-cubic transformation at 460 °C. 

Although BIM effectively reveals both domain walls and 

phase transformations, it has limitations in distinguishing 

between mixed phases or identifying monoclinic phases. 

To facilitate quantitative assessment of birefringent 

materials, quantitative PLM (QPLM) has been developed [87-

89]. The apparent birefringence (Δn) is given by 

 Δ𝑛 =
𝜙𝜆

2𝜋𝑡
, (1) 

where 𝜙  is the retardation, λ is the wavelength of the light 

source, and t is the sample thickness. Although the 

TABLE I 
EXPERIMENTAL METHODS FOR CHARACTERIZING FERROELECTRIC DOMAIN DYNAMICS 

Experimental 

method 
Technique Capability in Domain Dynamics Advantage Inadequacy or Limitation 

Optical 

method 

Polarized light microscopy 
(PLM) [57], Birefringence 

imaging microscopy (BIM) 

[86], Quantitative PLM [53], 
Second harmonic generation 

(SHG) [102], Raman 

spectroscopy [116] 

- Birefringence and optical 

anisotropy from different 

orientation of polarization 
- Domain dynamics with 

noncentrosymmetric properties  

- Nondestructive and 

noncontact evaluation 
- Quantification of 

ferroelectric domain walls 

- Determining the symmetry 
of domain walls 

- Challenging to extract local 
information of mixed phases 

and monoclinic structure 

simultaneously 

Transmission 

electron 

microscopy 

In-situ transmission electron 
microscopy (TEM) [128, 

131], Scanning transmission 

electron microscopy 
(STEM) [22] 

- Investigating domain structure 

and dynamics at atomic and 

subatomic levels 
- Distinct contrast of ferroelectric 

domains with spatial resolution 

reaching up to ~1 nm 

- High-resolution imaging 

and polarization vector of 

individual unit cells 
- Detecting dispersed polar 

states with multiphase 

structures 

- Destructive for sample 

preparation 

- Electron beam-induced 
irradiation damage, charging 

effect, or polarization 

switching 

Scattering 

method 

X-ray diffraction (XRD) 

[161, 163], Neutron 

scattering [38], X-ray 

photon correlation 

spectroscopy (XPCS) [194] 

- Determining crystal structure-

property relation 

- Diffuse scattering about the 

dynamics of short-range 

correlated atomic displacements 

- Effective for evaluating the 

bulk domain structure 

- Time-resolved investigation 

of structural evolution or 

domain dynamics 

- Requirement of high 

energies and beamline 

facilities as needed 

- Difficult accessibility of 

neutron sources 

Electro-

mechanical 
technique 

Piezoresponse force 
microscopy (PFM) [202, 

212], Vertical PFM (v-

PFM), Lateral PFM (l-PFM) 

- Inverse piezoelectric effect via 

a conductive tip 

- Visualization of domain 
morphology by amplitude and 

phase 

- Three-dimensional surface 

maps with vertical and 
lateral directions 

- Imaging and domain 

dynamics in a liquid 
environment 

- Surface features may differ 

from bulk structures, not 
representing macroscopic 

properties 

- Skin effect due to the low 
penetration depth (< 10 nm) 

 

 
Fig. 2.  (a) Measured birefringence imaging microscopy (BIM) images 
of the orientation distributions at 230 °C, 350 °C, 425 °C, and 500 °C 
and the schematic presentations of the domain structures of a [100]-
oriented 0.324BS-0.676PT single crystal. (b) The temperature 
dependence of the average orientations and (c) |sin δ| of selected 
areas. The data reproduced with permission from [86]. 

(a)

(b)

(c)
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birefringence from QPLM is not the actual birefringence of 

ferroelectric materials, changes in birefringence can provide 

information about domain wall density and orientation that 

reflect optical anisotropy. Recently, A. Negi et al. employed 

QPLM to observe domain walls and measure domain wall 

density by comparing low-cycle and high-cycle AC poling of 

rhombohedral PMN-PT single crystals (Fig. 3) [53]. Unpoled 

(UP) samples showed random domain wall orientations, 

whereas AC-poled samples exhibited asymmetric domain 

walls. The average Δn was calculated to be 0.00069 for UP, 

0.00057 for low-cycle AC poling, and 0.00062 for high-cycle 

AC poling, with lower domain wall density in low-cycle AC 

poling due to increased domain size. While QPLM is effective 

for quantifying ferroelectric domain walls of relaxor-PT single 

crystals, in-situ measurements are necessary to investigate 

domain dynamics under external stimuli such as temperature 

or electric field. 

