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The phase-field method has been extensively applied to predicting the domain structures and their 

responses to external fields and understanding experimentally observed domain states under different 

electromechanical conditions in ferroelectric heterostructures. This article highlights the successful 

examples of phase-field applications in guiding the design of relaxor-ferroelectric ceramics and 

crystals with record-high piezoelectricity and the discovery of simultaneous high light-transparency 

and piezoelectricity of relaxor-ferroelectric crystals for a wide range of biomedical, robotics, and 

optoelectronics applications. 
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Introduction 
The discovery of relaxor-ferroelectric solid-solution single crystals (relaxor-PT), such as 

Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) and Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT), is considered to be a 

milestone achievement in the fields of ferroelectric and piezoelectric materials. The first growth of 

relaxor-PT crystals was around late 1960s by Soviet and Japanese researchers1, 2 while the high 

piezoelectricity (piezoelectric coefficient d33~1200 pC/N) in relaxor-PT crystals was first reported in 

early 1980s by Kuwata J et al.3 Although relaxor-PT crystals were believed to possess high 

piezoelectric coefficient, there are several critical issues in their single crystal growth, such as 

composition segregation and incongruent melting of various oxides (e.g., TiO2, MgO, ZnO, Nb2O5). 

As a result, the crystal qualities were not sufficiently high, and the crystal sizes were too small (several 

millimeters) to systematically characterize their properties or to be deployed in piezoelectric devices 

with sufficient durability. In 1990s, a milestone was achieved by Shrout and co-workers who 

successfully grew high-quality PZN-PT crystals with ultrahigh piezoelectric coefficient d33 of 2500 

pC/N, electromechanical coupling factor of 95%, and electric-field-induced strain of ~1.5%,4 which 

generated considerable attention from both academia and industry and encouraged extensive efforts 



to further improve the crystal growth techniques, understand the origin of high piezoelectricity, 

optimize the piezoelectric property, and explore their use in devices.5-16 

However, despite extensive efforts to enhance the piezoelectricity of relaxor-PT driven by the ever-

increasing demands of advanced piezoelectric devices, there have been no breakthroughs16 during the 

past two decades to drastically enhance piezoelectricity until very recently.17-20 The present article 

highlights the important roles of phase-field simulations in understanding the roles of nanoscale 

heterogeneous polar regions in determining the piezoelectric activity of relaxor-PT crystals21, 22 as 

well as in guiding the design of relaxor-PT ceramics and single crystals with record-high 

piezoelectricity through rare-earth element doping17, 18 and the discovery of simultaneous high light-

transparency and piezoelectricity through alternating current (a.c.) electric field poling.23-25 Both the 

rare-earth-doped ceramics and single crystals and the transparent PMN-PT and PIN-PMN-PT 

piezoelectric crystals are now being actively explored and implemented in various device 

applications26-31. 

A brief description on phase-field method of ferroelectrics 

In the phase-field method of ferroelectrics, the spontaneous polarization is the natural internal process 

order parameter for describing the ferroelectric phase transitions, domain structures, and responses to 

external electrical and mechanical fields (see Ref. 32-34). The total free energy of an inhomogeneous 

ferroelectric crystal includes contributions from the local chemical energy density and the energy due 

to the local polarization gradient, electrostatic energy, and elastic strain energy. The fundamental 

equation of thermodynamics for a ferroelectric crystal automatically takes into account the couplings 

between the local polarization, mechanical strain/stress, and electric field. The thermodynamic 

parameters of a phase-field model are usually obtained using a combination of experimentally 

measured temperature-dependent structural and physical properties (e.g., temperature-dependent 

lattice parameters, dielectric and piezoelectric properties, and the phase transition temperatures) and 

computed relative energies of polarization states from first-principles atomistic calculations. The 

different polarization, mechanical, and electric boundary conditions can be employed to model the  

ferroelectric bulk single crystals, polycrystals, as well as nanoscale thin films and heterostructures. 

The solutions to the time-dependent Ginzburg-Landau relaxation equations or Klein-Gordon dynamic 

equations for the evolution of polarization describe the domain structure evolution of ferroelectric 

materials as well as the linear and nonlinear electromechanical responses. 

