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ABSTRACT

Ultimately small multiferroics with coupled ferroelectric and ferromagnetic order parameters have 

drawn considerable attention for their tremendous technological potential. Nevertheless, these ferroic 

orders inevitably disappear below the critical size of several nanometers in conventional ferroelectrics 

or multiferroics. Here, based on first-principles calculations, we propose a new strategy to overcome 

this limitation and create ultrasmall multiferroic elements in otherwise nonferroelectric CaTiO3 by 

engineering the interplay of oxygen octahedral rotations and hole polarons, though both of them are 

generally believed to be detrimental to ferroelectricity. It is found that the hole doped in CaTiO3 

spontaneously forms a localized polaronic state. The lattice distortions associated with a hole polaron 

interacting with the intrinsic oxygen octahedral rotations in CaTiO3 effectively break the inversion 

symmetry and create atomic-scale ferroelectricity beyond the critical size limitation. The hole polaron 

also causes highly localized magnetism attributed to the associated spin-polarized electric state and 

thus manifests as a multiferroic polaron. Moreover, the hole polaron exhibits high hopping mobility 

accompanied by rich switching of polarization and magnetic directions, indicating strong 

magnetoelectric coupling with a mechanism dissimilar from that of conventional multiferroics. The 

present work provides a new mechanism to engineer inversion symmetry and opens avenues for 

designing unusual multifunctional materials.
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1. Introduction

Magnetoelectric multiferroics, in which ferroelectricity and ferromagnetism coexist [1,2], have 

attracted large amounts of attention owing to the fascinating physical properties arising from the 

coupling of different ferroic orders as well as their significant application prospects in advanced 

technological devices such as multiple-state memories and magnetoelectric sensors [3, 4]. While 

remarkable successes have been obtained in exploring multiferroics with excellent performance [5-8], 

achieving nanoscale multiferroic properties is still urgent and vital to meet the growing demand for 

miniaturized, integrated electronic devices. However, retaining the stability of multiferroic orders at 

the nanoscale is challenging due to depolarization field and surface effects that suppress or destabilize 

the ferroic orders completely below the critical size [9-11]. For example, ferroelectric PZT and BaTiO3 

nanodots have been reported to lose ferroelectricity with sizes below 3–5 nm [12,13]. Although great 

efforts have recently been devoted to exploring multiferroics at even smaller sizes under strict 

conditions, the magnitude of ferroic orders has also progressively decreased. Therefore, there is an 

inevitable physical limit for ferroic properties and the direct scale-down of conventional multiferroics 

to ultimately small size cannot be achieved in principle.

Oxygen octahedral rotation is one of the fundamental atomic distortions in perovskite oxides and 

has a dramatic impact on electronic and magnetic behaviors. Although the oxygen octahedral rotation 

tends to compete with and suppress ferroelectric distortions in common perovskites, such as SrTiO3 

and CaTiO3, engineering oxygen octahedral rotations in perovskites has emerged as a powerful route 

to discover and design exotic electronic phenomena and new functionalities. For example, octahedral 

rotation-driven ferroelectricity [14,15] and even strong polarization-magnetization coupling [16] have 

been predicted theoretically and observed experimentally. Octahedral rotations have also been 
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exploited to control the metal-insulator transitions and magnetic states [17,18]. These discoveries 

inspire the exploration of novel mechanisms mediated by oxygen octahedral rotations in pursuit of 

state-of-art atomic-scale multiferroics, even in intrinsically nonmagnetic and paraelectric CaTiO3 

compounds. On the other hand, excess charge carriers (electrons or holes) are pervasive in perovskite 

oxides [19-23] due to lattice defects in specific chemical environments or can be intentionally 

generated by applying high voltages and irradiation. One of the most fascinating manifestations of the 

electron configuration in perovskites is the highly localized polaronic state [24-26], which has been 

proven to offer a wide range of extraordinary functionalities and unusual coexisting properties that are 

inaccessible in host materials. Specifically, when polarons are formed, local mismatch in charge 

balance occurs, and nearby atoms are displaced, leading to the formation of characteristic atomic and 

electronic structures around the polaronic site. Due to the strong electron-lattice correlations, it is, in 

principle, possible to tailor the oxygen octahedral rotations and the resulting functionalities by charge 

carrier engineering [27].

