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Abstract 

Polar topological structures such as skyrmions and merons have become an emerging research field 

due to their rich functionalities and promising applications in information storage. Up to now, the 

obtained polar topological structures are restricted to a few limited ferroelectrics with complex 

heterostructures, limiting their large-scale practical applications. Here, we circumvent this limitation 

by utilizing a nanoscale ripple-generated flexoelectric field as a universal means to create rich polar 

topological configurations in nonpolar nanofilms in a controllable fashion. Our extensive phase-field 

simulations show that a rippled SrTiO3 nanofilm with a single bulge activates polarizations that are 

stabilized in meron configurations, which further undergo topological transitions to Néel-type and 

Bloch-type skyrmions upon varying the geometries. The formation of these topologies originates from 

the curvature-dependent flexoelectric field, which extends beyond the common mechanism of 

geometric confinement that requires harsh energy conditions and strict temperature ranges. We further 
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demonstrate that the rippled nanofilm with three-dimensional ripples patterns can accommodate other 

unreported modulated phases of ferroelectric topologies, which provide ferroelectric analogs to the 

complex spin topologies in magnets. The present study not only unveils the intriguing nanoscale 

electromechanical properties but also opens exciting opportunities to design various functional 

topological phenomena in flexible materials. 

 

Main text 

Topological defects in ferroics, such as skyrmions and merons, have attracted enormous attention 

recently due to their rich physical phenomena, new functionalities, and promising potential 

applications in next-generation electronic devices [1-3]. The formation of such topological textures 

has been widely explored in ferromagnetism with noncollinear spin interactions (e.g., Dzyaloshinskii-

Moriya interactions (DMI) [4-6]). Despite the absence of such intrinsic noncollinear interactions, many 

nontrivial polar topological structures that are well known in ferromagnets have also been predicted 

and verified recently in ferroelectric nanocomposites and ferroelectric/paraelectric superlattices, such 

as flux-closure domains [7, 8], vortices[9,10], polar skyrmions [11,12] and merons [13,14], which 

provide a new paradigm for high-density and ultralow-power-consumption nanoelectronic devices. 

While such explorations are illuminative, the occurrence of polar topological structures in low-

dimensional structures and oxide superlattices is limited to very few ferroelectrics and relies on the 

harsh energy conditions among elastic, electrostatic and gradient energy, limiting their large-scale 

practical applications. Exploring a simple yet general scheme for the generation of polar topological 

structures is thus of great interest and demand. 

Recently, the exploitation of charged impurity defects that are associated with strong 
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electrochemo-mechanical interactions seems to be a promising avenue to discover exotic polarization 

patterns, such as vortices [15] and hedgehog polarization [16]. Such defect-mediated 

electromechanical properties have also been utilized in SrTiO3 heterostructures to break the lattice 

symmetry locally, recently leading to rich polar topological structures and transitions [3]. Nevertheless, 

defects can cause adverse effects on the performance of perovskite oxide-based devices, and precise 

control of defects is quite challenging. Strain engineering is another widely investigated means to 

systematically modulate a range of structural, electronic, and ferroelectric properties of perovskite 

oxides. In addition to applying a homogenous strain field, a strain gradient is also coupled to electric 

polarization, leading to a higher-order electromechanical coupling effect referred to as the flexoelectric 

effect [17-50]. The flexoelectric effect is ubiquitous in all dielectric materials due to the inversion 

symmetry-breaking induced by the strain gradient, which becomes significantly prominent at the 

nanoscale where the strain gradients are more intense. In particular, the nontrivial role of 

flexoelectricity in the generation of polar vortices has been quantified recently [20]. The strain gradient 

near the crack tip of SrTiO3 has also been demonstrated to provide the driving force for the mechanical 

design of a variety of nontrivial polar structures [21], which suggests that flexoelectric effects could 

play a role in noncollinear interactions similar to DMI. Moreover, evoked by recent realizations of 

freestanding ultrathin perovskite oxides with excellent mechanical flexibility [22,23], wrinkled 

ferroelectric oxide members with finely controlled patterns have been designed and fabricated in 

experiments to explore distinct and enhanced functionalities [24,25]. In these wrinkled two-

dimensional perovskite oxides, the local strain distributions change on the scale of the crystal lattices, 

and thus, the flexoelectric effects can be quite significant or even dominant due to the large strain 

gradients (106∼109 m-1) [26] that far exceed those in bulk phases. 
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In this work, we reveal that a rich variety of ferroelectric patterns with controllable topologies 

can be mechanically excited and designed by rippling morphologies in otherwise nonferroelectric 

SrTiO3 nanofilms. The critical role of flexoelectricity in the generation of these complex polarizations 

is highlighted, which is unique with respect to the common mechanism by exploiting complicated 

nanostructures to achieve delicate energy balance. The proposed strategy of engineering rippling at the 

nanoscale provides a fertile platform for the exploration of diverse unknown polar textures in a wide 

range of materials, which could facilitate the development of novel flexible nanoelectronics. 