 

Design record-high piezoelectricity in relaxor-PT ceramics and crystals 



We start with the attempt to understand the impacts of nanoscale heterogeneous polar regions on 

piezoelectricity through phase-field simulations. A distinct microstructural feature of relaxor-PTs 

compared to classical ferroelectrics is the presence of nanoscale heterogeneous polar regions within 

ferroelectric domains resulting from cation order-disorder and the accompanied random 

fields/bonds.35-37 A common approach for evaluating the contribution of nanoscale heterogeneous 

polar regions is to analyze the dielectric response with respect to frequency and temperature. The 

contribution of nanoscale heterogeneous polar regions to dielectric permittivity can be eliminated at 

the frequencies above their relaxation frequencies or at the temperatures below their “frozen” 

temperatures. In addition, to eliminate the influence related to ferroelectric domain walls, single-

domain relaxor-PT crystals should be utilized.21 Fig. 1a and b show the temperature and frequency 

dependent dielectric behavior for a single domain PZN-0.15PT crystal. Strong dispersion of the 

permittivity is seen only at cryogenic temperature (dashed circle in Fig. 1a). The variation of the 

piezoelectric coefficient below room temperature is parallel to that of the dielectric permittivity since 

the piezoelectric coefficient of a single domain ferroelectric crystal is proportional to the product of 

spontaneous polarization, electrostrictive coefficient and dielectric permittivity, and the variations of 

spontaneous polarization and electrostrictive coefficient with temperature are minimal compared to 

that of the dielectric permittivity below room temperature. Fig. 1c is a schematic showing the high 

room-temperature dielectric and piezoelectric properties of relaxor-PT crystals compared to classical 

ferroelectric crystals, which can be attributed to a thermal activation process around 100 K. Thus, 

elucidating the mechanism(s) responsible for the dielectric/piezoelectric variation at cryogenic 

temperatures is critical to understanding the ultrahigh piezoelectric properties of relaxor–PT crystals 

at room temperature.  



 

Figure 1 (a) The dielectric permittivity as a function of temperature for PZN–0.15PT crystal 

measured as different frequencies. A tetragonal–cubic phase transition exists at 468 K. (b) Enlarged 

low-temperature sections (20–300 K) for (a). (c) A schematic plot showing the major difference in 

dielectric/piezoelectric properties between relaxor–PT crystals and classical ferroelectric crystals. 

The data are from reference 21. 

We performed phase-field simulations to obtain the dielectric variation at cryogenic temperature. We 

consider a single tetragonal domain (the long-range ferroelectric phase of PZN-0.15PT) containing 

local polar regions, as shown in Fig. 2, in an orthorhombic polar state21. The simulations successfully 

reproduced the temperature dependence of the dielectric properties of PZN-0.15PT crystal (Fig. 3a). 

The observed thermal activation process of dielectric permittivity was associated with the energies 

arising from the nanoscale structural heterogeneity. 

 

Figure 2 (a) Phase-field-simulated microstructures for a [100]-poled single domain PZN-0.15PT 

crystal at 100 K. (b) The enlarged square area in (a), where the polar vectors of every grid are shown. 



The x and y axes represent the [100] and [010] crystallographic directions, respectively. The color bar 

denotes the angle between the polar vector of the grids and the [100] direction. In this 2D simulation, 

the size of a single grid is 1×1 nm. The lattice parameter of PZN-0.15PT (pseudo-cubic phase) is ~0.4 

nm. The data are from reference 21. 

 

Figure 3 (a) The simulated dielectric permittivity of [100]-poled single domain PZN-0.15PT crystal 

as a function of temperature. (b) Temperature-dependent map of polarization vector direction for the 

[100]-poled single domain PZN-0.15PT crystal obtained by phase field simulation. The color bar 

denotes the angle between the polar vector of the grids and the [100] direction. (c) Schematic 

illustration of the transition of nanoscale heterogeneous polar regions to the ‘collinear’ state as the 

temperature increases from 100 to 150 K. NHPRs in (a) stand for nanoscale heterogeneous polar 

regions. (a-b) are from reference 21. 

