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Abstract - This study investigates the effects of biaxial strain and 

temperature on polarization domains and energy storage properties 

of lead titanate/strontium titanate superlattices through phase-field 

simulations. The superlattice exhibits periodic polarization vortices 

with alternating symmetries, whose distribution is strain-

dependent: compressive strain enlarges vortex regions, while 

tensile strain suppresses them, favoring uniform alignment. These 

domain reconfigurations govern hysteresis, with compressive strain 

yielding single-loop and tensile strain producing double-loop 

polarization–electric field responses. Energy storage performance 

exhibits strong strain dependence, under tensile strain achieving 

optimal discharge energy density of 74.03 J/cm³ and efficiency of 

99.74%, a 25% enhancement over compressive conditions. 

Thermal analysis confirms stable energy storage up to 500°C, 

highlighting operational robustness. By correlating mechanical-

thermal stimuli with domain evolution, this work establishes strain 

engineering as an effective strategy for designing ferroelectric 

superlattices with on-demand energy storage capabilities, 

advancing the development of adaptive dielectric capacitors. 

Key words – Energy storage; Ferroelectric/paraelectric 

nanocomposite; Domain structure; Phase field model. 

1. Introduction 

Dielectric capacitors are essential components in 

electrical and electronic systems due to their ability to 

rapidly charge and discharge, enabling ultrahigh power 

density, durability, and high operational voltage [1]-[3]. 

These devices store energy electrostatically through 

polarization, where an applied electric field displaces 

dipoles in the material. Optimal energy storage 

performance-characterized by high energy density, 

efficiency, and low loss-requires materials with a 

significant maximum polarization (Pm) and minimal 

remanent polarization (Pr) after field removal. Thin-film 

capacitors have gained prominence for their superior 

breakdown strength and suitability for compact, 

miniaturized systems [4], [5]. In ferroelectric (FE) 

materials, domain structure critically influences Pm and Pr. 

By introducing compositional complexity, long-range 

ferroelectric domains can be fragmented into polar 

nanoregions, which exhibit dynamic switching under 

electric fields with reduced energy dissipation [6]-[9]. This 

approach has enabled energy-storage densities exceeding 

50 J/cm3 and efficiencies of 60–80% [10]-[12]. 

Advances in nanofabrication have facilitated the 

development of artificial superlattices, which combine 

alternating ferroelectric and dielectric layers with 

thicknesses less than 10 nm to engineer novel properties. 

Such heterostructures, including BaTiO3/SrTiO3, 

BiFeO3/SrTiO3, and PbTiO₃/SrTiO₃ (PTO/STO) systems, 

exhibit enhanced responses to external stimuli like electric 

fields and strain, often leading to emergent phenomena 

such as polar vortices, skyrmions, and flux-closure 

domains [13]-[20]. For instance, PTO/STO superlattices 

have demonstrated unique polarization behaviors, 

including improper ferroelectricity and smoothly evolving 

nanostructures, depending on layer periodicity and strain 

conditions [15]-[19]. However, research on how strain and 

temperature influence domain configurations and energy 

storage performance in these systems remains limited. 

This study employs phase-field simulations to 

investigate domain structure formation in PTO/STO 

superlattices, focusing on strain and temperature effects. 

By analyzing polarization-electric field (P-E) hysteresis 

loops, the work quantifies energy storage metrics such as 

discharge energy density and charge-discharge efficiency, 

providing insights into how tailored domain engineering 

can optimize energy storage performance. The simulations 

reveal the evolution of domain patterns under varying 

conditions, bridging gaps in understanding the interplay 

between external parameters and functional properties in 

superlattice-based capacitors. 

2. Methodology 

2.1. Free energy of PbTiO3/SrTiO3 superlattice 

This study employs a phase-field modeling approach to 

analyze domain configurations and energy storage 

potential in ferroelectric/paraelectric PTO/STO 

superlattices. The framework utilizes the polarization 

vector 𝑃(𝑝1, 𝑝2, 𝑝3) to describe domain patterns and their 

dynamic response to applied fields. The system's total 

energy (H) is determined through the integration of energy 

density (h) across the material volume (V): 

𝐻 = ∫ℎ𝑑𝑉 = ∫[(1 − 𝑓)ℎ𝑃𝑇𝑂 + 𝑓ℎ𝑆𝑇𝑂]𝑑𝑉 (1) 

where the phase parameter f distinguishes between 

composite constituents: f = 0 represents pure PTO, while 

f = 1 corresponds to pure STO. Here, ℎ𝑃𝑇𝑂  and ℎ𝑆𝑇𝑂 denote 

the energy densities of PTO and STO, respectively. The 

PTO energy density incorporates contributions from 

Landau free energy, elastic interactions, gradient energy, 

and electrostatic effects. 