Phase-field simulations are conducted to investigate the ferroelectric properties and domain 

patterns in the rippled SrTiO3 thin film. The temporal evolution of polarizations is described by the 

time-dependent Ginzburg-Landau equation as 

                                
𝜕𝑃𝑖(𝐫,𝑡)

𝜕𝑡
= −𝐿

𝛿𝐹

𝛿𝑃𝑖(𝐫,𝑡)
                                                          (1) 

in which 𝑃𝑖(𝐫, 𝑡) is polarization, L is the kinetic constant and F=∫ 𝑓
 

𝑉
𝑑𝑉 denotes the system’s total free 

energy. The energy density f of the system consists of Landau, gradient, electrostatic, elastic and 

flexoelectric ones (see Supplemental Material [27]). In addition, the mechanical equilibrium equation, 

(σij − tijk,j),i = 0, and electric equilibrium equation, Di,i = 0, are solved simultaneously, where σij is the 

stress component, tijk is higher order stress and Di is the electric displacement component. Periodic 

boundary conditions are employed along the [100] and [010] directions, and the open-current electric 

boundary condition is applied to the top and bottom surfaces. Inspired by the fabrication of wrinkled 

ferroelectric oxide members with excellent flexibility and finely controlled patterns, we consider 

diversified ordered wrinkling patterns for the SrTiO3 nanofilm, including a single bulge, and periodic 

sinusoidal, herringbone and checkboard patterns, to demonstrate the design concept of mechanical 

rippling for polar topological structures. Details of the loading methods of these wrinkling patterns are 
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provided in Supplemental Material [27]. These deformation patterns are endowed with complex strain 

distributions and are typical ones that have been either proposed theoretically [37-39] or previously 

demonstrated through different fabrication methods and experimental processes [24,25,40-42]. 

We begin with the exploration of possible domain patterns in a nanofilm with a single bulge as a 

representative of isolated nanoscale deformation for its simplicity. Such nanoscale buckling structures 

can be easily triggered by various energy dissipations, such as stress fields and thermal fluctuations. 

As illustrated in Figure 1(a) for the simulation model, the geometry of the nanofilm is set to 30 nm×

30 nm×3 nm, and a spherical bulge with a buckling height 𝜔 of 0.2 nm within a diameter of 12 nm is 

located in the center of the nanofilm. Although SrTiO3 is intrinsically paraelectric, the wrinkling of the 

nanofilm induces nonzero electric polarization within the bulge. As illustrated in Figure 1(b) for the 

cross-sectional view of the polarization distribution, the out-of-plane polarization P3 is dominant in 

the center of the bulge despite the decreasing values close to the surface due to a strong depolarization 

field, while the in-plane component is mainly distributed in the peripheral region of the bulge, which 

is more prominent near the surface layers. Consequently, the polarization distributions of the top (Z = 

3 nm) and bottom (Z = 0 nm) layers show trivial in-plane configurations (see Figure S1). 

On the other hand, the polarization forms a three-dimensional ferroelectric texture for the subtop 

(Z = 2.5 nm) and subbottom (Z = 0.5 nm) layers. Their in-plane views (x-y plane) of the polarization 

distribution within the bulge are illustrated in Figure 1(c) and (d), in which the arrows represent the 

polarization vectors and the color of the vectors denotes the out-of-plane component of polarization. 

The polarization is characterized by a radial symmetry distribution, with P3 dominating in the center 

and comparable in-plane components P1 and P2 emerging near the peripheries in both layers. For the 

subtop layer, the polarization vectors in the core region point upward with a magnitude of 
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approximately 3.9 μC/cm2 and gradually rotate and change into in-plane directions near the peripheries, 

which adopt a hedgehog-type distribution and feature a center divergent polar meron, while those in 

the subbottom layer consist of central-up polarizations with a magnitude of approximately 3.3 μC/cm2 

and inward radial in-plane polarizations, manifesting as a center convergent meron. Such a Neel-type 

polar meron is characterized mathematically by the topological number Q defined by 

               𝑄 = ∬
1

4𝜋
𝒖 ∙ (

𝜕𝒖

𝜕𝑥
×

𝜕𝒖

𝜕𝑦
) 𝑑𝑥𝑑𝑦,                                     (2) 

where u is the normalized polarization vector. The obtained topological number is approximately 0.5, 

which demonstrates that they are indeed topological merons. The polar meron is more stable than other 

non-topological configurations, as discussed in section 2 of the Supplemental Material [27]. The 

corresponding topological density distributions q, i.e., the integrand of Eq. (2), are also plotted in 

Figure S2(a) and (b) for clarity, in which the largest value of approximately 0.07 nm-2 emerges in the 

center and periphery of the meron. As the simulation temperature rises to 300 K, the emerged polar 

merons remain unaffected (see Figure S3). 

