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Fig. 1. (a)—(c) Three types of dipole polarization configurations in BTO simulation, where the macroscopic polarizations are along

(111), (110), (100), respectively; (d) energy (per dipole) with respect to the calculated configurations obtained from simulations;

(e) dipole polarization direction indicating the colors used by the arrows in panels (a)—(c). The colors shown in panel (e) are also

used for PTO bulk in the next section.
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approximately along (111) direction for the configur-

ations in Figs. 1(a)—(c), respectively.
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Fig. 2. The dipole configuration of PTO bulk whose the

macroscopic polarization is along (100).
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Fig. 3. (a) Simulation results of STOg /PTOg/STOg sys-
tem, where red arrows and blue arrows indicate that the
polarization is along the positive and negative directions of
[001] respectively; (b) projection of dipoles in the 28th
(100) plane along the [100] direction (the black arrows in
panel (a)). The yellow circles show the vortex domain struc-

tures.
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Fig. 4. Simulation results of STO 5 /PTO29/ STO5 system: (a) STO/PTO/STO dipole polarization configuration, drawing every
5th layers along the [010] direction in order to make the figure clearer; (b) the projected dipole pololarization of the 25th layer along
the [010] direction; (c) detailed view of the yellow area in panel (b), the vortex domain is cylindrical along the [010] direction;
(d) the dipole configuration of the 13th layer along the [010] direction. The planes shown in panels (b)—(d) are marked by black ar-

rows in panel (a).
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Fig. 5. (a) Dipole polarization configuration of STO/PTO/STO system, which is the configuration as Fig. 4(a), drawing every 4th
layer along the [001]direction in order to make the figure clearer, the interface layer between PTO and STO is also shown; (b) pro-

jection of the middle PTO layer along the [001] direction; (¢) projection of the bottom interface PTO layer along [001].
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Abstract

Ferroelectric material possesses spontaneous polarization at room temperature, which can be switched by
an external electric field. The diverse domain structures within ferroelectric materials, consisting of polarizations
in various directions, often significantly affect their physical properties and practical applications. Numerical
simulations can aid in comprehending and validating the complex domains observed in experiments. They can
also provide guidance for controlling such structures. One popular method for finding dipole configurations is to
create an energy model and employ it in Monte-Carlo simulations to find dipole configuration. However, since
these simulations usually reaches the ground state of the system (the state with the lowest global energy), they
often miss the dipole configurations of interest, such as topological domain structures, which are usually
metastable.

Here, in order to simulate complex domain, we introduce Brown's equation, which is originally used for
micromagnetic simulation, into the large-scale simulation of ferroelectric materials. Using the effective
Hamiltonian as the energy model, we derive the Brown's equations with respect to the electric dipoles in
ferroelectric materials, and invesitgate perovskites such asBaTiO; bulk, PbTiO; bulk, and SrTiO;/PbTiOs / SrTiOs
sandwiched structures. We demonstrate the reliability and feasibility of Brown's equation in ferroelectrics
through the simulation of BaTiO; bulk and PbTiO; bulk, which are consistent with experiments. Then, using
Brown's equation derived in our work, we obtain various domain structures in SrTiOs/PbTiO;/SrTiOs
sandwiched structures, including periodic stripe domains and vortex domains. The simulation results are
compared with related exprimental results.

Keywords: topological domains, Brown’s equation, perovskites
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