128 Ha Thi Dang, Dang Thi Hong Hue, Ba-Hieu Vu, Trong-Giang Nguyen, Van-Hai Dinh, Le Van Lich 

ℎ𝐵𝑇𝑂 = 𝛼𝑖
𝑃𝑇𝑂𝑝𝑖

2 + 𝛼𝑖𝑗
𝑃𝑇𝑂𝑝𝑖

2𝑝𝑗
2 + 𝛼𝑖𝑗𝑘

𝑃𝑇𝑂𝑝𝑖
2𝑝𝑗

2𝑝𝑘
2 

+
1

2
𝑐𝑖𝑗𝑘𝑙
𝑃𝑇𝑂[𝜀𝑖𝑗 − 𝜀𝑖𝑗

0 ][𝜀𝑘𝑙 − 𝜀𝑘𝑙
0 ] + 𝐺𝑖𝑗𝑘𝑙

𝑃𝑇𝑂𝑝𝑖,𝑗𝑝𝑘,𝑙 

−
1

2
𝑘𝑐
𝑃𝑇𝑂𝐸𝑖

2 − 𝐸𝑖𝑝𝑖              (2) 

where 𝜀𝑖𝑗
0 = 𝑄𝑖𝑗𝑘𝑙𝑝𝑘𝑝𝑙 refers to the spontaneous strain 

induced by polarization, with Qijkl denoting electrostrictive 

coefficients. Similarly, the total energy density of STO 

comprises Landau, elastic, gradient energy, and electric 

densities, which can be expressed as  
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In Eqs. (2) and (3), αi, αij, and αijk represent 

thermodynamic (or Landau) coefficients; cijkl are elastic 

coefficients, Gijkl are gradient coefficients; and kc is the 

dielectric parameter. In addition, the energy term 

(Gijklpi,jpk,l) describes polarization gradient energy density, 

which is induced by spatial polarization variation, such as 

domain walls.  

2.2. The equilibrium and governing equations 

Mechanical equilibrium is governed by the stress 

balance equation: 

∇ ∙ 𝜎 =
𝜕

𝜕𝑥𝑗
(
𝜕ℎ

𝜕𝜀𝑖𝑗
) = 0    (4) 

where σ represents the stress tensor. Electrical equilibrium 

satisfies the relation: 

𝜖0𝜖𝑖𝑗
𝑏∇𝑖∇𝑗ϕ = 𝑝𝑖,𝑖,    (5) 

Here, ϕ denotes the electrostatic potential, 𝜖0 is the 

vacuum permittivity, and 𝜖𝑖𝑗
𝑏  corresponds to the relative 

background permittivity. Polarization dynamics over time 

are modeled via the time-dependent Ginzburg-Landau 

equation:  

𝜕𝑝𝑖(𝑥𝑗,𝑡)

𝜕𝑡
= −𝑀

𝛿𝐻

𝛿𝑝𝑖(𝑥𝑗,𝑡)
    (6) 

where M is the mobility coefficient and t represents the 

evolution time. 

2.3. Simulation models and procedures 

 

Figure 1. Schematic illustrations of PbTiO3/SrTiO3 multilayer 

This work examines a ferroelectric/dielectric PTO/STO 

superlattice system. The structure comprises alternating 

PTO and STO nanolayers of equal thickness of 8 nm, as 

illustrated in Figure 1, with both materials occupying 50% 

of the total volume. The computational model spans 16 nm 

× 16 nm × 16 nm. Prior experimental works [15]-[19] have 

demonstrated the feasibility of fabricating such 

superlattices with precise layer control. This study 

concentrates on the effects of biaxial strain within the xy-

plane (varied from -1% to 1%) and temperature (ranging 

from 0°C to 500°C) on domain structures and energy 

storage performance. 

A uniform grid (Δ𝑥 = Δ𝑦 = Δ𝑧 = 0.4 nm) is used to 

discretize the simulation model. The x-, y-, and z-axes align 

with the [100], [010], and [001] crystallographic 

directions, respectively. Periodic boundary conditions are 

applied along all three axes. Material parameters for PTO 

and STO are adapted from previous studies [21]-[25]. To 

isolate strain effects, simulations fix temperature at 25°C; 

conversely, temperature-dependent analyses maintain zero 

applied strain. 

