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Abstract 

First-principles study of oxygen-ordering 

induced ferroelectric polarization and 

magnetic interactions in oxygen-deficient 

SrMO3-x (M=Co, Fe) 
 

Jinyoung Lim 

Department of Physics and Astronomy 

The Graduate School 

Seoul National University 
 

Brownmillerite oxides are the family of perovskite-derived 

structures arranged with alternating layers of BO6 octahedral and 

BO4 tetrahedra. The brownmillerite type SrMO2.5 (M=Co, Fe) have 

been studied by both theorists and experimentalists because of their 

unique structures and the reversible phase transition to SrMO3-x 

(0<x<0.5), which is called topotactic reaction. However, the 

inversion symmetry breaking caused by the rotation of the 

tetrahedron have not been concerned by any researchers before we 

found this issue. The ferroelectricity of SrMO3 is only studied by 

the point of the ionic displacement. The first main subject is related 

to the oxygen-ordering induced ferroelectric polarization in 

brownmillerite SrMO2.5. We use first-principles methods to 

investigate the ground states of SrMO2.5 and the related physical 

properties. From the stacking of the distorted MO4 tetrahedral 
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chains, we show the ferroelectric polarization is derived in SrMO2.5 

lattices with I2mb space group. We also find I2mb symmetry of 

SrMO2.5 is energetically most stable and the polarization is 

stabilized by the presence of a large activation barrier between the 

polar structure and the neutral structure. 

The second main subject is investigating the mechanism of 

the magnetic phase transition of SrCoO3-x along the line of 

topotactic transition between perovskite and brownmillerite. It is 

known that the lattice strain and the oxygen vacancy affect to the 

magnetic ground state while the effect of the on-site U have not 

been studied. From the on-site Coulomb interaction U -dependent 

ground state of stoichiometric SrCoO3, we show the proximity of 

its metallic ferromagnetic ground state to other antiferromagnetic 

states. The structural and magnetic properties of SrCoO3−x 

depending on their volume and oxygen-content provide an 

interesting insight into the relationship between the Co-Co 

distances, and the magnetic couplings so that the spin-state 

transition of Co spins can be understood by the change of pd-

hybridization depending on the Co-Co distances. The strong 

suppression of the dpσ-hybridization between Co d and O p orbitals 

in brownmillerite SrCoO2.5 brings on the high-spin state of Co3+ d6 

and is responsible for the antiferromagnetically ordered insulating 

ground state. The suppression is also observed in SrFeO2.5 and 

affects the high-spin state of Fe3+ d5 and the antiferromagnetic- 
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insulating property. The increase of effective Co-Co distances 

driven by the presence of oxygen vacancies in SrCoO3−x is 

consistent with the reduction of the effective pd-hybridization 

between Co d and O p orbitals. We conclude that the configuration 

of neighboring Co spins is shown to be crucial to their local 

electronic structure near the metal-to-insulator transition along the 

line of the topotactic transition in SrCoO3−x. 

 

Keywords : cobalt oxide, ferroelectric polarization, topotactic 

reaction, orbital hybridization, magnetic phase transition 

Student Number : 2011-20416 
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Chapter 1. 
 

Introduction 
 

The physics of 3d-transition metal oxides(TMOs) includes a lot of 

fascinating properties such as superconductivity, magnetism, and 

ferroelectricity. Such features are often associated with phase 

transitions driven by correlation effects arising from electron-electron 

interactions. [1] Near the transition, the interplay among the spin, 

charge, and orbital degrees of freedom is so crucial that a small change 

in doping, strain, or temperature can develop a system into different 

orderings, for example, ferroelectric, ferromagnetic, or even orbital and 

charge orderings in multiferroic materials. [2] These orderings can be 

tuned by external electric, magnetic, or stress field, and the cross-

couplings between them enable critical multifunctional properties, 

which makes these TMOs as a technologically significant class of 

materials. 

 SrMO3-x (M=Co, Fe) are reported to show a transition between 

two distinct topotactic phases: One end point is the brownmillerite 

SrMO2.5 (BM-SMO) and another end point is the perovskite SrMO3 (P-

SMO)  [3–6] It was also demonstrated that the control of the contents 

of oxygen vacancies by epitaxial strain and temperature in thin films 

can be used to tune their electronic and magnetic properties. [7–9] 

These oxides were suggested to be candidates for various technical 

applications such as solid oxide fuel cells, [10] catalysts, [11] oxygen 

membranes, [12] and resistive RAM (random access memory) 
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devices. [13] 

Oxygen stoichiometry in SrCoO3−x plays a crucial role in 

determining their structural, electronic, and magnetic properties 

including metal-to-insulator and ferromagnetic-to-antiferromagnetic 

transitions. An optical spectroscopy study combined with first-

principles calculations by Choi et al. [14] showed that SrCoO3−x (0 ≤ x 

≤ 0.5) exhibits a reversible lattice and electronic structure evolution 

according to the change of oxygen stoichiometry. Their interpretation 

of the metal-to-insulator transition was based on the two stable 

electronic configurations in P-SCO and BM-SCO: Co4+ (3d5) in a 

ferromagnetic (FM) metallic state for P-SCO (x = 0) and Co3+ (3d6) in 

an antiferromagnetic (AFM) insulating state for BM-SCO (x = 0.5). The 

formation of CoO4 tetrahedral layers, characterized by one-

dimensionally ordered chains of oxygen vacancies, [15–17] in BM-

SCO was identified as a key structural feature to disrupt the double 

exchange leading to an insulating state. Further, the spectroscopic 

evidence for the split t2g bands in the tetrahedral layer was shown to be 

consistent with the calculated electronic structure for the tetrahedral 

layers in BM-SCO. 

The possibility of the reversible phase transition of oxygen-

deficient SrFeO3-x was suggested by Nemudry et al. [18] The 

electrochemical oxidation from SrFeO2.5 to SrFeO3 is shown to be 

reversible process with the intermediate phases SrFeO2.75 and SrFeO2.87. 

They performed the electron diffraction experiments and from the 
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results, explained the structural faults of stacking in the octahedral and 

tetrahedral layers increases the possibility of formation of the 

intermediate states. The metal-to-insulator transition of SrFeO3-x is 

quite similar to that of SrCoO3-x, except SrFeO3 (P-SFO) shows helical 

antiferromagnetic property due to the competition between the 

ferromagnetic and the antiferromagnetic interactions. 

The modification of B-site cation valence states may have been 

possible due to the presence of two structurally distinct topotactic 

phases of P-SMO and BM-SMO. Perhaps, additional oxygens in the 

oxygen vacancy channels in BM-SMO can adapt the valence state of M 

to change. However, it is not clear how the multivalent nature of Co 

ions are attributed to the metal-to-insulator and FM-to-AFM transitions 

in SrCoO3−x (0 ≤ x ≤ 0.5), especially, in terms of its oxygen-content 

dependence in SrCoO3. Recent first-principles calculations for P-

SCO [19] showed that the ground state is an intermediate spin state of 

Co4+, which in good agreement with experiments. [20,21] Then, they 

predicted that the epitaxial strain on P-SCO could induce electronic and 

magnetic phase transitions from FM-metal to AFM-insulator with 

ferroelectricity for both compressive and tensile strains. [19] It implies 

that the ground state of P-SCO is close to either FM-metal or AFM-

insulating ground states even without changing the Co valence state. 