Second harmonic generation (SHG) is a nonlinear optical 

process sensitive to point symmetry violations in ferroelectrics, 

such as crystal structures and engineered domains [90-98]. 

Relaxor ferroelectric single crystals have been investigated 

using SHG to study domain wall evolution with electric field 

dependence [99], PT content-dependent nonlinearity [100], 

and optical properties [101]. Additionally, SHG has been 

instrumental in detecting monoclinic symmetry, which 

explains the large piezoelectricity in relaxor-PT single 

crystals. For example, J. Kaneshiro et al. revealed the 

monoclinic symmetry of PZN-9PT single crystals with MPB 

composition using SHG microscopy and polarization-

dependent maps [102, 103]. However, SHG may yield results 

inconsistent with theoretical predictions. In LaAlO3 

ferroelectric single crystals, a domain wall with 3m symmetry 

is unpredictable using other crystallographic methods [104, 

105]. It also remains ambiguous how SHG-derived symmetry 

relates to microstructure. Although the loss of inversion 

symmetry is established, polarization observations can be 

uncertain regarding domain wall types and ferroelectric 

properties. Therefore, SHG analysis should be cross-validated 

with phase composition and crystal structure to effectively 

characterize domain walls. 

Raman spectroscopy and imaging have been employed to 

analyze domain dynamics through the inelastic scattering of 

photons by molecular vibrations [106-112]. These methods 

elucidate the vibrational modes of crystal structure, which are 

sensitive to lattice and ferroelectric domains. Raman 

spectroscopy can identify monoclinic heterophases in relaxor 

ferroelectric single crystals with large piezoelectric properties 

[24]. The evolution of Raman peaks as a function of 

temperature can indicate phase transformations [113, 114]. 

High-pressure Raman spectroscopy also shows that pressure 

can suppress local ferroelectric polarization [115]. Similarly, 

Raman imaging methods can investigate domain dynamics. S. 

Tsukada et al. visualized changes in polarization direction 

using Raman mapping, where the slowing down of 

polarization fluctuations and enhanced dielectric response are 

characterized by smaller ferroelectric domains [116]. In 

 
Fig. 3.  (a) Experimental setup of the QPLM measurement. (b)-(d) Retardation maps (in degrees) obtained for unpoled (b), low-cycle alternating 
current (AC) poled (c), and high-cycle AC poled (d) rhombohedral PMN-PT single crystals. (e)-(g) The corresponding histograms for the retardation 
maps are also shown for unpoled (e), low-cycle AC poled (f), high-cycle AC poled (g) crystals. The retardation maps and histograms were obtained 
for five locations on the samples and the average alignment degree (φ) value is used to calculate the apparent birefringence for each sample. The 
data reproduced with permission from [53]. 
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summary, optical methods are effective for nondestructive and 

noncontact investigations of domain dynamics, including 

polarization orientation, noncentrosymmetric properties, and 

phase transformations of relaxor-PT single crystals. However, 

there are limitations in simultaneously extracting information 

about mixed phases and monoclinic structures using a single 

method. 

III. TRANSMISSION ELECTRON MICROSCOPY 

Transmission electron microscopy (TEM) is an imaging 

method that employs an electron beam, where the shorter 

wavelength of electrons enables nanoscale structural 

information. A widely used technique for imaging 

ferroelectric domains is scattering contrast, specifically dark-

field/bright-field imaging, which provides strong contrast with 

spatial resolution up to ~1 nm [117-124]. Dark-field images 

are produced using the selected diffraction beam, whereas 

bright-field images are generated by selecting only the 

transmitted beam. Domain configuration can be observed 

through changes in bright or dark contrast using the scattering 

contrast mode. Particularly, in-situ TEM has been valuable for 

investigating real-time domain switching phenomena of 

relaxor ferroelectric single crystals under applied electric field 

or pressure [125-129]. For example, Y. Sato et al. utilized in-

situ TEM to study domain responses in PMN-30PT single 

crystals under an external electric field (Fig. 4) [128]. The 

irreversible redistribution of nanodomains after electric field 

application could be the origin of remanent polarization and 

piezoelectricity, suggesting the presence of energetically 

metastable or stable domain configuration. Their findings 

indicate that nanoscale domain wall movement contributes to 

the huge piezoelectric properties of ferroelectric crystals. In 

related studies, both reversible and irreversible domain 

switching was observed at various mechanical stress levels in 

PMN-38PT [130, 131] and 24PIN-PMN-32PT [132] crystals. 

