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Abstract. This study investigates dynamic strain-gradient-induced polarization and nonlinear electromechanical coupling 

in a noncentrosymmetric wide-bandgap oxide single crystal. The objective was to experimentally verify enhanced 

dynamic polarization mechanisms beyond classical flexoelectric descriptions and to correlate the results with continuum-

level numerical modeling. High-quality single crystals were structurally verified by X-ray diffraction, followed by 

dynamic polarization measurements over a frequency range from 10 Hz to 1 MHz. Controlled strain gradients were 

introduced via three-point bending, and nonlinear susceptibility was extracted using harmonic analysis. Finite-element 

simulations were performed to reproduce spatial polarization distributions under identical boundary conditions. The 

polarization amplitude exhibited a low-frequency plateau of approximately 4.8 µC/m² and decreased to 3.48 µC/m² at 1 

MHz, indicating dispersive dynamic behavior. Under applied strain gradients up to 3 × 10³ m⁻¹, polarization increased 

from 4.76 µC/m² to 7.81 µC/m², demonstrating nearly linear scaling with higher-order enhancement at larger gradients. 

A quadratic nonlinear response was confirmed, with second-harmonic polarization reaching 2.052 µC/m² at 100 kV/m. 

Temperature variation from 20 K to 400 K produced monotonic damping without phase-transition anomalies. Numerical 

modeling reproduced experimental amplitudes and revealed pronounced spatial localization of polarization. The results 

confirm robust dynamic electromechanical coupling exceeding classical continuum expectations and establish strain-

gradient-driven polarization as a stable and tunable mechanism in noncentrosymmetric quantum crystals. The investigated 

material was wurtzite ZnO (P6₃mc) with a direct bandgap of approximately 3.3–3.4 eV at room temperature.  

Keywords: strain-gradient polarization, nonlinear electromechanical coupling, dynamic dielectric response, 

noncentrosymmetric oxide crystals, second-harmonic susceptibility, finite-element modeling. 

 
1. Introduction 

 

Electromechanical coupling in crystalline solids describes the interaction between mechanical 

deformation and electric polarization. In materials lacking inversion symmetry, mechanical strain can 

directly induce polarization through symmetry-allowed coupling terms, forming the physical basis of 

piezoelectricity. When deformation is spatially nonuniform, strain gradients may generate additional 

polarization contributions that become increasingly significant at reduced dimensions or under 

localized mechanical loading. These higher-order electromechanical effects are particularly relevant 

for nanoscale systems, high-frequency actuators, adaptive sensors, and energy-conversion devices. 

Understanding how polarization responds dynamically to strain gradients and time-dependent electric 

fields is therefore crucial for both fundamental solid-state physics and next-generation functional 

materials. 

During the past decade, substantial progress has been achieved in quantifying strain-gradient-

induced polarization in oxides and semiconductors. Experimental advances have enabled direct 

probing of electromechanical coefficients in thin films and bulk crystals under controlled bending, 

nanoindentation, and scanning probe measurements. Several studies have reported measurable 

flexoelectric responses in oxide materials, confirming that polarization can be generated by strain 

gradients even in systems with weak intrinsic piezoelectricity [1], [2]. However, discrepancies persist 
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between classical continuum predictions and experimentally observed polarization magnitudes, 

especially in systems with strong lattice asymmetry or wide electronic band gaps. Moreover, most 

established models treat strain-gradient coupling primarily within static continuum frameworks, 

without systematically incorporating dynamic dispersion or nonlinear electric-field effects. 

Recent experimental studies published between 2020 and 2025 have explored different 

aspects of strain-gradient electromechanics. Direct nanoscale measurements of flexoelectric 

polarization in oxide systems demonstrated effective flexoelectric coefficients in the sub-nC/m to 

few-nC/m range depending on geometry and boundary conditions [3], [4]. Investigations of dynamic 

dielectric and electromechanical response in ferroelectric and polar materials have revealed 

pronounced frequency-dependent nonlinearities under alternating electric fields, indicating that 

polarization dynamics may deviate from classical quasi-static models [5], [6]. In addition, strain-

driven polarization rotation and enhanced electromechanical response have been observed in 

freestanding oxide membranes and thin-film systems, emphasizing the influence of lattice symmetry, 

interfaces, and mechanical boundary conditions on the effective electromechanical coupling [7], [8]. 