To elucidate the origins of the meron, we investigate the morphology-induced strain distribution 

in the nanofilm. Figure S4 illustrates the contour plots of the in-plane and out-of-plane distributions of 

different strain components. The rippling deformation causes in-plane expansion and shrinkage on the 

upper and lower layers around the center of the bulge, resulting in tensile and compressive strain zones 

for the upper and lower layers, respectively (Figure S4(a)). This strain variation from top to bottom 

induces a large strain gradient 𝜀11,3 and 𝜀22,3 of 2.1×107 m–1. Comparable strain gradients were also 

obtained in recent experiments in wrinkled ferroelectric oxides [25] or by an atomic force microscope 

tip [43]. In addition, the in-plane deformation is also nonuniform within the same x-y plane. As 

illustrated in Figure S4(b) for the results of the x-y plane with Z = 2.5 nm as an example, the inner and 
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periphery of the bugle are subjected to opposite strains, i.e., 𝜀11 and 𝜀22 are positive in the center and 

the values become negative outside, which also results in considerable strain gradients 𝜀11,1 and 𝜀22,2 

within the plane. Similarly, other components of strain gradients are also created along the thickness 

direction of the nanofilm or within the plane. As a result, these nanoscale spatially varying strain 

gradient fields contribute to the flexoelectric field Ef, defined as Ei
f = 𝑓𝑗𝑘𝑖𝑙𝜀𝑗𝑘,𝑙. The flexoelectricity of 

the SrTiO3 film consists of three components, i.e., longitudinal, transverse and shear coupling with 

coefficients f11, f12 and f44, respectively. As illustrated in Figure 2(b) and (d), flexoelectric fields E1
f and 

E2
f are mainly induced by the longitudinal (i.e.,𝜀11,1 and 𝜀22,2) and shear flexoelectric components, 

which are antisymmetric about the x2 and x1 axes, respectively. These flexoelectric fields contribute to 

the in-plane polarizations with an outward radial pattern (see Figure 2(a) and (c)). Moreover, the 

flexoelectric field E3
f (see Figure 2(f)) is mainly stimulated by transverse strain gradients (i.e., 𝜀11,3 

and 𝜀22,3). The field value is largest in the center region and decreases radially, which contributes to 

the radially decreased out-of-plane polarization (see Figure 2(e)). The superposition of these 

comparable in-plane and out-of-plane polarizations originating from flexoelectric effects leads to the 

formation of nontrivial polarization in nonferroelectric SrTiO3 nanofilms. This distribution is further 

confirmed by calculating the corresponding ferroelectric properties of the nanofilm in the absence of 

flexoelectricity (i.e., all flexoelectric coefficients are set to zero), which does not produce any 

polarization in the system. Therefore, the flexoelectric effect intrinsic to the rippling morphology 

imposes an electric field parallel to the radial direction of curvature and polarizes the otherwise 

nonpolar SrTiO3. The curvature direction-dependent flexoelectric field performs the role of 

noncollinear interactions similar to those in ferromagnets for the formation of magnetic topological 

structures. Similar polar merons have also recently been reported in strained oxide ferroelectrics 
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despite their different origin mechanisms [14]. 

After clarifying the formation mechanism of the polar meron, the stability of the polar topological 

structures in the rippled SrTiO3 is further investigated by changing the buckling height 𝜔 and thickness 

d of the thin film. The representative polar textures in the rippled nanofilm with different geometries 

are illustrated in Figure 3 and Figure S5 for the inner and surface layers, respectively. When the 

thickness d is increased to 7 nm with the same 𝜔 of 0.2 nm, the polarization distributions of the surface 

layers keep the in-plane configuration, while the domain pattern evolves from a polar meron to a Néel 