Fig. 5 demonstrates that at low stress levels (~350 MPa), the 

tetragonal domains in PMN-38PT exhibit reversible 

deformation, where the domain structure fully recovers after 

stress removal due to significant energy barriers created by the 

pinning effect [133-135]. In contrast, as shown in Fig. 6, when 

loading exceeds 1250 MPa, PMN-38PT domains undergo 

irreversible changes. This occurs because the switched 

polarization accumulates sufficient energy to overcome 

nucleation barriers, resulting in altered domain structures upon 

load release. While in-situ TEM results have confirmed the 

interaction between polarization and electric field or pressure 

in relaxor-PT single crystals, it is crucial to differentiate 

between reversible and irreversible properties of external 

stimuli-induced domain dynamics, as reversible domain 

switching has also been observed at electric fields above EC 

[127, 136]. Furthermore, these interactions may be 

complicated by applied and built-in electric fields or charging 

 
Fig. 4.  Two-step redistribution of nanodomains under electric fields. 
(a) A series of dark-field TEM images without electric field (top), roughly 
about 20 s (middle) and 40 s (bottom) after start biasing. Electric fields 
of 10.8 kV/cm are applied parallel to [001]. (b) Another series of dark-
field TEM images without electric field, roughly about 30 s and 60 s 
after start of biasing. Electric fields of 3.3 kV/cm are applied parallel to 
[111]. Nanoscale domain walls are shown by sets of lines. Scale bars 
represent 200 nm and 100 nm in (a) and (b), respectively. The data 
reproduced with permission from [128]. 

 
Fig. 5.  (a) A load–time curve showing real-time application of tensile loading. Points from b to i correspond to the stress applied to the sample at 
(b)-(i). (b)–(i) A series of TEM images showing domain evolution at low tensile stress levels. The data reproduced with permission from [131]. 
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effects during polarization switching, resulting in more 

complex switching behaviors. Although artifacts such as 

irradiation damage or electron beam-induced polarization 

switching can occur during TEM experiments, these effects 

have not yet been reported in relaxor ferroelectric single 

crystals. 

Scanning transmission electron microscopy (STEM), while 

similar to TEM in its use of a transmitted electron beam, 

differs by employing a focused electron beam to scan the 

material point by point, enabling observation of atomic 

arrangements and domain dynamics [137-144]. STEM can 

determine the polarization vector of individual unit cells based 

on local atomic structures derived from image contrast. The 

technique is advantageous for detecting dispersed polar states 

with multiphase structures, including rhombohedral, 

tetragonal, and monoclinic phases. Numerous studies of 

relaxor-PT single crystals using STEM have been reported, 

with their observed heterogeneity helping to explain the 

outstanding piezoelectric properties of the materials [22, 83, 

145-149]. For example, A. Kumar et al. investigated 

polarization, domain dynamics, and heterogeneity distribution 

in PMN-10PT (low PT content) and PMN-30PT (high PT 

content) single crystals [146]. Their research revealed a 

 
Fig. 7.  STEM analyses of the PMN-PT single crystals. (a) A high-angle annular dark-field (HAADF) image of rhombohedral PMN-29PT single 
crystal. A schematic illustration of the spontaneous polarization in a unit cell is exemplarily given in the inset annular bright field (ABF) image. (b) 
A map of polarization vectors assigned to crystallographic directions, i.e., tetragonal <001> and rhombohedral <111>. (c) A vector map calculated 
for each unit cell from atomic column projection. The strength of polarization is expressed as a color map and the color of arrows; darker arrow 
means stronger and brighter weaker. The arrows indicate the direction of polarization vectors projected on (001) plane. (d) A schematic illustration 
of polarization types in the polarization map. The data reproduced with permission from [22]. 