In the phase-field model of relaxor-PT crystals, the energies associated with local structural 

heterogeneity arising from the discontinuity of polarization and strain around the interfaces among 

tetragonal matrix and local polar regions (called as heterogeneity energies), including electrostatic, 

polarization gradient and elastic energies, provide the driving force for the transformation of those 

local regions to a tetragonal state, to reduce or eliminate the polarization discontinuity. As shown in 

Fig. 3b, with increasing the temperature the polar vectors of nanoscale heterogeneous polar regions 

transform to the [100] direction, i.e., become parallel with the polar direction of the tetragonal 

ferroelectric matrix. Meanwhile, the competition between the bulk and heterogeneity energies leads 

to a highly flattened free energy profile of nanoscale heterogeneous polar regions, as schematically 

shown in Fig. 3c. The polar vectors of aligned nanoscale heterogeneous polar regions are much easier 

to be rotated by an electric field compared to that of the ferroelectric matrix, leading to enhanced 

dielectric and piezoelectric properties, as shown in Fig. 4. 



 

Figure 4 (a) Simulated microstructural variation under a transverse electric field (i.e., the electric 

field is perpendicular to the apparent polarization of the ferroelectric domain) for [100]-poled single 

domain PZN-0.15PT crystal at 350 K (note, without an electric field, all the regions are in tetragonal 

state at 350 K due to the impact of heterogeneity energies). For comparison, the same simulations 

were also performed on the tetragonal ferroelectric single domain without nanoscale heterogeneous 

polar regions. (b) Simulated transverse dielectric response of the heterogeneous ferroelectric system 

with comparison to a homogeneous ferroelectric system (i.e., tetragonal matrix only). NHPRs in (a,b) 

stand for nanoscale heterogeneous polar regions. A part of data in (a) is from reference 21. 

The predicted temperature dependence of microstructural variation is confirmed by the neutron and 

X-ray diffraction results, i.e., the diffuse scattering became stronger from room temperature to 

cryogenic temperatures for relaxor-PTs.38 

To enhance the piezoelectricity of relaxor-PTs, we performed further phase-field simulations and 

found out that the room-temperature dielectric permittivity can be enhanced by increasing the volume 

fraction of nanoscale heterogeneous polar regions in the heterogeneous system (Fig. 2), as shown in 

Fig. 5a. Furthermore, as shown in Fig. 5b, the system with a larger volume fraction of nanoscale 

heterogeneous polar regions corresponds to a higher loss maximum at cryogenic temperature. 

 

Figure 5 Phase-field simulation of the transverse dielectric permittivity (a) and loss factors (b) for 

the heterogeneous systems. The volume fraction of the heterogeneous regions varies from 0% to 15%. 



(c) Temperature dependence of dielectric loss factors for PMN-28PT ceramics with different rare-

earth dopants. The concentration of dopants is 2 mol%. The data were measured at 1 kHz. The data 

is from reference 18. 

Following the phase-field simulation results, we performed experiments to increase the local 

structural heterogeneity of relaxors-PTs by doping rare-earth elements, since previous experiments 

indicated that rare-earth dopants can introduce effective random fields/bonds and/or change the 

ordering degree of B-site cations.39 Hinted by the signature of dielectric loss obtained in phase-field 

simulations, we characterized low-temperature dielectric losses of rare-earth element doped PMN-

PT ceramics to evaluate the impact of various rare-earth dopants on the local structural heterogeneity 

in PMN-PT.18 Based on the amount of losses, we were able to identify rare-earth element Sm as the 

best candidate dopant to modify the local structure of PMN-PT since this system exhibits the highest 

loss factor at cryogenic temperatures compared to other doped PMN–PT systems, as shown in Fig. 

5c. Remarkably, the Sm-doped PMN-PT ceramics achieved record-high piezoelectric responses 

among ceramics, and the piezoelectricity of the corresponding crystals nearly doubled the 20-year 

old record, as shown in Fig. 6.17,18 These Sm-doped PMN-PT crystals and ceramics are of practical 

importance for high-performance electromechanical applications,26-28 e.g., benefiting the frequency 

bandwidth and penetration of ultrasonic transducers. This work highlights the crucial role of phase-

field simulations in guiding the design of Sm-doped PMN-PT ceramics and crystals to achieve record-

high piezoelectricity. 