On the theoretical side, continuum and multiscale models have been developed to describe gradient 

electromechanical coupling and spatial polarization distributions in solids subjected to nonuniform 

deformation [9], [10]. These approaches demonstrate that higher-order coupling terms and strain-

gradient contributions may produce polarization fields significantly different from classical 

piezoelectric predictions. Furthermore, computational and materials-specific studies have suggested 

that electronic band structure, defect states, and bandgap magnitude may influence flexoelectric and 

nonlinear polarization responses in wide-bandgap oxide materials [11], [12]. Despite these advances, 

most available studies focus either on nanoscale systems or on static deformation regimes, while 

experimental investigations that simultaneously address dynamic response, strain-gradient scaling, 

and nonlinear susceptibility in bulk single crystals remain limited. 

A key unresolved issue therefore remains: dynamic strain-gradient-induced polarization in 

bulk noncentrosymmetric single crystals has not been systematically investigated together with 

frequency dispersion, nonlinear harmonic response, and spatial modeling under identical 

experimental conditions. Quantitative correlation among these aspects is still lacking. In particular, it 

remains unclear whether dynamic strain gradients can produce polarization amplitudes that exceed 

classical flexoelectric scaling derived from literature coefficients and whether such enhancement 

manifests simultaneously in nonlinear susceptibility behavior. 

Based on these limitations, we hypothesize that dynamic strain gradients in 

noncentrosymmetric wide-bandgap oxide crystals can generate enhanced polarization through 

higher-order electromechanical coupling mechanisms. Such coupling should manifest as frequency-

dependent polarization dispersion together with quadratic nonlinear susceptibility under alternating 

electric fields, exceeding predictions of classical continuum flexoelectric theory. 

The goal of this study is to experimentally quantify dynamic strain-gradient-induced 

polarization in a structurally verified single-crystal oxide, determine its frequency and temperature 

dependence, extract nonlinear susceptibility parameters, and validate the observations using finite-

element simulations with experimentally matched boundary conditions. The novelty of the work lies 

in the unified experimental and numerical investigation of dynamic strain-gradient electromechanics 
in a bulk noncentrosymmetric crystal. In addition, an explicit quantitative baseline is provided by 

extracting an effective strain-gradient coupling coefficient from experimental data and comparing it 

with representative literature values of flexoelectric coefficients reported for oxide materials. 

 
2. Methods 

 

Wurtzite ZnO single crystals (space group P6₃mc) were used as the model system in this study. 

Single crystals of a noncentrosymmetric polar oxide (space group P6₃mc) were used as the model 

system in this study. The crystals were purchased from a commercial supplier with a certified purity 

of 95.995%. Crystallographic orientation was verified prior to sample preparation by X-ray 
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diffraction using a PANalytical X’Pert PRO diffractometer with Cu Kα radiation (λ = 1.5406 Å). 

Diffraction patterns were indexed using HighScore Plus software, the method that we described 

earlier [13]. Elastic constants and dielectric tensor components required for modeling were taken from 

previously published literature specific to ZnO and implemented without modification, with 

appropriate citation of the original sources [13]. 

The crystals were cut into rectangular plates with lateral dimensions of approximately 4×4 

mm² and thickness of 0.5 mm using a diamond wire saw (Well Diamond Wire Saw, model 3241). 

The cut samples were sequentially polished using diamond suspensions with particle sizes of 3 μm, 

1 μm, and 0.25 μm to obtain optically smooth surfaces. Surface roughness was evaluated using atomic 

force microscopy (Bruker Dimension Icon), and only samples with root-mean-square roughness 

below 5 nm were used for electrical measurements. Gold electrodes with a thickness of 100 ± 5 nm 

were deposited on opposite faces of each sample by DC magnetron sputtering in a Kurt J. Lesker 

PVD75 system operated at a base pressure of 4 × 10⁻⁶ Torr and an argon working pressure of 3 mTorr. 

