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Merons in strained PbZr0.2Ti0.8O3 thin films: Insights from phase-field simulations
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Materials exhibiting nontrivial topological spin textures known as merons attract considerable interest for their
fascinating underlying physics and promising device applications. The PbTiO3 family of compounds is known
to host ferroelectric, ferroelastic, and piezoelectric polar orders and possess topological domain structures that
are sensitive to external conditions. Here, we examine the polar states in PbZr0.2Ti0.8O3 (PZT) thin films and
explore the influence of film thickness and epitaxial strain via phase-field modeling under short-circuit (sc) and
open-circuit (oc) boundary conditions. In this paper, we uncovered four distinct meron states in ultrathin films
with tensile strains. Under the sc boundary condition, there is an intermediate meron bubble texture comprising a
twisted Néel-like and Bloch-like meron texture with a distinct helicity and a meron bubble pair texture combining
two intermediate merons along the z axis. Under the oc boundary condition, there is an antimeron bubble texture
with negative winding numbers and an achiral topology, and a trimeron bubble texture with two antimeron
bubbles and one meron bubble. These simulation results show that strain and film thickness have a major impact
on the polarization strength and topology to dictate the formation and transition of meron phases in PZT thin
films. The insights obtained in this paper may help elucidate and design materials with tailored and tunable
microscopic and mesoscopic polar topological structures.

DOI: 10.1103/PhysRevB.109.094116

I. INTRODUCTION

Topologically nontrivial polar structures hold major sig-
nificance in materials research due to their fascinating
underlying physics and exciting potentials for application
in next-generation memory devices and sensors [1–4]. Con-
certed efforts have been made to understand, design, and
manipulate different kinds of topological defects, such as
vortices [5–8], antivortices [9,10], flux-closures [11–13],
skyrmions [14–18], merons [19,20], and their variants [4]
in nanocomposites, low-dimensional ferroelectric films, su-
perlattices, and liquid crystals. The nontrivial topological
textures observed in ferroelectric materials share similarities
with magnetic systems [21–27]. However, the mechanisms re-
sponsible for the formation of these topological structures are
distinct from those in ferromagnetic and ferroelectric systems.
For magnetic systems, Dzyaloshinskii-Moriya (DM) interac-
tion provides out-of-plane coupling components for spins, and
the continuous spin rotation creates skyrmions. Meanwhile,
the interplay between elastic and electrostatic energies creates
a delicate balance to allow spontaneous emergence of nontriv-
ial topological polar textures in ferroelectric systems [15,19].
As a result, topological textures in ferroelectric materials can
be manipulated by a wide array of external conditions, such as
electric fields, strains, optical effects, and temperature [1,2].
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In recent years, the emergence of polar topological textures
has been demonstrated in ferroelectric films and superlat-
tices of PbTiO3 (PTO) derived systems. The presence of
flux-closure structures was observed in PbZr0.2Ti0.8O3 (PZT)
thin films grown on SrTiO3 (STO) substrates, with a SrRuO3

(SRO) marker layer inserted at the PZT/STO interface [11].
Subsequently, by choosing different substrates, skyrmion-
related polar topological structures were created in PZT
systems [14–16,28]. More recently, polar meron and an-
timeron lattices were observed in PTO/SSO ferroelectric thin
films on an orthorhombic SmScO3 (SSO) substrate with a very
small lattice mismatch of 0.5% tensile strain [20]. Moreover,
polar antivortices were observed in the STO layer [9] driven
by the boundary effects in [PTO]n/[STO]n superlattices. To
understand these rich experimental phenomena and elucidate
the underlying mechanisms, it is necessary to clarify the origin
of these polar textures and establish relevant phase diagrams.
For this purpose, the approach of phase-field modeling is a
powerful tool to explore and predicate the evolution of fer-
roelectric domains, phase transitions, domain wall variations,
and topological texture changes, under different external con-
ditions [14,26,29–32]. It has been shown that film thickness
[33,34], strain [35], boundary condition [36], and external
field [5,28,37,38] are effective in tuning domain patterns.