The spin state of Co ions in the pristine P-SCO has been a 

subject of debates in connection with the low-spin (LS) to high-spin 

(HS) transition of LaCoO3. [22,23] An earlier atomic multiplet 
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calculation suggested that the intermediate-spin (IS) ground state is 

possible for Co4+ where the d6L state dominates the ground state and, 

consequently, the hole residing in the oxygen ligand, which is 

antiferromagnetically coupled to neighboring Co ions, becomes 

itinerant and couples the high-spin Co d6 ions ferromagnetically. [24] 

The IS state of Co ions depends on the competition between the crystal 

field strength and Hunds coupling [25] and the presence of oxygen 

vacancy. [26] Therefore, the spin state of Co ions in P-SCO or 

SrCoO3−x(0 ≤ x ≤ 0.5) can be in proximity to HS, LS, or even IS states. 

In this thesis, we investigate the structural, electronic, and 

magnetic properties of SrCoO3-x (x = 0, 0.25, 0.5) to understand the 

multivalent nature of Co ions in SrCoO3-x. In some parts of the research, 

SrFeO3-x (x = 0, 0.5) is also taken into consideration for comparison. We 

carried out first-principles calculations by using density-functional 

theory within the GGA+U method. 

In Chapter 2, the theoretical backgrounds of the methods used 

in the calculations are briefly introduced. In Chapter 3, we discuss one 

of our main issues; the crystal structures of SrMO2.5, the induced 

ferroelectric moment and the stability of the ferroelectric crystal. In 

Chapter 4 and 5, the issues on the phase transition of SrMO3-x, mainly 

focusing on M=Co cases, are introduced. An interesting insight into the 

relations among the Co-Co distance, oxygen vacancy and the magnetic 

configuration is provided related to the strength of pd-hybridization in 

those chapters. Finally, we summarize the strong suppression of pd-
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hybridization on the magnetic ordering as well as the spin state of Co 

ions and consequently, the electronic properties of SrMO3-x which 

depend on the contents of oxygen vacancy in Chapter 6. 
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Chapter 2. 
 

Computational methods 

In this chapter, we briefly review what is the density functional 

theory(DFT) including on-site Coulomb interaction and surrounding 

techniques to treat ferroelectric polarization, stability and magnetic 

exchange. 

2.1 GGA+U calculation 

One of the major goals of the solid state physicists is to solve the 

following many-body Hamiltonian, 

ℋ = −∑
ℏ2

2𝑚𝑒
i

∇𝑖
2

−∑
𝑍𝐼𝑒

2

|𝐫𝑖 − 𝐑𝐼|
+∑

𝑒2

|𝐫𝑖 − 𝐫𝑗|
−∑

ℏ2

2𝑀𝐼

∇𝐼
2

𝐼𝑖≠𝑗𝑖≠𝐼

+∑
𝑍𝐼𝑍𝐽𝑒

2

|𝐑𝐼 − 𝐑𝐽|
𝐼≠𝐽

 

 

 

(2.1) 

where the capital and small letters indicate the physical quantities of the 

nuclei and electrons. We can remove the 4th and 5th terms by freezing 

the degree of freedom of nuclei but the remaining N-electron terms still 

remain unsolvable by modern computers. DFT gives an approach to 

solve the many body systems by expressing the ground state energy as 

the functional of the electron density. 

Hohenberg and Kohn established the foundation for DFT in 1964. Their 

theorem can be summarized as follows: [27] 

 Theorem 1. For any non-degenerate system of interacting 

particles in external potential 𝑉ext(𝐫) , the potential 𝑉ext(𝐫)  is 
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determined uniquely, except for a constant, by the ground state particle 

density 𝑛0(𝐫). 

 Theorem 2. An universal functional for the energy 𝐸[n]  in 

terms of the density 𝑛(𝐫)  can be defined, valid for any external 

potential 𝑉ext(𝐫) . For any particular 𝑉ext(𝐫) , the exact ground state 

energy of the system is the global minimum value of this functional, 

and the density 𝑛(𝐫) that minimize the functional is the ground state 

density 𝑛0(𝐫). 

Based on Hohenberg-Kohn theorem, Kohn and Sham provided 

an approach to solve the equation of real system. They changed the N-

body interacting particle problem into summation of fictitious one-body 

independent particle problem and included many-body effects to the 

exchange-correlation functional. 

The variational principle is applied to obtain the Kohn-Sham 

(KS) equation and self-consistent field equation.  [28] Starting from a 

trial charge density 𝑛(𝐫) = ∑ |𝜓𝑖|
2

𝑖 , where 𝜓𝑖(𝐫) is KS orbital for a 

given 𝑖-th state, the energy variation with respect to 𝜓𝑖(𝐫) is given: 

 
𝛿

𝛿𝜓𝑖
∗(𝐫)

(𝐸[𝑛] −∑𝜖𝑗∫𝑑𝐫|𝜓𝑗|
2

𝑗

) = 0 (2.2) 

As a result, the KS equation is given: 

 
(−

1

2
∇2 + 𝑣KS[𝑛(𝐫)]) 𝜓𝑖(𝐫) = 𝜖𝑖𝜓𝑖(𝐫) (2.3) 

where 𝑣KS is the sum of the external potential, Hartree, and exchange-

correlation terms. 
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 𝑣KS(𝐫) = 𝑉ext(𝐫) + 𝑉Hartree(𝐫) + 𝑉XC(𝐫) (2.4) 

The Hartree term is the Coulomb potential from the charge density 

 
𝑉Hartree(𝐫) = ∫𝑑𝐫′

𝑛(𝐫′)

|𝐫 − 𝐫′|
 (2.5) 

and the exchange-correlation potential is 

 
𝑉XC(𝐫) = 𝜖XC([𝑛], 𝐫) + 𝑛(𝐫)

𝛿𝜖XC([𝑛], 𝐫)

𝛿𝑛(𝐫)
 (2.6) 

where the exchange-correlation energy 𝜖XC([𝑛], 𝐫)  is expressed in 

terms of the exchange-correlation hole 

𝜖XC([𝑛], 𝐫)

=
1

2
∑∫𝑑𝐫′

𝑛(𝐫, σ)𝑛(𝐫′, σ′)

|𝐫 − 𝐫′|
[𝑔𝑋𝐶(𝐫, σ; 𝐫

′, σ′) − 1]

σ,σ′

 

  

(2.7) 

Note that 𝜖𝑖 is a Lagrange multiplier for the fictitious single particle 

and not the physical eigenenergy. Thus, the sum of 𝜖𝑖 is not equivalent 

to the total energy 𝐸[𝑛]. 