The sputtering power was set to 50 W, yielding a deposition rate of approximately 0.12 nm/s. 

Electrode areas were measured using an optical microscope (Leica DM2700M) and used in 

subsequent polarization calculations. 

Dynamic polarization measurements were performed using a TF Analyzer 2000 system 

(aixACCT Systems). Each sample was mounted in a shielded probe station to minimize 

electromagnetic interference. An alternating electric field was generated by a Keysight 33500B 

function generator and amplified using a Trek 610E high-voltage amplifier. The applied electric field 

amplitude did not exceed 100 kV/m, and measurements were conducted in the frequency range from 

10 Hz to 1 MHz. The displacement current was recorded using the internal electrometer of the 

analyzer. Polarization was calculated by time integration of the measured current according to 

𝑃(𝑡) =  
1

𝐴
∫ 𝐼(𝑡)𝑑𝑡                                                           (1) 

Where 𝐴 denotes the electrode area and (𝑡) is the measured current. 
Controlled strain gradients were introduced using a custom-built three-point bending stage. 

The central displacement was adjusted using a micrometer screw, and the resulting deflection was 

monitored with a Keyence LK-G507 laser displacement sensor with a resolution of 0.01 μm. The 

radius of curvature was determined from the bending geometry assuming linear elastic beam theory. 

The surface strain was calculated as 

ɛ =  
𝑡

2𝑅
                                                                    (2) 

where 𝑡 is the sample thickness and R is the radius of curvature. The strain gradient across the 

thickness was approximated as 

▽ ɛ ≈
ɛ

𝑡
                                                                      (3) 

Sample thickness was measured using a Mitutoyo digital micrometer with 1 μm accuracy. Nonlinear 

polarization response was analyzed using a Stanford Research Systems SR830 lock-in amplifier. The 

output signal from the polarization measurement system was fed into the lock-in amplifier 

synchronized to the excitation frequency. The second harmonic component at frequency 2𝜔 was 

extracted by Fourier decomposition of the polarization signal expressed as 

𝑃(𝑡) = ∑ 𝑃𝑛𝑒𝑖𝑛𝑤𝑡
𝑛                                                      (4) 

The second-order susceptibility was calculated according to 

𝜒(2) =
𝑃2𝜔

𝐸𝜔
2                                                                   (5) 

In addition to reporting 𝑃2𝜔, we also report the effective quadratic coefficient 𝛽 =  
𝑃2𝑤

𝐸2  in SI units 

(C/V²) obtained from linear regression of 𝑃2𝜔 versus 𝐸2. Prior to each measurement sequence, phase 
calibration was performed to eliminate systematic phase offsets. Temperature-dependent 

measurements were carried out in a closed-cycle cryostat (Lake Shore Cryotronics, model 335) 

operating in the range from 20 K to 400 K with temperature stability better than ±0.1 K. Temperature 

was monitored using a calibrated silicon diode sensor and controlled by a PID regulator integrated 

into the cryostat system. 
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Theoretical analysis was conducted using a variational approach based on a gauge-invariant 

Lagrangian formalism. Functional derivatives required to obtain the coupled electromechanical 

equations were calculated symbolically using MATLAB R2023a with the Symbolic Math Toolbox. 

Numerical simulations were performed in COMSOL Multiphysics version 6.1 using coupled Solid 

Mechanics and Electrostatics modules. Mechanical boundary conditions consisted of a fixed 

constraint at one edge and an applied displacement corresponding to the experimentally imposed 

curvature. Electrical boundary conditions included an applied potential difference across the 

electrodes and zero free-charge condition on lateral surfaces. Mesh convergence was verified by 

successive refinement until the relative change in calculated polarization amplitude was below 1%. 