 In this work, we propose a new strategy to engineer oxygen octahedral rotation through hole 

localization, which unexpectedly breaks the inversion symmetry of centrosymmetric CaTiO3 and 

creates electric polarization within the two-unit-cell region. The localized hole polaron is in a spin-

polarized state and induces atomic-scale multiferroics in CaTiO3. Furthermore, we investigated the 

dynamics of the hole polaron and discussed the associated magnetoelectric coupling.

2. Methods

First-principles calculations were carried out in the framework of density functional theory using a 

plane-wave basis set with an energy cutoff of 500 eV, as implemented in the VASP [28,29]. The 
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projector-augmented wave (PAW) pseudopotential method [30,31] was utilized, and the 3s, 3p and 4s 

electrons for Ca, the 3s, 3p, 3d and 4s electrons for Ti, and the 2s and 2p electrons for O were treated 

as the valence states. The Monkhorst-Pack k-point mesh of 2×2×3 was chosen for the Brillouin zone 

integration. In all calculations, the energy and force convergences criteria were set to 1.0×10–6 eV/cell 

and 0.01 eV/Å, respectively. The effect of spin polarization was included in the calculations, and fully 

unconstrained noncollinear magnetic calculations including the effect of spin-orbital coupling [32] 

were performed to obtain the magnetic anisotropy energy. The exchange-correlation energies were 

represented by the HSE06 hybrid-functional method [33,34], which can accurately describe the 

electronic structures of various semiconductors and was necessary for the calculation of the present 

polaronic state in CaTiO3.

The crystal structure of perovskite oxide CaTiO3 is a nonpolar paraelectric phase characterized 

by intrinsic antiferrodistortive distortions with a nonpolar Pnma space group, as illustrated in Fig. S1. 

The red dot box indicates the primitive cell, which contains four formula units of CaTiO3 with twenty 

atoms. The antiferrodistortive distortions consist of two kinds of TiO6 octahedral rotations: two out-

of-phase tilts along the [100] and [010] directions and one in-phase tilt along the [001] direction. This 

is in accordance with the orthorhombic a–a–c+ Glazer system [35]. Owing to the symmetry breaking 

of the oxygen octahedral rotations, there are two kinds of inequivalent oxygen atoms, denoted O1 and 

O2 in Fig. S1, which are located within the (001) CaO and (001) TiO2 planes, respectively. The lattice 

parameters obtained from HSE06 are a= 5.36 Å, b= 5.43 Å, and c= 7.61 Å, which reasonably agrees 

with the experimental data (see Table S1) [36,37]. Figure 1 illustrates the simulation supercell of the 

hole-doped CaTiO3 system constructed from the primitive cell. The supercell contains 16 formula units 

with 80 atoms, and the dimensions are |a1| = 2a, |a2| = 2b, |a3| = c. A hole is created by removing an 
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electron from the calculated supercell with the same amount of homogeneous negative background 

charges, corresponding to a density of 0.0625 e/unit cell. This value is within the experimentally 

obtained hole density of 0.00 ∼ 0.08 e/unit cell in perovskite oxides [38]. The hole polaron is obtained 

by introducing a precursor potential for polaron trapping by applying a small perturbation around a 

selected octahedral TiO6 followed by full geometry optimization.

3. Results and discussiuons

3.1 Hole polaron

We started by probing the stable configurations of the excess hole in CaTiO3 by calculating the 

formation energy Eform of the hole polaron, defined as Eform =Ep – Ef. Here, Ep and Ef are the energies 

of the polaronic and free-carrier states, respectively. The obtained values for the O1 and O2 atoms are 

-292 meV and -328 meV, respectively, indicating that the energetic favor of the polaronic states with 

respect to their delocalized counterparts and O2-polaron is the most stable configuration. The 

electronic density of states of the most stable O2-polaron was investigated, and the results are shown 

in Fig. 2(a), in which the valence band maximum (VBM) is set at the zero energy level. The conduction 

band minimum (CBM) appears at 3.8 eV above the edge of the valence band and is consistent with 

previous results without electron holes. Furthermore, an unoccupied electronic state appears within the 

bandgap that is absent in perfect CaTiO3. Thus, this is the defect state introduced by the excess hole. 

The single in-gap defect state is located 1.3 eV above the VBM, which is distinct from those of 

delocalized holes with metallic conductivity characteristics [39] and is evidence of the hole polaron. 