Equilibrium domain configurations are determined by 

numerically solving the time-dependent Ginzburg-Landau 

equation. Starting from an initial polarization state with 

minor random perturbations, iterations proceed until the 

system’s free energy stabilizes. The semi-implicit Fourier 

spectral technique [26], [27] facilitates temporal 

integration. Following equilibrium attainment, a quasi-

static electric field is applied along the z-axis to probe 

polarization response and switching dynamics. 

3. Results and discussion 

3.1. Polarization domain structures 

 

Figure 2. Domain structures of PbTiO3/SrTiO3 superlattice under 

different biaxial strains: (a) ε = 0 %, (b) ε = 1 %, and (c) ε = -1 % 

Figure 2 illustrates the strain-dependent polarization 

patterns in a cross-sectional view of the PTO/STO 

superlattice. At zero applied strain (ε = 0%), the system 

stabilizes into a periodic vortex array at room temperature, 

with vortex cores localized near the PTO/STO interfacial 

regions (Figure 2a). These observations align with prior 

experimental and computational findings [15]-[19], 

confirming strain-free vortex self-organization in such 

superlattices. 

Applying tensile strain (ε = 1%) reduces vortex 

dimensions, relocating cores closer to the PTO/STO 

interfaces (Figure 2b). Conversely, compressive strain  

(ε = −1%) enlarges the vortex diameter, displacing core 

positions toward the central regions of the PTO layers 

(Figure 2c). This strain-mediated core displacement arises 
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from competing polarization-strain coupling effects, where 

tensile strain promotes in-plane polarization alignment 

(enhancing xy-plane dipole ordering), while compressive 

strain favors out-of-plane orientation, amplifying vertical 

polarization gradients and expanding vortex geometries. 

These results demonstrate that biaxial strain exerts 

substantial control over domain structures in ferroelectric 

superlattices. 

3.2. Polarization switching and energy-storage 

performance of strained PTO/STO superlattice 

 

Figure 3. Polarization-electric field behaviors of PbTiO3/SrTiO3 

superlattice under an applied electric field of 5 MV/cm at 

different strains 

Figure 3 compares the strain-dependent polarization-

electric field (P3-E3) hysteresis responses of the 

PTO/STO superlattice. Under -1% compressive strain, 

the system displays a wide hysteresis loop, characteristic 

of robust ferroelectricity with high remanent polarization. 

This indicates that the compressive strain stabilizes a 

strong ferroelectric phase within the superlattice, aligning 

the polarization along the out-of-plane direction. At zero 

strain, however, the loop adopts a double hysteresis 

shape, signaling antiferroelectric-like ordering - a notable 

feature given the non-antiferroelectric nature of the 

constituent materials. This suggests that at zero strain, the 

system enters a more complex polarization state, 

involving alternating vortices with opposite polarization 

directions or the formation of nanoscale domains that 

effectively cancel each other out at a macroscopic level. 

This dual-loop behavior is also observed in the 

superlattice subjected to the tensile strain of 1 %, albeit 

with potentially different switching fields and saturation 

polarization values compared to the zero-strain case. The 

emergence of this antiferroelectric-like behavior under 

tensile strain suggests that the strain induces a structural 

change within the superlattice, leading to the formation of 

an antipolar phase. This could be due to the tensile strain 

encouraging a different stacking arrangement of the PTO 

and STO layers that influence the polarization behavior. 

Further analysis, such as examining the atomic 

displacements and local polarization profiles, would be 

necessary to fully elucidate the microscopic mechanisms 

driving these strain-dependent polarization transitions. 

The energy storage performance of the PTO/STO 

superlattice is considered. Theoretically, the energy 

storage performance can be evaluated by 

𝑈𝑐 = ∫ 𝐸𝑑𝑝
𝑝𝑚
0

    (7) 

𝑈𝑑 = ∫ 𝐸𝑑𝑝
𝑝𝑚
𝑝𝑟

    (8) 

𝜂 =
𝑈𝑑

𝑈𝑐
× 100%    (9) 

Here, Uc, Ud, and 𝜂 correspond to the total stored energy, 

retrievable energy, and charge-discharge efficiency, 

respectively. Ferroelectric systems with large hysteresis 

loops exhibit significant energy dissipation (Uloss = Uc - Ud), 

making 𝜂 a critical metric for evaluating practical energy 

utilization. The energy density is governed by both 

polarization magnitude and hysteresis loop, with narrower 

loops favoring higher efficiency. 