In this paper, we report on an in-depth study of the polar
topology in PZT thin films, using the phase-field model-
ing approach, to construct phase diagrams for the evolution
of polar topological texture driven by the changes in film
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thickness and strain. Our results identify 14 states, among
which four are distinct topologically nontrivial phases, in-
cluding an intermediate meron bubble phase, a meron bubble
pair phase, a trimeron bubble phase, and an antimeron bubble
phase, under short-circuit (sc) or open-circuit (oc) boundary
conditions. The trimeron bubble phase consists of two an-
timeron bubbles and one meron bubble in-plane. Meanwhile,
the meron pair phase adopts a diabolo shape with two chiral
inversion intermediate meron bubbles (I-meron). The diver-
gent and convergent structures of the meron pairs coexist in
PZT ultrathin films. These states exhibit strong sensitivity
to film thickness, which drive phase transformations. The
findings from these simulations enhance the understanding of
mechanisms generating and driving changes in these polar
topological textures and provide guidance for their experi-
mental identification and manipulation.

II. METHOD AND MODELING

Our phase-field simulations were performed based on the
thermodynamic Ginzburg-Landau-Devonshire (GLD) model
for a ferroelectric system [39–42]. Application of the phe-
nomenological GLD model permits calculations of strain-
thickness phase diagrams for polarization. Here, we consider
a ferroelectric film comprising three layers with different
compositions: a PZT thin film, a substrate, and an air layer.
The total free energy of the ferroelectric film includes Landau
free energy ( fL), gradient energy ( fg), elastic energy ( felastic),
and electrostatic energy ( felec). The total free energy density
functional is

f (P, Pi, j, ε) = fL + fg + felastic + felec. (1)

In the context of the Landau phase transition theory, the
order parameter is zero on the high-temperature side and
nonzero on the low-temperature side of the phase transition.
The Landau free energy density in the sixth order polynomial
is given by
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The Landau constants αi jk are measured and calculated under
the stress-free condition. The gradient energy density, which
accounts for the energy of domain walls and the inhomoge-
neous spatial distribution of polarization, is given by

fg = 1
2 Gi jkl Pi, jPk,l , (3)

where Gi jkl is a gradient energy constant, and Pi, j = ∂Pi
∂x j

means the partial derivative of polarization to displacement.
For a cubic system under high temperature, the coefficients of
the gradient energy only retain three independent components.
Using the Voigt symbol simplification, the gradient matrix is

shown as

G =

⎛
⎜⎜⎜⎜⎜⎜⎝

G11 G12 G12 0 0 0
G12 G11 G12 0 0 0
G12 G12 G11 0 0 0
0 0 0 G44 0 0
0 0 0 0 G44 0
0 0 0 0 0 G44

⎞
⎟⎟⎟⎟⎟⎟⎠

. (4)

Nambu and Sagala [41] revised the gradient energy, mak-
ing it more precise as
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The elastic energy density felastic is defined as

felastic = 1
2Ci jkl

(
εi j − ε0

i j

)(
εkl − ε0

kl

)
, (6)

where Ci jkl is the elastic constant, and ε0
i j is the stress-free

transformation strain or eigenstrain. The strain solution sat-
isfies the boundary conditions and mechanical equilibrium
∂σi j

∂x j
= 0. The elastic energy is given by the multiplication of

the elastic stress σi j = Ci jkl (εi j − ε0
i j ), with the elastic strain

εi j − ε0
i j . The elastic strain is the total strain εi j subtracted by

the stress-free heterogeneous strain ε0
i j . The total strain εi j is

given as εi j = ε̄i j + ηi j , where ε̄i j is the homogeneous strain,
and ηi j is the heterogeneous strain, which satisfies the con-
dition

∫
V ηi jdV = 0. If ε̄i j represents the macroscopic shape

deformation of the thin film, ε̄11 = ε̄22 = asub−alattice
alattice

, ε̄12 =
ε̄21 = 0. The thin film mechanical boundary conditions corre-
spond to a strain-free bottom (ui |x3=hsub= 0) and a stress-free
surface (σi3|x3=hfilm = 0) [42]. The eigenstrain is related to po-
larization as
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23 = Q44P2P3, (7)

ε0
13 = Q44P1P3,

ε0
12 = Q44P1P2,

where Qi j are electrostrictive coefficients.
The electrostatic energy density felec is based on the energy

generated by the interaction between the polarization vector
and the electric field, which is divided into three items. The
first term contributes to the dipole-dipole interaction (which
is self-energy term), and the second term contributes to the
depolarization field (this is caused by the uncompensated sur-
face charge). The third term contributes to the applied electric
field. This energy density is given by

felec = − 1
2 Edip

i Pi − 1
2 Edep,surf

i P̄i − E app
i Pi, (8)
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TABLE I. Parameters of Landau coefficient, electrostrictive co-
efficient, elastic coefficient, and gradient energy [47].