 

Figure 6 (a) The piezoelectric coefficient d33 of 2.5 mol% Sm-doped PMN–xPT and undoped PMN–

xPT ceramics. (b) The piezoelectric coefficient d33 of [001]-oriented Sm-doped PMN–30PT and 

undoped PMN–30PT crystals, measured using a Berlincourt d33-meter. (c) Electric-field-induced 

strain for Sm-doped PMN–30PT and undoped PMN–30PT crystals. The data is from references 17 

and 18. 

Discovery of unprecedented transparency of relaxor ferroelectric crystals with ultrahigh 



piezoelectricity 

It was first reported by Yamashita et al. in 201140 that the piezoelectric property of rhombohedral 

relaxor-PT crystals could be improved by 20~100% via poling with an a.c. electric field instead of 

the conventionally used d.c. electric field (see a recent review41). It was believed that the 

piezoelectricity enhancement through a.c.-poling is due to increased domain wall density42 since there 

is a general belief in the community that the smaller the domain size, the higher the piezoelectricity.43-

44 However, it has been challenging to experimentally characterize and analyze the domain structure 

evolution during a.c. and d.c. poling, and thus the attribution of the enhanced piezoelectricity of a.c. 

poled crystals to the reduction of domain size or increase in domain wall density had been speculative. 

We performed phase-field simulations to analyze the dynamical evolution of the ferroelectric 

polarization and domain structure of the relaxor-PT crystals subject to the direct or alternating electric 

fields. We considered a rhombohedral relaxor-PT crystal, and thus the unpoled domain structure 

consists of eight domain variants and has zero net polarization (Fig. 7a)23. After poling with a d.c. 

electric field along [001]pc, four of the eight domain variants that have out-of-plane polarization 

antiparallel to the external electric field direction are switched to the other four domain variants, 

forming a laminated domain structure, as shown in Fig. 7b. The horizontal layers are separated by a 

set of 109° domain walls parallel to the (001)pc plane, while within each lamina, there are inclined 71° 

domain walls approximately parallel to the {011}pc planes. When the applied electric field is reversed 

for several cycles to mimic the a.c. poling process, the 71o domain walls tend to re-orient between the 

(011)pc and (011!)pc planes via the nucleation and growth of the opposite domain variants. As a result, 

a pair of neighboring 71o domain walls tend to merge, and the density of 71o domain wall within a 

layer decreases, which can be fully eliminated under stress-free conditions as shown in Fig. 7c. In 

contrast, most of the horizontal 109o domain walls remain still during the process. The animations of 

the simulated domain structure evolution subjected to a.c. and d.c. electric fields can be found in Ref. 

23.  

Therefore, in contrast to the general belief that a.c. poling reduced domain size, our phase-field 

simulations demonstrated the overall domain size in the a.c.-poled crystals is larger than those 

obtained in d.c.-poling. The predictions on the domain morphology and domain size dependence on 

poling conditions are later successfully verified by a range of experiments, including scanning 

electron microscopy (Fig. 7d), birefringence imaging microscopy23, and synchrotron X-ray 

diffraction45. 



 

Figure 7 Phase-field simulation of 2D domain structures of rhombohedral PMN-28PT crystals at 

equilibrium of (a) unpoled, (b) d.c.-poled, and (c) a.c.-poled under stress-free conditions. The poling 

direction is along [001]pc. The colors of domains correspond to the eight domain variants with 

polarization along <111>pc directions as denoted in the legend below (a). (d) SEM images of cross-

sections of a.c.-and d.c.-poled PMN-28PT crystals. (e) Schematics of the layered 4R domain 

structures of [001]-poled PMN-28PT with varied widths of the 71° domains (D71). D71 = Inf. means 

no 71° domain walls are present in the system. (f) Calculated d33 along [001] direction of the 

corresponding domain configurations in (e) as a function of D71. (g) The free energy landscape of the 

system with respect to ΔPz. The free-energy densities of each case are normalized with respect to the 

ΔPz = 0 state. (a-c) and (e-g) adapted with permission from Reference 23 © 2020 Springer Nature. 