The simplest approach for the exchange-correlation functional 

is local density approximation (LDA) and it assumes slowly varying 

electron density in the real space. However, this approximation cannot 

be appropriate if inhomogeneity of the system is severe. We have to 

consider the nonlocal effect of the density. Generalized gradient 

approximation (GGA) contains the nonlocality as density gradient. The 

exchange-correlation energy in GGA has the following form: 
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𝐸XC
GGA[𝑛] = ∫𝑑𝐫𝑛(𝐫) 𝜖XC(𝑛, |∇𝑛|,⋯ )

≡ ∫𝑑𝐫𝑛(𝐫)𝜖X
ℎ𝑜𝑚(𝑛)𝐹XC(𝑛, |∇𝑛|,⋯ ) 

(2.8) 

where 𝐹XC is a dimensionless function and 𝜖X
ℎ𝑜𝑚(𝑛) is the exchange 

energy of the uniform electron gas. The various forms for 𝐹XC have 

been suggested by many researchers and PBE functional is the most 

commonly used. [29] 

Self-interaction problem is one of the most serious problems 

caused by both LDA and GGA functionals and becomes even severe in 

the localized 𝑑- and 𝑓-electrons systems with strong on-site Coulomb 

interaction. DFT+U method is introduced to solve the problem. [30] 

With the generalized Hubbard model, DFT+U total energy functional is 

given by the form: 

 𝐸LDA+𝑈 = 𝐸LDA + 𝐸𝑈
0 − 𝐸𝑈

𝑑𝑐 (2.9) 

𝐸𝑈
0  is the Hubbard energy of the localized electrons to exchange-

correlation functional and 𝐸𝑈
𝑑𝑐  is the double counting energy so it is 

subtracted. 

DFT+U formalism depends on how to choose the form of 𝐸𝑈
0. 

Most commonly used formalism is introduced by Dudarev et al. When 

𝐸𝑈
0 is given by spherically averaged Coulomb energy U and exchange 

energy J: [31] 
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𝐸𝑈
0 =

1

2
∑𝑈α
α

∑ 𝑛α𝑚
σ 𝑛α𝑚′

−σ

σ𝑚𝑚′

+
1

2
∑(𝑈α − 𝐽α)

α

∑ 𝑛α𝑚
σ 𝑛α𝑚′

σ

σ𝑚≠𝑚′

 

 

 

(2.10) 

where σ is the spin index and α ≡ (𝑖𝑙𝑝) indicates the side index 𝑖, 

angular momentum quantum number 𝑙 , and multiplicity number of 

radial basis function 𝑝. 𝑛α𝑚
σ  is eigenvalue of the occupation number 

matrix. 

One possible choice of the double counting term 𝐸𝑈
dc is: 

𝐸𝑈
dc =

1

2
∑𝑈α𝑁α(𝑁α − 1)

α

−
1

2
∑𝐽α
α

∑𝑁α
σ(𝑁α

σ − 1)

σ

 (2.11) 

where 𝑁α
σ = ∑ 𝑛α𝑚

σ
𝑚  and 𝑁α = 𝑁α

↑ + 𝑁α
↓. 

The energy correction 𝐸𝑈 ≡ 𝐸𝑈
0 − 𝐸𝑈

𝑑𝑐   can be simply written by a 

penalty functional: 

EU =
1

2
∑(𝑈α − 𝐽α)

α

∑{Tr(𝑛α
σ) − Tr(𝑛α

σ𝑛α
σ)}

σ

 (2.12) 

If 𝑈α − 𝐽α  is positive, the energy correction forces the 

eigenvalues of on-site occupancy matrix to have either 0 or 1. This 

means the occupancy matrix translates to either fully unoccupied or 

fully occupied levels. Note that only the difference 𝑈α − 𝐽α  is 

important in this approach, thus, it is convenient to define an effective 

Coulomb interaction as  𝑈α ≡ 𝑈α − 𝐽α . We can adopt the unitary 

transformation of 𝐸𝑈 with respect to each subshell α: 
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𝐸𝑈 =
1

2
∑𝑈α
α

∑[Tr(𝔸α𝑛α
σ𝔸α

†) − Tr(𝔸α𝑛α
σ𝔸α

†

σ

𝔸α𝑛α
σ𝔸α

†)] 

=
1

2
∑𝑈α
α

∑[∑𝐧α𝑚𝑚
σ − ∑ 𝐧α𝑚𝑚′

σ 𝐧α𝑚′𝑚
σ

𝑚𝑚′𝑚

]

σ

 

 

 

(2.13) 

In this formalism, off-diagonal terms of 𝑛α
σ within the subshell 

α  are taken into account, while those between different subshells α 

and α′ are neglected. 

 

2.2 Berry phase method for macroscopic polarization 

Generally, calculating the change in dipole moment per unit cell is not 

a trivial problem in crystal. King-Smith and Vanderbilt discovered that 

the electronic contribution to the difference in polarization Δ𝐏e caused 

by slowly varying Hamiltonian can be derived by geometric quantum 

phase or Berry phase of the valence wave functions. [32] 

Before looking into their work, we need to check the previous 

work of Resta. [33] Classically, macroscopic electric polarization is 

written as: 

 
𝐏 =

1

𝑉
∫𝑑𝐫𝜌(𝐫)𝐫 (2.14) 

where V is the volume of the sample and 𝜌(𝐫)  is the total electric 

charge. This formal expression is usually well defined for any finite 

systems, but does not work in periodic systems because it is sensitive 

to the boundary condition. 

Using density functional theory, the electronic charge density 

can be expressed as: 
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 𝜌𝑒𝑙(𝐫) = 𝑒∑𝑓𝑖|𝜓𝑖(𝐫)|
2

𝑖

 (2.15) 

where 𝑓𝑖 is the occupation factor of 𝜓𝑖. Now 𝜓𝑖 is parametrized by  

λ which describes a state of the crystal. Then polarization derivative 

∂𝐏𝑒𝑙

𝜕𝜆
 is given by: 

 ∂𝐏𝑒𝑙
𝜕𝜆

=
𝑒

𝑉
∑𝑓𝑖
𝑖

(⟨
𝜕𝜓𝑖

𝜕𝜆
|𝐫|𝜓𝑖⟩ + ⟨𝜓𝑖|𝐫|

𝜕𝜓𝑖

𝜕𝜆
⟩) (2.16) 

Adopting first-order perturbation about KS potential, 

∂𝐏𝑒𝑙
𝜕𝜆

=
𝑒

𝑉
∑𝑓𝑖
𝑖

∑(
⟨𝜓𝑖|𝐫|𝜓𝑗⟩ ⟨𝜓𝑗|

𝜕𝑣ks
𝜕𝜆

|𝜓𝑖⟩

𝜖𝑖 − 𝜖𝑗
+ c. c. )

𝑗≠𝑖

 (2.17) 

Since the operator r is not well defined in periodic crystal, this 

expression should be transformed using the commutator of r. 