-type polar skyrmion in the inner layers with Z = 4.5 nm and 2 nm (Figure 3(a) and (b)). Upon further 

increasing 𝜔 from 0.2 nm to 2.0 nm, Bloch-type skyrmion emerges in the nanofilm (Z = 4.5 nm and 2 

nm), as illustrated in Figure 3(c) and (d). The strain analysis shows that these topological phase 

transitions arise from a considerable change in the strain gradient distribution due to the modification 

of the geometries, which generates negative E3
f, downward polarization in the center (see Figure S6) 

and resulting skyrmions in these layers. Moreover, we also note that the electrical boundary conditions 

have significant effects on the polarization configuration of ferroelectric materials. In this case, we 

further investigate the polarization configuration of the same deformed nanofilm under short-circuit 

conditions. As illustrated in Figure S5(e) and (f), the suppressed out-of-plane polarization increases 

dramatically due to the decrease of depolarization field, and a three-dimensional polarization texture 

emerges even in the surface layers. This result indicates that a perfect polar meron can also be created 

at the surface by properly adjusting the depolarization field. Furthermore, by applying external electric 

fields of 10 MV/m along [001̅] (see Figure 3(e)(f) and Figure S5(g)(h)), these configurations transform 

into center-divergent and center-convergent skyrmions for the upper (Z = 3 nm and 2.5 nm) and lower 

(Z = 0 nm and 0.5 nm) layers, respectively. All these results indicate that rich topological transitions 
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can be achieved in the deformed SrTiO3 nanofilm through modification of the geometry of the 

nanofilm (i.e., strain gradient) or electrical boundary conditions. 

Since more complex deformations can be easily introduced into the nanofilm in practice, the 

strategy of rippling morphology control may provide the possibility to design various polar textures. 

We then investigate the periodic wrinkled SrTiO3 thin film with a one-dimensional sinusoidally 

alternating peak and valley morphology, as illustrated in Figure 4(a). As expected, nonzero polarization 

also emerges in the SrTiO3 nanofilm. The polarization forms tail-to-tail and head-to-head domain 

patterns along the x direction for the surface layers (see Figure S7(b) and (c)). Note that these domain 

walls are typically charged and are stabilized by compensating free carriers. Despite the absence of 

free carriers in our models, the flexoelectric field 𝐸1
𝑓
  stabilizes these head-to-head and tail-to-tail 

domain walls through a gradual variation in electric polarization. On the other hand, strip domain 

structures are observed between periodic peak and valley regions for the inner layers with Z = 2 nm 

and 1 nm (see Figure 4(b) and Figure S7(d)). In the layer with Z = 2 nm, the peak surface with positive 

curvature possesses upward [001] polarization, and the polarization spreads away from the center and 

gradually changes into in-plane directions in the neutral region. These polarizations continue to rotate 

and converge to opposite [001̅] directions in the valley surface with negative curvature. As a result, 

the obtained stripe domain pattern is characterized by tail-to-tail center-divergent and head-to-head 

center-convergent domain walls, which are located in the peak and valley regions, respectively. The 

lower layer with Z = 1 nm possesses similar domain structure characteristics but the opposite direction 

of in-plane polarization. These configurations are reminiscent of the striped domain with Neel-type 

domain walls in ferromagnetics that arise from the competition of exchange coupling energy and DMI 

energy. The emerged polar stripe domain arises from the superposition of P1 and P3 components 
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originating from the wrinkling-induced robust nanoscale flexoelectric fields: the pseudoelectric field 

E3
f is primarily generated at the sites of peaks and valleys of the wrinkles where the largest deformation 

exists, while E1
f
 dominates the pseudoelectric field at the neutral regions (see Figure S8). 

A SrTiO3 thin film with a 2D herringbone wrinkle morphology is also considered, as illustrated 

in Figure 4(c) and (d). It is evident that out-of-plane polarization dominates in the peak and valley 

areas showing twisted stripe patterns, while the largest in-plane components appear in the neutral layer. 

The total electric polarization from the superposition of these components rotates continuously at the 

peak and valley areas along [100], forming a stripe domain with periodic tail-to-tail center-divergent 

and head-to-head center-convergent domains. In addition, the total electric polarization vector also 

shows the second sinusoidal ordering along the [010] direction, coinciding with the rippling 

morphology periodicity. Therefore, the polarization pattern is characterized by two perpendicular 

modulations described by two vectors, which jointly determine the periodicity of the polar pattern and 

lead to a labyrinth-like polarization pattern. A similar double-vector-modulated ferroelectric domain 

pattern has also been observed in ferroelectric-metallic superlattices very recently [44] due to the 

complicated coupling of interfacial oxygen octahedral tilt and surface dipoles. Nevertheless, our 

strategy provides a simpler physical mechanism yet more flexible approach to create a more complex 

ordered polarization pattern with coexisting modulation vectors. 