To understand the domain size effect on piezoelectricity of the [001]-poled relaxor-PT, we performed 



phase-field simulations to systematically evaluate the relationship between the domain size and the 
piezoelectric coefficient of the layered structures with controlled density of the 71o domain walls (Fig. 
7e). Remarkably, the a.c.-poled crystal with reduced density of 71o domain walls shows higher 
piezoelectric coefficient than their d.c.-poled counterpart, in stark contrast to the general belief that 
small domain sizes favor high piezoelectricity (Fig. 7f). As a matter of fact, our further 
thermodynamic analysis and phase-field simulations demonstrate that the inverse domain size effect 
(i.e., larger domain size gives higher piezoelectricity) is more common than expected46. Specifically, 
the nature of the domain-size dependence of piezoelectricity is shown to be determined by the 
variation of piezoelectricity inside the domains instead of the domain wall contributions46, and the 
domain size effect can be tuned via several approaches.47-49 In the case of [001]-poled rhombohedral 
relaxor-PT crystals, the reduced 71o domain wall density flattens the free energy profile (Fig. 7g), 
thus facilitates the polarization rotation process of the ferroelectric domains and leads to increased 
piezoelectricity of the crystal.23,46 

The phase-field predicted layer domain structures with the layers separated by mostly parallel 109o 

domain walls normal to the poling direction and the 71o domain walls within the layers eliminated by 

the a.c. poling provide important clues about the possible high transparency of the a.c. poled crystals. 

While the 71o domain walls are light-scattering, the 109o domain walls are not light-scattering based 

on the optical indicatrices of the neighboring domains within the domain structures.23 Therefore, it is 

expected that the optical and electrooptical properties of the a.c.-poled relaxor-PT crystals should also 

be enhanced compared with the d.c.-poled samples because of the elimination of the light-scattering 

71o domain walls in the normal incident direction (i.e., [001]pc).23 Indeed, careful polishing of the 

crystal surfaces of the a.c.-poled PMN-PT rhombohedral crystal reveals high optical transparency as 

confirmed by the light transmittance spectrum and the apparent transparent appearance of the crystal, 

as shown in Fig. 8. Furthermore, the birefringence and the electrooptical coefficients of the a.c.-poled 

relaxor-PT have been significantly enhanced.23 

This example highlights not only the roles of phase-field simulations in understanding the universal 

relationship between the engineered domain structures and overall effective piezoelectric properties 

but also in the discovery of simultaneous high light-transparency and piezoelectricity of a.c. poled 

crystals. 

 



Figure 8 (a) Photograph of a.c- and d.c.-poled PMN-28PT crystals. The thicknesses of the crystals 

are 0.5 mm and 1.8 mm, respectively. (b) Light transmittance of the a.c.- and d.c.-poled PMN-28PT 

crystals. (c) d33 and birefringence of the a.c.- and d.c.-poled PMN-28PT crystals. (a-c) adapted with 

permission from Reference 23 © 2020 Springer Nature. 

Impacts of high-performance piezoelectric materials enabled by phase-field modeling-guided 

design  

The development of Sm-doped PMN-PT with record-high piezoelectricity and the discovery of 

transparent ultrahigh piezoelectric crystals have not only advanced the fundamental understanding of 

ferroelectric materials but also led to patents that spur broader technology interests50,51. Based on 

these new relaxor ferroelectric materials, several high-performance electromechanical and electro-

optical devices have been developed, as highlighted in Fig. 9. For example, by using the Sm-doped 

PMN-PT ceramics to replace conventional PZT ceramics, the output acoustic pressure of a 2D array 

ultrasonic transducer was doubled, showing a great promising for low-intensity ultrasound therapy 

applications26. Using Sm-doped PMN-PT crystals, an implanted energy harvester was fabricated with 

ultrahigh output power density, thus can immediately activate the periaqueductal gray brain area and 

qualified for deep brain stimulation and analgesia applications28. Dagdeviren’s group at MIT 

developed several new conformable ultrasound patches by using rare-earth doped relaxor ferroelectric 

crystals and ceramics, showing sufficient contrast sensitivity and desired axial/lateral resolution for 

soft tissue imaging30,31. Owing to the ultrahigh electro-optic coefficients in transparent relaxor 

ferroelectric crystals, Liu et al. designed a new compact electro-optical Q-switch, whose volume and 

driving voltage were substantially reduced by around one order of magnitude when compared with 

commercial LiNbO3 and deuterated potassium dihydrogen phosphate(DKDP)-based Q-switches52. 