Parameter Value Unit (SI)

α1 3.44( T − 729.5) (105)m2N/C2

α11 −3.05 (107)m6N/C4

α12 6.32 (108)m6N/C4

α111 2.47 (108)m10N/C6

α112 9.68 (108)m10N/C6

α123 −4.9 (109)m10N/C6

Q11 8.1 (10−2)m4/C2

Q12 −2.4 (10−2)m4/C2

Q44 3.2 (10−2)m4/C2

C11 1.746 (1011)Pa

C12 0.7937 (1011)Pa

C44 1.111 (1011)Pa

G110 1.73 (10−10 )m4N/C2

G11 0.6G110 (10−10 )m4N/C2

G12 0G110 (10−10 )m4N/C2

G44 0.6G110 (10−10 )m4N/C2

where Edip
i is induced by the dipole-dipole interaction,

Edep,surf
i is the depolarization field which is from the dipole-

dipole interactions but also the long-range electrostatic
interaction, and E app

i is the externally applied electric field.
Here, P̄i is the spatial average of the ith component of
polarization.

The electric displacement Di is related to the electric
field as Di = ε0κi jEd

j + Pi, where κi j is the relative dielectric
permittivity of the ferroelectric film. The electrostatic equi-
librium equations of the film can be described by Di,i = 0
(Di, j = ∂Di

∂x j
) with the boundary conditions D3|x3=hsub,hfilm =

0 for an oc and φ|hsub = φ1, φ|hfilm = φ2 for a sc [43,44].
Accounting for the interplay between thickness, strain, and
boundary condition is necessary to correctly determine the
topology of the polar textures.

In the phase-field model, temporal evolution of polariza-
tion is described by the time-dependent Ginzburg-Landau
(TDGL) equation:

∂Pi(�r, t )

∂t
= −L

δF

δPi(�r, t )
, (9)

where L is the kinetic coefficient related to the domain wall
mobility, and F is total free energy. We employed the semi-
implicit Fourier spectral method [45] for both time and spatial
discretization to solve the TDGL equation, adopting the corre-
lated origin codes by Gu et al. [46] using MATLAB. The initial
system is in a random state, which describes the paraelectric
phase. Polarization is in the nonzero range for the film and
in the zero range for the air space and substrate layer. The
parameters of the Landau coefficient, gradient energy, elas-
tic coefficient, and electrostrictive coefficient [47] are listed
in Table I. Periodic boundary conditions are applied along
the x and y directions. The grid spaces in real space along

the three directions are �x = �y = 2.5 ∗ �z = l0. The grid
length l0 = √

G110/a0. The revolution of each step dt is 2.37
×10−13s [dt = 0.01/Lα0], where α0 = α1(T = 298 K), L =
3 × 104 C2/Nm2s [48]. Here, 64 × 64 × h (h corresponds to
the thickness of the PZT film layer) defines the discrete grid
in the PZT films, and 64 × 64 × 10 describes the individual
sites for the various substrates.

III. RESULTS AND DISCUSSION

A. Polar skyrmion and meron patterns

The topological characters of the textured domains are
defined by topological charge, also called skyrmion number
[1,21], which can be calculated via the closed-loop integral of
the vector field angle:

Nsk = 1

4π

∫∫
P ·

(
∂P
∂x

× ∂P
∂y

)
dx dy, (10)

where P is the polarization. Using the symme-
try of the skyrmion [21], one can write P(r) =
[sin θ (r) cos φ, sin θ (r) sin φ, cos θ (r)], with φ(ϕ) =
mϕ + γ . The topological charge density [24], also called
Pontryagin density (ρ), is given by ρ = P · ( ∂P

∂x × ∂P
∂y ).