Another surface morphological pattern that is commonly reported in experiments is the 

checkboard mode, which is a typical 2D ordered deformation pattern. An overview of the obtained 

polar pattern in the inner layers of this rippled nanofilm is shown in Figure 4(f) and Figure S7(l), and 

manifests as a polar meron-antimeron crystal that is characterized by a periodic square array of 

alternating core-up merons and core-down antimerons with a half-integer skyrmion number. The 
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polarization points upward and downward in the peak and valley, surrounded by in-plane polarization 

at the strain neutral regions. The Pontryagin density (see Figure S9) also exhibits square order, with 

the brightest regions corresponding to the cores of (anti)merons. Such a two-dimensional square 

(anti)meron lattice has recently been observed in chiral magnets [45]. Figure S10 illustrates the in-

plane polarization components P1 and P2 and the out-of-plane component P3, all of which feature 

round-shaped ordered pair patterns with opposite directions. These regularly distributed polarization 

components are related to the corresponding strain gradients (see Figure S11) associated with the 

rippling morphology. Moreover, all these topological structures show little change as temperature 

increase to 300 K, indicating their robust stability at room temperature.  

The rippling morphologies discussed above can be qualitatively or even quantitatively 

manipulated by external stimuli such as mechanical loading [17,24,37,38,46], providing a voltage-free 

mechanism for exquisite material design and control over the properties and location of complex 

topological structures. In addition to the rippling morphologies investigated here, other complex self-

assembled superstructures, such as origami, kirigami or even 3D twisting [47], were also reported, 

which provide more degrees of freedom for the modulation of the strain gradient and the resulting 

topological structures. Recently, the creation and control of rippled structures with various 

morphologies has also been reported in other thin films such as 2D materials [48-50], gels [51] and 

biological tissues [46], among which the flexoelectric coefficients in 2D materials have been widely 

investigated and predicted to be significant [53-55]. By virtue of its ubiquity, the rippling morphology-

mediated flexoelectric field may universally engender intriguing polar topological structures in various 

functional materials that are intrinsically nonferroelectric materials via pure mechanical deformation. 

Moreover, intrinsic electric polarization in many classical ferroelectric materials is sensitive to 
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temperature and loses its ferroelectricity above the Curie temperature, which requires strict 

temperature conditions for the stabilization of polar topologies, while flexoelectrically induced 

polarization is temperature insensitive; thus, the activated polar topologies can be stabilized over a 

wide temperature range. 

In summary, we have presented a new concept and approach for the creation of rich polar 

topological structures in nonpolar SrTiO3 nanofilms, including meron, skyrmion, and meron-

antimeron crystals, by purely mechanical rippling that are commonly observed in experiments or 

investigated in theory. The origin of these nontrivial topologies is related to curvature- and location-

dependent strain gradients that generate noncollinear electric polarization via the temperature-

independent flexoelectric effect, which is a completely different mechanism from the common case of 

requiring complex nanostructures and delicate energy interplay. Given the universality of 

flexoelectricity, our approach for polar topological structures is applicable to a wide range of nonpolar 

materials, thus providing a general and feasible pathway for the design and manipulation of innovative 

topological-based nanoelectronics. 
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Figure 1. Ferroelectric properties in the SrTiO3 nanofilm with a single bulge at 273 K. (a) The 

simulation nanofilm with a bulge in the center (red part). (b) Distribution of P1 and P3 within the x-z 

plane across the bulge; The arrows denote polarization vectors and the color indicates the values of P1 

(along x direction) and P3 (along z direction) components. (c)(d) Polarization patterns in the subtop 

and subbottom layers within the bulge.  

 

 

 

 

 

 

 

 

 

 

Figure 2. (a), (c) and (e) Polarization components in the subtop layer (Z = 2.5 nm). (b), (d) and (f) 

Distribution of the flexoelectric fields generated by different strain gradients.  
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Figure 3. Polar textures in the inner layers of rippled SrTiO3 nanofilm with different geometries and 

electric boundary conditions. (a)(b) d = 7 nm, 𝜔 = 0.2 nm; (c)(d) d = 7 nm, 𝜔 = 2 nm; (e)(f) d = 3 nm, 

𝜔= 0.2 nm under external electric field of 10 MV/m along [001̅]. 

 

 

 

 

 

Figure 4. Ferroelectric patterns in the SrTiO3 nanofilm with (a)(b)1D sinusoidal, (c)(d)2D herringbone 

and (e)(f) checkerboard deformations. 

 

 

 

 

 

 

 

 

 


