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Chapter 1 Introduction 

1.1 Low-dimensional multiferroics  

Ferroelectricity is a property that materials possess non-vanishing spontaneous polarization and 

the electric polarization can be switched by the application of external electric fields.[1] In the same 

way, ferromagnetism is defined as the phenomenon that the materials exhibit spontaneous 

magnetization owe to the alignment of electron spins and the magnetism is reversible upon external 

magnetic fields.[2] These electric and magnetic behaviors can be coupled to each other under certain 

conditions, leading to the magnetic field manipulation of ferroelectric property and electric field 

control of magnetic property, or the so called magnetoelectric (ME) effect, [3] which was first 

proposed by Curie [4] and then discovered by Astrov in 1960 [5]. Multiferroics are the materials 

that combine these different ferroic order parameters in the same phase even in the absence of 

external fields, and these materials have become one of the hottest topics in material science and 

condensed matter physics in recent years.[6-8] The coexistence of different order parameters in the 

same materials allows for the realization of multiple-state memory, in which both the charge and the 

spin perform as degrees of freedom in a response to electric and magnetic fields. In particular, the 

existence of strong ME effect in some multiferroics will bring about new physical properties and 

lead to revolutionary applications beyond the conventional ferroelectrics or ferromagnet, e.gs. new 

spintronic or energy-efficient memory devices that can be electrically written and magnetically read. 

[9, 10] 

The ever-growing demand for miniaturization of microelectronic devices and ultra-high density 

integration of multiferroic components drive the current research to low dimensional multiferroic 

materials with nanometer dimensions.[11-13] Recent significant advances in nanoscale fabrication 
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technology have also made it possible to fabricate multiferroic nanostructures experimentally, such 

as ultrathin films[14-16], nanowire[17-19], nanodots[20, 21] and nanoislands[22, 23]. Even smaller 

atomic-scale multiferroic materials are also expected in the near future. However, as the size of the 

material approaches nanoscale dimensions, the depolarization effects generated by uncompensated 

surface charges become dominant and tend to destabilize these ferroic orders. As a result, there exists 

a lower size limit below which one or both of the ferroic orders inevitably disappear. The 

ferroelectric size limit, in particular, has been intensively investigated over the years [24-26]. The 

lowest experimental reported critical thickness up to now has been determined to be 1.2 nm [27] for 

PbTiO3 thin films and 2.0 nm for BiFeO3 thin films [28]. The ferroelectricity in nanostructures, such 

as nanodots, has also been found to disappear below size of 3−5 nm both theoretically and 

experimentally [29, 30]. Therefore, the additional miniaturization of certain devices while retaining 

desirable multiferroic properties is physically challenging. An alternative strategy that allows for 

low-dimensional atomic-scale multiferroics and ultrahigh density integration of multiferroic 

elements is thus highly desirable. 

 

1.2 Low-dimensional atomic-scale multiferroics from lattice defects 

    Perovskite-based ferroelectric materials such as PbTiO3 are essentially nonmagnetic because 

the d0 electronic configuration of the transition metal Ti4+ ions in these ferroelectric materials 

contradicts the origin of magnetism, which require the partial occupation of d states.[31] 

Nevertheless, recent experimental studies have unexpectedly observed the dilute ferromagnetism in 

nanocrystals of such nonmagnetic ferroelectrics at room temperature.[32-34] It later emerged that 

the key for this unexpected magnetism is the nonstoichiometry and local structure symmetry 

breaking, which result in spin-polarized excess electrons with broken orbital symmetries.[35] This 

suggests a novel route to the discovery of atomic-scale multiferroics in nonamagnetic ferroelectrics 

if the spin-polarized excess electrons can further be localized at atomic-level sites. The confined 
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excess electrons will induce magnetism with highly localized spin moments, coexisting with the 

host ferroelectricity.  

It is well known that lattice defects, such as point defects and dislocations, are inherently 

present in ferroelectric oxides, and they are usually associated with local nonstoichiometry. The 

lattice defects are thus nature origin of excess electrons in ferroelectric oxides.[36,37] The lattice 

defects are also accompanied by structure distortion with local symmetry breaking, which can trap 

the excess electrons and break the electron orbitals symmetries. As a result, the lattice defects are 

expected to bring about magnetism under specific conditions. Besides, lattice defects are clarified 

according to their dimensionality as zero-, one- or two-dimensional defects, which make it possible 

to realize different low dimensionalities of spin-polarized electron configuration and thus low-

dimensional atomic-scale multiferroics. In this thesis, I develop low-dimensional atomic-scale 

multiferroics in intrinsically nonmagnetic ferroelectrics by engineering various lattice defects in 

ferroelectric PbTiO3, though they are conventionally thought to be detrimental to materials.  

    Oxygen vacancy is the typical zero-dimensional (0D) lattice defect and one of the most 

abundant type of defect in ferroelectric oxide materials.[38] The presence of this point defect has 

been demonstrated strongly affect the ferroelectricity. Unfortunately, oxygen vacancies alone cannot 

induce the desired multiferroics in ferroelectrics, attributed to the spin un-polarized electronic nature 

of the defect states.[39] On the other hand, the misfit strain can effectively modulate structure 

symmetry[40], which is possible to tune the defect state and is expected to induce magnetism. 

Therefore, a sound fundamental understanding of their interaction would be of scientific interest in 

terms of the discovery of multiferroic vacancies. 

    Dislocation is the representative of lattice defects with the one-dimensional (1D) periodicity. 

They are lines through the crystal along which crystallographic registry is lost. The 

nonstoichiometric characteristics of dislocation core structure have been clarified both 

experimentally and theoretically [41-45]. For example, the Ti-rich dislocation core structure with 
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oxygen vacancies has been observed in peroviskite oxides directly. Such kind of nonstoichiometric 

atomic structures provides excess electrons that are necessary for the creation of unexpected 

magnetism. In addition, the excess electrons are high likely to be spin-polarized and localized around 

the atomic-scale geometry of core structures due to local irregular atomic structure. Therefore, it is 

a promising candidate to develop one-dimensional atomic-scale multiferroics through the 

dislocation engineering. 

Domain wall (DW) is a two-dimensional (2D) topological defect that is ubiquitous in 

feroelectric materials. The DW is the boundary between adjacent domains that have the same 

polarization directions.[46] The large polarization discontinuity or gradient displayed in the DW 

lead to intrinsic symmetry breaking in local structure, which provides a fascinating platform for 

developing versatile electronic ground state and intriguing novel functionalities.[47-49] The 

ferroelectric DW itself is stoichiometry and thus nonmagnetic. However, the introduction of oxygen 

in the DW will bring about local nonstoichiometry and excess charge, which may have spin-

polarized electronic properties due to the similar low structure symmetry. In addition, it has been 

demonstrated that the oxygen vacancies show the self-organization feature at the DW [50,51], 

resulting in a planar-arrayed concentration of oxygen vacancies. As a result, the accumulation of 

vacancies is likely to change the deficient DW into multiferroic atomic layers. Therefore, the 

interaction of oxygen vacancies and DW provide a novel possibility for novel ultrathin multiferroics. 

Moreover, engineering nonstoichiometric planar defect is another promising methodology for 

the development of 2D multiferroics. Recent developments of layer-by-layer epitaxial engineering 

techniques have triggered the possibility to artificially fabricate perovskite-oxide with 

compositionally abrupt interfaces including Aurivillius compounds [52, 53]. Specifically, the 

Aurivillius-type interface consists of n perovskite unit cells An-1BnO3n+1 that are separated by 

fluoritelike A2O2 layers. The incomplete atomic coordinations and charge-imbalance at the 

Aurivillius interface have the potential to induce interfacial magnetism via charge transfer. Therefore, 

the nonstoichiometric Aurivillius-type interface is a promising candidate to develop two-
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dimensional ultra-thin multiferroics in otherwise nonmagnetic PbTiO3. 

In this thesis, I put focus on the above mentioned oxygen vacancy, dislocation, domain wall 

and interface as representatives of the 0D, 1D and 2D lattice defects, and demonstrate the new 

concept of “defects engineering” for low-dimensional atomic-scale multiferroics in nonmagnetic 

ferroelectrics. 

 

1.3 First-principles calculations  

First-principles calculations based on the Kohn-Sham density functional theory (DFT)[54,55] 

are the effective and necessary tool for the investigation of multiferroic properties in atomic-scale 

dimensions, which are difficult to be directly observed in experiments on such small space-scales. 

In the DFT, the complicated many-body problem is approximated by solving N one-electron 

Schrödinger equations of the noninteracting system within an effective potential Veff(r): 

[−
ħ2

2m
∇2 + Veff(r)] ψ𝑖(r) = ε𝑖ψ𝑖(r), 𝑖 = 1 … 𝑁             (1.1) 

where the effective potential consists of the electrostatic potential of the nuclei, the Hartree potential 

and exchange-correlation potential. The basic variable of electron density can then be obtained and 

the most fundamental information, such as the electrical, mechanical, structural, thermodynamic and 

kinetic properties of a given crystal are derived from the electronic states. Recently, the first-

principles calculations has been widely used to investigate the ferroelectric and multiferroic systems 

[56-58], and it has also been successfully employed to explore and design materials with desired 

multiferroic properties [59-61].     

Since the many-body correlation effects are included in the exchange-correlation potential by 

the one-electron potential functional within the DFT, reliability of first-principles calculations highly 

depend on the exchange-correlation functional. Although the commonly used local or semilocal 

approximations of DFT, such as local density approximation (LDA) or generalized gradient 

approximations (GGA), have been proved very efficient in atomic structure prediction, they usually 
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yield significantly underestimated band gaps [62,63]. This can pose serious problems in the 

description of defect electronic structures and other defect-related properties in the 

nonstoichiometric system containing defects. There have been several attempts to improve on the 

exchange-correlation functional in order to correctly capture the characteristics of defect states. 

Among them, Heyd-Scuseria-Ernzerhof (HSE06) screened hybrid functional, which is the 

combination of GGA functionals with the Hartree-Fock (HF) exchange, has been tested for various 

wide-band-gap oxides and proved to be rationale and essential for the reproduction of not only the 

lattice constant and elastic properties but also band gaps with extremely high accuracy for various 

insulators and semiconductors.[39,64] The tetragonal lattice constant obtained from the HSE06 

hybrid functional used for bulk ferroelectric PbTiO3 is a = 3.86 Å (c/a = 1.071) and the band gap is 

Egap = 3.4 eV. Both of these values are in fairly good agreement with experimental data of a = 3.88 

Å (c/a = 1.071), and Egap = 3.4 eV, respectively, [65] indicating the viability and effectiveness of the 

functional in describing the structural and electronic properties of nonstoichiometric ferroelectric 

oxide PbTiO3. Therefore, I mainly employ the hybrid Hartree-Fock density-functional calculations 

in this thesis to investigate the multiferroic properties in nonstoichiometric PbTiO3 structures.  

 

1.4 Overview of this thesis 

    The aim of this thesis is to demenstrate low-dimensional atomic-scale multiferroics beyond the 

conventional critical size limitation in conventional ferroelectric PbTiO3 by means of ab initio (first-

principles) calculations. In addition, ultimately-small magnetoelectric multiferroics with unusual 

ferroic patterning is developed even in nonmagnetic paraelectric SrTiO3. This thesis is organized as 

follows.  

In Chapter 2, I demonstrate that oxygen vacancies in combinations with the (110)-oriented misfit 

strain give rise to atomic-scale magnetism. The origin of the (anti-)ferromagnetism and the physics 

behind their appearance are revealed from the electronic structures. Furthermore, I suggest the 
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existence of a nonlinear magnetoelectric (ME) effect through the switching of the ferroelectric 

polarization. 

In Chapter 3, atomic-scale linear multiferroics is discovered in Ti-rich PbTiO3 dislocations due 

to the local nonstoichiometry intrinsic to the core structures. I also find that the dislocation exhibit 

antiferromagnetic-ferromagnetic-nonmagnetic phase transitions in response to polarization 

switching. 

In Chapter 4, the interaction between oxygen vacancies and two-dimensional topological defect 

domain wall is studied. The energetics of defects shows the non-trivial self-assembling nature of 

oxygen vacancies towards the DW. Moreover, oxygen vacancies formed at the DW bring about 

magnetism with a localized spin moment around the vacancy site, which thus turns the DW into an 

atomically-thin “multiferroic monolayer”. 

In Chapter 5, I investigate the Aurivillius-type interface in PbTiO3 and propose another 

methodology toward two-dimensional multiferroics utilizing first-principles calculations. The 

charge imbalanced Aurivillius-type structure exhibits high density unoccupied states around the 

interface, which induce interfacial magnetism and coexist with the host ferroelectricity. 

In Chapter 6, atomic-scale magnetoelectric multiferroics is developed in nonmagnetic 

paraelectric SrTiO3 through the introduction of Ti antisite-like (TiSr) defects and their accumulation. 

The spontaneous clustering of TiSr defects further form unusual polarization pattern characterized 

by peculiar vortex polarization. 

Finally, conclusion of this thesis is drawn in Chapter 7. 
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A. Barthelémy, Ferroelectricity Down to at Least 2 nm in Multiferroic BiFeO3 Epitaxial Thin Films, 

Jpn. J. Appl. Phys. 45, L187 (2006). 

[29] I. I. Naumov, L. Bellaiche, H. Fu, Unusual phase transitions in ferroelectric nanodisks and 

nanorods, Nature 432, 737 (2004). 

[30] M. J. Polking, M.-G. Han, A. Yourdkhani, V. Petkov, C. F. Kisielowski, V. V. Volkov, Y. Zhu, 

G. Caruntu, A. P. Alivisatos, R. Ramesh, Ferroelectric order in individual nanometre-scale crystals, 

Nat. Mater. 11, 700 (2012). 

[31] N. A. Hill, Why are there so few magnetic ferroelectrics?, J. Phys. Chem. B 104, 6694 (2000). 

[32] R. V. K. Mangalam, N. Ray, U. V. Waghmare, A. Sundaresan, and C. N. R. Rao, Solid State 

Commun. 149, 1 (2009). 

[33] M. Wang, G.-L. Tan, and Q. Zhang, Multiferroic properties of nanocrystalline PbTiO3 ceramics, 

J. Am. Ceram. Soc. 93, 2151 (2010) 

[34] Z. Zhang, J. Hu, Z. Xu, H. Qin, L. Sun, F. Gao, Y. Zhang, and M. Jiang, Room-temperature 

ferromagnetism and ferroelectricity in nanocrystalline PbTiO3, Solid State Sci. 13, 1391 (2011). 

[35] Shimada, T.; Wang, J.; Ueda, T.; Uratani, Y.; Arisue, K.; Mrovec, M.; Elsasser, C.; Kitamura, T. 

Multiferroic Grain Boundaries in Oxygen-Deficient Ferroelectric Lead Titanate, Nano Lett., 15, 27 

(2015). 



12                                                                   Chapter 1 Introduction 

 

[36] W. W. Lee, W. H. Chung, W. S. Huang, W. C. Lin, W. Y. Lin, Y. R. Jiang and C. C. Chen, J. 

Photocatalytic activity and mechanism of nano-cubic barium titanate prepared by a hydrothermal method, 

Taiwan Inst. Chem. Eng., 44, 660 (2013)． 

[37] T. Hu, Z. Wang, Y. Su, L. Tang，G. Shen，C. Song，G. Han，W. Weng N. Ma and P. Du，

Formation of Ag nanoparticles in percolative Ag–PbTiO 3 composite thin films through lead-rich 

Ag–Pb alloy particles formed as transitional phase, Thin．Solid．Films，524 121 (2012). 

[38] C. L. Jia and K. Urban, Atomic-resolution measurement of oxygen concentration in oxide 

materials, Science 303, 2001 (2004). 

[39] T. Shimada, T. Ueda, J. Wang, and T. Kitamura, Hybrid Hartree-Fock density functional 

study of charged point defects in ferroelectric PbTiO3, Phys. Rev. B 87, 174111 (2013). 