(a) (b)

(c) (d)

 
Fig. 6.  (a)-(e) A series of TEM images showing domain evolution at medium levels of tensile stress. The corresponding stress-time plot is shown 
in (f). Labels (a)-(e) in (f) represent the stress applied at the moments shown in (a)-(e). (h)-(l) TEM images showing in-situ deformation of the same 
pillar as in (a)-(e) at high levels of tensile stress. The corresponding stress-time plot is shown in (g). Labels (h)-(k) in (g) represent the stress applied 
at the moments shown in (h)-(k). (l) The domain morphology 20 min after domain relaxation in (k). The data reproduced with permission from [131]. 
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correlation between the spatial distribution of structural 

heterogeneities and polarization domain walls. These findings 

suggest that designing materials with enhanced piezoelectric 

properties should involve balancing ordered and disordered 

structure to optimize the distribution of barriers for 

polarization rotation. As shown in Fig. 7, H.-P. Kim et al. 

employed high-resolution STEM to examine the polarization 

states of PMN-29PT single crystals at the atomic scale [22]. 

Their work suggested the presence of a buffer phase that 

bridges tetragonal and rhombohedral unit cells, with a 

polarization direction spanning the monoclinic symmetry. The 

exceptional piezoelectricity of relaxor-PT crystals may arise 

from synergic interactions between inherently coexisting 

relaxor ferroelectrics and normal ferroelectrics. In other 

studies, STEM investigations have revealed the effects of 

dopants in relaxor-PT single crystals. F. Li et al. studied the 

domain configuration of Sm-doped PMN-PT single crystals 

[83], finding that Sm dopants enhanced local structural 

heterogeneity, as indicated by fluctuations in A-sublattice 

parameters and c/a ratios. The increased heterogeneity 

correlates with enhanced domain texturing and improved 

piezoelectric properties. In conclusion, TEM enables 

investigation of domain structure and kinetics at atomic levels, 

while STEM allows simultaneous acquisition of high-

resolution imaging and polarization states of individual unit 

cells. However, obtaining polarization distribution at the 

microscale remains challenging with TEM analyses. 

Moreover, sample preparation is destructive, and researchers 

should consider electron beam-induced artifacts such as 

irradiation damage, charging effects, and polarization  shifts. 

IV. SCATTERING METHOD 

X-ray diffraction (XRD), based on scattering methods, 

provides insights into crystallography [150]. In-situ XRD has 

been employed to investigate both domain dynamics of 

relaxor-PT single crystals and the relationship between crystal 

structure and ferroelectric properties [151-153]. These studies 

have examined structural changes [39, 154-157], monoclinic 

phases [158-161], and domain dynamics such as polarization 

rotation [162] and AC poling effects [41, 163]. T. Li et al. 

conducted temperature-dependent synchrotron XRD to 

compare PZN-7PT and PZN-11PT, suggesting that the 

anomalous phase transition with monoclinic symmetry in 

PZN-7PT correlates with large dielectric and piezoelectric 

properties [155]. In another study, P. Finkel et al. utilized in-

situ XRD to examine crystal structure upon mechanical stress 

and reveal structure-property relationships in 24PIN-PMN-

30PT single crystals (Fig. 8) [161]. The (022) diffraction peak 

position exhibited hysteresis during stress application and 

removal, correlating with measured strain. At the (111) 

diffraction peak, two peaks merged into one when 

compressive stress exceeded ~35 MPa. Although hysteresis 

and phase transformation under mechanical loading can 

modify properties and domain structure [115, 164], systematic 

analysis of how performance actually decrease with pressure 

has been lacking. On the other hand. Qiu et al. used  in-situ 

XRD  to distinguish domain redistribution and domain wall 

motion under AC electric fields in PMN-26PT single crystals 

[163]. In Fig. 9, AC electric fields eliminated two of the four 

domain variants by merging contiguous 71° ferroelectric 

domains, leading to increased domain size and a lamella 

structure with only 109° domains. Through domain and 

domain wall engineering, AC poling can enhance dielectric 

and piezoelectric properties compared to DC poling. However, 

recent studies present conflicting evidence, attributing 

improved extrinsic contributions to increased domain wall 

density [47, 85]. Moreover, it remains unclear why the 

presence of 71° domains results in decreased properties 

compared to samples containing only 109° domains. 