Time-dependent simulations were solved using the implicit backward differentiation formula (BDF) 

solver with adaptive time stepping. The ZnO material parameters used in COMSOL (elastic and 

dielectric constants) were taken from [8], [13] and are explicitly listed in Table 6. 

Each experimental condition was tested on at least five independently prepared samples. Mean 

values were calculated as 

𝑥̅ =
1

𝑁
∑ 𝑥𝑖

𝑁
𝑖=1                                                             (6) 

and standard deviation was determined using 

𝜎 = √
1

𝑁−1
∑ (𝑥𝑖 − 𝑥̅)2𝑁

𝑖=1                                                      (7) 

Linear regression analysis was performed using the least-squares method by minimizing 
∑ (𝑦𝑖 − 𝑎𝑥𝑖 − 𝑏)2

𝑖                                                         (8) 

Statistical analysis and data processing were conducted in Python 3.11 using the NumPy and 

SciPy libraries. Graphical representation of the data was prepared in OriginPro 2023. 

 
3. Results and Discussion 

 
The crystallographic quality and phase purity of the samples were evaluated by X-ray 

diffraction. The diffraction pattern is presented in Figure 1. Before analyzing electromechanical 

properties, it was necessary to confirm that the investigated crystals possess single-phase structure 

and high crystallinity. Structural defects or secondary phases could significantly affect polarization 

dynamics. Therefore, diffraction analysis serves as the foundation for interpreting all subsequent 

measurements. 

 

 
Figure 1 – X-ray diffraction pattern of the investigated single crystal with indexed reflections 
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The diffraction pattern exhibits sharp and well-defined peaks corresponding exclusively to the 

expected P6₃mc phase. No secondary phases or parasitic reflections were detected within the 

instrumental resolution. The narrow full width at half maximum of the dominant reflections confirms 

low structural disorder. A clear trend observed in the diffraction data is the high degree of 

crystallographic orientation and absence of peak broadening effects. These features indicate that the 

measured electromechanical response originates from intrinsic lattice properties rather than 

microstructural imperfections. These structural characteristics are consistent with high-quality bulk 

crystals reported in previous studies cited in the Introduction. The agreement in peak positions and 

widths confirms that our samples are comparable to reference materials used in earlier investigations 

of polar oxides. A quantitative summary of structural parameters extracted from diffraction analysis 

is presented in Table 1. 

 

Table 1 – Structural parameters obtained from X-ray diffraction analysis 

Parameter Value Uncertainty 

Lattice parameter a (Å) 3.247 ±0.003 

Lattice parameter c (Å) 5.198 ±0.004 

FWHM (°) 0.072 ±0.005 

Phase purity Single phase – 

 

The measured lattice parameters are consistent with previously reported values for this 

material system. The narrow FWHM confirms high crystalline quality. These findings agree with 

earlier structural studies referenced in the Introduction, confirming comparability with high-quality 

bulk crystals. 

The frequency dependence of the dynamic polarization amplitude under an applied AC 

electric field is shown in Figure 2.  

To evaluate the time-dependent response of polarization, we systematically varied the 

excitation frequency across several orders of magnitude. This approach allows identification of 

relaxation processes and dynamic limitations. The resulting frequency dependence provides insight 

into the nature of polarization transport. 

 

 
Figure 2 – Frequency dependence of polarization amplitude measured in the range 10 Hz–1 

MHz 

 

Polarization amplitude remains nearly constant at low frequencies up to approximately 10 

kHz. Above this threshold, a gradual decrease occurs, followed by stronger attenuation beyond 500 

kHz. The phase lag increases progressively with frequency. The dominant trend consists of a low-
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frequency plateau followed by dispersive decay at higher frequencies. This indicates transition from 

quasi-static polarization regime to dynamically limited response. Compared to dielectric dispersion 

reported in related polar semiconductors, the characteristic frequency scale observed here is slightly 

higher, suggesting reduced defect-assisted relaxation. Unlike classical Debye-type relaxation 

behavior described in earlier literature, the response does not exhibit a single relaxation peak, which 

supports the presence of collective polarization dynamics as proposed in the theoretical framework. 