[40] A. Grünebohm, M. Siewert, P. Entel, and C. Ederer, First-principles study of the influence of 

(110) strain on the ferroelectric trends of TiO2, Ferroelectrics 429, 1 (2012). 

[41] J. P. Buban, M. F. Chi, D. J. Masiel, J. P. Bradley, B. Jiang, H. Stahlberg, N. D. Browning, 

Structural variability of edge dislocations in a SrTiO3 low-angle [001] tilt grain boundary, J. Mater. 

Res. 24, 2191 (2009). 

[42] S. Y. Choi, S. D. Kim, M. Choi, H. S. Lee, J. Ryu, N. Shibata, T. Mizoguchi, E. Tochigi, T. 

Yamamoto, S. J. L. Kang, Y. Ikuhara, Assessment of strain-generated oxygen vacancies using 

SrTiO3 bicrystals, Nano Lett. 15, 4129 (2015). 

[43] H. Du, C.-L. Jia, L. Houben, V. Metlenko, R. A. De Souza, R. Waser, J. Mayer, Atomic structure 



Chapter 1 Introduction                                                                   13 

 

 

 

and chemistry of dislocation cores at low-angle tilt grain boundary in SrTiO3 bicrystals, Acta Mater. 

89, 344 (2015). 

[44] K. Szot, W. Speier, G. Bihlmayer, R. Waser, Switching the electrical resistance of individual 

dislocations in single-crystalline SrTiO3, Nat. Mater. 5, 312 (2006). 

[45] S. P. Waldow, R. A. De Souza, Computational Study of Oxygen Diffusion along a [100] 

Dislocations in the Perovskite Oxide SrTiO3, ACS Appl. Mater. Interfaces 8, 12246 (2016). 

[46] L. He, D. Vanderbilt, First-principles study of oxygen-vacancy pinning of domain walls in 

PbTiO3, Phys. Rev. B: Condens. Matter Mater. Phys. 68, 134103 (2003). 

[47] D. Meier, Functional domain walls in multiferroics, J. Phys.: Condens. Matter 27, 463003 

(2015).   

[48] J. Yang, Y. Huang, Q. He, and Y. Chu, Multifunctionalities driven by ferroic domains, J. Appl. 

Phys. 116, 066801 (2014). 

[49] J. Yang, C. Yeh, Y. Chen, S. Liao, R. Huang, H. Liu, C. Hung, S. Chen, S. Wu, C. Lai et al., 

Conduction control at ferroic domain walls via external stimuli, Nanoscale 6, 10524 (2014). 

[50] Y. Kitanaka, Y. Noguchi, M. Miyayama, Oxygen-vacancy-induced 90-domain clamping in 

ferroelectric Bi4Ti3O12 single crystals, Phys. Rev. B: Condens. Matter Mater. Phys. 81, 094114 

(2010). 

[51] Chandrasekaran, A.; Damjanovic, D.; Setter, N.; Marzari, N. Defect ordering and defect–

domain-wall interactions in PbTiO3: A first-principles study, Phys. Rev. B: Condens. Matter Mater. 

Phys. 88, 214116 (2013). 



14                                                                   Chapter 1 Introduction 

 

[52] D. G. Schlom, L.-Q. Chen, C.-B. Eom, K. M. Rabe, S. K. Streiffer, and J.-M. Triscone, Strain 

tuning of ferroelectric thin films, Annu. Rev. Mater. Res. 37, 589 (2007) 

[53] K. Aleksandrov and V. Beznosikov, Hierarchies of perovskite-like crystals (Review), Phys. 

Solid State 39, 695 (1997). 

[54] P. Hohenberg and W. Kohn, Inhomogeneous electron gas, Physical Review, 136, B864 (1964). 

[55] W. Kohn and L. Sham, Self-consistent equations including exchange and correlation effects, 

Physical Review, 140, A1133 (1965). 

[56] C. Wang, G.-C. Guo, L. He, Ferroelectricity Driven by the Noncentrosymmetric Magnetic 

Ordering in Multiferroic TbMn2O5: A First-Principles Study, Phys. Rev. Lett. 99, 177202 (2007). 

[57] T. Shimada, K. Arisue, J. Wang, and T. Kitamura, Ab initio study of multiferroic BiFeO3 (110) 

surfaces, Phys. Rev. B 89, 245437 (2014). 

[58] J. Wang, T. Xu, T. Shimada, X. Wang, T. Y. Zhang, and T. Kitamura, Chiral selectivity of 

improper ferroelectricity in single-wall PbTiO3 nanotubes, Phys. Rev. B 89, 144102 (2014). 

[59] H. J. Zhao, W. Ren, Y. Yang, J. Iniguez, X. M. Chen, and L. Bellaiche, Near room-temperature 

multiferroic materials with tunable ferromagnetic and electrical properties, Nat. Commun. 5, 4021 

(2014). 

[60] A. C. Garcia-Castro, A. H. Romero, and E. Bousquet, Strain-Engineered Multiferroicity in 

Pnma NaMnF3 Fluoroperovskite, Phys. Rev. Lett. 116, 117202 (2016). 

[61] D. Puggioni, G. Giovannetti, M. Capone, and J. M. Rondinelli, Design of a Mott Multiferroic 

http://dx.doi.org/10.1146/annurev.matsci.37.061206.113016
http://dx.doi.org/10.1134/1.1130120
http://dx.doi.org/10.1134/1.1130120


Chapter 1 Introduction                                                                   15 

 

 

 

from a Nonmagnetic Polar Metal, Phys. Rev. Lett. 115, 087202 (2015). 

[62] T. Shimada, T. Uratani, Y. Kitamura, and Takayuki, Vacancy-driven ferromagnetism in 

ferroelectric PbTiO3, Appl. Phys. Lett. 100, 162901 (2012). 

[63] T. Shimada, Y. Uratani, and T. Kitamura, Emergence of ferromagnetism at a vacancy on a non-

magnetic ferroelectric PbTiO 3 surface: A first-principles study, Acta Mater. 60, 6322 (2012). 

[64] F. Oba, A. Togo, I. Tanaka, J. Paier, and G. Kresse, Defect energetics in ZnO: A hybrid Hartree-

Fock density functional study, Phys. Rev. B 77, 245202 (2008). 

[65] S. A. Mabud and A. M.Glazer, Lattice parameters and birefringence in PbTiO3 single crystals, 

J. Appl. Crystallogr. 12, 49 (1979). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16                                                                   Chapter 1 Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                         17 

 

 

Chapter 2  Multiferroic vacancy in epitaxial ferroelectric 

PbTiO3 

 

2.1 Introduction 

In recent years, multiferroic materials with coexisting magnetic and ferroelectric ordering in 

the same phase have attracted considerable attention [1-5]. Although considerable efforts have been 

devoted to fabricating multiferroic materials [6-9], the understanding and discovery of new high 

performance multiferroics remain limited. Perovskite-based ferroelectric materials are excellent 

candidates for potential multiferroic materials because of their excellent piezoelectric response and 

particularly large spontaneous polarization. However, such traditional ferroelectric materials, 

including PbTiO3 and BaTiO3, are intrinsically nonmagnetic because the d0 electronic configuration 

of the transition metal Ti4+ ions in these ferroelectric materials clearly contradicts a requirement of 

magnetism, namely, the partial occupation of d states [10]. 

Oxygen vacancies, one of the most abundant types of defects in oxide materials, are inherently 

present in ferroelectric oxide thin films during their synthesis and deposition processes [11]. The 

presence of these vacancies not only gives rise to a partial loss of short-range interactions, but also 

breaks the balance of long-range Coulombic interactions when positively or negatively charged. 

Thus, ferroelectricity, which originates from a delicate balance between long-range Coulombic 

interactions and short-range repulsive interactions, can be strongly affected by oxygen vacancies. 

Moreover, oxygen vacancies can bring about an intriguingly rich variety of additional phenomena 

and functionalities that perfect host materials do not possess, such as n-type conductivity [12], 

unexpected dielectric response around room temperature [13], etc.  
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However, oxygen vacancies have nothing to do with the desired multiferroics because of the 

spin un-polarized nature of the defect states, as verified by the hybrid Hartree-Fock density 

functional [14]. Therefore, an alternative design concept and route for multiferroic materials with 

nonmagnetic ferroelectrics is necessary, rather than merely the introduction of vacancies. On the 

other hand, ferroelectric thin films are normally fabricated by epitaxial growth on thick substrates, 

unavoidably resulting in tensile or compressive strains. Epitaxial strain plays an important role in 

tuning ferroelectric, magnetoelectric and other properties [15-18]. Generally, strain and defects are 

intrinsically coupled: vacancies can induce local perturbation of the lattice and generate tensile and 

compressive stresses, while strains can tune the vacancy configuration and formation energy [19,20]. 

With these two key ingredients of the modification of material properties intertwined and 

indispensable in ferroelectric oxide perovskite, a sound fundamental understanding of their 

interaction and driven properties would be crucial for materials design and of scientific interest. 

Particularly, the (110) misfit strain is fundamentally different from the common (001) strain, which 

makes it possible to break lattice symmetry and hence obtain new crystal phases and novel 

functionalities that are not available in the case of the (001) strain [21,22]. 

    In this chapter, I present a brand-new path toward the realization of the atomic-scale 0D 

multiferroic properties in oxygen-deficient epitaxial (110) ferroelectrics based on the convincing 

hybrid Hartree-Fock density-functional theories. The PbTiO3 phase diagram is obtained as a function 

of (110) epitaxial strain. Importantly, it is successfully determined that oxygen vacancies in 

combinations with (110)-oriented misfit strain give rise to ferromagnetism or antiferromagnetism 

depending on the orientation of the vacancies. The origin of the ferromagnetism and the physics 

behind the appearance of ferromagnetism are clarified. Furthermore, the strong magnetoelectric (ME) 

effect is demonstrated through the rotation of polarization. 
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2.2 Simulation procedure 

First-principles calculations based on density-functional theory (DFT) are performed with the 

VASP program code [23,24], using the projector-augmented wave potentials [25] that explicitly treat 

the Pb 5d, 6s, and 6p, the Ti 3s, 3p, 3d, and 4s, and the O 2s and 2p electrons as valence states. A 

plane-wave basis set with an energy cutoff of 500 eV is chosen for the electronic wave function. 2 

× 2 × 2 Monkhorst-Pack k-point mesh is used for Brillouin zone (BZ) integrations. The effect of 

spin polarization is included in all calculations. The Heyd-Scuseria-Ernzerhof (HSE06) screened 

hybrid functional [26,27] is employed as the exchange, which incorporates 25% of the exact 

exchange from Hartree-Fock theory and 75% exchange from the Perdew-Burke-Ernzerhof 

functional (PBE) [28] of the generalized gradient approximation (GGA), as suggested by Heyd et al 

[29]. A screen parameter of 0.2 Å–1 is used for the semilocal exchange as well as for the screened 

nonlocal exchange.  

Figure 2.1(a) illustrates the simulation supercell constructed from the prototype unite cell with 

the spontaneous polarization along [100]. The x, y, and z axes in the Cartesian setting are along [11

0], [001] and [110] directions, respectively. The supercell contains 120 atoms and the dimensions in 

the x, y, and z directions are sub22 a , sub3a , and 
222 ca  , respectively, where suba  is the cubic 

lattice parameter of the (110) substrate, and a and c are the lattice constants of tetragonal PbTiO3 

obtained from the HSE06 hybrid functional. The epitaxial constraint from (110)-oriented cubic 

substrates with different lattice parameters ( suba ) is treated implicitly by constraining the in-plane 

vectors of the supercell. I consider a range of in-plane strains from -4% to +4%, corresponding to 

suba  values between 3.78 Å and 4.10 Å. During the calculations, the two in-plane vectors are kept 

fixed to simulate the (110) pseudoepitaxy, while the out-of-plane vector and internal atomic 

positions are fully relaxed until the maximum Hellmann-Feynman forces are less than 0.01 eV/Å.  

http://en.wikipedia.org/wiki/Hartree%E2%80%93Fock_theory
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An oxygen vacancy in PbTiO3, denoted as Vi (i = O1, O2, O3), is simulated by removing the 

corresponding oxygen atom from the calculated supercell and then relaxing the atomic positions at 

each epitaxial condition. Owing to the symmetry breaking of the supercell under epitaxial (110) 

strain, there are three kinds of inequivalent oxygen vacancies in the model that are located in the 

non-polar [001] and [010] directions (VO1, VO3), and the polar [100] direction (VO2) relative to the 

Ti atom, respectively (see Figure 2.1(b)). 

 

 

 

 

Figure 2.1. Simulation model for O1, O2, and O3 vacancies in (110) epitaxial PbTiO3. (a) The 

simulation supercell model for (110) epitaxial PbTiO3 used in the present study. The supercell 

contains 120 atoms. The green plane shows the epitaxial (110) plane subjected to misfit strain. (b) 

Three different kinds of oxygen vacancies in the model, VO1, VO2, and VO3. 
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Figure 2.2. Crystal phase diagrams and the corresponding spontaneous polarization in epitaxial 

(110) PbTiO3. The red and blue dotted lines indicate the MC-O and MC-Tri phase transitions, 

respectively. The Px, Py, and Pz correspond to polarization along [110], [001], and [110] directions, 

respectively. 
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2.3 Results and discussion 

2.3.1 Crystal phase stabilities under different misfit strains 

The total energy and spontaneous polarization as a function of misfit strain ε is calculated as 

shown in Figure 2.2. The polarization is calculated by the modern theory of polarization based on 

the Berry phase theory. For the present range of epitaxial strains, the epitaxial (110) PbTiO3 exhibits 

three types of low-symmetry ferroelectric phases, viz., the monoclinic MC (Pm), orthorhombic O 

(Amm2), and triclinic Tri (P1) phases. The lowest energy structure is the MC phase (β = γ = 90°, α ≠ 

90°), characterized by a combined polarization along the x and z directions (roughly the [100] 

direction) at zero misfit strain ( suba = 3.94 Å). With increasing tensile strain, the total energy of the 

MC phase increases, triggering a transition to the triclinic phase (β ≠ α ≠ γ = 90°) at a critical misfit 

strain of 0.5%. In this phase, a polarization component appears along the y direction, and the 

direction turns to nearly [501] at this critical point. Then, the total energy increases with increasing 

tensile strain. At the same time, the in-plane polarization component (x and y directions) tends to 

increase as well, whereas the out-of-plane polarization component (z direction) decreases, indicating 

that the polarization gradually rotates to [11 1], as shown in Figure 2.2. The total energy of the MC 

phase also increases with increasing compressive strain, and the polarization gradually rotates from 

[100] to [110] as its component along the z direction increases while that along the x direction 

decreases. This trend continues until the compressive strain exceeds 1.8%, at which point the MC 

phase becomes metastable, in favor of the O phase (β = γ = α = 90°) with its polarization lying along 

the purely out-of-plane [110] direction (MC-O phase transition). In the following study, I focus on 

the phases that have the lowest total energy for each in-plane strain.  
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Figure 2.3. Magnetic diagrams in epitaxial (110) PbTiO3. (a) (c) (e) Magnetic moments and 

magnetic phases for the oxygen vacancies, VO1, VO2, and VO3, respectively, as a function of the 

misfit strain, ε. (b) (d) (f) Spatial magnetic spin-density distribution around VO1, VO2, and VO3, 

respectively. The yellow and blue areas indicate the iso-surfaces of spin densities of +0.015 and 

−0.015 μB/Å3.  
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2.3.2 Magnetic moments driven by vacancies 

Figure 2.3 shows the magnetic spin moments and magnetic configurations of oxygen vacancies 

in different crystal phases under various misfit strains. For the strain-free state of the MC phase, no 

spin moment is observed in any of the three types of oxygen vacancies, in agreement with the 

previous results of hybrid function studies on oxygen vacancies in strain-free ferroelectric oxides 

[30]. On the other hand, when the misfit strain is larger than 1.5% (as in the triclinic phase), a 

nontrivial total magnetic moment, M, of 2.0 μB emerges in VO1. As seen in Figure 2.3(b), the emerged 

magnetic moment is positive and mainly concentrated around the neighboring Ti atom located in the 

[001] direction with respect to the VO1 site, which indicates the appearance of ferromagnetism (FM) 

in the intrinsically nonmagnetic (NM) PbTiO3. As in the case of VO1, a nonzero spin moment (M = 

2.0 μB) is also observed for the VO2 configuration in the tensile-strained structure (see Figure 2.3(c)), 

whereas the NM-FM transition point is located at a strain of 0.5%, where the MC-Tri phase transition 

occurs. Moreover, a nonzero spin moment (M = 2.0 μB) is also found when VO2 forms in the O phase  

under compressive strains larger than 1.8%, where no magnetic moment is observed in the former, 

VO1 case. Again, both of the magnetic moments favor the FM state, as can be seen from their 

magnetic distribution in Figure 2.3(d). As for the presence of VO3, a similar situation is observed: a 

non-zero a spin moment is associated with the nonequivalent oxygen vacancy (VO3) in the O phase, 

as well as in the triclinic phase when the misfit strain is larger than 3.0% (see Figure 2.3(e)). In the 

O case, magnetism is particularly distributed around the Ti atom adjacent to the O3 vacancy, 

similarly to the VO1 and VO2 induced spin moment, which brings about ferromagnetic coupling. 