The spatial distribution of the squared wave function |ψe|2 of the hole is shown in Fig. 2(b). The hole 

polaron is evidently trapped at one O2 site exhibiting 2py and 2pz orbital characteristics and is 
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coherently coupled to local lattice distortions. Therefore, a hole in CaTiO3 tends to be in a self-trapped 

state at O2 atoms in the form of a small polaron.

3.2 Ferroelectric polarization

The formation of a hole polaron is associated with significant local lattice distortions. As illustrated in 

Fig. 2(c), for the distribution of atomic displacements, the center O anion accommodating the hole 

polaron and the neighboring Ca cation and two Ti cations display large displacements relative to the 

paraelectric structure. In particular, O2– and Ca2+ possess opposite displacements along the [0 1 1] and 

[0 ] directions, respectively, resulting in the separation of the centers of the positive and negative 11

charges in the local unit cell from the original centrosymmetric structure. Since ferroelectricity arises 

from the relative displacements between the cation and anion, such large off-centered displacements 

are expected to induce local dipole moments in the otherwise paraelectric CaTiO3. The magnitude of 

such polarization is indeed verified by the modern theory of polarization using standard Berry phase 

calculations. We take the centrosymmetric structure as a reference and obtain a nontrivial total 

spontaneous polarization of Ptot = (0.13, 1.50, 1.31) µC/cm2, which is along the direction close to [01

].1

The local polarization distribution of the unit cells around the hole polaron is further analyzed by 

utilizing the Born effective charge. The obtained results are illustrated in Fig. 3(a), in which the yellow 

arrows denote the local polarization within a unit cell. The effect of the hole polaron is almost confined 

to a 2×1×1 unit-cell region around the polaron (denoted by the whilte dotted lines), while those beyond 

this region display negligible local polarization. The obtained average polarization of these local 

polarizations is denoted by the white arrow, which is nonzero and lies along the [0 ] direction. This 11
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is consistent with the Berry phase approach for evaluating ferroelectricity, indicating that the hole-

induced ferroelectricity is confined to a two-unit-cell length.

To elucidate the mechanism of the emergent electric polarization in the otherwise non-

ferroelectric CaTiO3, the atomic displacements specific to CaTiO3 with hole polarons are analyzed in 

detail. The schematic diagram of perovskite CaTiO3 with uniaxial oxygen octahedral rotation is shown 

in Fig. S2. For simplicity, it is shown from the axial top view, in which the oxygen atoms shift off the 

ideal face-centered position. This leads to local relative displacements between cations and anions, i.e., 

O atoms approach one side of the Ca atoms while moving away from the other. However, this 

displacement pattern is centrosymmetric, and their sum equals zero macroscopically, contributing to 

zero macroscopic polarization in CaTiO3. Due to the formation of a hole polaron, on the other hand, 

the approach of Ca and O atoms generates a robust repulsive ionic interaction between the cation Ca 

and the O that accommodate the hole polaron, resulting in additional relative displacement between 

them, i.e., off-center displacement with respect to the centrosymmetric antiferrodistortive 

configuration, with a structural change from Pnma to Pm space group symmetry. This considerable 

off-center displacement results in the separation of the centers of the negative and positive charges in 

the local unit cell and enables each O2-polaron to act as a polar element with a dipole moment in the 

same direction as that of O displacement in the oxygen octahedral rotations. In practice, perovskite 

CaTiO3 has the a–a–c+ oxygen octahedral rotation pattern [40], which induces the atomic displacement 

of O atoms along the [0 ] direction and will induce [0 ] direction electric polarization once hole 11 11

polaron is formed based on the above discussions. This is consistent with the results from the Berry 

phase approach. Therefore, the hole polaron in CaTiO3 displays atomic-scale ferroelectricity due to 

the interaction of oxygen octahedral rotations and the local symmetry breaking associated with the 
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polaron.

3.3 Magnetic properties and multiferroics

In addition to the electric polarization, we further explored the effect of hole polarons on the magnetic 

properties of CaTiO3. A nontrivial total magnetic moment of 1.0 μB appears unexpectedly in the hole 

polaron system, even though CaTiO3 is intrinsically nonmagnetic. As visualized in Fig. 3(b) for the 

detailed magnetization density distribution, the magnetization is mainly localized at the center O atom, 

consistent with the charge density distribution of the hole polaron as discussed above. This highly 

confined magnetism originates from the localized polaronic electronic state in the bandgap, which 

changes the normal O2- to O1- and creates spin-polarized electronic states, as discussed regarding the 

electronic density. We further calculate the magnetic anisotropy energy (MAE), defined as the energy 

difference between the magnetism aligned along the easy axis (or plane) and the hard axis (or plane). 