Benefiting from the ultrahigh piezoelectricity, relaxor ferroelectric crystals also showed great 

effectiveness in miniaturizing the piezoelectric motors with high moving resolution53. Taking the 

advantages of simultaneously possessing high light-transmission and large piezoelectricity, several 

new transparent electromechanical devices were also designed, such as transparent millirobots29, 

transparent ultrasonic transducers for photoacoustic imaging and transparent piezoelectric 

metasurfaces for adaptive optics54.  

 

 



 

Figure 9 Recently developed devices based on high-performance relaxor ferroelectric single crystals 

and ceramics. (a) 2-D transducer array for ultrasound therapy application based on Sm-doped PMN-

PT ceramics, from Ref. 26; (b) high-frequency needle transducer, from Ref. 27; (c) flexible energy–

harvesting device for  deep brain stimulation, from Ref. 28; (d) electro-optic Q-switches based on 

transparent relaxor ferroelectric crystals, from Ref. 52; (e) a transparent millirobot based on 

transparent relaxor ferroelectric crystals, from Ref. 29; (f) a transparent ultrasonic transducer array 

based on transparent relaxor ferroelectric crystals for photoacoustic imaging; (g) piezoelectric motors 

based on relaxor ferroelectric crystal and PZT ceramic, from Ref. 53; (h) stator components of 

piezoelectric motors, showing the effectiveness of relaxor ferroelectric crystals in miniaturization of 

motors. (a-e) adapted with permission from Reference 26 © 2020 IEEE, Reference 27 © 2017 IEEE, 

Reference 28 © 2022 AAAS, Reference 52 © 2022 AAAS, Reference 29 © 2022 AIP. 



Summary and Outlook 

In this article, we demonstrate the unique capability of phase-field modeling in unveiling the 

fundamental mesoscale mechanisms of ferroelectric domain evolution piezoelectricity and guiding 

the design of advanced relaxor ferroelectric crystals for piezoelectric applications. Specifically, 

phase-field simulation help us understand the relationship between multiscale microstructures and 

macroscopic properties of relaxor ferroelectrics, thus accelerating the design of a series of rare earth 

element doped relaxor ferroelectric ceramics and crystals with greatly enhanced piezoelectricity17-20, 

as well as the discovery of transparent relaxor ferroelectric crystals with ultrahigh piezoelectric and 

electrooptic properties23,52,55. These high-performance piezoelectric materials have enabled or 

stimulated a number of device applications that would be otherwise challenging or restricted by the 

inadequate properties of the prevailing piezoelectric materials. We highlighted a few such device 

applications that are currently being extensively explored by many around the world, which are 

expected to produce more comfortable and higher fidelity medical ultrasonography26,27,30,31, flexible 

energy harvesting with higher efficiency28,56, and further miniaturized transparent robotics29. We 

believe many of these lab-scale prototypes hold substantial promises for mass production and 

commercialization in the near future.  

In addition to the demonstrated success in advancing the research on relaxor ferroelectric crystals, 

the phase-field method can also be employed to guide the understanding and design of other 

ferroelectric and related materials and the discovery of new mesoscale phenomena. Examples include 

solid-state refrigeration utilizing the multi-caloric effects of ferroic materials57, flexible electronics 

based on polymer-ceramic nanocomposites58, high energy-density storage using advanced dielectric 

materials59, 60, multifunctional devices enabled by multiferroic magnetoelectric heterostructures61, 

textured ceramics62, 63 among others. There are also new opportunities that can potentially benefit 

from employing the phase-field approach to tackle the fundamental materials problems and create 

broader impacts. For example, how to mitigate the wake-up and fatigue issues of HfO2-based 

ferroelectric materials is critical for developing robust CMOS-compatible ferroelectric devices for 

neuro-inspired computing64,65, while a comprehensive phase-field model can help elucidate the 

thermodynamic and kinetic factors underpinning the phase transitions and polarization switching 

during these processes. We expect that the ever-developing advanced numerical computation 

algorithms, machine-learning models, and data-driven methods, such as GPU-accelerated algorithms 
66, physics-informed neutral networks67,68, machine-learned interatomic potentials69 and machine-

learned free energies70, can be employed further to accelerate the formulation, parametrization and 

computation of phase-field models for the new materials systems and ultimately lead to breakthroughs 



in broader fields.  
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