Significantly, small-signal measurements indicate more 

pronounced domain wall vibration in AC-poled samples, as 

evidenced by a higher peak at the phase transformation 

temperature compared to DC-poled samples. AC-poled 

samples can also exhibit a lower EC than DC-poled samples, 

suggesting that AC poling produces materials with softer 

characteristics. Therefore, it would be misleading to assume 

that higher domain wall density always leads to greater 

domain wall motion and extrinsic contributions because of 

variations in domain wall orientation and alignment. To fully 

understand the mechanisms underlying improvements after 

AC poling, more comprehensive investigations are needed, 

particularly focusing on real-time domain dynamics and time-

resolved studies. 

Neutron methods can complement the limitations of XRD 

in in-situ analyses of ferroelectric materials [165], offering 

several advantages, including the absence of radiation damage 

and a large penetration depth of several centimeters. When 

studying complex oxides, sufficient scattering length can be 

generated between oxygen and other atoms [166], providing 

more accurate information about oxygen atomic positions 

 
Fig. 8.  Evolution of the (a) (220) and (b) (111) peaks during loading 
and unloading cycles. Also included in (a) is the stress-strain curve 
and the polarization in the inset. Reciprocal space map image plots for 
the (111) peak at low and high stress are shown as insets in (b). Note, 
the traditional engineering convention of compressive stress was 
adopted to be negative. The data reproduced with permission from 
[161]. 

(b)

(a)
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compared to X-rays. Notably, displacement correlations in 

relaxor ferroelectrics manifest as polar nanoregions (PNRs) 

several nanometers in size [167-169]. Since cation disordering 

is accompanied by distortions of oxygen octahedra, many 

structural studies on relaxor ferroelectrics have employed 

neutron-based analyses, focusing on diffuse scattering 

patterns related to displacement correlations [168, 170-177]. 

Similarly, for relaxor-PT single crystals, neutron scattering 

has been used to study PNR dynamics and short-range 

correlated atomic displacements [36, 38, 178]. In Fig. 10, M. 

E. Manley et al. investigated the origin of high 

electromechanical coupling in [100]-poled PMN-30PT single 

crystals using neutron scattering [38]. Fig. 10(a) shows the 

PNR mode parallel to the poling direction, while no PNR 

mode perpendicular to the poling direction was detected in Fig. 

10(b). This distinction in scattering patterns can be attributed 

to a low-energy soft phonon mode [68], which contributes to 

polarization rotation and giant piezoelectric properties. 

Additional studies have employed in-situ neutron diffraction 

to investigate domain dynamics and crystallography, 

including domain reorientation [179, 180], phase 

transformation [33, 181], and structural heterogeneity [182].  

However, neutron methods require larger sample sizes, and 

neutron sources are less accessible than X-ray sources. 

Additionally, neutrons have a lower flux relative to photons, 

making time-resolved measurements more challenging. 

X-ray Photon Correlation Spectroscopy (XPCS) can 

investigate the temporal evolution of structures and dynamics 

at the nanoscale [183]. In Fig. 11, the scattering can be 

measured through intensity changes scattered by a coherent 

incident X-ray beam over time [184]. Unlike other scattering 

methods, coherent X-rays produce a speckle pattern without 

averaging in the irradiated area. The time-dependent 

fluctuations of the speckle patterns can be examined using a 

two-time correlation function 𝐶(𝑡1, 𝑡2) [185] 

 𝐶(𝑡1, 𝑡2) = ⟨ 
ΔI(Q, 𝑡1) ΔI(Q, 𝑡2)