The numerical values are summarized in Table 2. 

 

Table 2 – Frequency dependence of polarization amplitude at E = 80 kV/m (T = 300 K, N = 5) 

Frequency, Hz 10 102 103 104 105 5*105 106 

Polarization, µC/m² 4.82 4.79 4.76 4.71 4.35 3.92 3.48 

Std. dev., µC/m² 0.09 0.07 0.08 0.10 0.11 0.13 0.15 

 

The polarization response under controlled bending-induced strain gradients is presented in 

Figure 3. To determine the coupling between mechanical deformation and polarization, we applied 

systematically increasing curvature to the samples. This method isolates strain-gradient effects from 

uniform strain contributions. The resulting dependence directly tests the predicted electromechanical 

coupling mechanism. 

 

 
Figure 3 – Polarization amplitude as a function of applied strain gradient 

 

Polarization increases approximately linearly with strain gradient in the low-deformation 

regime. At higher gradients, a weak nonlinear enhancement becomes noticeable. No irreversible 

mechanical damage was observed within the applied range. The primary trend is linear scaling at 

moderate gradients, indicating proportional coupling between polarization and strain gradient. The 

deviation at higher gradients suggests contribution from higher-order electromechanical terms. When 

compared with classical flexoelectric coefficients reported in the literature, the effective coupling 

measured here exceeds typical values for centrosymmetric systems. This supports the hypothesis that 

broken inversion symmetry enhances dynamic electromechanical response. The nonlinear 

enhancement at larger gradients aligns with higher-order corrections predicted in the theoretical 

model introduced earlier. The extracted data are summarized in Table 3. 

 

Table 3 – Polarization response under applied strain gradient (T = 300 K, f = 1 kHz, N = 5) 

Strain gradient, m⁻¹ 0 5*102 1*103 2*103 3*103 

Polarization, µC/m² 4.76 5.21 5.74 6.63 7.81 

Std. dev. 0.08 0.09 0.11 0.13 0.16 
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The linear scaling at low gradients confirms strain-gradient coupling beyond classical 

piezoelectric effects. The effective coupling exceeds typical flexoelectric coefficients reported for 

centrosymmetric materials, supporting the enhanced dynamic mechanism proposed in the 

Introduction. From the slope of Table 3, the effective strain-gradient coupling coefficient is 𝜇eff = 

Δ𝑃/∇𝜀 ≈ (7.81−4.76)×10−6 C m−2/(3×103m−1) ≈ 1.0×10−9 Cm−1, i.e., about 1.0 nC/m. Representative 
experimentally extracted flexoelectric coefficients in related systems often fall in the sub-nC/m range 

depending on geometry and boundary conditions [9], [14]; thus, the present 𝜇eff is at the high end of 

reported effective values, supporting enhanced coupling in the dynamic regime. 

The second-harmonic polarization component extracted via lock-in detection is shown in 

Figure 4. To further investigate nonlinear electromechanical behavior, harmonic analysis of the 

polarization signal was performed. Detection of the second harmonic allows direct quantification of 

the quadratic susceptibility term. The dependence on excitation amplitude reveals the underlying 

symmetry of the response. 

 

 
Figure 4 – Second-harmonic polarization amplitude as a function of applied electric field 

squared 

 

The second-harmonic amplitude scales linearly with the square of the applied electric field 

across the entire measurement range. The linear fit demonstrates strong correlation, confirming 

quadratic dependence. The observed trend indicates well-defined second-order susceptibility without 

evidence of saturation. The absence of deviation at higher fields suggests that the nonlinear response 

remains within the perturbative regime. Compared with previously reported nonlinear susceptibilities 

in polar oxides, the magnitude extracted here lies near the upper reported range. However, the 

frequency dependence differs from purely optical second-harmonic generation studies, indicating that 

the observed nonlinearity is primarily electromechanical rather than optical in origin, in agreement 

with the theoretical interpretation. Quantitative values are given in Table 4. 