∂𝐏𝑒𝑙
𝜕𝜆

=
𝑖𝑒ℏ

𝑉𝑚𝑒

∑𝑓𝑖
𝑖

∑(
⟨𝜓𝑖|𝐩|𝜓𝑗⟩ ⟨𝜓𝑗|

𝜕𝑣ks
𝜕𝜆

|𝜓𝑖⟩

(𝜖𝑖 − 𝜖𝑗)
2 + c. c. )

𝑗≠𝑖

 (2.18) 

where 𝑚𝑒  is the electronic mass. After Resta established this 

formalism, King-Smith and Vanderbilt showed that the change in 

polarization can be calculated if we know the information only at the 

end points: 

 Δ𝐏𝑒𝑙 = 𝐏𝑒𝑙
𝜆2 − 𝐏𝑒𝑙

𝜆1 (2.19) 

Rewriting the matrix elements in 
∂𝐏𝑒𝑙

𝜕𝜆
 as: 

 ⟨𝜓𝑖
𝜆|𝐩|𝜓𝑗

𝜆⟩ =
𝑚𝑒

ℏ
⟨𝜓𝑖

𝜆| [
∂
∂𝐤

,𝐻𝜆] |𝜓𝑗
𝜆⟩ (2.20) 
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 ⟨𝜓𝑖
𝜆|
𝜕𝑣𝑘𝑠
𝜕𝜆

|𝜓𝑗
𝜆⟩ = ⟨𝜓𝑖

𝜆| [
∂
∂𝜆

, 𝐻𝜆] |𝜓𝑗
𝜆⟩ (2.21) 

where 𝐻λ =
1

2𝑚𝑒
(−𝑖ℏ∇ + ℏ𝐤)2 + 𝑣𝐾𝑆

𝜆   is a periodic Hamiltonian. 

Now M is the number of occupied bands and let 𝑓  the occupation 

number of states in the valence band. Following the argument in D. J. 

Thouless’s paper [34], we can get: 

Δ𝐏𝑒𝑙 = ∫
𝜕𝐏

𝜕𝜆

𝜆2

𝜆1

𝑑𝜆 

= −
𝑖𝑓𝑒

8𝜋3
∑∫ 𝑑𝐤

𝐵𝑍

∫ 𝑑𝜆
𝜆2

𝜆1

𝑀

𝑛=1

[⟨
𝜕𝑢𝐤𝑛

𝜆

𝜕𝑘𝛼
|
𝜕𝑢𝐤𝑛

𝜆

𝜕𝜆
⟩

− ⟨
𝜕𝑢𝐤𝑛

𝜆

𝜕𝜆
|
𝜕𝑢𝐤𝑛

𝜆

𝜕𝑘𝛼
⟩] 

 

 

 

 

(2.22) 

where the eigenfunction of periodic Hamiltonian 𝑢𝐤𝑛
𝜆 = 𝜓𝐤𝑛

𝜆 exp(−𝑖𝐤 ⋅

𝐫) satisfies the generalized periodic boundary condition. To make this 

expression physically more meaningful, we can try integration by parts: 

 
Δ𝐏𝑒𝑙 =

𝑖𝑓𝑒

8𝜋3
∑∫ 𝑑𝐤

𝐵𝑍

𝑀

𝑛=1

{[⟨𝑢𝐤𝑛
𝜆 |∇𝐤|𝑢𝐤𝑛

𝜆 ⟩]
𝜆1

𝜆2

−∫ 𝑑𝜆∇𝐤⟨𝑢𝐤𝑛
𝜆 |𝜕/𝜕𝜆|𝑢𝐤𝑛

𝜆 ⟩
𝜆2

𝜆1

} 

 

 

(2.23) 

Because ⟨𝑢𝐤𝑛
𝜆 |𝜕/𝜕𝜆|𝑢𝐤𝑛

𝜆 ⟩  is periodic in k-space, the second term 

integrated over the Brillouin zone becomes zero. Therefore, the 

remaining term is: 

 
𝐏𝑒𝑙
𝜆 =

𝑖𝑓𝑒

8𝜋3
∑∫ 𝑑𝐤

𝐵𝑍

𝑀

𝑛=1

⟨𝑢𝐤𝑛
𝜆 |∇𝐤|𝑢𝐤𝑛

𝜆 ⟩ (2.24) 
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This expression contains the well-known form of the Berry connection 

of band 𝑛: 

 𝒜n(𝐤) = 𝑖⟨𝑢𝐤𝑛(𝐫)|∇𝐤|𝑢𝐤𝑛(𝐫)⟩ (2.25) 

 

2.3 Nudged elastic band method 

Nudged elastic band (NEB) method [35,36] is useful to calculate the 

energy barriers for transition between reactants and products, through 

the reaction paths. In order to adopt NEB method, the reaction path 

should be divided into a number of intermediate images and each image 

is optimized while equally separated to neighboring images. 

The minimum energy path (MEP) requires the boundary 

conditions and the force parallel to the path at any points. In detail, 

when any vector 𝐩𝑠  satisfies the relation 𝐩𝑠 ⋅
𝑑𝚪𝑠

𝑑𝑠
= 0 , where 𝚪𝑠 

corresponds to MEP parametrized by s, the gradient of the potential 

energy, which is equal to the force, should be zero: 

 𝐩𝑠 ⋅ ∇𝑉(𝚪𝑠) = 0 (2.26) 

The two end points of MEP, the reactant and the product must 

be at the lowest-energy states. Suppose that the reactant, the product 

and the intermediate images are connected by an elastic band with a 

spring constant then the problem is simplified to a minimization 

problem of a potential-like function: 

𝑈(𝐫1, 𝐫2, ⋯ , 𝐫𝑃−1) = ∑𝑉(𝐫𝑖)

𝑃−1

𝑖=1

+∑
𝑘𝑃

2
(𝐫𝑖 − 𝐫𝑖−1)

2

𝑃

𝑖=1

 (2.27) 

where 𝐫0 and 𝐫𝑃 are the fixed end point images and the others are the 
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intermediate images to be optimized. The first term is the potential of 

each intermediate image and the second term is an elastic energy 

between two adjacent images. Still, it is plain elastic band method, not 

nudged. 

The problem of plain elastic band method is to make the 

transition states draft away from MEP thus it cannot find an exact saddle 

point unless we use infinite number of images. The sources of draft are 

the component of the spring force perpendicular to the path, and the 

parallel component of the potential gradient. In NEB, the problem is 

solved by make the terms zero. Then the force on image becomes: 

 𝐅NEB(𝐫𝑖) = −∇𝑉(𝐫𝑖)|⊥ + 𝐅𝑖
𝑠|∥ (2.28) 

where 𝐅𝑖
𝑠 ≡ 𝑘(𝐫𝑖+1 − 2𝐫𝑖 + 𝐫𝑖−1) and ∇𝑉(𝐫𝑖)|⊥ = ∇𝑉(𝐫𝑖) − ∇𝑉(𝐫𝑖)|∥ . 

These projections help the relaxations of the path and the images 

performed separately and clearly solve the problem shown in the plain 

elastic band method. 