Strikingly, in the triclinic phase, the emerging spin moments with a positive or negative value are 

localized at two neighboring Ti atoms along the [010] direction and are definitely characteristic of 

the antiferromagnetic (AFM) configuration (see Figure 2.3(f)), leading to no net magnetic moment 

in the system. These results indicate that the interplay of oxygen vacancies and strain in the (110) 

epitaxial thin film can in fact bring about FM or AFM in PbTiO3, depending on the Vi configuration.  
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2.3.3 Electronic structures and defect states 

To shed further light on the origin of ferromagnetism in oxygen-deficient epitaxial (110) 

PbTiO3, the electronic density of states (DOS) of oxygen vacancies in the system are analyzed 

comprehensively. I commence with the spin-resolved total DOS of nonmagnetic VO1 in the strain-

free thin film as illustrated in Figure 2.4(a), where the red and blue lines represent the spin-up and 

spin-down channels. Remarkably, I can find a new isolated electronic state distinct from perfect 

(defect-free) PbTiO3 crystals between the valence band maximum (VBM) and conduction band 

minimum (CBM). This new state is thus introduced by the oxygen vacancy and is characteristic of 

the defect state. The defect state is fully occupied by an up and down spin. Thus, the strain-free thin 

film containing VO1 is nonmagnetic owing to the absence of unpaired spins. I further investigate the 

spatial distribution of the squared wave function of the defect state, as shown in Figure 2.4 (b). 

The squared wave function concentrates around the VO1 site and the two adjacent Ti atoms, 

exhibiting the localized characteristic of the defect states. The defect state is mainly attributable to 

the 2z
d orbital, which is covalently bonded to the pz orbital of the O1 atom in the defect-free bulk 

PbTiO3. Thus, the ruptured bonding with an oxygen atom due to the formation of VO1 should result 

in the 2z
d defect state localized around the Ti atom. The result is in fairly good agreement with 

experimental observations where Ti4+ is reduced to Ti3+ in an oxygen-deficient octahedron as a 

mechanism of charge compensation [31]. By contrast, for the VO1 in the triclinic phase at ε = 3.0% 

(see Figure 2.4(c)), we can find two distinct localized in-gap defect states, which are located at levels 

of 1.44 eV and 1.85 eV above the VBM, respectively. Interestingly, both of these defect states are 

now partially occupied by a spin-up electron, and thus are spin-polarized. This spin polarization of 

the defect states is responsible for the ferromagnetism that emerges in VO1 with a magnetic moment  

  

2

e
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Figure 2.4. Defect electronic structures in the strain-free and triclinic PbTiO3. (a) (c) Electronic 

density of states (DOS) of nonmagnetic VO1 and ferromagnetic VO1, respectively. Red and blue 

indicate the majority and minority spin states, respectively. (b) (d) Squared wave functions of defect 

states in the strain-free thin film and in the triclinic phase, respectively. The orange and light blue 

iso-surfaces are the majority and minority spin densities of 0.015 Å−3, respectively. 
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Figure 2.5. Defect electronic structures in the strain-free and triclinic PbTiO3. (a) (c) Electronic 

density of states (DOS) of nonmagnetic VO2 and ferromagnetic VO2. Red and blue indicate the 

majority and minority spin states, respectively. (b) (d) Squared wave functions of the defect states 

in the strain-free thin film and in the orthorhombic phase, respectively. The orange and light blue 

iso-surfaces are the majority and minority spin densities of 0.015 Å−3, respectively. 
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of 2.0 μB. Inspection of the shapes of the squared wave-functions in Figure 2.4(d) reveals that the 

lower defect state is localized at the adjacent Ti atom possessing a 2z
d orbital character, which is 

identical to that of the VO1 in the strain-free state, while the higher defect state is dominated by a  

new distinctive dzx orbital. The appearance of this new dzx defect state leads to splitting of the original 

fully occupied state into two partially occupied states. This crucial dzx-dominated defect state may 

arise from the symmetry breaking of the triclinic phase through (110) tensile epitaxial strain: In the 

strain-free MC phase, the crystal structure nearly close to tetragonal P4mm symmetry with 

spontaneous polarization along the [100] direction. The application of a tensile misfit strain breaks 

the mirror symmetry in the [001] and [010] directions as the polar axis gradually rotates toward 

these two directions, resulting in two nonequivalent Ti atoms adjacent to the vacancy. Thus, the 

crystal phase transition to a lower symmetry breaks the orbital symmetry of the initial 2z
d -

dominant defect state, and at the same time, induces the additional dzx-dominant state. 

The ferromagnetism observed in VO2 under misfit strains can be traced to a similar origin. VO2 

without misfit strain does not induce splitting of the up-spin and down-spin defect states either, with 

two electrons occupied in the defect state (Figure 2.5(a)). This defect state exhibits a localized 

feature in the vicinity of VO2 and the neighboring Ti atom, characterized by a 22 yx
d


orbital, as seen 

in Figure 2.5(b). In contrast, I observe orbital symmetry breaking of the defect electronic structures 

of VO2 in both the O and Tri phases. For VO2 in the triclinic phase, a new occupied localized state is 

created owing to the symmetry breaking along the [001] direction. Besides, I find that the defect 

states, normally localized between VO2 and the neighboring Ti atom in the strain-free state, also 

readily break into two distinct orbital states in the O phase (see Figures. 2.5(c) and (d)). The lower-

level state is identical to the original 22 yx
d


-dominant state, while the higher defect state is 

contributed by dxy. Clearly, the splitting of the 22 yx
d


orbit is responsible for the appearance of the 
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new dxy state. This orbital splitting again stems from the crystal symmetry breaking in the O phase 

through a compressive misfit strain, where the mirror symmetry is broken in [010] as the 

spontaneous polarization component emerges in this direction. 

The nature of the antiferromagnetism in VO3 is also present in the electronic defect states shown 

in Figure. 6. As in the case of the other oxygen vacancies, VO3-induced spin-unpolarized impurity 

levels are symmetrically occupied by two electrons in the absence of a misfit strain. These impurity 

levels are formed from the dangling 22 yx
d


-dominant orbital of two adjacent Ti atoms coordinating 

the vacancy site. In contrast, VO3 in the O phase has in-gap states with two mixed 
2

e
 , mainly 

localized at the nearest Ti atom. The origin of the orbital splitting and the induced ferromagnetism 

is similar to the symmetry breaking of VO2 in the O phase under compressive strain, so I will not go 

into it in detail here. However, I note that the electronic features of the defect are totally different in 

the triclinic phase under tensile misfit strain, where two defect states appear at slightly distinct 

energy levels of 1.52 eV and 1.62 eV above VBM, respectively (see Figure 2.6(c)). These two 

electronic-occupied states, mainly formed by dxy states, have different spin directions: the lower 

defect state is up-spin, localized at the adjacent Ti atom, while the higher one is down-spin, localized 

at the other adjacent Ti atom (Figure 2.6(d)). Upon comparing these two defect states with their 

strain-free counterpart, which is distributed purely along the [010] direction, it is natural to conclude 

that the split of the defect states may also be attributed to the [001] and [010] symmetry break, as in 

the case of VO1 in the triclinic phase. It should be noted that this antiferromagnetic configuration 

may arise from the spin superexchange through indirect d-d hopping between the two equivalent 

Ti3+ ions paired by VO3, as reported for oxygen vacancies in TiO2 [32]. 
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Figure 2.6. Defect electronic structures in the strain-free and triclinic PbTiO3. (a) (c) Electronic 

density of states (DOS) of nonmagnetic VO3 and ferromagnetic VO3. Red and blue indicate the 

majority and minority spin states, respectively. (b) (d) The squared wave functions of the defect 

states in the strain-free thin film and in the orthorhombic phase, respectively. The orange and light 

blue iso-surfaces are the majority and minority spin densities of 0.015 Å−3, respectively. 
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2.3.4 Multiferroic Phase Transition and Magnetoelectric Coupling 

I further demonstrate the (multi-)ferroic ground state and the marked influence of electric 

polarization on magnetism driven by oxygen vacancies, which are intrinsically and tightly coupled 

to each other. The misfit ferroic phase diagram of epitaxial (110) PbTiO3 is shown in Figure 2.7(a). 

The system remains purely ferroelectric (FE) without magnetism at zero misfit strain, owing to the 

unpolarized nature of all the oxygen vacancies. On the other hand, when the misfit strain increases 

to 0.5% or decreases to -1.8%, ferromagnetism turns to appear in the intrinsically ferroelectric phase, 

indicating the occurrence of a multiferroic phase transition under these misfit strains. Furthermore, 

the ME effect is evident: The initial [100] polarization can switch to the [010] direction by means of 

the applied electric field, leading to nonequivalent oxygen vacancy configurations, hence, the 

emergence of different magnetic characteristics. Figure 2.7(b) shows the magnetic phases of VO2 

and VO3 in the triclinic crystal phase (ε = 3.0%) after switching of the polar axis and in the initial 

[100] polarization structure. Through this polarization switching, VO2 undergoes an FM-AFM phase 

transition, while VO3 undergoes the reverse (AFM-FM) phase transition, which leads to the ME 

effect in epitaxial (110) PbTiO3. The above results are observed because the VO2 in the [010] 

polarization state (after switching) is symmetrically identical to the VO3 in the initial [100] 

polarization system (before switching), and VO3 is symmetrically equivalent to the original VO2 after 

the switch, which causes the VO2- and VO3-induced magnetic properties to interchange. Similarly, I 

can also get an FM-NM phase transition and the resulting ME effect in the O phase through further 

polarization switching. Therefore, tuning of the unusual interaction between oxygen vacancies and 

mechanical strains with the appropriate choice of substrate provides an appealing route to realizing 

multiferroic transition and the magnetoelectric effect for conventional ferroelectrics. 
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Figure 2.7. Multiferroic and magnetoelectric coupling in epitaxial (110) PbTiO3. (a) Misfit ferroic 

phase diagram. The lattice parameters for some candidate substrates, viz., LaAlO3 (LAO), NdGaO3 

(NGO), SrTiO3 (STO), DyScO3 (DSO), GdScO3 (GSO), NdScO3 (NSO), and LaScO3 (LSO), are 

also shown. (b) Magnetic phase transition of VO2 and VO3 via polarization switching in the triclinic 

phase. 
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2.3.5 Discussion 

On the basis of the above results, here I suggest a new strategy for the synthesis of multiferroics 

by engineering the unusual defect-strain interaction. The epitaxial (110) PbTiO3 considered here 

(from -4% to 4%) is feasible by commonly used practical substrates, such as LaAlO3, NdGaO3, 

SrTiO3, NdScO3, and LaScO3[16,33]. Thus, the ferromagnetism and antiferromagnetism predicted 

here are experimentally accessible. In addition, the mobility of the oxygen vacancies can provide 

means of manipulation of MF and ME properties in terms of their concentration and distribution 

[34-38]. Thus, it becomes possible to spatially modulate the multiferroic order parameter through 

oxygen vacancy engineering, which leads to functional vacancies and even to a certain degree of 

control over the location, size, and distribution of oxygen vacancies[34,35]. The ability to 

manipulate the migration and diffusion of oxygen vacancies with an external electric field[36,37] or 

through other factors [38] also enables the multiferroic element to have a dynamic response. Such 

controllable variation of the multiferroic element is of interest from the viewpoint of potential 

application in future novel multiferroic memory devices.  

Very recently, it has been reported that dilute (anti-)ferromagnetism emerges in nanocrystals of 

ferroelectric PbTiO3, whereas the origin was different from the present one, but was the grain 

boundaries coupled with oxygen vacancies [39-41]. Despite their different origins, the key for the 

unexpected ferromagnetism was also the defect states distinct from those in the bulk counterpart, 

which therefore support the present results for the similar mechanism. Thus, in addition to vacancy-

grain boundary interactions, vacancy-strain interactions can also efficiently activate local magnetism 

in nonmagnetic ferroelectric materials and may enhance MF properties. The basic design concept 

here can be transferred to other functional transition-metal oxides that are intrinsically nonmagnetic 

to induce (anti-)ferromagnetism, and has significant practical implications in the modification of 

material properties, which are usually governed by an interplay of several elementary processes.  
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2.4 Conclusion 

In summary, I demonstrate the emergence of ferromagnetism and antiferromagnetism in oxygen-

deficient (110) epitaxial ferroelectric lead titanate thin films and elucidate the electronic-level origin 

mechanism by performing hybrid Hartree-Fock density-functional calculations. The crystal phase 

transitions (Tri-MC-O transitions) are determined as a function of the misfit strain. There is no 

magnetic spin polarization for oxygen vacancies in the strain-free state, while finite misfit strains 

induce spin moments with various magnetic configurations, depending on the symmetry breaking at 

the oxygen vacancy and the epitaxial strain conditions. The driven magnetic spin moment owes to 

spin-polarized defect states caused by orbital symmetry breaking due to crystal symmetry breaking 

through a misfit strain. In addition, the local magnetic phase at the defect can be electrically switched 

through FM-AFM-NM phase transitions by reversing the polarization, which suggests nonlinear 

magnetoelectric coupling between magnetic and polarization orders. The present results provide a 

new path towards the realization of multiferroics in conventional ferroelectrics, and will also provide 

significant insights into novel and extra functionalities in oxides. 
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Chapter 3  Multiferroic dislocations in ferroelectric PbTiO3 

3.1 Introduction  

Atomically thin multiferroics with coexistence and cross-coupling of ferroelectric and 

(anti)ferromagnetic order parameters are promising for novel magnetoelectric nanodevices. 

However, the ferroic orders are radically restricted by the critical thickness, below which one or both 

of ferroic orders inevitably disappear. The critical size has been intensively investigated both 

experimentally and theoretically, especially for the ferroelectric order [1-3], which arises from a 

complicated balance between long-range Coulomb and short-range interactions [4]. The surface 

effects and depolarization field due to accumulated charges at surfaces and interfaces suppress and 

even destabilize the ferroelectric order as the size of materials approach nanoscale dimensions. The 

critical thickness for ferroelectricity has been revealed to be approximately 2-5 nm [1,5,6], thus 

fundamentally hampering and limiting their practical application in ultrahigh-density integration of 

multiferroic devices. Therefore, an alternative new concept or strategy is needed for the realization 

of ultimately-thin multiferroics. 