 

Figure 4. Discharge energy density and charge–discharge 

efficiency of PbTiO3/SrTiO3 superlattice at  

various biaxial strains 

Figure 4 analyzes the strain-dependent trends in 

discharge energy density for the PTO/STO superlattice 

during electric-field-driven recovery (5 MV/cm). Both 

discharge energy density (Ud) and energy efficiency (η) 

exhibit a monotonic relationship with applied strain as they 

rise with increasing tensile strain but decline under 

compressive conditions. Notably, the system reaches a Ud 

of 74.03 J/cm3 (η = 99.74%) at 1% tensile strain, 

demonstrating near-ideal energy recovery. Conversely, at  

-1% compression, Ud drops to 59.02 J/cm3 (η = 91.72%), 

reflecting heightened hysteresis losses. Between these 

extremes, the strain-free configuration achieves 

Ud=63.64 J/cm3 (η = 97.21%). The superlattice exhibits a 

25% enhancement in Ud observed across the −1% to +1% 

strain range. This improvement under tension stems from 

suppressed hysteresis (reduced polarization remanent), 

which minimizes energy dissipation during charge-

discharge cycles. 

3.3. Effect of temperature on polarization switching and 

energy-storage performance of PTO/STO superlattice 

Figure 5 displays the temperature-dependent 

polarization-electric field hysteresis loops (P3-E3) for the 

PTO/STO superlattice, with biaxial strain effects 

excluded from the analysis to isolate the impact of 

temperature alone. The characteristic double hysteresis 

loop emerges at 0°C, indicating the presence of an 

antiferroelectric-like phase due to the formation of an 
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alternative vortex array at low temperatures. This double 

loop progressively narrows with rising temperatures, 

suggesting a weakening of the antiferroelectric-like order 

as thermal energy increases. The complete disappearance 

of the double hysteresis loop above 350°C signifies a 

transition to a paraelectric phase, where the material loses 

its long-range polar order. At elevated temperatures 

(>350°C), the P3-E3 curves transition to nonlinear 

behavior without observable hysteresis, consistent with a 

paraelectric state where the polarization response is 

primarily electronic and easily reversible. Notably, the 

maximum polarization under a 5 MV/cm applied field 

shows a systematic reduction with increasing thermal 

energy. This is attributed to the increased randomization 

of dipoles at higher temperatures, making it more difficult 

for the electric field to align them effectively. The 

reduction in maximum polarization further supports the 

transition from an ordered (antiferroelectric-like or 

ferroelectric) state to a disordered paraelectric state. 

These results demonstrate significant temperature 

sensitivity in both the hysteretic characteristics and 

polarization magnitude of the superlattice system, 

highlighting the potential for temperature-controlled 

switching and tuning of its dielectric properties. The 

observed temperature dependence could be related to 

changes in the lattice parameters, thermal expansion 

differences between PTO and STO, or thermally activated 

defect migration, each of which could influence the 

polarization behavior. 

 

Figure 5. Polarization-electric field behaviors of PbTiO3/SrTiO3 

superlattice under an applied electric field of 5 MV/cm at 

different temperatures 

Figure 6 demonstrates the temperature-dependent 

evolution of discharge energy density and charge-

discharge energy efficiency in the PTO/STO superlattice  

during electric-field-driven recovery (5 MV/cm) from 

poled states. The discharge energy density shows 

systematic enhancement with thermal activation, 

increasing from 63.0 J/cm3 at 0°C to 73.68 J/cm3 at 500°C, 

which is a 17% relative improvement across this 

operational range. Simultaneously, energy efficiency 

exhibits progressive thermal optimization, achieving 

complete energy recovery (100%) at 400°C and 

maintaining this ideal performance up to 500°C. This 

coupled temperature response reveals coordinated thermal 

activation mechanisms governing both energy storage 

capacity and conversion effectiveness in the superlattice 

system. 

 

Figure 6. Discharge energy density and charge–discharge 

efficiency of PbTiO3/SrTiO3 superlattice at  

various temperatures 

4. Conclusion 

This investigation establishes biaxial strain and thermal 

modulation as critical determinants of domain structures 

and energy storage capabilities in PTO/STO superlattices 

through phase-field modeling. The system hosts an ordered 

polarization vortex lattice with alternating chirality, 

demonstrating strain-mediated structural control, where 

vortex domains expand under compressive strain while 

contracting under tensile loading. These reconfigurations 

directly govern hysteretic responses, manifesting as single-

loop ferroelectric switching under compression versus 

double-loop characteristics in tensile regimes. Energy 

storage performance reveals asymmetric strain 

dependence, with significant enhancement under tensile 

strain versus marked degradation under compression. 

Thermal analysis demonstrates retained functional stability 

up to 500°C with near-ideal efficiency. These findings 

establish precise strain engineering coupled with thermal 

management as a dual-parameter optimization strategy for 

tailoring vortex-mediated energy storage in artificial 

superlattices. 
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