 

2.4 Superexchange and Heisenberg Hamiltonian 

Consider the system of two electrons with the wavefunctions 𝜓𝑎(𝐫1) 

and 𝜓𝑏(𝐫2). The overall wavefunction must be antisymmetrized under 

the particle exchange operation. Then the wavefunction with the spin 

singlet state ΨS and the triplet state ΨT can be written as: 

 
ΨS =

1

√2
[𝜓𝑎(𝐫1)𝜓𝑏(𝐫2) + 𝜓𝑎(𝐫2)𝜓𝑏(𝐫1)]𝜒S (2.29) 
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ΨT =

1

√2
[𝜓𝑎(𝐫1)𝜓𝑏(𝐫2) − 𝜓𝑎(𝐫2)𝜓𝑏(𝐫1)]𝜒T (2.30) 

The corresponding energies are 

 𝐸S = 𝐾 + 𝐽 (2.31) 

 𝐸T = 𝐾 − 𝐽 (2.32) 

where 

 
𝐾 = ∫𝑑𝐫1𝑑𝐫2ℋ|𝜓𝑎(𝐫1)|

2|𝜓𝑏(𝐫2)|
2 (2.33) 

 
𝐽 = ∫𝑑𝐫1𝑑𝐫2 𝜓𝑎

∗(𝐫1)𝜓𝑏
∗(𝐫2)ℋ𝜓𝑎(𝐫2)𝜓𝑏(𝐫1) (2.34) 

Because the difference between two energies is 2J, the effective 

Hamiltonian can be expressed using 𝐸S, 𝐸T,and 𝐒1 ⋅ 𝐒2. For a singlet, 

𝐒1 ⋅ 𝐒2 = −3/4 while for a triplet 𝐒1 ⋅ 𝐒2 = 1/4, therefore, 

 
ℋ =

1

4
(𝐸S + 3𝐸T) − (𝐸S − 𝐸T)𝐒1 ⋅ 𝐒2 (2.35) 

We can write the spin-dependent term of the Hamiltonian, 

 ℋspin = −2𝐽𝐒1 ⋅ 𝐒2 (2.36) 

If 𝐽 > 0, 𝑆 = 1 is favored and in contrast, if 𝐽 < 0, 𝑆 = 0 is 

favored. Now J is called exchange parameter. This is the simplest model 

of Heisenberg Hamiltonian: 

 ℋ = −∑𝐽𝑖𝑗𝐒1 ⋅ 𝐒2
𝑖≠𝑗

 (2.37) 

If the electrons on neighboring atoms interact via direct overlap 

of orbitals, this interaction is called direct exchange. However, direct 

exchange is not usually important in magnetism because the valence 

electrons in many magnetics materials containing transition metals and 
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rare earth metals are strongly localized so the direct overlap becomes 

insufficient. Therefore, superexchange is introduced to explain 

magnetic interactions in these materials. 

Superexchange is an indirect exchange interaction between 

non-neighboring magnetic ions mediated by non-magnetic ion 

connecting them. In the other words, the exchange interaction occurs 

through the overlaps between the orbital in magnetic ion and non-

magnetic ion. 

From the simple model, we can get an insight for superexchange. 

In the tight binding approach to Hubbard model, the Hamiltonian can 

be written as the simple form: 

 ℋ = −𝑡 ∑ 𝑐𝑗𝜎
† 𝑐𝑖𝜎

<𝑖,𝑗>𝜎

+ 𝑈∑𝑛𝑖↑𝑛𝑖↓
𝑖

 (2.38) 

where 𝑐𝑖𝜎  and 𝑐𝑖𝜎
†

  are the annihilation and creation operators of 

electrons satisfying the anticommuting relation and 𝑛𝑖𝜎 = 𝑐𝑖𝜎
† 𝑐𝑖𝜎 is the 

occupation number operator. The index 𝑖 specifies where the electron 

is located and 𝜎 is the spin of the electron. Finally, −𝑡 is the hopping 

parameter of the electrons to move between two orbitals and 𝑈 is on-

site Coulomb repulsion. In two-electron system with two orbitals, we 

can find the eigenstates of the Hamiltonian: 

𝜖± =
𝑈

2
±
√𝑈2 + 16𝑡2

2
,Ψ±

=
(| ↑, ↓> −| ↓, ↑> −

𝜖±
2𝑡

[| ↑↓ ,0 > +|0, ↑↓>])

√2 + 𝜖±
2/(22)

 

(2.39) 
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𝜖𝑐𝑜𝑣 = 0,Ψ𝑐𝑜𝑣 =
1

√2
(| ↑, ↓> +| ↓, ↑>) 

 

(2.40) 

𝜖𝑖𝑜𝑛 = 𝑈,Ψ𝑖𝑜𝑛 =
1

√2
(| ↑↓ ,0 > −|0, ↑↓>) 

 

(2.41) 

For 𝑈 ≫ 𝑡  limit, 𝜖− ≃ −4𝑡2/𝑈 , 𝜖+ ≃ 𝑈 + 4𝑡2/𝑈 . We can 

approximately find the effective Hamiltonian acting on the covalent 

state 𝛹𝑐𝑜𝑣: 

 
ℋeff =

4𝑡2

𝑈
(𝐒1 ⋅ 𝐒2 −

𝑛1𝑛2
4

) (2.42) 

Again, this is the Heisenberg model if we set 𝐽 = −4𝑡2/𝑈. 

To understand superexchange, the interaction is divided into 

two direct exchanges between d orbital of transition metal and p orbital 

of non-magnetic ion. Each hopping process can be similarly considered 

as in direct exchange. Then the exchange parameter of the one step 

becomes: 

 
𝐽1 ≃ −

4𝑡𝑝𝑑
2

𝑈𝑑 − Δ𝑝𝑑
 (2.43) 

Note that 𝑈𝑑 − Δ𝑝𝑑 is used rather than just 𝑈𝑑 where Δ𝑝𝑑 =

𝜖𝑝 − 𝜖𝑑 is the relative energy of p level. After the second step from p 

orbital to d orbital is adopted, we can expect the final exchange 

parameter 𝐽  to be proportional to 𝑡𝑝𝑑
4  . In fact, after several 

calculations, we can get the form expressed like 𝐽2 = −4𝑡𝑝𝑑
4 /

𝑈𝑑(𝑈𝑑 − Δ𝑝𝑑)
2
. 

In previous examples, it is expected that antiparallel spins will 
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be favored. In real systems, the magnetic ions usually have more than 

one electron and the spin state of ion depends on the Coulomb repulsion 

and the crystal field in which the ion is located. Thus, the 

ferromagnetism can exist in the situation that superexchange is 

suppressed by, for example, lattice geometry, charge ordering, or orbital 

ordering. Goodenough and Kanamori arranged such examples and 

developed semiempirical rules to explain the favored spin configuration 

for given conditions. [37–39] 
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Chapter 3. 
 

Crystal structures and induced polarization of 

SrMO2.5 (M=Co, Fe) 

In this chapter, we introduce the crystal structures and overall features 

of SrMO3-x, especially for x=0.5. It is shown that the macroscopic 

polarization can be induced by inversion symmetry breaking in SrMO2.5 

crystals and how much the structures are stable. 

3.1 Introduction 

Controlling the structure of crystal and the related properties is very 

crucial in many areas of material science. One of the most common way 

to control the structure is to make a vacancy or an interstitial ion in the 

lattice. However, it is difficult to experimentally obtain the structure we 

want because we can hardly locate the defects on the appropriate sites. 

This is the reason why SrMO3-x are important to be studied for their 

various applications. 