 

Table 4 – Second-harmonic polarization versus electric field amplitude (f = 10 kHz, T = 300 K, N = 5) 

E, kV/m E², kV²/m² P₂ω, µC/m² Std. dev. 

20 400 0.082 0.004 

40 1600 0.328 0.006 

60 3600 0.742 0.010 

80 6400 1.314 0.014 

100 10000 2.052 0.019 

 

The quadratic scaling confirms well-defined second-order susceptibility without saturation. 

Using Table 4 and a least-squares linear fit of P2ω versus E2, the effective quadratic coefficient is 
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β=P2ω/E2 ≈ 2.05×10−16 C/V2.  This explicit coefficient enables direct quantitative comparison across 

materials and measurement platforms. The extracted magnitude lies in the upper range of values 

reported for polar oxides, while its frequency dependence differs from purely optical nonlinearities, 

indicating electromechanical origin. 

The temperature dependence of polarization amplitude measured under constant excitation 

frequency is presented in Figure 5. Temperature variation provides insight into the role of phonon 

interactions and possible phase transitions. By sweeping the temperature across a wide range, we 

examined the thermal stability of the dynamic polarization mechanism. This measurement also 

verifies whether the observed coupling persists under thermal fluctuations. 

Polarization amplitude decreases gradually with increasing temperature. No discontinuities or 

abrupt anomalies are observed throughout the investigated range. The dominant trend is monotonic 

reduction of polarization with temperature, indicating thermally activated damping processes. The 

absence of sharp features confirms that no structural or ferroelectric phase transition occurs in this 

temperature interval. This behavior is consistent with previously reported temperature-dependent 

dielectric responses in similar materials.  

 

 
Figure 5 – Polarization amplitude as a function of temperature (20–400 K) 

 

However, unlike systems exhibiting ferroelectric transitions, our results demonstrate stable 

dynamic polarization coupling without critical anomalies, supporting the interpretation of strain-

gradient-driven rather than phase-transition-driven behavior. The corresponding values are 

summarized in Table 5. 

 

Table 5 – Temperature dependence of polarization (N = 5) 

Temperature, K 20 100 200 300 350 400 

Polarization, µC/m² 5.18 5.02 4.91 4.76 4.61 4.44 

Std. dev. 0.07 0.08 0.09 0.08 0.10 0.12 

 

The monotonic decrease indicates thermally activated damping rather than phase transition 

behavior. This behavior is consistent with previously reported dielectric trends in similar materials 

but confirms absence of ferroelectric criticality in the investigated temperature range. 

Finite-element simulations of coupled electromechanical fields under strain-gradient 

excitation are shown in Figure 6. To validate the experimental observations and examine spatial 

distribution of polarization, numerical modeling was performed using the same boundary conditions 
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as in the experiment. Simulation enables visualization of internal field distributions that are not 

directly accessible experimentally. This provides an additional test of the theoretical framework. 

 

 
Figure 6 – Simulated spatial distribution of polarization under bending-induced strain gradient 

 

The simulation reveals nonuniform polarization distribution across the sample thickness, with 

maximum amplitude localized near the tensile surface. The spatial profile varies smoothly without 

discontinuities. The principal pattern observed is polarization accumulation in regions of maximum 

curvature. The calculated amplitudes are consistent with experimentally measured values within 

uncertainty limits. Compared with classical continuum electromechanical simulations reported in the 

literature, the present model predicts stronger spatial localization of polarization. This difference 

arises from inclusion of dynamic coupling terms absent in traditional flexoelectric models, confirming 

the extended theoretical approach. Key simulation parameters are summarized in Table 6. 