Dislocations are the one-dimensional lattice defects that are pervasive in perovskite oxides as 

the result of crystal deformations, and typically degrade material properties and device functionality 

due to atomic disorder.[7-8] However, in some cases, dislocations can also present an opportunity 

to enhance the host material performance or can even produce exceptional phenomena that differ 

substantially from those exhibited by perfect crystals, such as unusual conductivity,[9,10] 

superconductivity[11] and enhanced mass transport.[12] These effects are attributed to the 

translational discontinuity of dislocation cores that locally alter the stoichiometry or electronic 

properties of the material.[13,14] Peculiar physical attributes such as these have provided novel 

opportunities to fabricate one-dimensional nanostructures with exotic properties inside crystalline 
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solids through dislocation technology, as has been recently demonstrated through experimental 

trials.[15 -17] The resulting novel device concepts based on dislocation engineering or control 

suggests the possibility of fabricating extremely thin multiferroic based on oxides in view of the 

atomic-scale geometry of the core structures. 

In this Chapter, I explored the magnetic properties of individual dislocations in the typical 

nonmagnetic ferroelectric material PbTiO3, and suggest a new pathway toward one-dimensional 

ultimately thin magnetoelectric multiferroics. Systematic first-principles calculations demonstrated 

that local nonstoichiometry intrinsic to naturally occurring dislocations generates 

(anti)ferromagnetism with highly localized spin moments at atomic-scale core centers, coexisting 

with the host ferroelectricity. The emerging magnetic properties strongly depend on the morphology 

of the constituent dislocations and the polarization configurations, accompanied by the 

antiferromagnetic-ferromagnetic-nonmagnetic (AFM-FM-NM) phase transitions. These results 

suggest a new means of fabricating one-dimensional multiferroics thinner than the critical thickness 

of intrinsic multiferroics through the dislocation engineering. 
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Figure 3.1 Simulation models of PbTiO3 edge dislocation with (a) Ti-rich (b) Pb-rich core structures. 

The black solid hexahedron denotes the simulated triclinic supercell with a dislocation dipole. The 

supercell dimensions are 11a, 5a and 2a unit cells, respectively, along a1, a2 and a3. In the Ti-rich 

dislocation core, two oxygen atoms are removed, while in the Pb-rich core two Pb vacancies are 

introduced. 
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3.2 Simulation procedure 

The PbTiO3 edge dislocations were simulated from first-principles calculations within the 

density functional theory (DFT) using the VASP code.[18,19] The exchange-correlation energy was 

treated by employing the generalized gradient approximation corrected with an on-site Hubbard 

correction U, applying values of U = 4.531 eV and J = 0.555 eV for Ti 3d orbitals, which were 

accurately derived from constrained DFT calculations.[20] It is necessary and reasonable to employ 

the DFT+U scheme to predict the structural and electronic properties of wide band-gap oxides (such 

as PbTiO3) with defects or nonstoichiometry,[21,22] especially for the large simulation system.  

The potentials treat Pb 5d, 6s, and 6p, the Ti 3s, 3p, 3d, and 4s, and the O 2s and 2p electrons as 

valence states. The electronic wave functions are expanded using a cut-off energy of 500 eV. A 

1×1×2 Monkhorst-Pack k-point mesh6 is employed. All the atomic positions are optimized until the 

maximum Hellmann-Feynman forces are less than 0.05 eV/Å.  

The dislocations were studied via the periodic supercell approach using the dipole model,[23] 

as shown in Figure 3.1, which results in stress-free conditions at the core structures. To avoid 

undesirable core-core interactions, the dislocation distances were set to greater than 20 Å, with the 

dimensions along the three cell vectors of the supercell being 11a, 5a and 2a, respectively. Both 

Ti-rich and Pb-rich dislocation core structures with O and Pb deficiencies, respectively, were 

considered inspired by experimental observations and theoretical implications.[24-28] 

Spontaneous polarizations were aligned in the [100], [010], [001] and [010] directions, respectively, 

to study the effect of the polar directions.  
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Table 3.1. Total magnetic moments, M (μB), and magnetic phases of dislocations in Pb-rich and Ti-

rich morphologies at different polarizations. 

Morphology Pb-rich   Ti-rich 

Polar direction [001] [100] [010] [010]  [001] [100] [010] [010] 

M (in μB) 0.00  0.00  0.00  0.00    0.00 2.18 0.00 0.00 

Magnetic phase NM NM NM NM   AFM FM NM AFM 

 

3.3 Results and discussion 

3.3.1 Magnetic properties of dislocations with different polarization directions. 

The magnetic moments and spin configurations of dislocation systems with different 

polarization configurations were systematically explored, and the results are summarized in Table 

3.1. No spin moment is observed in the case of the Pb-rich dislocations, regardless of the polarization 

configuration, and the system remains in a nonmagnetic state, just as in ideal defect-free PbTiO3. 

Surprisingly, the Ti-rich dislocation core structures are associated with rich magnetic behaviors 

depending on the polar direction. I initially focus on the Ti-rich dislocation with [001] polarization 

along the dislocation line. In this scenario, separate nonzero, nontrivial magnetic moments appear 

around the dislocation region (Figure 3.2(a)), conferring antiferromagnetism on the intrinsically 

nonmagnetic PbTiO3. The emerging moments in the core centers form a checkerboard-like 

antiferromagnetic spin configuration in the (010) plane, in which the nearest-neighbor spins are 

aligned antiparallel. The remaining paired magnetic moments are also aligned in an 

antiferromagnetic configuration on the adjacent Ti sites at tensile regions below the core centers. As 

a result, there is no net overall spin polarization in the system. This localized emerging magnetism 

is embedded within the ambient ferroelectric host, enabling the dislocation structure to act as an  

 



46                                 Chapter 3  Multiferroic dislocations in ferroelectric PbTiO3 

 

 

Figure 3.2. Magnetic spin-density distributions in Ti-rich dislocations with spontaneous polarization 

along the (a) [001], (b) [100], (c) [010] and (d) [010] directions. The cross-sectional views along 

and perpendicular to the dislocations are shown in the upper and lower panels in each picture. The 

red arrows indicate the spontaneous polarization, and the yellow and green regions denote 

isosurfaces with magnetic spin densities of 0.04 and -0.04 μB/Å3, respectively. 
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atomic-scale multiferroic channel below the critical size of intrinsic multiferroics.  

In contrast, when the initial polarization is rotated to the perpendicular [100] polar axis, the 

antiferromagnetic state rapidly transforms into a ferromagnetic state with a total magnetic spin 

moment of 2.18 μB, exhibiting a remarkable nonlinear magnetoelectric effect. The emerging 

magnetic moments are located solely on the Ti atoms in the left side of dislocation core (Figure 

3.2(b)), while the moments on the other side are negligible, due to symmetry breaking along the 

[100] direction. On switching the initial polarization to the [010] direction, the emerging magnetic 

moments disappear and the system undergoes a magnetic phase transition to the same nonmagnetic 

state as the host ferroelectric PbTiO3 (Figure 3.2(c)). Interestingly, antiferromagnetism appears again 

in the Ti-rich dislocation core upon polarization reversal toward the [010] direction. The induced 

spin moments are strictly confined to two Ti-Ti pairs in the core center, forming the distinct striped 

antiferromagnetic structure presented in Figure 3.2(d). The magnetic orders can therefore be 

repeatedly switched on and off electrically, which is promising with regard to potential low-power 

electrical writing in spintronic devices. All these results suggest that both the dislocation core 

structure and the electric polarization are important for the emergence of magnetism. Therefore, the 

dislocations with Ti-rich morphology display magnetic features and undergoes the rich AFM-FM-

NM phase transitions in response to polarization switching. 

3.3.2 Electronic characteristics of dislocations 

To elucidate the underlying mechanism for the emergence of magnetism associated with the 

Ti-rich dislocations and the coupling between electric and magnetic polarizations, the electronic 

band structures of systems with different polarization configurations were analyzed 

comprehensively. In the case of an antiferromagnetic dislocation core structure with polarization 

along the [001] direction, four new, distinct states are observed within the bandgap ((i), (ii), (iii) and 

(iv)), among which (i), (ii) and (iii) represent spin-polarized defect states and (iv) is a degenerate  
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Figure 3.3. (a) Electronic band structures of Ti-rich dislocations with polarization along the [001] 

direction. The green line denotes the Fermi level. The red and blue lines indicate the majority- and 

minority-spin orbitals, respectively, the pink line denotes majority- and minority-spin states, and the 

black line is the degenerate state. (b)-(d) The squared wave functions of the in-gap states. The orange 

and light-blue colors indicate isosurfaces of majority- and minority-spin densities of 0.04Å-3, 

respectively. The squared wave function of the degenerate state (iv) is shown in Figure 3.4. 

 

 

. 

Figure 3.4. The squared wave functions of degenerated state (iv) in the Ti-rich dislocation with 

polarization along [001]. The white colors indicate isosurfaces of degenerate densities of 0.04Å-3. 
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state (occupied by identical spin-up and spin-down electrons at the same crystal site) with metallic 

characteristics (Figure 3.3 and Figure 3.4). These states are absent in a perfect PbTiO3 crystal and 

are therefore characteristic of defect states introduced by a dislocation structure. The (i) band is 

occupied by majority-spin and minority-spin electrons, whereas states (ii) and (iii) are partially filled 

by minority and majority spins, respectively. The net magnetic moment is thus zero and the 

dislocation appears antiferromagnetic state. These spin-polarized excess electrons originate from the 

nonstoichiometry of the dislocation core structures. The atomic composition of the Ti-rich 

dislocation system is composed of 110 Pb, 112 Ti and 326 O atoms, which deviates from the 

stoichiometric composition of bulk PbTiO3. This nonstoichiometric composition results in a net 

charge of +8 per dislocation based on the nominal ionic charges of Pb2+, Ti4+ and O2-, thus producing 

a charge imbalance and an n-type electronic character. As can be seen from the shape of the squared 

wave functions in Figures 3.3(b)-(d), the (i) band accommodating the majority and minority spin 

electrons is ascribed to d-dominant orbitals that are separately localized at the two Ti atoms in the 

tensile zone in opposite spin directions. The spin-down band (ii) and spin-up band (iii) are primarily 

distributed in the core center of the Ti atoms, forming a checkboard pattern in which the nearest-

neighbor spins are aligned antiparallel. These localized and separated spin-polarized electrons result 

in spin polarizations arranged in antiferromagnetic ordering around the core center and the 

neighboring tensile region. 

In the case of a ferromagnetic dislocation with a [100] polarization configuration, eight new 

spin-polarized localized states appear within the band gap, due to the nonstoichiometry of the core 

structure (Figure 3.5). Five of these states ((i), (iii), (iv), (vi) and (vii)) are majority spin, and the 

other three ((ii), (v) and (viii)) are in minority spin states. These spin-polarized defect states 

contribute to a total magnetic moment of 2.18 μB in the dislocation system. Upon closer inspection 

of the squared wave function of these defect states, the excess electrons are also found to stem from 

d orbitals of dislocation core Ti atoms. Among these, the opposite sign paired states of (i) and (ii), 
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(v) and (vi), (vii) and (viii) are localized on the same sites, and so do not contribute to the net 

magnetism, while the majority-spin charge density of the (iii) and (iv) states are situated to the left 

side of the core center, in line with the distribution of the emerging magnetism. Similar results are 

obtained in the case of antiferromagnetic dislocation systems with spontaneous polarization along 

the [010] direction, in which one defect state is spin-polarized with spin-up and spin-down electrons 

localized at different sites, and the remaining three defect states are degenerate and occupied by 

identical majority and minority electrons, as shown in Figures 3.6 and 3.7. It should also be noted 

that the defect states in the Ti-rich dislocations with polarization along the [010] direction are all 

degenerate and spin-unpolarized, leading to a nonmagnetic state for this polar configuration (Figure 

3.8). Therefore, the unbounded Ti 3d spin-polarized electrons arising from the local 

nonstoichiometric and the crystal symmetry reduction associated with the intrinsic polar direction 

are responsible for the emergence of the unexpected magnetism. Similar reduction of the Ti 

oxidation state from +4 has also been observed at the dislocation cores of oxide materials 

experimentally.[10,26] 
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Figure 3.5. (a) Electronic band structures of Ti-rich dislocations with polarization along the [100] 

direction. The green line denotes the Fermi levels, the red and blue lines indicate the majority- and 

minority-spin orbitals, respectively. (b)-(i) The squared wave functions of the in-gap states. The 

orange and light-blue colors indicate isosurfaces of majority- and minority-spin densities of 0.04Å-

3, respectively. 
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Figure 3.6. (a) Electronic band structures of Ti-rich dislocations with polarization along the [010] 

direction. The green line denotes the Fermi level, the pink line denotes majority- and minority-spin 

states, and the black line is the degenerate state. (b) The squared wave function of the in-gap state. 

The orange and light-blue colors indicate isosurfaces of majority- and minority-spin densities of 

0.04Å-3, respectively. The squared wave functions of the degenerate states are shown in Figure 3.7. 

 

 

Figure 3.7. The squared wave functions of degenerated states in the Ti-rich dislocation with 

polarization along [010]. The white colors indicate isosurfaces of degenerate densities of 0.04 Å-3. 
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Figure 3.8. (a) Electronic band structures of Ti-rich dislocation with polarization along [010]. The 

green lines denote the Fermi level. The black line is the degenerated state. (b)(c)(d)(e) The squared 

wave functions of the in-gap states. The white colors indicate isosurfaces of degenerate densities of 

0.04Å-3. 
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3.3.3 Discussion  

Based on the above, ferromagnetic or antiferromagnetic spin moments are evidently intrinsic 

features of naturally-occurring Ti-rich PbTiO3 dislocations. To assess the ferroelectricity in the 

dislocation cores, the local vector field of the polarization around a dislocation was investigated, as 

presented in Figure 3.9. Although the local electric polarization is disturbed around the core structure 

with respect to the intrinsic ferroelectricity, due to the elastic field of the dislocations, ferroelectricity 

is retained in the core regions in each polarization configuration. The highly localized nature of the 

emerging magnetism, combined with the host ferroelectricity, thus turn the Ti-rich PbTiO3 

dislocations into atomic-scale multiferroic channels based on their atomically-thin, one-dimensional 

structures. Note that the Pb-rich dislocations cannot be the candidate for atomic-scale multiferroics 

owing to the trivial nonmagnetic nature of such dislocations resulting from their charge balance 

electronic properties (Figure 3.10). Therefore, rather than degrading the host functionality, the 

purposeful engineering of dislocation morphologies can open up new possibilities for ultimately 

small multiferroics that are promising for novel technological paradigms. Such finest multiferroic 

filaments cannot be achieved by the direct scale-down of intrinsic multiferroics due to the critical 

size limit of ferroic orders (2-5 nm). The remarkable magnetoelectric effect exhibited by multiferroic 

linear channels in the present work should enable atomic-scale spin manipulation by electric 

polarization, providing a means of electric manipulation for quantum information storage [29] and 

ultimate multiferroic logic.[30] 

    The results reported herein also suggest the possibility of tailoring multiferroic properties 

through the manipulation of both the density and distribution of dislocations. Dislocations with a 

sufficiently high density (up to 1012 cm-2) have been introduced experimentally.[17] This high 

concentration of dislocations could allow an ultrahigh density of spatially-arranged, atomic-scale 
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Figure 3.9. The local vector field of the polarization around the Ti-rich dislocation core structures. 

(a), (b), (c) and (d) correspond to the systems with intrinsic polarization along [001], [100], [010] 

and [010], respectively. The red circle area denote the magnitude of polarization in the core increase 

with respect to the bulk magnitude, and the blue circle area indicate the magnitude of polarization 

decrease with respect to the bulk magnitude. 
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Figure 3.10. Electronic band structures of Pb-rich dislocation with polarization along (a) [001], (b) 

[100], (c) [010] and (d) [010]. The green lines denote the Fermi level. The purple region is the 

valence band and the yellow region is the conduction band. 
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multiferroic channels and therefore increase storage densities into the terabit range. Dislocations are 

known to be mobile and their arrangement can be controlled to some extent.[15,31] Thus, one can 

also envision new possibilities in the field of nanoelectronics, where atomic scale dislocations 

function as multiferroic active elements. 