ABO2.5 or A2B2O5 are called brownmillerite oxides, and 

SrMO2.5 are the members of the family. The brownmillerite SrCoO2.5 

(BM-SCO) and SrFeO2.5 (BM-SFO) have similar structural properties, 

so the structure of BM-SCO is mainly described in this chapter. The 

unit cell of brownmillerite structure is shown in Fig 3.1(a) and for 

comparison, the perovskite unit cell is also presented in Fig 3.1(b). BM-

SCO crystal has an orthorhombic unit cell and consists of alternating 

layers of CoO6 octahedra and CoO4 tetrahedra. [40,41] The unit cell of 

BM-SCO is characterized by the Co(1) at the octahedral site and the  
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Figure 3.1 Lattice structures of (a) brownmillerite SrMO2.5 and (b) 

perovskite SrMO3 unit cells. Each octahedron or tetrahedron contains 

M ion inside. 
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Figure 3.2 Optimized in-plane structures for the (a) octahedral 

(Co(1)) and (b) tetrahedral (Co(2)) sites of the brownmillerite 

structure shown in Fig. 3.1. The lines with the same color represents 

the equivalent bond length in each layer. The arrows in (b) represent 

the rotation direction of each tetrahedron of the R-twisted 

configuration. (c) shows a schematic drawing of L or R-twisted chain 

with the electric dipole moments parallel (antiparallel) to the [110] 

direction, respectively. 
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Co(2) at the tetrahedral site. Here we follow the notations used in work 

by Mitra et al. [42] The Co(1) atom inherits the original octahedral 

environment of Co from P-SCO, while the Co(2) atom has distorted 

tetrahedral coordination of oxygen atoms. The layer of CoO4 tetrahedra 

can be viewed by the ordered line of oxygen vacancies along the [11̅0] 

direction in every second (00𝑙) layer of stoichiometric SrCoO3 (P-SCO). 

 Figure 3.2(a) and (b) illustrates the fully relaxed in-plane 

positions of Co and O atoms within the (a) octahedral layers and (b) 

tetrahedral layers. We introduce a local coordinate of the x- and y-axes 

in Fig. 3.2(a), rotated by 45 degrees to fit it into the bonding direction 

of the Co(1) octahedron for the description of d-electron orbitals. From 

Table 3.1, it is obvious that the pronounced prolate elongation happens 

to the apical bond between Co(1)-Oint, which may be due to the presence 

of oxygen vacancy in the neighboring tetrahedral layers. In the prolate 

distortion, the dxy energy level stays higher than those of dyz,zx orbitals. 

It means that one spin-down 𝑡2g
1↓ electron in the HS state of Co3+ d6 

(𝑒g
2↑𝑡2𝑔

3↑1↓) will occupy the doubly degenerate dyz,zx states and form a 

half-filled metallic band. When the in-plane JT distortion breaks the 

symmetry between the Co(1)-O bonds within the octahedral layer, as 

shown in Fig. 3.2(a), one of the dyz,zx orbitals has lower energy and the 

degeneracy is removed. Consequently, for example, the dyz-band of 

Co(1) becomes fully occupied and form a large gap as shown in the 

Co(1) t2g - O 2p pDOS panel of Fig. 5.1(b). Here it is noted that this 

pattern of the JT distortions of Co(1) and Co(1’) atoms repeats in the 
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second octahedral layers with a mirror inversion with respect to the 

plane parallel to [1̅10] because of the non-symmorphic operation of the 

I2mb space group, but does not affect the formation of the bandgap for 

Co(1) and Co(1’). 

 This is the description of the octahedral layers, and in the rest 

parts of this chapter, the issues on tetrahedral layers are discussed. At 

first, the rotation of tetrahedral chain and the structures with various 

types of chain stacking are introduced. The twisted tetrahedral chains 

can produce canted polarization due to the inversion symmetry breaking. 

However, the total moment of crystal depends on the stacking of the 

chains. The brownmillerite structure of several space groups are 

introduced and it is shown that only I2mb space group can have net 

polarization. Finally, we discuss the stability of the I2mb structure by 

calculating the transition barrier between Pnma and I2mb using nudged 

elastic band (NEB) method. 

 

3.2 Structural ordering in tetrahedral layer 

Apart from the G-AFM insulating nature of BM-SMO, the tetrahedral 

layers consisting of oxygen vacancies are of interest. There are several 

works [15,17,43,44] suggesting the chain ordering of the tetrahedral 

layers in other brownmillerite structured materials. According to 

Parsons et al., [43] the space group symmetry of brownmillerite 

structures can have 5 different categories: I2mb, Pnma, Pcmb, C2/c and 

Imma depending on the inter-layer or intra-layer chain ordering of MO4 



 

 25 

tetrahedra. Recent experimental work did not find any long-range order 

in the tetrahedral layers and suggested the space group of Imma for the 

disordered arrangement of MO4 tetrahedra, both for Fe and Co. 

 The rotation of the tetrahedra results in two mirror-related 

configurations of the tetrahedral chains, which are arbitrarily called 

“left” (L) and “right” (R), depending on the sequence of tetrahedron 

rotations, as illustrated in Fig. 3.2(c).  

 In general, each tetrahedral chain in the brownmillerite lattice 

can be changed into either L or R configurations. In fact, the L or R 

configurations of the chains between tetrahedral layers (inter-layer) and 

within the tetrahedral layers (intralayer) have been suggested to be the 

origin of the complexity of the brownmillerite-type structures.  [17] 

For example, the I2mb symmetry corresponds to the configuration in 

which all tetrahedral chains are R-rotated, while the Pnma structure has 

an alternating inter-layer sequence of the R- and L-rotated chains. In 

contrast, the other space groups Pcmb and C2/2 contain intralayer 

ordering of R-and L-rotated twisted chains. As mentioned, Imma 

structure has random arrangement. 

 Fig. 3.2(b) illustrates the R-twisted configuration, consisting of 

the clockwise rotation of Co(2) and counter-clockwise rotation of 

Co(2’). Since each rotation distortion breaks an inversion symmetry, 

however, the chains with the rotated tetrahedra acquire an electric 

dipole moment. The total dipole moment of brownmillerite structure is 

the summation of the moment of each chain. Thus, it is strongly related 
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to the ordering of tetrahedral chains. The details are described in chapter 

3.4. 

 

3.3 Calculational details 

All the calculations in this chapter were performed by using density-

functional theory (DFT) within GGA+U method and the projector 

augmented wave (PAW) [45] pseudopotentials implemented in the 

Vienna ab initio simulation package (VASP) [46] were applied. The 

cutoff energy of the plane waves is 600 eV and 6 × 6 × 2 k-point grids 

were used for brownmillerite unit cell which is a supercell 

corresponding to √2 × √2 × 4 perovskite cells. All forces converged 

within 0.01 eV/Å. 

In the brownmillerite calculations, the physical properties were 

not much affected by on-site Coulomb interaction, except for the lattice  

parameters while P-SCO shows dependency on U. (See the next 

Chapter 4.) Therefore, the on-site U were determined to keep the 

consistency with the perovskite or the previous researches on materials 

containing Fe ions. As a result, 𝑈eff=1.5 eV was used for BM-SCO and 

𝑈eff=3 eV for BM-SFO. 

We obtained the macroscopic polarizations of each lattice with 

I2mb space group using Berry phase method introduced in Chapter 2. 