To understand various skyrmionlike textures, the im-
ages of Bloch-like and Néel-like skyrmions are shown in
Figs. 1(a)–1(d) and those of merons in Figs. 1(e)–1(h), with
the out-of-plane polarization components (Pop) and in-plane
polarization components (Pip). It is seen in Figs. 1(a)–1(d) that
Pop appears at the core (red up arrows) and an antiparallel Pop

outside the boundary (blue down arrows) for skyrmions. The
distinction between the Bloch-like and Néel-like skyrmions
lies in their helicity (γ ), where the polarization rotates in
the plane [21], as γ = 0, ±π/2 or π . The m = ±1 means
vorticity. The polarization configurations of the vortices can
be described by φ(ϕ), which is the angle between the x axis
and the polarization vector at one point with the angle ϕ along
a loop around the vortex core [10].

The Néel-like skyrmion is shown in Fig. 1(a) with achi-
ral characters [49]. The polarization continuously rotates in
such a way that Pip exhibits a curling Néel domain wall and
converges toward the central core, as shown in Fig. 1(a). The
Bloch-like skyrmion is shown in Fig. 1(c) with counterclock-
wise vortex and right-handedness chirality [6,19]. Here, Pip

exhibits a curling Bloch domain wall. The antiskyrmions are
achiral [19,49], as shown in Figs. 1(b) and 1(d). A common
feature of both Bloch (∇ × P �= 0) and Néel (∇ · P �= 0)
skyrmions is that the out-of-plane polarization rotates from
maximal at the core to maximal in the opposite direction at
the periphery. Meanwhile, the meron [Figs. 1(e)–1(h)] ex-
hibits Pop only at the core and gradually evolves to Pip at the
boundary, without being fully surrounded by an antiparallel
Pop component. As an example, shown in Figs. 1(a) and 1(e)
are a skyrmion and a meron (half of skyrmion) that can have
the same Pip texture, vorticity, and helicity but have varied Pop

components at the periphery.

B. Phase diagram and polar topologies

To understand the evolution of different topological tex-
tures under varying film thickness (h) and strain (S), we
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FIG. 1. Sketches of the dipolar textures for skyrmions vs merons. (a) The Néel-like skyrmion with Nsk = +1, m = +1, and γ = 0. (b) The
antiskyrmion with Nsk = −1, m = −1, and γ = 0. (c) The Bloch-like skyrmion with Nsk = +1, m = +1, and γ = π/2. (d) The antiskyrmion
with Nsk = −1, m = −1, and γ = π/2. Here, Nsk is topological charge, m is topological vorticity (winding number), and γ is helicity. The
Bloch-like skyrmion in (c) has right-handed chirality. (e) and (f) are Néel-like meron and antimeron, with Nsk = + 1

2 , m = +1, and γ = 0
and Nsk = − 1

2 , m = −1, and γ = 0, respectively. (g) and (h) are Bloch-like meron and antimeron, Nsk = + 1
2 , m = +1, and γ = π/2 and

Nsk = − 1
2 , m = −1, and γ = π/2, respectively. The topological character of the meron is half that of the skyrmion with topological charge

Nsk = 1
2 .

constructed an h-S phase diagram for PZT film via phase-field
modeling. We set different electric boundary conditions to
simulate the effects induced by a SRO or STO marker layer
with a nominal thickness of 1.5 u.c. [11] at the PZT/STO
interface. The SRO layer corresponds to the sc boundary con-
dition, while the STO layer corresponds to the oc boundary
condition. We have simulated the domain structures with vary-
ing epitaxial strain ranging from −2 to 2% and film thickness
ranging from 2 to 40 u.c. under sc and oc boundary conditions.
The initial domain textures with zero strain are shown in
Fig. S1 in the Supplemental Material [50].

Under the sc boundary condition, as shown in Fig. 2(a),
we find eight states in the h-S phase diagram. They are (1)
the c stripe domain with a 180◦ domain wall, and the domain
for a mismatch strain of ε11 = −1% is shown in Fig. 3(a)
that has no topological texture [Fig. 3(e)] at high compressive
strains at any thickness [51]; (2) the c zigzag stripe domain
that is a variant of the c stripe domain in thick films, but
the domain walls along the z axis are zigzag shaped in the
cross-section [52]; (3) the c/a stripe domain at small strains
and large thicknesses, for which the polarization exits aligned
along both the in-plane [100] and out-of-plane [001] direc-
tions, and can exist in the bulk [53]; and (4) the a1/a2 stripe
state emerges under large tensile strains with 90◦ domain
walls, which is opposite to the c stripe state observed un-
der compressive strain, and the polarization direction aligns
with the [100] and [010] axes [42]. These four states have
already been reported in PZT films [53]. Among the other
four identified states, only two exhibit topological textures.
These are (5) the I-meron bubble state with an intermediate
helicity γ ≈ −3π/4 between Bloch- and Néel-type merons
and with skyrmion number Nsk = 1