 

3.4 Conclusion 

In summary, I have proposed a novel design strategy for atomic-scale magnetoelectric 

multiferroics through the engineering of otherwise detrimental dislocations in ferroelectric PbTiO3. 

Our theoretical predictions revealed that the magnetism is inherent to Ti-rich dislocations resulting 

from the local non-stoichiometry of core structures. The magnetism is highly localized around the 

dislocation cores and displays a strong sensitivity to the intrinsic polar direction, accompanied by 

rich AFM-FM-NM phase transitions. The localized character of the emerging magnetism, in 

conjunction with the atomic-scale geometry of the ferroelectric dislocation core structures, thus 

realizes atomically-fine multiferroic channels with a pronounced nonlinear magnetoelectric effect. 

The present results suggest new possibilities for the fabrication of extremely thin atomic-scale 

multiferroics and ultrahigh density magnetoelectric memories. 
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Chapter 4 Multiferroic domain walls with O-vacancies in 

ferroelectric PbTiO3 

 

4.1 Introduction 

As seen in previous chapters, atomically thin multiferroics with coexistence and cross-coupling 

of ferroelectric and (anti)ferromagnetic order parameters are promising for novel magnetoelectric 

nanodevices. However, due to the surface effects and depolarization field, these ferroic orders and 

their functions inevitably disappear below a fundamental size limit of several nanometers. Inspired 

by the previous studies of defects engineering for multiferroics, it is nature to consider two-

dimensional domain wall in these ferroelectrics as a possible candidate for the devolopment of two-

dimenisonal multiferroics.   

Domain wall (DW), a kind of topological boundary characterized by atomic-size dimensions 

and high controllability, is ubiquitous in these ferroic materials. Generally, the large order parameter 

mismatch or gradient displayed in the DW lead to intrinsic symmetry breaking in local structure, 

which provides a fascinating platform for developing versatile electronic ground state and intriguing 

novel functionalities. A variety of unexpected functional properties, from ultrahigh piezoelectric[1,2] 

to conductive[3-7] and superconductive[8], have been presented exclusively in DWs rather than the 

domains that they delineate. Being rich in novel functional behaviors, ferroelectric DW may also be 

associated with magnetic moment under specific conditions, even though simple DW engineering 

for ferromagnetism has not yet appeared in ferroelectric matrices. 

In this chapter, I demonstrate that extra magnetism with a localized spin moment can be 

developed by engineering oxygen vacancy-DW interaction in the conventional nonmagnetic PbTiO3 
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ferroelectrics by employing the recent hybrid Hartree-Fock density-functional theories. The detailed 

electronic structure analysis identifies that the origin of the unexpected magnetic moment is the spin-

polarized defect states arising from orbital symmetry breaking of defect state at the DW. The self-

assembling nature of oxygen vacancies towards DW and the emerging magnetism thus turns the 

DW into atomically-thin multiferroics beyond the critical thickness of intrinsic multiferroics, which 

opens up new possibility for novel ultrathin multiferroic devices. 

 

4.2 Computational details 

First-principles calculations are performed employing the VASP program code [11, 12]. The 

electron-ion interaction is described by the projector augmented-wave (PAW) method [13,14], which 

explicitly treats the Pb 5d, 6s, and 6p, the Ti 3s, 3p, 3d, and 4s, and the O 2s and 2p electrons as 

valence states. The electronic wave functions are expanded in plane waves up to a cut-off energy of 

500 eV. The spin-polarization effect is included in all calculations. For the exchange-correlation 

functional, I employ the Heyd-Scuseria-Ernzerhof (HSE06) screened hybrid functional [15, 16], 

which admixes a portion of the exact exchange from Hartree-Fock theory into exchange from the 

generalized gradient approximation (GGA).  

I adopt the widely used periodic supercell approach to investigate the interplay between oxygen 

vacancies and domain wall. The simulation supercell contains two domains that are separated by the 

center transition region, i.e., domain wall, residing at (101 ) plane. The polarization of the left-side 

and right-side domains are aligned along [ 1 00] and [001], respectively. To avoid undesirable 

interaction from the neighboring DWs due to the periodic boundary conditions, I construct an 

orthorhombic simulation supercell with 1225   tetragonal PbTiO3 units, in which the 

thickness of each domain region is larger than 14 Å and the DW energy converges [17]. The pristine 

http://en.wikipedia.org/wiki/Hartreeâ€
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90° domain wall structure is determined by carrying out complete structure optimization of the 

supercell on the basis of the lattice parameters of bulk PbTiO3. In order to study the interaction of 

vacancies and DW, the pristine DW supercell is further doubled in [101] and [010] orientations so 

as to eliminate spurious interactions from the nearby vacancies. The simulation supercell of the 

stoichiometric DW system thus contains 200 atoms. After that, one oxygen atom from the interior 

of the domain or the DW is removed and accordingly new structure relaxation is performed. In all 

calculations, the state of the vacancies are kept charge neutral. The atomic positions are fully relaxed 

by the conjugate gradient method until the Hellamnn-Feynman force acting on each atom is less 

than 0.01 eV/Å. 

    To calculated local polarization profile, I define a Ti-centered fictitious “unit cell” at Pb-Ti-O 

plane ((101 ) plane) with six neighboring O shared by two units and four Pb atoms shared by two 

units, while the Pb atoms off the plane are not included. This method is consistent with previous 

choice [18], which has been proved to be the finest definition for the polarization distribution in the 

case of 90° domain wall. Then the local spontaneous polarization in each “unit cell” is estimated by 

               jjj j

c

i uZw
e

P 


 ,                            (4. 1) 

where e, c and 
ju are, respectively, the electron charge, the unit cell volume and the atomic 

displacement vector from the ideal lattice site of atom j. Index j runs over all atoms in the unit cell 

i. 

jZ  is the Born effective charge tensor of the bulk PbTiO3 and we adopt the theoretical values 

calculated by Zhong et al [19] in the present study. Weights w are set to 1/4 for Pb, 1 for Ti, and 1/2 

for O, which correspond to the number of the defined “unit cells” that share the atoms. The direction 

angle ϕ of local polarization is defined as   

                         ϕ =tan-1 (Pz/Px).                            (4.2) 
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Figure 4.1. (a) Atomic structure of a 90° DW system. The corresponding unit cell in the domain and 

DW are shown in the top panel. The red arrow p indicates the direction of spontaneous polarization. 

(b) Polarization distribution in the perfect PbTiO3 DW system. (c) Oxygen vacancy formation energy 

across the 90° DW. (d) Magnetic spin moments of oxygen vacancies at the DW and inside the 

domain of ferroelectric PbTiO3.  



Chapter 4 Multiferroic domain walls with O-vacancies in ferroelectric PbTiO3                67 

 

 

 

4.3 Results and discussion 

4.3.1 Domain wall structure properties 

The complex atomic displacements and structure properties of this DW system after full 

relaxation are quantitatively visualize by means of local polarization profile as illustrated in Figure 

4.1(b). The calculated local polarization varies continuously in terms of direction angle and 

magnitude across the middle transition area of domain, with the DW being confined to only a few 

atomic layers. The DW center can be defined at a site close to O-O atomic plane, as the dashed line 

shown in Figure 4.1(a), at which the polarization direction angle is zero (perpendicular to DW). The 

local polarization direction angle for the two cells adjacent to DW center, flips by approximately 

50°, showing a drastic change in polarization direction. Thus, ferroelectric distortion is different for 

each unit cell across the DW center, as illustrated in Figure 4.1(a) with green and yellow arrows. As 

a result, the local symmetry is broken from tetragonal to monoclinic-like symmetry at the DW. 

 

4.3.2 Energetics of oxygen vacancies in the domain structure  

An oxygen vacancy, Vα (α = Oc and Oa), is thereafter considered by the removal of one 

corresponding atom from the supercell. Here, Oc and Oa are the oxygen atoms located in the polar c 

axis and the non-polar a axis relative to the Ti atom, respectively. To determine the energetically 

favorable configuration of oxygen vacancies around DWs, the site dependence of vacancy formation 

energy Evf (Vα) [10] is calculated, as shown in Figure 4.1(b). In the domain region, it is slightly more 

favorable for the vacancies to reside in the Oc site than the Oa site. In the DW region, on the other 

hand, the formation energy decreases from the value in the domains and shows the minimum at the 

DW center (see the VOc1 site in the Figure 4.1). The trap energy of oxygen vacancy at the DW is 

Etrap = Evf( domain

OV
c

) – Evf( DW

OV
c

)= 0.32eV, which is consistent with previous study [20]. This indicates  
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(a) 

 

(b) 

 

 

 

Figure 4.2. Spatial magnetic spin-density distribution around the DW vacancies, (a) VOc1 and (b) 

VOc2. The yellow region is the isosurface of the spin-densities of +0.01 μB/Å3. The red arrows 

indicate the directions of ferroelectric polarization, P. 

 

 

 

 

 

 

 



Chapter 4 Multiferroic domain walls with O-vacancies in ferroelectric PbTiO3                69 

 

 

 

that the oxygen vacancies are more likely to be trapped at DWs, resulting in high oxygen vacancy 

concentration at the DW center, which has also been extensively investigated by other studies 

[21,22]. In fact, experimental observations also showed that oxygen vacancies are highly 

accumulated near DWs and approximately 90% of total oxygen vacancies can be absorbed by 90° 

DWs [23, 24].  

 

4.3.3 Magnetic properties of domain wall 

The magnetic spin moments of oxygen vacancies around the DW are then investigated as 

shown in the Figure. 4.1(c). In the domains, no spin moment is observed and the oxygen vacancies 

still remain nonmagnetic, which is consistent with previous hybrid functional studies on oxygen 

vacancies in bulk ferroelectric oxides [10]. At the DW, on the other hand, a non-trivial magnetic 

moment of 2.0 μB appears in the oxygen vacancies VOc1 and VOc2, which are the most favorable 

oxygen vacancy configurations as mentioned above. This indicates that the DW activates the 

magnetism of oxygen vacancies in PbTiO3. For VOc1, the emerged magnetic spin moment is highly 

localized around the VOc1 site and upper-left nearest-neighbor Ti1 atom as shown in Figure 4.2(a). 

The emerged magnetic moment of VOc2 also has a localized character, but is particularly 

concentrated around the lower-left neighbor Ti2 atom with respect to the VOc2 site (see Figure 4.2(b)). 

The Ti1 (or Ti2) are bonded with the Oc1 (or Oc2) atom in the perfect DW, respectively, by forming 

a pdσ bond through hybridization of the Ti 3d and Oc 2p orbitals [25]. This suggests that the dangling 

bond due to the formation of oxygen vacancies may be responsible for the localized magnetism, as 

will be discussed below.  

4.3.4 Electronic properties of domain wall  

To provide an electronic-level insight into the emerged magnetic moment of the oxygen 

vacancies at the DW, the electronic density of states (DOS) were analyzed, and the results are shown 
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in Figure 4.3. We start to mention a typical electronic structure of nonmagnetic VOc in the domain 

(see Figure 4.3a). A single in-gap state is located at 1.61 eV above the valence band maximum 

(VBM), which is absent in perfect PbTiO3, i.e., the defect state of VOc. This defect state is fully 

occupied by a majority and minority electron, and the domain is thus spin unpolarized. The defect 

state is highly localized around the vacancy site and neighboring Ti atom, and the shape of the wave 

function indicates 2z
d  character. Given that the 2z

d orbital hybrids with the pz orbital of the O atom 

forming a pdσ bond in the defect-free PbTiO3, the 2z
d -dominated defect state at the Ti atom may 

originate from the ruptured pdσ bond due to the formation of VOc. In contrast, VOc1 at the DW has 

two distinct in-gap states, (i) and (ii), located at 1.65 and 1.48 eV above the VBM, respectively (see 

Figure 4.3c). Each defect state is now partially occupied by an up-spin electron. Therefore, these 

spin-polarized defect states contribute to the magnetic spin moment of 2.0 μB. The high-level defect 

state (i) is the same 2z
d  orbital localized at the adjacent Ti atom, whereas the lower defect state (ii) 

is mainly dominated by a new distinctive dzx orbital (see Figure 4.3d). The split of the fully-occupied 

2z
d  orbital and the resulting appearance of the dzx-dominated defect state is the origin of the spin-

polarization. Such orbital symmetry breaking may be due to crystal symmetry breaking at the DW: 

In the domain interior, PbTiO3 is in the tetragonal P4mm structure with spontaneous polarization 

nearly along ]001[  for the left-side domain; the polar axis continuously rotates toward ]011[  and 

subsequently toward [001] for the unit cells that cross the DW. As a result, the symmetry is broken 

in the x- and z-directions, and the original tetragonal crystal structure is reduced to a monoclinic-

like crystal for the unit cell in the DW center, which results in two nonequivalent Ti atoms next to 

the vacancy. This symmetry reduction further breaks the 2z
d -dominant defect state and induces the 

additional dzx orbital state. Similarly, orbital symmetry breaking and the appearance of a new defect 

state were observed for the magnetized VOc2 at the DW.  
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Figure 4.3. Defect electronic structures in the domain and DW of PbTiO3. (a,c) Electronic density 

of states (DOS) for nonmagnetic VOc and ferromagnetic VOc1 in the domain and DW, respectively. 

(b,d) Squared wave functions of defect states in the domain and DW, respectively. The yellow area 

is the isosurface of the spin-densities of +0.01 μB/Å3. The red arrows indicate the directions of 

ferroelectric polarization, P. 
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Figure 4.4. Energy difference ΔEAFM-FM (eV), as a function of the magnetized vacancy-vacancy 

distance.  

 

4.3.5 Discussion 

Based on the above results, here I discuss the possibility of oxygen-deficient DW as atomically 

thin multiferroics: Magnetic moments emerge in the place where oxygen vacancies form at DW. 

Note also that oxygen vacancies are easy to be trapped and accumulated at DW center due to their 

large trap energy, which results in high concentration of magnetized vacancies at DW. Indeed, 

experimental observations also show high concentration of oxygen vacancies at DW [23,24]. As a 

result, a considerable fraction of ferroelectric DW is possible to be magnetized. This self-assembling 

nature of oxygen vacancies and the localized character of emerging spin moments thus turn the DW 

into ultrathin multiferroic element due to their atomic-size interface structure. Such atomic-scale 

multiferroic layer cannot be obtained by means of direct scale-down of intrinsic multiferroic because 

of the existence of the critical thickness for ferroic orders [9]. To further investigate the magnetic 

coupling in the magnetized ferroelectric DW, I perform the calculations with supercell containing 

two magnetized vacancies and compare the energy for the magnetic moments in ferromagnetic and 

antiferromagnetic states (see Fig 4). We can see that the ferromagnetic state has lower energy than 
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the antiferromagnetic state for the defects in the nearest-neighbor and second nearest-neighbor 

positions. However, the antiferromagnetic alignment becomes energetically favorable for larger 

defect-defect distance and the interaction gradually decays with the increase of distance. Therefore, 

the coupling of the local magnetic moments will induce ferromagnetic or antiferromagnetic ground 

state for the system depending on the concentration of oxygen vacancies. The oxygen-deficient DW 

in ferroelectric PbTiO3 can thus be regarded as a multiferroic monolayer.  

In addition, this result suggests another possibility to realizing ultrahigh density integration of 

multiferroic layers. The concentration of DWs can increase as the shrink of device dimension 

theoretically [26], and a considerably high concentration of DWs with merely a few or even one 

lattice spacing has been reported in experiments [27, 28]. The large number density of walls will 

therefore realize an ultrahigh concentration of spatially arranged multiferroic elements 

macroscopically. DWs also well known for its mobility and controllability, which possesses apparent 

advantages over fixed interface structures such as grain boundary [29] and heterointerfaces [30]. 