The barriers for structural transition from Pnma to I2mb were calculated 

applying the nudged elastic band (NEB) method and eight intermediate 

images were used in each calculation. 
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Compound  Calculation Experiment 

SrCoO3 
a 

Co-O 

3.843 

1.921 

3.829a 

1.915 

SrCoO2.5(I2mb) 

a 

b 

c 

Co(1)-Ooct 

Co(2)-Otet 

Co(1)-Oint 

Co(2)-Oint 

5.532 

15.85 

5.639 

2.101, 1.848 

1.922, 1.913 

2.283 

1.824 

5.458b 

15.64 

5.564 

1.963, 1.938 

2.241, 1.816 

2.214 

1.801 

SrCoO2.5(Pnma) 

a 

b 

c 

Co(1)-Ooct 

Co(2)-Otet 

Co(1)-Oint 

Co(2)-Oint 

5.523 

15.83 

5.631 

2.098, 1.853 

1.922, 1.912 

2.262 

1.827 

5.458b 

15.64 

5.564 

1.990, 1.912 

2.220, 1.828 

2.216 

1.797 

a Ref [20], b Ref [16] 

Table 3.1 Calculated lattice structure data for SrCoO3 and SrCoO2.5. 

The unit is in Å. Ooct is the oxygen atom located within the octahedral 

layer and Otet is the oxygen atom within the tetrahedral layer. Oint 

represents the oxygen atom located between the octahedral and 

tetrahedral layers. 

 

Table 3.1 shows the experimental and the optimized structure  

data for P-SCO and BM-SCO. With the choice of Ueff = 1.5 eV, the 

lattice constant and Co-O distance for P-SCO is in excellent agreement 

with experiment.  [20] However, the calculated lattice constants for 

BM-SCO turn out to be slightly larger (more than 1 %) than 

experimental results.  [16] The main discrepancy between calculations 
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and experiment lies mostly in the internal positions of oxygens. 

 This mismatch between our calculation and experiment is rather 

significant. During the relaxation of the internal coordinates of atoms 

in BM-SCO, we observe that a large difference between the short and 

long bond lengths of Co(1)-Ooct arises from the JT distortion of the Co(1) 

octahedron within the octahedral layers, which was not reported in the 

experiment. [16] Indeed, this JT distortion in the octahedral layer is 

compatible with the observed I2mb space group symmetry and needs to 

be confirmed by experiment in the future. 

 The lattice structures of BM-SFO are relaxed from the 

structures of BM-SCO. The lattice constants obtained after the 

optimization are a = 5.556 Å, b = 15.92 Å, c = 5.665 Å for I2mb space 

group and a = 5.551 Å, b = 15.91 Å, c = 5.659 Å for Pnma. 

The unit cell of Pcmb structures for BM-SCO and BM-SFO is 

supercell with doubled volume of brownmillerite unit cell. It contains 

both L- and R-chains in a tetrahedral layer. The Pcmb structures are 

considered to compare the macroscopic polarization with the other 

space groups in this chapter. The calculated lattice constants are a = 

5.503 Å, b = 15.88 Å, c = 11.20 Å for BM-SCO and a = 5.539 Å, b = 

15.99 Å, c = 11.28 Å for BM-SFO. Since these three space groups are 

the simplest and enough to represent the possible chain stackings, we 

don’t consider any other space groups. 
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3.4 Discovery of macroscopic polarization of 

brownmillerite structure in I2mb space group 

 

As mentioned in the previous chapter 3.2, the total polarization of 

brownmillerite unit cell is related to the arrangement of the tetrahedral 

chains. For simplicity, we choose three ordered configurations among 

the five space groups suggested by Parsons et al.. [43] Figure 3.3 shows 

how the tetrahedral chains are arranged in the crystals with I2mb, Pnma 

and Pcmb space groups. Fig 3.3(b) and (c) show the Pnma and Pcmb 

structures have both L- and R-chains in their unit cells to cancel the 

polarization of tetrahedral chain each other. Thus, only the tetrahedral 

ordering with the I2mb space group has a macroscopic polarization 

because all the tetrahedral chains are twisted into the same direction. In 

experiment, the tetrahedral chain stacking is disordered, thus, the 

ferroelectric polarization is expected to diminish. 

The ferroelectric moments are calculated using Berry phase 

method introduced in the previous chapter. The calculated electric 

polarization of BM-SCO with the I2mb symmetry is about 6.38 µC/cm2 

along the chain direction. In addition, there appears a relatively small 

component of polarization, ~ 0.65 µC/cm2, along with the z-direction, 

i.e., perpendicular to the layers, which is not forbidden by the crystal 

symmetry. Similarly, the polarization of BM-SFO is about 7.77 µC/cm2. 

In conclusion, we can expect the measurable moment in both systems 

if well-ordered tetrahedral stackings can be obtained. 
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Figure 3.3 Schematic diagrams of tetrahedral layers of 

brownmillerite structures with (a) I2mb, (b) Pnma and (c) Pcmb space 

groups. Each arrow shows the direction of a net dipole moment of a 

tetrahedral chain. Only I2mb structure can have nonzero electric 

dipole while in the other space group, the moments cancel each other. 
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3.5 Structural transition from Pnma to I2mb space 

group 

 

To check the stability of the ferroelectric phase of BM-SCO and BM-

SFO, the total energies of the optimized structures for space groups 

suggested are calculated and the energy differences for formula unit are 

presented in Table 3.2. The energy difference between I2mb and Pnma 

is just few meV for both BM-SCO and BM-SFO. 

 Relative energy (meV/f.u.) 

 I2mb Pnma Pcmb 

SrCoO2.5 0 2.6 40 

SrFeO2.5 0 1.8 4.6 

Table 3.2 Energies of optimized structure with given space groups. 

For both Co and Fe, I2mb structures have the lowest ground states. 

 

Since the energy differences are so small, it is impossible to get 

the ordering by the thermodynamic annealing process. However, once 

the polarization of tetrahedral chains is aligned by a poling process, the 

stability of the I2mb structure can be maintained by the activation 

barrier of the rotation of tetrahedral chains. To confirm this possibility, 

we calculated the activation barrier by using the nudged elastic band 

(NEB) method. 

Two endpoints of the configurations: A (Pnma) and C (I2mb) 

are shown in Fig. 3.4. The lattice parameters of the endpoints are 

adjusted to those of Pnma structures for the NEB calculations. The  
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Figure 3.4 Energy barriers across the structural transformation 

between Pnma to I2mb structures from the results of NEB 

calculations. The insets show a pathway connecting (A) the R-twisted 

chain configuration of Pnma and (C) L-twisted chain configuration 

of I2mb via (B) the transient-state. The arrows in (B) indicate the 

direction of oxygen motion. 
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insets of A, B and C show only one of the two independent tetrahedral 

layers, where A (Pnma) has the L-rotation of tetrahedra and C (I2mb) 

has the R-rotation. The inset B shows the direction of oxygen motion 

from A to C configurations. As results, the activation barriers for the 

transition between (Pnma) and (I2mb) BM-SMO is obtained to be ~ 1 

eV, which is much larger than the room-temperature energy, suggesting 

a possible ferroelectric ordering for brownmillerite SrCoO2.5 and 

SrFeO2.5. 

 

3.6 Conclusion 

We try to optimize several brownmillerite SrMO2.5 structures of 

different space groups. Relaxed structures of BM-SMO have larger 

lattice constants than experimentally obtained structures, in contrast to 

P-SMO. Although GGA exchange-correlation functional tends to over-

estimate the lattice parameters, the expansion of the brownmillerite 

lattice should be analyzed in other way. More discussion is suggested 

in the next parts of this thesis. In addition, the large Jahn-Teller 

distortion in octahedral layer is expected by the relaxation, but it is not 

observed in current experimental researches. The orbital ordering 

induced by JT distortion is important to explain the insulating behavior 

of BM-SMO, thus, it should be carried out by the future experimental 

researches. 