2 [Fig. 2(c)] forming in a
small tensile strain area [orange area in Fig. 2(a)] and (6)
the bobber-shaped meron bubble pair [meron pair, yellow
area in Fig. 2(a)] composed of two types of I-meron struc-
tures aligned along the z axis, as shown in Fig. 2(c), which

depends on larger tensile strains, resulting in more rotated Pip.
In the I-meron case, the volume fraction of the c domains is
∼0.5, whereas the domain orientations and shapes predicted
from modeling agree well with existing experimental observa-
tions under tensile strains [20,54]. Meanwhile, the other two
identified states are (7) the c/a funnel state that exhibits a
trianglelike c or a domain at the cross-section, with the case
of ε11 = 0.2% mismatch strain shown in Fig. 3(b) and its ρ

shown in Fig. 3(f) and (8) the c/a bowl state, which is like
the c/a funnel state and possesses an out-of-plane nanobowl
at the cross-section, occurring only under large thickness.

The states along path 1 at 8 u.c. in Fig. 2(a) undergo a
transformation from c stripe, c/a funnel, I-meron to meron
pair, ultimately leading to the emergence of the a1/a2 domain.
During these transformations, Pop continuously shifts to Pip,
resulting in the formation of various distinct domains. The
domain walls transition from the 180◦ ultra-narrow domain
walls between c domains to 90◦ domain walls between c and
a domains under strains ranging from ε11 = −1 to 0.2%, as
shown in Figs. 3(a) and 3(b). With increasing Pip, as shown
in Figs. 3(b) and 3(c), some complex textures appeared with
mixing a1(a2) as c domains. Interestingly, Néel-type domain
walls gradually transition to mixing Néel- and Bloch-type do-
main walls at ε11 = 0.5%. These two distinct types of domain
walls are balanced in ultrathin films, forming a I-meron and
meron pair, as shown in Figs. 3(c) and 3(d) under ε11 = 0.5
and 1%, respectively. In Figs. 3(d) and 3(h), there are two re-
gions with the same topological charges Nsk = 1

2 represented
by blue and red circles. However, they exhibit clockwise or
counterclockwise vortices surrounding Pop for opposite chi-
ralities, respectively. The evolutionary details and zoom-in
map, illustrating the transition from the I-meron bubble to the
meron pair bubble, are depicted in Fig. S2 in the Supplemental
Material [50]. On the other hand, along path 2 with increasing
film thickness under strain ε11 = 0.6%, five configurations are
observed. The states vary from a1/a2, meron pair, I-meron,
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FIG. 2. Phase diagram in the parameter space defined by the thickness and epitaxial strain of PZT film under (a) short-circuit (sc) and
(b) open-circuit (oc) electrical boundary conditions, simulated by the phase-field modeling approach. In (a), there are eight phases: c zigzag
domain (c zigzag), c stripe, a1 (a2) stripe domain insert in c domain (c/a stripe), c domain or a1 (a2) domain like a funnel at the across
section (c/a funnel), bowl-shaped c domain insert a1 (a2) domain (c/a bowl), bobber-shaped meron bubble pair (meron pair), intermediate
meron bubble (I-meron), and a1 and a2 stripe domain (a1/a2). In (b), there are six phases: labyrinth phase (labyrinth), c+ domain (c+),
flux closure, trimeron bubble, antimeron bubble, and a1 and a2 stripe domain (a1/a2). The different colors show distinct textures, and at the
boundaries of color areas, phase mixing occurs. Paths 1 and 3 are along the varied strains at 8 and 14 u.c., respectively. Paths 2 and 4 are along
the different thicknesses under 0.6 and 0.2% strains, respectively. The white area in (a) and (b) designates nonferroelectric state as shown in
Fig. S1(b1) in the Supplemental Material [50]. (c) Two polar textures of I-meron and meron pair under sc boundary conditions. (d) Two polar
textures of antimeron and trimeron under oc boundary conditions.

c/a funnel to c/a stripe (see Fig. S3 in the Supplemental
Material [50]). With increasing h, there is a gradual increase of
Pop. Consequently, the meron pair and I-meron bubble phases
(Figs. S3(b) and S3(c) in the Supplemental Material [50])
appear in the film. The proportion of the c domains gradually
increases as h increases, resulting in the texture of the c/a
funnel (Fig. S3(d) in the Supplemental Material [50] and c/a
stripe (Fig. S3(e) in the Supplemental Material [50]).