The obtained magnetocrystalline anisotropy energy surface of the hole polaron is depicted in the right 

panel of Fig. 3(b). It is found that the hole polaron exhibits obvious magnetic anisotropy with the easy 

axis lying along [100], which is the perpendicular direction with respect to the CaO plane that 

accommodates the hole polaron. In addition, the computed MAE is E[100] − E(100)= 2.5 µ eV. This value 

is nontrivial and even slightly larger than the value of 1.4 μeV/atom of Fe (bcc). The large MAE 

suggests strong magnetoelectric coupling in the systems, as will be discussed later.

The above results thus demonstrate a novel route for creating ultrasmall multiferroic elements 

beyond the critical size limit of intrinsic multiferroics, even in nonmagnetic paraelectric materials. 

Although CaTiO3 is intrinsically nonmagnetic paraelectric, the spontaneous formation of a hole 

polaron induces the coexistence of ferroelectricity and magnetism, which are closely confined within 
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a two-unit-cell length region (i.e., approximately 8 Å). This atomic-scale multiferroic element is 

unavailable in conventional multiferroics, as the depolarization field and surface effects suppress it. 

Therefore, the charge carriers in p-type semiconductors, i.e., electron holes, spontaneously form hole 

polarons and act as ultrasmall multiferroic elements.

3.4 Mobility of hole polarons

It is well established that a polaron is a quasiparticle consisting of a charge carrier and associated 

phonons or lattice deformation, which can move to adjacent sites through lattice vibration. To 

understand the dynamics of the multiferroic polaron, we further investigate the mobility of hole 

polarons, which can be approximated by the following equation:

                                           (1)𝜇 = [ⅇ𝑎2𝜔0/𝑘𝐵𝑇][ⅇ𝑥𝑝( ― 𝐸𝑎/𝑘𝐵𝑇)]

where e is an elementary charge, a is the hopping distance between two neighboring O atoms, ω0 is 

the frequency of the longitudinal optical phonon, kB is Boltzmann’s constant, and Ea is the activation 

barrier for hole polaron hopping between two neighboring O sites. The activation energy is estimated 

by linearly interpolating two polaron configurations [41, 42] (see Fig. S3). We consider the hopping 

of hole polaron between different O2 sites along various pathways, as illustrated in Fig. 4. The 

migration within the (001) plane involves hopping between equivalent O2 sites (i.e., O2-b ∼ O2-e), 

while migration in the [001] direction proceeds via the less stable O1 sites (i.e., O1-a ∼ O1-d). Figure 

4(b) shows the calculated energy profiles for all the polaron migration pathways within the (001) plane. 

The lowest energy pathway is between O2-a and O2-b/O2-d with an activation energy of 148.0 meV. 

Taking Ea = 148.0 meV, a = 2.772 Å, ω0 = 2.596 × 1013 Hz [43], and kB = 1.381 × 10-23 m2kg/(s2K), 

we obtain µ = 2.52 × 10-3 cm2/Vs at room temperature, which is several orders larger than the 
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corresponding speed of oxygen vacancy in oxides (10-8 ∼ 10-6 cm2/Vs) [44]. We also obtain a 

comparable µ of 1.19× 10-3 cm2/Vs for the migration between O2-a and O2-c/O2-e using the same 

method, indicating the feasibility of these pathways within the plane. In addition, the energy variations 

for polaron hopping among the O2 sites along the [001] direction via less stable O1 sites are shown in 

Fig. 4(c), and they exhibit energy barriers in the range of 136.9–265.5 meV. The corresponding polaron 

mobility µ associated with these four hopping paths is also calculated, and all these results are 

summarized in Table S2. It is evident that hopping between the more stable O2 site and the stable O1-a 

and O1-d sites is also possible due to their high mobility. Thus, the hole polaron in CaTiO3 has high 

mobility and easily migrates to neighboring oxygen sites.