𝐼(̅Q, 𝑡1) 𝐼(̅Q, 𝑡2)
 ⟩

𝑄

, (2) 

where 𝐼(Q, 𝑡𝑖) is the intensity for wavevector Q at times 𝑡𝑖 and 

ΔI(Q, 𝑡𝑖)  ≡  I(Q, 𝑡𝑖) −  𝐼(̅Q, 𝑡𝑖) is the deviation of intensity I 

in the speckle pattern from the mean intensity 𝐼 ̅, which can be 

obtained under incoherent conditions where the speckle is not 

analyzed. 𝐼(̅Q, 𝑡𝑖)  can be generated by smoothing 𝐼(Q, 𝑡𝑖) 

across a range of detector areas, and <…> indicates the 

ensemble average over a range of Q with similar time 

 
Fig. 9.  (a), (b) Integrated intensity profiles along [00𝑙]𝐶 direction for {222}𝐶 and {2̅22}𝐶 reflections. (c), (d) Gauss fittings of the three peaks for the 
pristine PMN-26PT single crystal. (e), (f) The volume fractions of the four rhombohedral domain variants corresponding to the cycle number of AC 
electric field. The insets in (b) schematically illustrate the variation of domain structures. AC electric fields can merge the adjacent 71° ferroelectric 
domains to remove two of the four domain variants, thus creating lamellar structures with only 109° domains. The data reproduced with permission 
from [163]. 

(a) (b)

(c) (d)

(e)

(f)

 
Fig. 10.  Neutron scattering measurements of [100]-poled PMN-30PT 
at 300 K. (a) Phonon dispersion measured along reciprocal Q = [2, K, 
0] (H = 2 ± 0.025 and L = 0 ± 0.025), where the PNR mode appears 
enhanced in this direction. (b) Phonon dispersion measured along 
reciprocal Q = [H, −2, 0] (K = −2 ± 0.025 and L = 0 ± 0.025), where 
PNR mode does not appear in this direction. The data reproduced with 
permission from [38]. 

(b)

(a)
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correlations for normalization, ensuring that time variations in 

𝐼 ̅  do not contribute to the correlation function. XPCS is 

particularly well-suited for studying domain dynamics, as it 

can record speckle patterns with exposure and delay times 

shorter than the relaxation times, offering time resolution 

down to the microsecond range [186]. To date, XPCS has been 

applied to ferroelectric materials to investigate domain 

fluctuation [187, 188], phase transformations [189], and 

domain wall dynamics [190]. In-situ XPCS studies of relaxor 

ferroelectric single crystals have examined phase 

identification [191], polarization rotation [192], and domain 

size [193, 194]. In recent work, AC electric fields were applied 

during XPCS measurements to investigate domain dynamics 

in relaxor PMN single crystals [184]. The speckle correlation 

revealed responses AC fields, with PNRs in relaxor 

ferroelectrics contributing to spontaneous polarization and 

response to external electric fields. K. Namikawa et al. studied 

domain characteristics of [001]-cut PMN-28PT single crystals 

using coherent speckle techniques (Fig. 12) [194]. Their study 

observed irregularly shaped domains at 402 K, i.e., just below 

the Curie point, that gradually evolved into stripe-shaped 

periodic domains as temperature decreased. The clear domain 

boundaries and narrower domain widths at lower temperatures 

suggest a large dielectric response to external electric fields. 

However, the piezoresponse induced by the X-ray beam can 

complicate XPCS interpretation [184], as results may be 

influenced by surface static charging of the irradiated area and 

electrostrictive properties. Therefore, it is essential to 

distinguish photon-induced properties from those caused by 

external stimuli. Furthermore, the equilibrium state should be 

ensured consistently to properly observe stimuli dependence 

[190]. Through enhanced understanding of time-resolved 

speckle patterns, XPCS will help address challenges regarding 

ferroelectric domains, particularly the relationship between 

domain dynamics and piezoelectricity in relaxor-PT single 

crystals. 

V. ELECTROMECHANICAL TECHNIQUE 

Piezoresponse force microscopy (PFM) and its spectroscopy 

mode enable direct visualization and analysis of ferroelectric 

materials [195-198]. PFM measurements yield both amplitude 

and phase information; the amplitude represents voltage-

induced deformation and strain, while phase reveals the 

relative polarization orientations of ferroelectric domains. 

Furthermore, both vertical (v-PFM) and lateral (l-PFM) 

measurements can be combined to construct three-

dimensional vector domain structures. To date, researchers 

have been investigated domain dynamics of relaxor-PT single 

crystals via PFM, including nucleation and growth [199-203], 

domain switching phenomena [204-206], and phase 

transformations [35, 112, 207, 208]. For instance, K. Li et al. 

examined DC bias-induced domain switching in [001]-

oriented PIN-PMN-38PT single crystals (Fig. 13) [202]. 