We also compare different energy terms and analyze which
favor stability of the ferroelectric topological polar phase (see
Fig. S4 in the Supplemental Material [50]). In Fig. S4(a) in
the Supplemental Material [50] along path 1, the strain varies
from −2 to 2%. The formation of stripe domains is primarily
dominated by the elastic energy due to large compressive
strain. As the magnitude of strain decreases, the elastic energy
gradually decreases, while the electric energy and gradient en-
ergy become increasingly dominant, leading to an augmented
in-plane polarization. When the strain is ∼0–1%, a reduction
in the gradient energy favors the formation of twisted vortices
with rotational polarization, resulting in the emergence of
I-meron and meron pair phases. Eventually, the formation of

a1/a2 under a large tensile strain is owing to the increasing
elastic energy which also remained vortices in-plane. The
Landau free energy is observed to be zero when the film
thickness is too thin, ∼2 u.c., at a tensile strain of 0.6%, as
depicted in Fig. S4(b) in the Supplemental Material [50]. It
should be noted that, under these conditions, the formation of
ordered ferroelectric domains is not possible.

We next examine the results under the oc boundary con-
dition. As shown in Fig. 2(b), there are six states in the h-S
phase diagram. Among these, four states have already been
reported in PZT films and [PZT]n/[STO]n superlattice [28].
When h < 8 u.c., topologically trivial polar structures [55],
such as c+ single-domain even paraelectric states, dominate
due to the large depolarization field in ultrathin films. The
other three previously known states are (1) the labyrinth
state, with a domain for a mismatch strain of ε11 = −1%
shown in Fig. 4(a), wherein the state includes individual
skyrmion bubble [Figs. 1(a)–1(d)] and polar spiral tubes.
The curl of in-plane polarization is shown in Fig. S5 in the
Supplemental Material [50]. The topological characters are
shown in Fig. 4(e) for high compressive strains at small film
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FIG. 3. (a)–(d) Polarization vector and (e)–(h) Pontryagin density maps for the c stripe, c/a funnel, I-meron, and meron pair phases under
varied strain for 8 u.c. (∼3.2 nm) thin film along path 1 defined in Fig. 2(a). The black and white arrows show the in-plane polarization and
the curl of polarization (P), respectively. These maps depict the spatial distribution of polarization in the cross-section (001) plane, showcasing
the variation of the topological textures under different conditions.

FIG. 4. (a)–(d) Polarization vector and (e)–(h) Pontryagin density maps for the labyrinth, trimeron, antimeron, and a1/a2 topological
textures under varied strains for 14 u.c. (∼5.6 nm) thin film along path 3 defined in Fig. 2(b). The black and white arrows show the in-plane
polarization and the curl of polarization (P), respectively.
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thicknesses, corresponding to [PTO]n/[STO]n superlattice
and [PTO]n/[STO]m thin films [18,55]. (2) The flux-closure
state is observed in PZT bulk or thick films without strain [11].
Three-dimensional effects become more prominent, causing
the a1 or a2 domain to preferentially turn by 90◦. The c
domain appears in the bulk of the film, while the a1/a2 do-
main remains on the surface. In previous works, the periodic
wave flux-closure domain appeared during heating-cooling
cycles, forming the stripe phase turned into the periodic wave
flux-closure phase [13,37]. (3) The a1/a2 stripe state appears
under large tensile strains like the case under the sc boundary
condition, and a1 and a2 domains dominate with 90◦ domain
walls, as shown in Fig. 4(d). The other two identified states
are antimeron and trimeron states, which are denoted by a1/a2