Thus, it is also appealing to envision a new active multiferroic element with the confined ferroic 

orders to be tailored at will, which opens new multiferroic device frontiers. The concept and 

mechanism proposed here might be extended and applied to other structural interfaces with local 

symmetry breaking to induce magnetization as well as other novel functionalities that deviate 

significantly from the bulk, which would be addressed as future work. 

 

4.4 Conclusion 

In summary, in this Chapter I demonstrated the emergence of magnetism in oxygen-deficient 

ferroelectric DW in lead titanate by employing the hybrid Hartree-Fock density-functional 

calculations. A DW oxygen vacancy could induce magnetic spin moment localized at the 

neighboring Ti atom due to the orbital symmetry breaking of the defect state caused by the local 
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structure symmetry breaking at DWs. The energetics of oxygen vacancies suggested that the 

vacancies are trapped at DWs, resulting in considerably high concentration. This self-concentration 

feature of oxygen vacancies in conjunction with the emerging magnetism makes the ferroelectric 

DW into atomically-thin multiferroics. This will open up a new avenue for the realization of atomic-

scale multiferroics through these complicated defects engineering. 
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Chapter 5 Multiferroic Aurivillius-type interfaces in 

ferroelectric PbTiO3 

 

5.1 Introduction 

In the previous chapter, I have developed two-dimensional atomic-scale multiferroics through 

the engineering of domain wall-defect interaction. As an alternative methodology, directly 

engineering of the nonstoichiometric interface may be also a promising approach for the realization 

of two-dimensional atomic-scale multiferroics. Recent developments of layer-by-layer epitaxial 

engineering techniques have triggered the possibility to artificially fabricate perovskite-oxide with 

compositionally abrupt interfaces including heterostructures [1,2], Ruddlesden-Popper [3,4], 

Aurivillius [5,6], and Dion-Jacobson compounds [7,8]. The presence of additional structural blocks 

or atomic layers in these layered oxides provide a fascinating playground for emergent phenomena 

and novel interfacial states that extend the functionality of host perovsikite, such as ionic 

conductivity, interface superconductivity and colossal-magnetoresistance, which enable the 

realization of nano-electronic oxide devices. [9-13] The remarkable flexibility of layering schema 

in these layered oxides, including the cutting surface and the nonstoichiometric chemical 

compositions of the perovskite slab, open up a new dimension for a variety of fascinating physical 

phenomena that will certainly provide many more unconventional discoveries. Specifically, the 

Aurivillius phase consists of n perovskite unit cells An-1BnO3n+1 that are separated by fluoritelike 

A2O2 layers as illustrated in Figure 5.1(b). The incomplete atomic coordinations and charge-

imbalance at the Aurivillius interface have the potential to induce interfacial magnetism via charge 

transfer, reminiscent of polar/nonpolar heterostructures with valence discontinuities [14, 15].  
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In this chapter, I investigate the Aurivillius-type interface in PbTiO3 and propose a new pathway 

toward two-dimensional multiferroics utilizing first-principles calculations. The charge imbalanced 

Aurivillius-type structure exhibits high density two-dimensional unoccupied states around the 

interface. These confined states induce interfacial magnetism with highly localized spin moments, 

coexisting with the host ferroelectricity. Engineering these layered oxide interface thus provides a 

new means to create ultra-thin multiferroics in otherwise nonmagnetic oxides. 

5.2 Simulation procedure 

Calculations based on DFT have been performed with the VASP program code [16, 17]. We 

explicitly treat the Pb 5d, 6s, and 6p, the Ti 3s, 3p, 3d, and 4s, and the O 2sand 2pelectrons as valence 

states by adopting the projector-augmented wave potentials[18]. The electronic wave functions are 

expanded in plane waves up to a cut-off energy of 500 eV. The spin-orbit interaction was included 

in all calculations. The Heyd-Scuseria-Ernzerhof (HSE06)[19,20] screened hybrid functional is 

employed as the exchange, which incorporates 25% of the exact exchange from Hartree-Fock theory 

and 75% exchange from the Perdew-Burke-Ernzerhof functional (PBE) of the generalized gradient 

approximation (GGA). The hybrid HSE06 functional can describe the atomic structures and 

electronic properties of wide band-gap oxides such as PbTiO3 with nonstoichiometry more 

accurately than density-functional theory with the local density approximation or generalized 

gradient approximation, which often fail to reproduce the electronic and magnetic properties of 

nonstoichiometric systems due to incorrect delocalization of excess electrons/holes.[21,22] 
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Figure 5.1. (a) Schematic illustration of Aurivillious type interface in PbTiO3 (b) Simulation model 

of Aurivillious type interface in PbTiO3 with n=6. The black solid box represent the simulation 

supercell. The interface is located in the middle of the supercell. 
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The PbTiO3 Aurivillious interface was modeled by a supercell containing two symmetrical 

Auvrillious type interfaces sandwiched by n unit cells of bulk tetragonal PbTiO3 as illustrated in 

Figure 5.1(c). The initial atomic positions were set to be those of relaxed bulk ferroelectric structure 

with polarization along [001]. The in-plane lattice constant of the supercell were constraint to the 

bulk lattice constant of 3.88 Å, while the out-of-plane lattice constant, c, was allowed to relax. 

Integrals over the BZ were approximated by sums on a 6×6×1 Monkhorst-Pack meshes. The atomic 

positions were fully relaxed by the conjugate gradient method until the Hellamnn-Feynman force 

acting on each atom was less than 0.01 eV/Å. For convenience of discussion, the atomic layers in 

upper side of the interface are labeled as IF1, IF2 and so on, and the lower side of the interface are 

labeled as IF-1, IF-2 etc., among which the odd and even layers are the PbO and TiO2 atomic layers, 

respectively. 

 

5.3 Results and discussion 

5.3.1 Stability of Auvirillius-type interface 

The stability of interface is estimated by calculating the formation energy using the relation     

      Ef =
1

2𝐴
{Etot − (𝑛Pb𝜇Pb + 𝑛Ti𝜇Ti + 𝑛O𝜇O)}                (5.1) 

Where A and Etot refer to the area and total energy of the supercell, respectively; nα (α= Pb, Ti, O) is 

the number of atom α; μα is the chemical potential of atom α in PbTiO3, varying between the oxygen-

poor condition and oxygen-rich condition.[22] The formation energy of the interface is calculated 

to be 1.92 J/m2 and 7.28 J/m2, respectively, under the oxygen-poor and oxygen-rich limit conditions, 

suggesting such kind of planar defect is more likely to be fabricated under oxygen-rich conditions. 

It is worth mentioning that this formation energy is comparable to that of the perovskite oxides grain-
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boundary energy (1-2 J/m2)[23, 24]. This indicate that the as-yet hypothetical PbTiO3 Auvirillius 

interface can be anticipated in the near future. 

5.3.2 Ferroelectric properties 

The local polarization of the interface system with different supercell size n is investigated, and 

the results, manifested as relative cation-anion displacements along the z axis in each layer, are 

depicted in Figure 5.2(a) and (b). The results clearly show that there is remarkable rumpling of 

cations with respect to oxygen atoms near the interface, especially in the PbO layers. A larger Pb-O 

relative displacement with respect to the bulk value δ*
i is observed at IF-1 layer, manifesting an 

enhancement of interfacial polar distortion, while the IF1 layer displays much smaller displacements 

and the polarization is thus suppressed. Moreover, the systems with larger supercells exhibit the 

same trend of ferroelectric displacements, indicating the system with n=6 is sufficient enough to 

characterize the Auvirillious interface property. Therefore, we set n to 6 in the following discussions. 

To quantitatively analyses the polarization strength, we calculated the local polarization in each 

layer[25-28] based on Born effective charge as follows, 



j

jjj

c

i w
e

uZP
*)( , where c , e , and 

ju  denote the volume of the local unit cell i, the electron charge, and the atomic displacement vector 

from the ideal lattice site of atom j, respectively. The local polarization at the first unit cell of upper 

side is reduced by approximately 35% with respect to the bulk value of 105μC/cm2, while that at the 

lower side shows a slight enhancement of interfacial polarization with a magnitude of 116.5 μC/cm2 

(Figure 5.2(c)). These polarization disturbances decay immediately one unit cell away from the 

interface. Therefore, ferroelectricity is retained in the interface despite the inserting structural blocks. 
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Figure 5.2. Ferroelectric properties of PbTiO3 Auvirillius-type interface. (a) Pb-O relative 

displacements in the PbO layers. (c) Ti-O relative displacements in the TiO2 layers. (c) local 

polarization in of each atomic layer. The Pb-O and Ti-O displacements are normalized by the bulk 

value.  
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5.3.3 Magnetic properties 

The magnetic properties of the interface structure were then investigated. Both the ferromagntic 

and antiferromagntic orders are taken as the initial spin structures to do the structure relaxations, 

while the outputs after the structural relaxation favor the configuration with opposing magnetic 

moments appear at O atoms near the interface as shown in Figure 5.3(a), despite the fact that 

ferroelectric PbTiO3 is intrinsically nonmagnetic due to the well-known exclusive mechanisms of 

ferroelectricity and magnetism. The emerging magnetism are, however, unequal and a net positive 

spontaneous magnetization of 1.0 μB remains, i.e. the emergence of ferrimagnetism. To 

quantitatively analyze the emerging interfacial magnetism, the magnetic moment of each atom 

around the interface is further analyzed. Most the moments are located in O atoms and the values 

are shown in Figure 5.3(b). The O atom at the IF1 layer exhibits the largest magnetic moment of 

about 0.71 μB, followed by the IF0 and IF2 layers with magnetic moment of 0.17μB and 0.05μB, 

respectively. The magnetic moments on the IF-1 layer have opposite direction with magnitude of 

0.07μB. The other layers away from the interface have no contribution to the magnetic property. The 

magnetism are thus highly confined around the interfacial atomic layers within thickness less than 

1 nm, enabling the interface to act as two-dimensional multiferroic layer below the critical size of 

intrinsic multiferroics. 
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Figure 5.3. Magnetic properties of PbTiO3 Auvirillius-type interface. (a) Magnetic spin-density 

distribution around Auvirillius type fault in PbTiO3. The yellow and green areas indicate the 

isosurfaces of magnetic spin density of 0.005μB/Å and -0.005μB/Å, respectively. (b) the magnetic 

moment distribution of each layer.  

 

5.3.4 Electronic structures of interface 

    To clarify the origin of the emerging magnetism around the interface, the electronic density of 

states of the system was analyzed. As clearly manifested in Figure 5.4, new isolated unoccupied 

states appear within the band gap, which are absent in bulk PbTiO3 crystal and are therefore defect 

states introduced by the interface. These defect states are spin-polarized for their asymmetrical 

distribution with the majority spin containing larger portion of unoccupied states with respect to the 

minority one. These spin-polarized defect states thus contribute to net magnetism around the 

interface. To elucidate the origin of the in-gap states and the associated electron transfer, the layer 

resolved partial DOS was further calculated, as illustrated in Figure 5.5. The results show that the 

interfacial states mainly come from O 2p and Pb 6s orbitals in three sequential atomic layers around 

the interface, i.e. IF1, IF-1 and IF0, along with a small contribution from IF2 and IF-2 layers. This 
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indicates charge transfer from the originally occupied O 2p and Pb 6s orbitals near the interfacial 

region to the under-coordinated interfacial O atoms. All the other deep layers away from the 

interface demonstrates insulating characteristics, manifesting a typical two-dimensional character 

with strong charge confinement effect. Due to these charge transfer, the O 2p and Pb 6s orbitals 

around the interface are partially unoccupied, which results in magnetic moments residing on these 

atoms. The distribution of unoccupied states exhibit an asymmetric character, with the density at 

upper side being larger than that at the lower side. The significant difference in magnetization 

between upper and lower interfaces could be attributed to these defect states distribution.  
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Figure 5.4. Total DOS for the Auvirillius type fault in PbTiO3. The vertical green line represents the 

Fermi level. Red and blue indicate the majority and minority spin states, respectively. 

 

 

Figure 5.5. Calculated layer-resolved partial DOS along with the squared wave function of charge 

density. The dashed line is the Fermi level. The orange iso-surfaces are the spin densities of 0.005 

A˚-3. 
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5.3.5 Discussion 

Having demonstrated the coexistence of ferroelectricity and magnetism, we proceeded to 

discuss the coupling between electric and magnetic polarizations in the interface. Since the emerging 

magnetism is asymmetrically distributed at the upper and lower side of the interface, the local ME 

effect is evident by the reversal of electric field as illustrated in Figure 5.6 (a) and (b), where the 

magnetic moments in IF1 and IF-1 interchange. The difference in magnetic moments between the 

lower and upper sides are the change in moments at one interface when polarization reverses. Upon 

further switching the initial polarization to the [100] direction, the emerging magnetic moments 

disappear and the system undergoes a magnetic phase transition to the same nonmagnetic state as 

the host ferroelectric PbTiO3 (Figure 5.6 (c)). Therefore, the emergent interfacial magnetism can be 

switched on and off through the manipulation of electric field. The mechanism for the 

magnetoelectric coupling presented in the current study attribute to carrier-mediated 

magnetoelectricity, in which a large value of dPiz/dz always accompanies a large magnitude of 

magnetism as illustrated in Figure 5.6 (d)-(f). 

These results thus suggest a novel route for the synthesis of two-dimensional multiferroic layer 

in nonmagnetic ferroelectric PbTiO3 through the engineering of nonstoichiometric interface. In 

particular, the highly confined spin moments within the interfacial region of 1 nm in conjunction 

with the intrinsic ferroelectricity enable the interface structure to function as ultra-thin multiferroic 

layer with pronounced magnetoelectric effect beyond the critical size limit of intrinsic multiferroics  
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Figure 5.6. Magnetic configurations of the in interface in response to switching spontaneous 

polarization. The red arrows indicate the directions of polarization. The atomic layers in the upper 

side of interface are denotes as positive number while the layers in the lower side of interface are 

denotes as negative number. (a)-(c) Magnetic properties of interface with different polarization 

direction. (d)-(f) The derivative of polarization along z direction (dPiz/dz) in different polarization 

configurtaions. 
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2-5 nm. This atomically thin multiferroics cannot be realized in intrinsically multiferroics, 

hampered by the surface effects and depolarization field. In addition, the interfaces exhibit the p-

type conductivity with electronic holes confined around interface, exhibiting typical two-

dimensional hole gas (2DHG) characteristics. The interfacial (IF0) hole number and charge carrier 

density are calculated to be 0.89 and 5.9×1014 cm-2 by integrating the in-gap DOS. These values are 

several times larger than that at the typical heterostructure [29, 30] and hence enhanced electrical 

conductivity.  

 

5.4 Conclusion 

    In summary, I have investigated the multiferroic properties of Auvirillius type interface in the 

prototypical nonmagnetic ferroelectric PbTiO3 by employing the hybrid Hartree-Fock density-

functional caluclations. The results indicate that the interfaces exhibit the p-type conductivity with 

the typical 2DHG characteristics. These charge-imbalanced interface structures induce magnetism 

highly localized around the interface via charge transfer. The localized character of the emerged 

magnetism in conjunction with the host polarization turn the interface into atomically thin two-

dimensional multiferroics with strong magnetoelectric coupling. 
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Chapter 6 Multiferroic antisite-defects with unusual 

polarization pattern in nomagnetic paraelectric SrTiO3 

 

6.1 Introduction 

In Chapters 2, 3, 4 and 5, various low-dimensional multiferroics have been developed based on 

the ferroelectric PbTiO3. The defects-driven atomic-scale ferromagnetism coexists with the host 

ferroelectricity, enabling the lattice defects to act as low-dimensional atomic-scale multiferroics. As 

a further step, a new concept or strategy for the realization of atomic-scale multiferroics from 

nonmagnetic paraelectrics is highly desirable, which is likely to provide additional freedom for the 

modulation of ferroelectric properties.     