Under low bias stimulation (< 10 V), the nucleation and 

growth of 180° domains dominated during the switching 

process. However, as the electrical bias increased from 10 to 

80 V, 90° domain switching gradually completed, achieving a 

single-domain state. These results indicated that switching  

behavior evolves with applied electric field strength: 180° 

domain switching is more sensitive at relatively lower electric 

fields, whereas non-180° domain switching becomes more 

dominant at higher electric field strengths, as confirmed by 

other studies [209, 210]. However, direct 180° polarization 

switching is generally considered difficult due to its high 

activation energy requirement and typically occurs through a 

combination of ferroelastic non-180° switching [211]. 

Therefore, carefully understanding and distinguishing domain 

switching orientations is crucial in ferroelectrics. 

Regarding domain walls, both wall types and domain wall 

engineering have been studied via PFM. For example, Y. Jing 

et al. compared domain structures of [011]C-poled 

rhombohedral PIN-PMN-PT and Mn-doped PIN-PMN-PT 

single crystals to explain the origin of internal bias (Ei) and 

large quality factor (Qm), as shown in Fig. 14 [212]. Since 

rhombohedral single crystals have domain-engineered 2R 

with poling along the [011] direction [213, 214], the 2R 

domain structures can form through the arrangement of two 

spontaneous polarization (Ps) vectors. In undoped samples, 

when PS vectors assemble head-to-tail, neutral domain walls 

 
Fig. 12.  Coherent soft X-ray radiation speckle patterns (left) and spatial 
correlation functions obtained from the speckle patterns (right) for the 
PMN-28PT single crystal measured under cooling in thermal 
equilibrium conditions. In the thermal equilibrium condition, the sample 
temperature was decreased by 0.2 K/min step and held for about 20 
min before the speckle measurements. Cubic-to-tetragonal phase 
transformation took place at 407 K on cooling. The data reproduced 
with permission from [194]. 

 
Fig. 11.  Experimental setup of XPCS analyses showing vertical, nearly 
symmetric reflection scattering geometry and the coordinate axes. 
Inset is a cross-section view of relaxor ferroelectric PMN geometry and 
electrodes. The data reproduced with permission from [184]. 
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form parallel to the (011)C plane. However, in Mn-doped 

samples, PS vectors connecting head-to-head/tail-to-tail create 

charged domain walls parallel to the (001)C plane. This 

suggests that Mn doping facilitates charged domain wall 

formation due to the presence of charged defects, such as 

negatively charged Mn2+/Mn3+ and positively charged oxygen 

vacancies [27, 215-217]. Additionally, L. Yang et al. 

compared undoped and Mn-doped PIN-PMN-27PT single 

crystals using PFM, finding lower domain wall density in Mn-

doped crystals [218]. This reduced density may contribute to 

decreased domain wall motion due to the pinning effect of 

defect dipoles. In PMN-34PT single crystals, neutral domain 

walls with lower domain wall energy were observed before 

poling, whereas DC bias can turn to charged domain walls 

between ferroelectric domain variants [219]. However, the 

distribution of charged domain walls may depend on several 

factors, including residual stress and defects. It is important to 

note that charged domain wall quantities can also vary 

between samples of the same nominal composition and within 

different areas of a given sample [220]. Although direct 

measurement of absolute domain wall density remains 

challenging, charged domain wall density in acceptor-doped 

or biased crystals typically exceeds that of virgin crystals 

[221-223]. From this perspective, the limited examples of 

domain structures related to donor doping effects suggest the 

need for further research in this area. 