and c domains with small orange and yellow areas in Fig. 2(b),
respectively. We define meron or antimeron according to their
winding numbers. For an antimeron, as shown in Fig. 2(d),
it has achiral structures [24], and this texture appears under
small tensile strains (ε11 = 0.2%) and small film thicknesses
(h = 14 u.c.), as shown in Fig. 4(c) in the yellow circle,
and its ρ ∼ 0.1, as shown in Fig. 4(g). Meanwhile, the
trimeron bubble consists of two antimeron bubbles and one
Bloch-like meron bubble with different topological character-
istics, where the hypothetical combination process is shown
in Fig. 2(d). The domain structure exhibits under a mismatch
strain of ε11 = −0.1%, as shown in Fig. 4(b). The volume
fraction of the a1/a2 domain is ∼0.9. The horizontal cross-
section [Fig. 4(b)] and its corresponding topological density
map [Fig. 4(f)] clearly show that this structure can be divided
into two parts: the Pop up part features with a half-convergent-
half-divergent configuration with negative topological density
and negative winding number (antimeron), while the Pop down
part features are divided with an anticlockwise configuration
with negative topological density and a half-convergent-half-
divergent configuration with positive topological density. The
trimeron texture has a topological charge of −0.52, as shown
by the red circle in Fig. 4(f). The Pop down part feature is
the so-called topological trivial meron pair (TTMP [25]) or
meron-antimeron combination (MAC [20]) with zero topolog-
ical charge. Other trimeron structures are depicted in Figs. S6
and S7(c) in the Supplemental Material [50].

According to the phase diagram shown in Fig. 2(b), along
path 3 with the change of strain, the states vary from labyrinth,
trimeron, antimeron to a1/a2. Interestingly, the trimeron state
containing a meron and antimeron changes to the single meron
state, as shown in Figs. 4(b) and 4(c), under strain from ε11 =
−0.1 to 0.2% under 14 u.c. film thickness. The evolution
from the trimeron phase to the antimeron phase, along with
corresponding sketches shown in Fig. S6 in the Supplemental
Material [50], provides a detailed analysis. The out-of-plane
polarization completely rotates to in-plane with increasing
strain, as shown in Fig. 4(d). Meanwhile, along path 4 with
increasing film thickness under strain ε11 = 0.2%, as shown in
Fig. S7 in the Supplemental Material [50], four configurations
are observed. The states vary from a1/a2, antimeron, trimeron
to flux-closure. When h < 12 u.c., only a1/a2 domains are
present in the thin film, resulting in a1/a2 vortex in the plane.
When h reaches 12 u.c., the c domains emerge gradually,
forming a antimeron and trimeron, and then the meron-related

states are replaced by flux closure with further increasing of
the film thickness.

The different energy terms of ferroelectric polar phase
along path 3 are shown in Fig. S4(c) in the Supplemental
Material [50]; the formation of labyrinth domains is primar-
ily influenced by the increase in elastic and electric energy
resulting from significant compressive strains (ε11 < −1.2%).
As the magnitude of strain decreases, the elastic energy grad-
ually decreases, while the electric energy and gradient energy
become increasingly dominant, leading to an augmented pro-
portion of in-plane polarization. When the strain is between
−0.2 and 0.4%, a reduction gradient energy leads to the for-
mation of vortices with rotational in-plane polarization. The
vortice and antivortice in-plane coexistence of Pop leads to the
trimeron and antimeron phases. Eventually, the formation of
a1/a2 with in-plane polarization under a large tensile strain is
owing to the increasing elastic energy. The compared different
energy terms along path 4 of thickness are shown in Fig. S4(d)
in the Supplemental Material [50].

C. Polar meron pairs

Meron bobber pair structures have been previously
reported in both theoretical and experimental studies
[27,56–58] at composite magnetic disks and thick extended
films of noncentrosymmetric ferromagnets. Polar textures also
have potential as applications in next-generation electronic
devices [3]. However, analogous meron bobber pair structures
have not been reported in ferroelectric materials.

According to the h-S phase diagram, the meron pair phase
occurs only in the strain range of 0.6–2%. The meron pair un-
der tensile strain (1%) and with thickness of 8 u.c. (∼3.2 nm)
is shown in Fig. 5(a), where Pop is up (red) and down (blue)
in q and m points, respectively. Figure 5(a) shows Pip with a
green arrow, while up Pop is a red arrow and down Pop is a blue
arrow. The shapes of the meron pair resemble two bobbers in
the longitudinal cross-section [see the right panel of Fig. 5(a)].