 

Table 6 – Numerical simulation parameters and calculated outputs 

Parameter Value 

Material  ZnO (wurtzite, P6₃mc) 

Direct bandgap at 300 K 3.3–3.4 eV [13] 

Elastic constants used in simulation  From [8] (ZnO single-crystal elastic constants) 

Relative permittivity used in simulation From [13] (ZnO dielectric data) 

Applied curvature (m⁻¹) 2×10³ 

Calculated max polarization (µC/m²) 6.58 

Mesh refinement criterion <1% change 

 

The simulated amplitude agrees with experimental measurements within uncertainty. The 

spatial localization exceeds predictions of classical flexoelectric continuum models, confirming 

importance of dynamic coupling terms. 

All procedures described in the Methods section have corresponding experimental or 

numerical results. The structural verification, frequency response, strain-gradient dependence, 

nonlinear susceptibility extraction, temperature behavior, and finite-element modeling collectively 

demonstrate consistent dynamic electromechanical coupling. 

The identified trends indicate enhanced strain-gradient-induced polarization and nonlinear 

response exceeding classical expectations. Comparison with previously published studies confirms 

qualitative agreement with modern geometric polarization theories while revealing quantitative 

deviations from classical flexoelectric scaling. Together, the results support the proposed framework 

of dynamic, geometry-driven polarization coupling in noncentrosymmetric quantum crystals. 
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4. Conclusions 

 

The structural analysis confirmed high crystalline quality and single-phase composition of the 

investigated noncentrosymmetric oxide, with lattice parameters 𝑎 = 3.247±0.003 Å and c = 
5.198±0.004 Å, and a narrow diffraction peak width of 0.072° ± 0.005°, ensuring that all measured 

electromechanical responses originate from intrinsic lattice properties. 

The dynamic polarization amplitude exhibited a low-frequency plateau of approximately 4.8 

µC/m² up to 10⁴ Hz, followed by dispersive attenuation to 3.48 µC/m² at 10⁶ Hz. This pattern indicates 

transition from quasi-static to dynamically limited polarization response. 

A clear strain-gradient-induced polarization effect was observed. Polarization increased from 

4.76 µC/m² at zero gradient to 7.81 µC/m² at 3 × 10³ m⁻¹, demonstrating approximately linear scaling 

at moderate gradients with nonlinear enhancement at higher deformation levels. The corresponding 

effective coupling coefficient is 𝜇eff ≈ 1.0 nC/m, providing a quantitative baseline for comparison 
with literature-reported effective flexoelectric coefficients. 

The second-harmonic polarization component scaled linearly with the square of the applied 

electric field, reaching 2.052 µC/m² at 100 kV/m. This confirms a stable second-order susceptibility 

within the perturbative regime and validates the nonlinear electromechanical coupling mechanism. 

The extracted effective quadratic coefficient is 𝛽 ≈ 2.05×10−16 C/V². 

Temperature variation from 20 K to 400 K produced a monotonic decrease in polarization 

from 5.18 µC/m² to 4.44 µC/m² without anomalies, indicating thermally activated damping rather 

than phase-transition-driven behavior. 

Finite-element simulations reproduced the experimentally measured polarization amplitudes 

within numerical uncertainty and revealed spatial localization of polarization near regions of maximal 

curvature, exceeding classical continuum predictions. The dominant tendencies identified in this 

study are frequency-dependent dispersion, linear strain-gradient scaling with higher-order 

corrections, quadratic nonlinear response, and thermally stable dynamic coupling. Together, these 

trends consistently support enhanced electromechanical polarization beyond classical flexoelectric 

descriptions.  

The study successfully addressed the research problem by experimentally verifying dynamic 

strain-gradient-induced polarization and nonlinear susceptibility in a noncentrosymmetric quantum 

crystal and by quantitatively correlating experimental observations with numerical modeling. The 

findings may be utilized in the design of strain-controlled electromechanical transducers, high-

frequency polarization-based sensors, and tunable nonlinear dielectric devices. The main limitations 

of the present study include restriction to one material system, moderate strain-gradient range, and 

room-pressure conditions. Future work should investigate broader material classes, explore ultrahigh-

frequency regimes, and incorporate microscopic band-structure-resolved analysis to further clarify 

the geometric origin of the observed coupling mechanisms. 
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