To date, the relationship between macroscopic properties 

and nanoscopic domain structures has been investigated 

through PFM imaging. Quantitative estimates of short-range 

polar order can be obtained using an autocorrelation function, 

𝐶(𝑟), averaged over all in-plane directions 

 ⟨𝐶(𝑟)⟩ = 𝜎2 exp [− (
𝑟

𝜉
)

2ℎ

 

] , (3) 

where 𝑟 is the distance from the central peak, 𝜎 is a constant, 

𝜉 is the short-range correlation length, and h is the exponent 

parameter (0 < h < 1) [224, 225]. For example, W. He et al. 

demonstrated that PIN-PZ-PMN-PT single crystals exhibit 

enhanced thermal stabilities, where the smaller 𝜉 value in the 

quaternary system, compared to binary PMN-20PT crystals, 

indicates a higher degree of relaxor behavior [226, 227]. The 

B-site cations, such as In3+ and Zr4+, increase Pb-B repulsion 

and cation disordering in the ABO3-lattice, leading to stronger 

relaxor properties [149, 228]. Similarly, X. Qi et al. compared 

undoped and Mn-doped PIN-PMN-29PT single crystals using 

an autocorrelation function, demonstrating that Mn doping 

suppresses the growth of PNRs within the ferroelectric phase 

[229]. Numerous studies have also examined AC poling 

through PFM analyses. Domain size emerges as a key factor 

in explaining the AC poling mechanism, with some research 

showing that decreased domain size and higher domain wall 

density correlate with improved properties [41, 43, 230, 231]. 

In contrast, other studies have demonstrated that AC poling 

enhances performance by increasing domain size and 

strengthening the domain contribution [50, 85, 232]. These 

conflicting results regarding domain size might stem from 

differences between the bulk and surface properties of samples. 

In PFM, images are generated from piezoelectric signals 

within an thin surface layer, approximately 10 nm depth [233]. 

Due to the skin effect in relaxor ferroelectrics [62, 234], 

domain patterns observed by PFM may differ from bulk 

structures and might not fully represent the macroscopic 

response. To address this limitation, researchers have 

integrated PFM analysis with simulation methods, particularly 

phase-field simulations, to verify nanodomain structures in 

relation to macroscopic dynamics [48, 50, 51, 235]. This 

integrated approach of experimental and simulation methods 

provides deeper insights into the overall domain behavior in 

relaxor-PT single crystals. 

 
Fig. 13.  (a)-(h) Domain evolution of PFM amplitude and phase images of [001]C-oriented PIN-PMN-38PT single crystals with tetragonal phase at 
room temperature. The scanning area is 5 μm × 5 μm on the (001) plane, and the probe tip-bias direction is applied in the [001]C direction. The 
scanning rate in the writing and reading domain structure is fixed at a low frequency of 1 Hz. The data reproduced with permission from [202]. 
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VI. CONCLUSION 

In this review, we detailed the complex relationship between 

ferroelectric domain dynamics and piezoelectricity in relaxor-

PT single crystals. We clarified several challenging aspects 

from the literature, including monoclinic phase, field-induced 

phase transformation, polarization rotation, and PNRs. 

Through our review of experimental methods for studying 

domain dynamics, we have discussed both the strengths and 

limitations of various analytical approaches. It has become 

evident that domain dynamics can vary significantly across 

different analytic methods due to the inhomogeneous nature 

of domain configuration. Consequently, cross-validation 

using multiple techniques is essential for characterizing 

domain dynamics in relaxor-PT single crystals. 

 While experimental methods enable accurate measurement 

of domain dynamics, certain physical variables and 

mechanisms crucial to understanding properties remain 

unclear. Several challenges persist, and significant room exists 

for deeper understanding of domain dynamics, including the 

following:  

(1) Distinguishing between domain and domain wall 

responses is important in ferroelectric dynamics. Domain 

contributions (including domain growth and orientation) and 

domain wall contributions (including domain wall motion and 

vibration) significantly influence properties, and further 

research from this perspective is necessary. 

 (2) The mechanism of AC poling remains unclear, with 

ongoing debates regarding domain size differences between 

AC and DC poling. This discrepancy may stem from 

inhomogeneous domain configurations and equipment 

limitations that inevitably create artifacts. To address this, 

time-resolved observations at suitable temporal and spatial 

scales are needed to enable more comprehensive investigation, 

particularly focusing on real-time domain dynamics. 

(3) While poling studies are widespread, research on depoling 

processes remains limited. Although it is well established that 

temperature-induced depolarization of poled materials can 

alter domain configuration from preferred to random 

orientation, studies on electric field- or mechanical stress-

induced depolarization in relaxor-PT single crystals are 

scarce. Systematic investigation of responses to electrical and 

mechanical stimuli is crucial for understanding practical 

applications. 
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