Selected maps of top, middle, and bottom layers around the
q and m points in red and blue boxes are shown in Figs. 5(b)
and 5(c). The Pop regions at meron cores and outside the
boundary are indicated by the colored regions, which are
separated by mixing Bloch and Néel domain walls (Pip). The
Pip (±0.3 C/m2) around Pop (±0.5 C/m2) is shown as coun-
terclockwise or clockwise vortices composed of merons. The
size of the meron pair is 8 nm. All top-, middle-, and bottom-
layer vortices are converged with counterclockwise rotation
from the periphery to the central regions, yielding a vorticity
of +1 and helicity of 3π/4 at q position, as shown in Fig. 5(b).
Combining Pip and Pop, a meron manifests a skyrmion number
of Nsk = 1

2 at the top layer and Nsk = − 1
2 at the bottom layer.

Two inversion chiral I-merons with Nsk = ± 1
2 , vorticity m =

+1, and helicity γ = 3π/4 type are aligned along the z axis to
form a convergent meron pair. Here, Pip evolves counterclock-
wise around the core Pop. Also, Pop has inversion symmetry
and takes a shape like a diabolo (two bobbers), as shown in
Fig. 5(d). The range of the c domain on the top surface is large,
becomes smaller on the middle, and gradually shifts direction
of polarization on the bottom. The Pop components vanish
in the middle layer, remaining only as a counterclockwise
twist vortex. Meanwhile, for the divergent meron pair at the
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FIG. 5. Simulated polar meron bubble pair for 8 u.c. PZT thin film under 1% strain. (a) The topological texture on the top layer (left side)
with the cross-sectional view along q and m positions (right side). Inset shows images of two types of I-meron. (b) and (c) A zoom-in view of
the meron with in-plane and across the plane at q and m positions, on the top, middle, and bottom layers, respectively. Red area has up Pop and
blue area has down Pop. The black arrows indicate Pip. (d) and (e) The converged and diverged diabolo-shaped meron pair. The arrow and area
indicate the polar vector and cross-sections of the corresponding isosurfaces (Pop = 0).

m position, all top-, middle-, and bottom-layer vortices are
diverged and undergo clockwise rotation from the periphery
to the central regions, yielding a vorticity of +1 and helicity of
−π/4, as shown in Fig. 5(c) with meron characters Nsk = ± 1

2 ,
vorticity m = +1, and helicity γ = −π/4. Here, Pop pos-
sesses inversion symmetry and adopts a diabolo shape, as
shown in Fig. 5(e), analogous to those in composite magnetic
disks [27,56].

IV. SUMMARY

Based on extensive phase-field modeling simulations, we
have constructed comprehensive phase diagrams for polar
topological textures in the parameter space of film thickness
and strain in PZT thin film under the sc and oc boundary
conditions. Our results reproduce and confirm previously re-
ported findings and reveal additional topological phases with
complex polar textures. A distinct polar topology, namely,
the meron bubble pair, is observed in ultrathin films be-
low a critical thickness, while thicker films exhibit more
complex domain structures. Overall, the tunability of two
nontrivial topological phases, namely, the I-meron and meron
pair phases (or antimeron and trimeron phases), in sc (or
oc) boundary conditions is achieved through strain manip-
ulation within a critical thickness range of 6–18 u.c. (or
8–18 u.c.). For ultrathin ferroelectric films, domain structures
are significantly different under distinct boundary conditions.
With the control of decreasing film thickness, topological
textures can be tailored to transition from achiral merons to
chiral convergent/divergent meron pairs. Merons and their
variants can emerge as individual or mixing polar spin

textures. These findings offer insights into understanding the
complex topological structures in an important class of ma-
terials, which may help further exploration and utilization
of polar meron-related structures to drive exciting advances
in material physics research and stimulate promising device
applications.

For practical applications, it is extremely important to ma-
nipulate the size and morphology of the topological textures
and control their generation and annihilation in a conve-
nient and low-dissipation way. Previous researchers were
primarily focused on skyrmion-related objects, while other
meron-related structures were ignored. Our simulations ex-
hibit continuous changes over a wide range, not limited to
discrete values, providing further regulation of meron and
meron-related texture transformation. The phase diagrams and
the evolution from each phase in this paper can give deep
insight into control of the polarization texture generation and
annihilation.
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