3.5 Switching of hole polarons

In addition, ferroelectric and magnetic switching is vital in the utilization of multiferroics. Based on 

the above results, we discuss the dynamic switching characteristics of hole polarons. The O2 atoms in 

the primitive cell of CaTiO3 are highlighted in Fig. S4, and the corresponding directions of polarization 

and magnetic moments are summarized in Table 1. For instance, for the polaron localized on the O2-

p1 site, the polarization and magnetism are along [0 ] and [100], while the corresponding directions 11

turn to [ 01] and [010], respectively, when the polaron migrates to the O2-p2 site. This site-dependent 1

multiferroic direction originates from the relative displacements of oxygen octahedral rotations, as 

discussed above. Due to the high hopping mobility of hole polarons among O2 atoms, the ferroelectric 

and magnetic moment directions can thus be switched dynamically. These site-dependent multiferroic 

directions indicate that multiferroics can be switched in eight different directions through the migration 

of hole polarons among these O2 sites. Therefore, in contrast to the conventional multiferroic 
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switching mechanism, the high mobility of hole polarons and the resulting movement of atomic-scale 

multiferroic elements achieve the switching process. Finally, the magnetoelectric coupling is also 

evident in the system from Table 1 and Fig. S4(b): the initial [100] magnetism (hole polaron on the 

O2-p1 site) tends to switch to the [010] direction by means of an [010] external magnetic field; due to 

the high mobility, the polaron will easily hop to the O2-p2 site with the preferred direction of the 

magnetic moment, resulting in switching of the direction of electric polarization (i.e., from [0 ] to [11 1

01]). Similarly, we can also obtain the response of magnetism by applying an electric field. Therefore, 

the spontaneous localization of holes in CaTiO3 and its high hopping mobility manifests as an atomic-

scale multiferroic element with magnetoelectric coupling, breaking the intrinsic size limitations for 

conventional multiferroics.

4. Conclusion

In summary, we propose a strategy that effectively exploits the interaction of hole polarons with the 

intrinsic oxygen octahedral rotations in CaTiO3 to create atomic-scale ferroelectricity beyond the 

critical size limitation. Our first-principles calculations established that the electron hole spontaneously 

forms a localized polaronic state and induces localized ferroelectric polarization due to local symmetry 

breaking. We also show that the hole polaron carries highly localized magnetism and manifests as an 

ultrasmall multiferroic element. Finally, we demonstrate the high mobility of the hole polaron owing 

to its low activation energy of polaron hopping and discuss the associated magnetoelectric coupling. 

These results demonstrate that the modification of oxygen octahedral rotations through hole polarons 

offers a new route to create extraordinary functionalities in perovskite materials.
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Fig. 1. (a) Simulation model of CaTiO3 crystal with hole. The black dot box indicates the simulation 
supercell. a1, a2, and a3 are cell vectors of the simulation supercell. (b1-b3) Atomic configurations 
for free-carrier and polaron models. Yellow arrows indicate initial small displacements of Ti atoms.
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Fig. 2. (a) Density of states of the O2-Polaron in CaTiO3. The red and blue areas (lines) indicate the 
occupied (unoccupied) states of up-spin and down-spin, respectively. (b) Charge density distribution 
of the O2-Polaron in CaTiO3. The yellow area represents the iso-surface of charge densities of 0.02 
Å-3. (c) The distribution of atomic displacements d (white arrows) around the hole polaron in CaTiO3.

Fig. 3. Multiferroic properties of the hole polaron in CaTiO3. (a) The distribution of polarization P 
around the hole polaron. The yellow arrows indicate local polarization, and the white arrow indicates 
their average. (b) Magnetic spin-density distribution of the hole polaron, in which the yellow area 
represents the iso-surfaces of spin-densities of 0.10 µB/ Å, and the red arrow denotes the direction of 
magnetic moment of the hole polaron. The right panel shows the magnetocrystalline anisotropy energy 
surface of the hole polaron.

Fig. 4. (a) The eight kinds of migration pathways for the hole polaron in different O2 atoms, including 
(b) four (001) in-plane migration pathways (denoted by the yellow plane) and (c) four out-of-plane 
migrations through O1 (denoted by the white arrows).
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Table 1 The polarization and magnetic moment directions for the hole polaron localized on each O2 
atom. The characters p1, …, p8 correspond to O atoms in Fig. S4(a). 

O2 number p1            p2          p3           p4

Polarization P              [0 1  1] [1 0 1] [ 0 1 1] [1 0  1]

Magnetic moment M               [1 0 0] [0 1 0] [1 0 0] [0  1 0]

 O2 number p5             p6           p7           p8

Polarization P               [0 1 1] [1 0 1 ] [0 1 1 ] [1 0 1]

Magnetic moment M                 [1 0 0] [0 1 0] [1 0 0] [0 1 0]
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