Pervoskite oxides SrTiO3 has been widely investigated for its simple cubic structure, 

fascinating physical properties and wide applications [1, 2]. However, SrTiO3 is intrinsically 

nonmagnetic and quantum paraelectric compound. On the other hand, defects, such as oxygen 

vacancies, are inherently present in pervoskite oxides during their synthesis and deposition processes 

[3, 4]. These intrinsic defects have been identified as the origin of versatile physical properties in 

SrTiO3, such as metallic behavior [5], superconductivity [6], blue light emission [7], et al. all of 

which are absent in perfect counterpart. However, an isolated oxygen vacancy have nothing to do 

with the desired multiferroics. A recent first-principle study [8] proposed the existence of a new type 

of Ti antisitelike defects in SrTiO3, which were suggested to be a possible reason for the 

experimentally observed ferroelectricity in SrTiO3. This type of defect has also been directly 

observed experimentally.[9] 

In this chapter, I propose an entirely novel synthesis strategy for the realization of ultimately-

small magnetoelectric multiferroics in nonmagnetic paraelectric SrTiO3 as an extension of previous 
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studies. The formation of Ti antisitelike defect induces a dipole moment due to large Ti displacement 

and highly localized magnetization, which can be acted as monatomic multiferroic element. I also 

demonstrate the existence of nonlinear magnetoelectric coupling through the calculation of 

magnetocrystalline anisotropy energy. Furthermore, peculiar polarization pattern with nonlinear 

head-to-tail dipole arrangement and large magnetic moments aligned in ferromagnetic arrangement 

are created due to the self-assembling of defects. Rich polarization pattern and new ferroic orders 

are expected by further clustering of defects. The present results thus also provide a concept to create 

local atomic-scale patterned multiferroics. 

6.2. Computational methods and modes 

All the calculations are performed based on density functional theory winthin the generalized 

gradient approximation of revised Perdew, Burke, and Ernzerh (GGA-PBEsol) [10]. I employ the 

optimal on-site Coulombic and exchange parameters [11] for Ti-d orbitals with U = 4.96 eV and J = 

0.51 eV [12], respectively. The validity of the method presented here has been further verified by 

repeating the calculations using the more accurate hybrid Hartree-Fock density functional[13]. The 

core electrons are described by the projected augmented wave (PAW) potentials [14]. A planewave 

basis set with an energy cutoff of 500 eV is adopted to expand the electronic wave function. For the 

determination of magnetocrystalline anisotropy energy (MAE), I perform magnetic non-collinear 

calculations with spin-orbital coupling [15]. 

The atomic configurations of SrTiO3 with the antisite-defect TiSr of [100]- and [110]-types are 

illustrated in Figure 6.1. The TiSr is composed of pairs of a Sr vacancy and an off-centered Ti 

interstitial with displacement along [100] or along [110], i.e., TiSr:100 or TiSr:110 [8]. A 3 × 3 × 3 

simulation supercell containing 135 atoms is used to investigate the mono antisite defect, in which 

three perovskite unit cells are arranged along the x, y, and z direction. For the investigation of dipole- 
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Figure 6.1. Atomic configurations of off-centered Ti antisitelike defect: (a) TiSr:100. The off-centering 

displacement of TiSr is along [100] direction. (b) TiOC:110. The off-centering displacement of TiSr is 

along [100] direction. The red and green dot circles denotes the removed Sr atoms. 
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dipole interaction, we construct a 4 × 3 × 3 supercell containing two TiSr. The Brillouin-zone 

integration is performed using 2 × 2 × 2 Monkhorst-Pack k-point mesh [16]. The structures are 

relaxed until the forces on individual atoms are less than 0.05 eV/Å. 

The stability of defects in SrTiO3 are assessed by the formation energy: 

     𝐸f = 𝐸d − 𝐸p + 𝑛𝛼𝜇𝛼 + 𝑞(𝐸V + 𝐸F)                        (6.1) 

Where 𝐸d and 𝐸p refer to the total energy of a supercell with and without defects, respectively;  

nα (α= Sr, Ti, O) is the number of atom α added to (nα > 0) or removed from (nα < 0) the perfect 

supercell; 𝑞 denotes the charge states of vacancy; EV is the valence band maximum (VBM) and EF 

is the Fermi level measured from the VBM. μα is the chemical potential of atom α in SrTiO3, varying 

between the oxygen-poor condition and oxygen-rich condition. A thermodynamically procedure for 

determining the valid range of chemical potentials are performed. 

 

6.3. Results and discussions  

6.3.1 Single isolated TiSr defect 

6.3.1.1 Structure properties and stability    

    The stable structure of TiSr are shown in Figure 6.2. Due to the large ionic radius difference 

between Ti2+ and Sr2+ , considerable Ti off-centering displacement occurs in both cases, with the 

TiSr:100 and TiSr:110 being 0.82 Å and 0.79 Å, respectively. The TiSr:100 forms four Ti-O bonds of length 

2.17Å, while the TiSr:110 has one short Ti-O bond of 2.12 Å and four long bond of 2.25 Å. Both 

structures are stabilized by a partial p-d covalent bonding between these O atoms and the interstitial 

Ti atoms. The large Ti off-centered displacements results in the separation of the centers of the 

negative charge and positive charge, and enable each TiSr perform as a polar defect pair, exhibiting 

a dipole moment in the VSr to Tii direction, i.e. [100] for TiSr:100 and [110] for TiSr:110, respectively.  
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        (a)                            (b) 

        

Figure 6. 2. The enlarged view of stable structures of Ti-antisite defect after full relaxation (a) TiSr:100 

(b) TiSr:110. The TiSr:100 defect forms four Ti-O covalent bonds with neighboring O atoms. The TiSr:110 

defect forms five covalent bonds with neighboring O atoms. 

 

 

 

 

Table I. The formation energy of Ti antisitelike defects (TiSr:100 and TiSr:110) and oxygen vacancy 

under the condition of O-poor and O-rich conditions. The chemical potential are also calculated.  

 

EF(eV) 

O-poor   

ΔμTi= 0 eV; ΔμSr= −0.14 eV; ΔμO= −5.55 

eV;  

O-rich 

ΔμTi= −9.86 eV; ΔμSr= −6.93 eV; ΔμO=0 

eV; 

TiSr:100                  1.65 7.20 

TiSr:110    1.72         7.27 

VO    3.01 8.56 
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    The formation energy of TiSr under the typical O-rich and O-poor limits are shown in Table I, 

along with that of oxygen vacancy for comparison. We can see that the formation energy of TiSr:100 

and TiSr:110 are relative low under O-poor condition, and even lower than that of VO by 1.36eV and 

1.29eV, respectively, indicating that the antisite defects can be the dominate defects under such 

condition. Actually, direct observations of the antisite defects have been reported experimentally, 

which can be as high as 47% in nonstoichiometric SrTiO3 [17]. 

6.3.1.2 Magnetic properties and magnetoelectric coupling 

    In addition to the local dipole moment, a nonzero magnetic spin moment of 2.0 μB emerges in 

both [100]- and [110]-type TiSr in the SrTiO3. The detailed magnetization density distribution around 

the TiSr:100 and TiSr:110 are visualized in Figure 6.3. In both cases the magnetization is particularly 

localized at the interstitial Ti atom, which forms partial p-d covalent bonding with neighboring O 

atoms as a substitute of ionic bonding between Sr2+ and O2+ in the pristine SrTiO3. We shed light on 

the nature of magnetoelectric coupling in such ultimately small multiferroics through the calculation 

of MAE, which is associated with the directional dependence of the magnetic properties. The MAE 

is obtained from the energy difference between the magnetic moment aligned along the easy axis 

and the hard axis. For the TiSr:100, the minimum of MAE in (010) plane is located in [100] direction 

(see Figure 6.4), the same direction as that of the displacement of intertial Ti atom relative to VSr. 

The MAE is calculated to be 𝐸[100] − 𝐸[010] = 8 𝜇eV in this plane. This value is nontrivial and has 

the same order of magnitude as that of Fe monolayers [19]. In the (100) plane, on the other hand, 

the MAE is zero, indicating that the magnetic property is isotropic in this plane. Likewise, the TiSr:110 

system also exhibits magnetic anisotropy in (010) plane, with the easy axis, however, lying along 

[101], the same direction as that of interstitial Ti displacement. The magnetic moments thus tend to 

lie in the same direction as that of the dipole moment in such antisite defect system, exhibiting 

magnetoelectric coupling.  
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Figure 6.3. Magnetic spin-density distribution around (a) TiSr:100 (b) TiSr:110. The yellow areas 

indicate the isosurfaces of magnetic spin densities of 0.01 μB/Å. 

 

 

 

 

Figure 6.4. The magnetocrystalline anisotropy energy of (a) TiSr:100 (b) TiSr:110 in the (001) plane. 

The lowest lowest energy is set at zero point. The the minimum of MAE is along [100] and [101] 

direction for TiSr:100 and TiSr:110, respectively.   
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6.3.1.3 Electronic structures 

To provide electronic level insight into magnetism induced by the antisite defects, the spin-

resolved total electronic density of states (DOS) are analyzed as shown in Figure 6.5. Twolocalized 

states below the VBM are evident in both configurations of TiSr, which cannot be observed in the 

perfect (defect-free) SrTiO3 crystal. Therefore, these localized states are defect states introduced by 

the replacement of Sr atom with Ti atom. Each defect state is partially occupied by a single majority 

spin electron, yielding a magnetic moment of 2.0μB in both cases. For TiSr:100, the spin polarized 

defect states are respectively located at the level of 1.32eV and 1.87eV above the VBM. As indicated 

by the shape of the wave function, the two defect states are localized at the interstitial Ti atom, 

exhibiting 𝑑𝑧2 and 𝑑𝑥2−𝑦2 character, respectively. The defect states induced by the TiSr:110 exhibit 

a similar electronic feature, with the lower and higher defects lying at the level of 1.49eV and 1.75eV 

above the VBM, respectively. Thus, the substitution of Sr atom with Ti atom reduce the normal Ti4+ 

to Ti2+ and leads to the surplus unpaired Ti 3d spin-polarized electrons localized in the band gap, 

which contribute to the localized magnetization. Similar magnetism originated from localized Ti3+ 

3d states has also been reported in SrTiO3 heterointerface [18].   

    These results suggest a novel route for the synthesis of ultimately small multiferroic beyond 

the critical size limit of intrinsic multiferroics of 3-5 nm. Although the SrTiO3 is nonmagnetic 

pararoelectrics, the formation of Ti antisite-like defect under certain condition not only give rise to 

dipole moment but also bring about highly localized and isolated spin moment. This feature allows 

an individual TiSr to be regarded as monatomic multiferroics element that exhibits dipole order 

coexisting with magnetism by strong magnetoelectric coupling. This atomic scale multiferroic 

behavior cannot be realized in intrinsically ferroelectrics, hampered by the surface effects and 

depolarization field. 
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Figure 6.5. Electronic density of states (DOS) of (a) TiSr:100 (b) TiSr:110. The squared wave functions 

of the defect states appearing within the band gap are visualized in (b) and (d). 

 

 

Table II. Binding energy of simple TiSr:100 pair arranged with different distance. 

 Eb (eV) 

Nearest neighbor -0.27 

Second-nearest 

neighbor 
-0.05 

Third-nearest 

neighbor 
-0.20 

Farthest  -0.03 
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6.3.2 Clustering of TiSr defects 

6.3.2.1 Configurations and stabilities of defect clustering 

Calculations with two antisite defects within the supercell are performed to further address the 

dipole-dipole interaction and magnetic ordering in defect clustering system. To investigate the 

stability of these defects complex, the cluster binding energy is introduced via 

                𝐸b = 𝐸f(dd) − 2𝐸f(d)                                 (6.2) 

where 𝐸f(dd) is the formation energy of the defects cluster. The sign of 𝐸b determines whether 

the defects cluster are repulsive or attractive. Table II presents the calculated binding energies of the 

simple TiSr:100 pair arranged with first-, second-, third-nearest neighbor and farthest sites. It is 

noticeable that all the considered configuration have negative binding energy, indicating the 

formation of TiSr cluster is spontaneous and easier to occur with respect to isolated components. 

Furthermore, the binding energy of the cluster with first-neighbor configuration is lowest and 

therefore such configuration is the most stable one. The binding energy increases by 0.22 eV for 

second-nearest configuration and a further 0.24 eV for the farthest one. These results manifest that 

the antisite defects in SrTiO3 tend to accumulate and form clusters. Therefore, in the following study 

we focus on the nearest di-antisite defects configurations with different dipole moments 

arrangements. 

    The dipole-dipole interaction is investigated by considering all the combinations of TiSr:100 and 

TiSr:110 dipole moment alignments. The mutual arrangements of the dipole moments are shown in 

Figure 6.6, in which the red circle indicates the Sr vacancy and the ball is the interstitial Ti atom. 

For the combination of pure TiSr:100 (TiSr:110) type, the dipole moments have seven (six) possible 

arrangements including ferroelectric (head-to-head, tail-to-tial and head-to-tail manners) and 

antiferroelectric orders. Structures combining TiSr:100 and TiSr:110 with totally nine different 
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Figure 6.6. Schematic illustration of mutual arrangements of dipole moments. The red circle 

indicates the Sr vacancy and the ball is the interstitial Ti atom. The arrangements are divided as 

TiSr:100- TiSr:100 (type I), TiSr:110- TiSr:110 (type II) and TiSr:100- TiSr:110 (type III) for clarity. 
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Figure 6.7. The atomistic structure of the most stable configuration (a,�̅�) after structure relaxation. 

The red arrows indicate the directions of dipole moments.  

 

 

 

Figure 6.8. Magnetic spin-density distribution around the most stable di-antisite defects. The yellow 

areas indicate the isosurfaces of magnetic spin densities of 0.01 μB/Å. 
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Figure 6.9. Electronic density of states (DOS) of the most stable di-antisite defects. The squared 

wave functions of the defect states appearing within the band gap are visualized in (b)-(e). 
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configurations are also considered. After full structure relaxations, I got the most stable structure 

with a large negative binding energy of -0.67eV from the (a,�̅�)-type arrangement as shown in Figure 

6.7. This result is reasonable since the negative and positive charge is utmostly compensated in this 

configuration and the electrostatic energy, being the primary interaction in cluster, is minimized in 

this case. As shown in Figure 6.7 for the atomistic structure of the most stable configuration (a,�̅�), 

the +p direction is right-up for the left TiSr and right-down for the right one. Such energetically 

favorable alignment of nonlinear head-tail local polarization pattern cannot be realized in bulk 

ferroelectrics.  

6.3.2.2 Magnetic and electronic properties of defect clustering 

The stable configuration of the di-defects is associated with a large net magnetic spin moment 

of 4.0μB. These magnetic moments favor the ferromagnetic (FM) configuration since the total 

energy difference between the FM and antiferromagnetic (AFM) configurations is negative, EFM− 

EAFM = −34 meV. This value is nontrivial and common among deficient oxides [19]. Therefore, the 

interplay of antisite defects brings about ferromagnetism into the intrinsically nonmagnetic SrTiO3. 

Note that this value is much smaller compared to the energy difference of different dipole moments 

arrangements, so the magnetic interaction is not the driving force for the determination of ground 

state configuration. The detailed magnetization distributions are illustrated in Figure 6.8. The spin 

polarized charges are mainly confined around the two interstitial Ti atoms, similar to those generated 

in single antisitie defect. Turning to the electronic properties (see Figure 6.9), the di-defects 

introduce four distinct localized defect states within the band gap, all of which are occupied by a 

single majority spin electron. These spin polarized states contribute to the large magnetic moment 

of 4.0μB in the intrinsically nonmagnetic system. The isosurface of the squared wave function of 

the defect states are illustrated in Figure 6.9(b). It can be seen that the lower couple defects (1.18eV 

and 1.40eV above VBM) are from the 𝑑𝑧2 orbitals of two Ti atoms, while the upper two states 
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show a Ti-𝑑𝑥2−𝑦2 character. Therefore, the replacement of Sr with interstitial Ti atoms leads to two 

Ti atoms with unpaired electrons, which contribute to the magnetic moments in FM arrangement. 

6.3.1.3 Discussion 

These results further provide local patterning of polarization and magnetism by clustering of 

defects in centrosymmetric nomagnetic SrTiO3 without misfit strain and extrinsic dopants. The Ti 

antisite defects tend to accumulate spontaneously due to their large binding energy. Such self-

assembly nature decreases the distance of the defects and results in strong long-range dipole-dipole 

interaction. To reduce the electrostatic energy, the two electric dipoles align in unusual nonlinear 

head-to-tail configuration, distinctive from the common polarization pattern that form spontaneously 

in the bulk ferroelectrics. This energetically favorable atomic-scale patterning of arrangement cannot 

be obtained in low-dimensional ferroelectrics. Taking advantage of such self-integrated nature and 

dipole-dipole interaction, intriguing rich variety of nanometer-sized polarization patterns and new 

ferroic orders can be exploited by further clustering of TiSr, largely enriching the database of stable 

polarization states and facilitating the development of novel nanoscale multifunctional devices. Note 

also that the introduction of Ti antisite defects create spin-polarized localized states, which give rise 

to highly confined magnetic moments favored in ferromagnetic arrangement. The accumulation of 

Ti antisite defects is possible to give rise to significantly large magnetic moments. The present results 

thus provide a pathway to create novel local atomic-scale patterned multiferroics in SrTiO3. 

 

6.4. Conclusion    

In conclusion, I investigate the polar and magnetic properties of Ti antiste defect and its 

clustering in SrTiO3 through first-principles calculations in this Chapter. Being one of the dominant 

defect under O-poor condition, the TiSr induce a dipole moment and localized magnetism with strong 
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magnetoelectric coupling. This feature allows each defect to act as monatomic multiferroics in 

paraelectric-nonmagnetic SrTiO3. Furthermore, a strong tendency for TiSr to cluster is observed, 

which leads to nonlinear arrangement of dipole moments. The coupling of the magnetic moments 

favors ferromagnetic order, resulting in the formation of multiferroic clusters in particular pattern. 

Due to the self-assembling nature of the defects, aggregates of defects and larger cluster size 

containing more constituent dipole moments are expected to form and thus more degrees freedom 

of dipole combinations are allowed, which will be addressed a future work. 
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Chapter 7 Conclusion 

 

    In this thesis, various low-dimensional atomic-scale multiferroics beyond critical size limit are 

developed in nonmagnetic ferroelectric PbTiO3 through the lattice defect engineering by using the 

first-principles density functional theory calculations. In addition, atomic-scale patterned 

multiferroics has been discovered in SrTiO3 for the future development of atomic-scale multiferroics 

with rich polarization pattern in nonmagnetic paraelectric oxides. The results obtained are 

summarized as follows.  

In chapter 2, the multiferroic vacancies are developed in epitaxial (110) ferroelectric lead 

titanate and the electronic-level origin mechanism are elucidated by performing hybrid Hartree-Fock 

density-functional calculations. Although no spin moment is observed in the oxygen vacancies for 

the strain-free state of PbTiO3, an unusual interaction between oxygen vacancies and misfit 

(epitaxial) strains brings about local magnetic moments with different orders coexisting with the 

host ferroelectricity of nonmagnetic (NM) PbTiO3 due to orbital symmetry breaking of the defect 

electronic states. The emerging magnetic spin moment exhibits rich local order transitions in 

response to switching the spontaneous polarization, i.e., magnetoelectric coupling. The multiferroic 

and magnetoelectric properties exploited by engineering defects and strains provide an alternative 

route for zero-dimensional atomic-scale multiferroics. 

In chapter 3, a novel design strategy for one-dimensional multiferroics smaller than the critical 

size limit is proposed by engineering the dislocations in nonmagnetic ferroelectrics, even though 

these lattice defects are generally believed to be detrimental. First-principles calculations 

demonstrate that Ti-rich PbTiO3 dislocations exhibit magnetism due to the local nonstoichiometry 
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intrinsic to the core structures. The emerging magnetism is embedded within the ambient 

ferroelectric host, enabling the dislocation structure to act as atomic scale multiferroic channel below 

the critical size of intrinsic multiferroics. In addition, the magnetic properties strongly depend on 

the type of constituent dislocations morphology and polarization configurations, which exhibits the 

antiferromagnetic-ferromagnetic-nonmagnetic (AFM-FM-NM) phase transitions in a response to 

polarization switching. 

In chapter 4, I investigate the domain wall-vacancy interaction from first principles and 

demonstrate that oxygen vacancies formed at the DW bring about magnetism with a localized spin 

moment around the vacancy. This magnetism originates from the orbital symmetry breaking of the 

defect electronic state due to the local crystal symmetry breaking at the DW. Moreover, the 

energetics of defects shows the self-organization feature of oxygen vacancies at the DW, resulting 

in a planar-arrayed concentration of magnetic oxygen vacancies, which consequently makes the 

deficient DWs into multiferroic atomic layers. This DW-vacancy engineering opens up a new 

possibility for novel two-dimensional ultrathin multiferroic devices. 

In chapter 5, I investigate the structural and multiferroic properties of Aurivillius-type 

interfaces in ferroelectric PbTiO3. It is discovered that ferroelectricity persist in the interface despite 

the inserting structural blocks. Besides, the charge imbalanced structure exhibits high density 

unoccupied states around the interface. These confined defect states induce interfacial magnetism 

with highly localized spin moments, which can be switched on and off through the manipulation of 

electric field. Engineering these layered oxide interface thus provides a new means to create two-

dimensional ultra-thin magnetoelectric multiferroics in otherwise nonmagnetic oxides. 

In chapter 6, I demonstrate that atomic-scale magnetoelectric multiferroics can be developed 

in nonmagnetic paraelectric SrTiO3 through the introduction of Ti antisitelike (TiSr) defects and their 

accumulation. The formation of Ti antisitelike defect induces a dipole moment due to large Ti off-

centered displacements and the resulting separation of the centers of the negative charge and positive 
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charge. The TiSr defect is also associated with highly localized and isolated spin moment due to the 

spin-polarized excess electrons, which can thus be acted as monatomic multiferroic element. In 

addition, I also create peculiar polarization pattern with nonlinear head-to-tail dipole arrangement 

and large magnetic moments aligned in ferromagnetic arrangement due to the self-assembling of 

defects. Rich polarization pattern and new ferroic orders are expected by further clustering of defects. 

The present results thus provide a concept to create local atomic-scale patterned multiferroics in 

nonmagnetic paraelectric oxides. 
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Appendix  

First-principles density functional theory calculations 

A1. Density functional theory 

First-principles calculations are associated with the determination of the electronic and 

geometric structure of a solid based on the laws of quantum mechanics and electromagnetism, which 

provide fundamental insight into the origin of almost all properties of materials without any 

empirical or fitted parameters. It requires the calculation of total energy of the system of interacting 

nuclei and electrons, which is then minimized with respect to the electronic and nuclear. This 

complex many-body problem of interacting system is unaffordable to be solved in practice and 

require certain simplification.  

The first approximation is the so-called Born-Oppenheimer approximation, which allow the 

separated treatment of motions of nuclei and electrons due to their large difference in mass. This 

approximation simplifies the many-body problem to the solution of the dynamics of the electrons in 

the nuclei with frozen-in configuration. However, even by adopting Born-Oppenheimer 

approximation, solving the many-body problem still remain a formidable task because of interacting 

electrons of numerous ions. In practice, further simplifications are required to deal with the electron-

electron interactions. 

    Density functional theory, introduced by by Hohenberg and Kohn and Kohn and Sham in 1960s, 

provides practical method for estimating these many-body electron-electron interactions. It is mainly 

based on two Hohenberg-Kohn (HK) theorem. The first one is that the electron can be considered 

as the fundamental quantity of a quantum many-body system and the total energy is uniquely 
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determined by the electron density.[1] The ground-state of the system is given by the ground-state 

density that minimizes an appropriate energy functional. Although this theorem suggested the 

existence such an energy functional but its explicit form was unknown. Kohn and Sham [2] then 

proposed a second theorem that provide a practical treatment of the many-body system. In this 

approach, the original complex interacting electronic system is mapped onto an alternative fictitious 

non-interacting system with electrons being subjected to an external potential. The electronic density 

of this non-interacting reference system is the same as that of the true interacting system. Specifically, 

the exact ground-state electronic density is obtained from the one-electron orbital, which are 

solutions of set of coupled self-consistent one-electron equations (Kohn-Sham equation) describing 

the dynamics of electrons in an effective potential. 

Based on the density functional theory, the Kohn-Sham total energy functional can be 

expressed as a function of electron density[1,2]: 

𝐸𝑡𝑜𝑡 = ∫ 2 ∑ 𝛹𝑖[−
ћ2

2𝑚
]∇2𝛹𝑖𝑑3r𝑖 + 𝑉𝑖𝑜𝑛(r)ρ(r)𝑑3r +

1

2
∬

ρ(r)𝜌(𝑟′)

|𝑟−𝑟′|
𝑑3𝑟′𝑑3𝑟 + 𝐸𝑥𝑐[ρ(r)] +

𝐸𝑖𝑜𝑛({𝑅𝐼}),                                                 (A.1) 

where the first term is the kinetic energy of electron, the second term denotes Coulomb interaction 

between ion and electron, the third term is Hartree energy, the fourth and fifth terms are exchange-

correlation energy of electrons and static Coulomb interaction between ions, respectively. The 

relationship between electronic density ρ(r) and wave functions 𝛹𝑖(r) is  

            ρ(r) = 2 ∑ |𝛹𝑖(r)|2
𝑖                            (A.2) 

 The minimum value of this Kohn-Sham energy functional is associated with a set of wave 

functions that are determined by the self-consistent solutions to the Kohn-Sham equations: 

               [−
ћ2

2𝑚
∇2 + 𝑉𝑒𝑓𝑓(𝑟)]𝛹𝑖(r) = εi𝛹𝑖(r)            (A.2) 
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Where εi is the Kohn-Sham eigenvalue, and 𝑉𝑒𝑓𝑓(𝑟)  is the effective one-electron potential 

including ion Coulomb potential 𝑉𝑖𝑜𝑛(𝑟) , classical electronic Coulomb potential 𝑉𝐻(𝑟)  and 

exchange-correlation potential of electron gas 𝑉𝑋𝐶(𝑟). The exchange-correlation potential can be 

written as : 

                    𝑉𝑋𝐶(𝑟) =
𝛿𝐸𝑋𝐶[ρ(r)]

𝛿ρ(r)
                         (A.3) 

Therefore, if we know the approximate exchange-correlation energy functional and the resulting 

exchange-correlation potential, the solution of this noninteracting electrons through a self-consistent 

loop will determine the exact ground state of interacting many-electron system. 

A2. Exchange-correlation functionals 

The Kohn-Sham theorem successfully maps the many-electronic problem onto independent 

single-particle equations in the price of unknown functional of exchange-correlation functional 

describing many-body electron interactions. Although the exact form of the exchange-correlation 

potential is unknown, many simple and successful approximations to it have been developed, which 

yields properties of a wide range of materials reasonably well, enabling the wide application of DFT 

for electronic structure calculations. 

A.2.1 Local density approximation (LDA) 

The first and most commonly used approach of exchange-correlation functionals is local 

density approximation (LDA)[1]. In this approximation, the exchange-correlation energy of per 

electron at a point r in the electron gas is considered to be the same as that in a homogeneous electron 

gas with the same density. As a result we have the functional: 

             rd)r()r()]r([E 3LDA

xc

LDA

xc
  ,                    (A.4) 

with  
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                           (A.5) 

There are several formulations available for the exchange-correlation energy of a homogeneous 

electron gas, such as those by Wigner [3], Kohn and Sham [2], Hedin and Lundqvist [4], Vosko et 

al.[5], Perdew and Zunger [6], all of which leads to very similar total-energy results. Despite the 

simple form of this functional, the LDA has proved to predict structural and dynamical properties 

with high accuracy.[7, 8] 

A.2.2 Generalized gradient approximation (GGA) 

An improved approximation is the generalized gradient approximation (GGA)[9,10], in which 

both the density at r and its gradient contribute to the functional, by considering the fact the real 

density is usually not homogeneous. The expression for this exchange-correlation energy is now 

given by a functional of the local density and its gradient 

         dr)]r(),r([)r()]r([E GGA

xc

GGA

xc              (A.6) 

The exchange part of the GGA is the same as that of LDA and the density gradient enters only 

for the correlation term. The GGA offers improvements compared with the LDA for the description 

of structural properties and atomization energies.  

A.2.3 The DFT+U method 

    Despite the many success of the LDA and GGA in the description of structural and other related 

properties, these common DFT methods suffer from suffer from severe self-interaction error in the 

strongly correlated materials or nonstoichiometric systems with partial filled d (or f) orbitals. The 

common one-electron method with orbital-independent potentials in LDA and GGA usually results 

in d band with metallic electronic properties and itinerant d electrons in transition metal compounds, 

which is obviously contradictory with the localized and insulator nature of these electrons. Other 
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properties, such as band gap [11,12] and magnetism [13], are also not properly described by LDA 

and GGA. 

Several approaches have been proposed to take into account the strong electron-electron 

correlation. The LDA+U method methodology is a generalization of the LDA, which take into 

account orbital dependent Coulomb and exchange interactions and thus is able to describe systems 

with strong on-site correlation effects.[14,15] The basic idea of this method is that the highly 

localized d or f electrons and less localized s and p electrons are treated separately, and an energy 

correction term is added to the localized electrons based on the DFT energy functional. The total 

energy of functional in this scheme is expressed as a function of local density ρ(r) and and the 

occupation matrix nl of a particular shell of orbitals 

         ][][][],[ l l

DC

l

UDFTUDFT nEnEEnE                (A.7) 

where EDTF is the stardand total DFT energy, EU is Coulomb interaction energy of occupied orbital 

l and the last term is a double counting term of electron-electron interaction energy of orbital l that 

is already present in the EDFT.  

A.2.4 Hybrid Functionals 

Further improvement on the density functional approximation is the hybrid functionals, which 

mixes the nonlocal Hartree-Fock (HF) exact exchange into the density functional approximation of 

exchange, while the correlation effects are still described within the density-functional scheme. The 

famous Hybrid Screen Exchange functionals (HSE) [16] mix only short-range interactions of exact 

exchange of the Hartree-Fock theory into the local PerdewBurke-Ernzerhof functional (PBE) [17] 

of the generalized gradient approximation (GGA), in order to screen the long-range part of the HF 

exchange, and has the following form for the exchange–correlation energy: 

𝐸𝑋𝐶
𝑃𝐵𝐸0 = 𝑎𝐸𝑋

𝐻𝐹,𝑆𝑅(𝜔) + (1 − 𝑎)𝐸𝑋
𝑃𝐵𝐸,𝑆𝑅(𝜔) + 𝐸𝑋

𝑃𝐵𝐸,𝐿𝑅(𝜔) + 𝐸𝐶
𝑃𝐵𝐸              (A.8) 
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where the first and second terms are short-range components of HF and PBE exchange, respectively, 

the third term is long-range components of PBE exchange, and the last term denotes PBE correlation; 

a is the mixing coefficient which can be determined by perturbation theory, 𝜔 is a parameter 

controlling the extent of short-range interactions. 

The reliability and validity of this hybrid functional has been established in wide band-gap 

oxides and also strongly correlated materials. However, due to the non-local nature of the exchange, 

the HSE calculations are computationally expensive and impossible for the calculations of large 

systems currently. In this thesis I have used both HSE and DFT+U (for large systems) in order to 

correctly capture the electronic and magnetic properties of investigated systems. 
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