The ferroelectric property of brownmillerite lattice is also 

predicted due to the rotation of each tetrahedron. Because the total 
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polarization is canceled in the system which preserves inversion 

symmetry, only I2mb structure has nonzero dipole moment. Although 

the experimentally generated BM-SMO is observed to have random 

chain stacking, the ordered I2mb structure is calculated to be 

energetically most stable. The activation barrier from Pnma to I2mb is 

also large enough to stabilize the polar structure of I2mb space group. 

However, to obtain the well-ordered I2mb structure by external field is 

not easy process due to the leakage. Further experimental studies are 

the next steps to prove the existence of the ferroelectricity in 

brownmillerite SrMO2.5. 
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Chapter 4. 
 

Changes in magnetic ordering caused by volume 

change and oxygen vacancies in SrCoO3 

In this chapter, we discuss the instability and proximity of 

ferromagnetism in SrCoO3. At first, we investigate the strong 

hybridization between oxygen and Co ion. The hybridization can be 

affected by several variables such like Coulomb repulsion U and the 

oxygen vacancy. It is shown that the magnetic ground state of P-SCO 

is related to lattice constants, U and oxygen vacancy in complicated way, 

because of the 𝑑𝑝𝜎-hybridization. 

 

4.1 Introduction 

Unlike many perovskite type ABO3 materials expected to be 

ferromagnetic by Goodenough-Kanamori rule, P-SCO exhibits FM 

metallic ground state. While the mechanism behind the FM metallic 

ground state of P-SCO is subtle, the stability of this FM ground state 

has been shown to be fragile against the oxygen vacancy or lattice strain. 

There is experimental evidence that the change of oxygen content in 

SrCoO3-x results in a wide variety of electronic and magnetic properties 

from FM metal to AFM insulator as a pathway of topotactic 

transformation between P-SCO (x=0) and BM-SCO (x=0.5) [4] and 

further the formation of oxygen vacancy mediated by the strain control 

can induce such FM-to-AFM phase transitions. [3,8,9,47] There is also 

a first-principle study demonstrating that the formation of oxygen 
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vacancy is favored by the volume expansion of the lattice in SrCoO3-

x. [48] All of the evidence point to that the oxygen vacancy x is the 

single most important parameter modifying the Co valence state 

without cation doping which determines the electronic and magnetic 

properties of SrCoO3-x.  

However, on the other hand, recent first-principles calculations 

demonstrated that the epitaxial strain on P-SCO could also induce 

electronic and magnetic phase transitions from FM-metal to AFM-

insulator, [49] which signifies that the lattice strain can be another 

important parameter controlling the magnetic state of Co ions in P-SCO. 

In fact, there are many theoretical indications that the Co spin state in 

P-SCO is in proximity to HS, LS, or even IS states with either FM or 

AFM ordering, [24] where its spin state depends on the competition 

between the crystal field strength and Hund’s coupling [25] and the 

presence of oxygen vacancy. [26] Similar changes of the Co spin state 

in LaCoO3 have been reported for the temperature [50–53] as well as 

the lattice strain. [54] 

The ground-state electronic and magnetic structures of 

stoichiometric SrCoO3 has recently been reexamined extensively based 

on density functional theory calculations with GGA+U and hybrid 

functional by Rivero and Cazorla. [55] They proposed a tetragonal 

phase with possible Jahn-Teller (JT) distortions as a ground state 

structure for the stoichiometric SrCoO3. Despite that a larger value of 

U= 6 eV was used for the calculations, which may be attributed to the 
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discrepancy between their work and the previous works, [20,49] it is 

interesting to observe that the on-site Coulomb interaction of U has a 

strong effect on the structural, electronic, and magnetic properties of P-

SCO. 

Although the previous DFT studies on P-SCO performed the 

calculations using various on-site U, no one obviously observed the 

effect of U on the magnetic configurations. We discovered that the 

ground state of P-SCO changes as increasing U, while the effect of 

increasing lattice constants is trivial. Then, we established simple model 

for an oxygen vacancy in a supercell to investigate the effect of oxygen 

vacancy, when U is fixed. By this process, how the lattice constant, 

oxygen vacancy and the on-site Coulomb repulsion U affect the ground 

state of P-SCO. 

Before starting, we investigate the projected density of states 

(pDOS) of P-SCO to clarify the spin-state of Co ion, the orbital 

characteristics and the origin of ferromagnetic interaction. The pDOS 

calculation is performed for single perovskite unit cell presented in the 

previous chapter. In subchapter 4.3, we perform GGA+U calculations 

for P-SCO using the supercell of √2 × √2 × 2  perovskite unit cells 

with 6 × 6 × 8 k-point grids to compare the several antiferromagnetic 

spin configurations; A-type (A-AFM), C-type (C-AFM) and G-type (G-

AFM). The on-site energy U varied from 0 to 4.5 eV during the 

calculation of P-SCO. Then the Co-Co distances are arranged along 

whether the spins of the Co ions are parallel or antiparallel. We discuss 
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the effect of on-site U on the bond length and magnetic interaction. 

To investigate the effect of an oxygen vacancy in P-SCO, we 

remove an oxygen from a CoO2 layer in the supercell, then the formula 

of the cell becomes SrCoO2.75. The supercell volume changed in a range 

approximately from -6 % to +6 % while the on-site U is fixed to 1.5 eV. 

In each relaxation step, the volume is preserved to be same to the 

previous step. 
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4.2 Origin of ferromagnetism in SrCoO3 

The overall features of electronic band structures for stoichiometric P-

SCO are in general agreement with previous works,  [14,25,26,56,57] 

as shown in Fig. 4.1. The dispersive bonding and antibonding bands 

near -5 eV below the Fermi level (EF) and just above EF, respectively, 

in both majority spin (spin-up) and minority-spin (spin-down) channels 

of Fig. 4.1(a) and (b) are the signature of a strong 𝑑𝑝𝜎-hybridization 

between Co eg and O 𝑝𝜎 orbitals. The separation of the 𝑑𝑝𝜎 bonding-

antibonding levels is about 8 eV. It is much larger than that of the Co t2g 

and O 𝑝𝜎 bonding-antibonding levels, which is close to 4 eV. 

 As illustrated in the pDOS plot of Fig. 4.1(c), the ferromagnetic 

ground state of P-SCO has a large exchange split of ~ 5 eV for the t2g 

states so that the spin-up channel of the Co t2g-O 𝑝π hybridized bands 

is fully occupied while the spin-down channel is partially filled. Thus, 

its spin configuration can be assigned to 𝑡2g
3↑1↓ . Despite the large 

exchange split in t2g, however, the spin-polarization of the 𝑑𝑝𝜎 -

hybridized bands are not pronounced because the 𝑑𝑝𝜎  bonding-

antibonding separation exceeds the exchange energy scale, and indeed 

counting the spin-polarization for the Co eg component can be quite 

tricky. The spin-down component of O 𝑝σ
↓   is almost fully occupied 

with some fraction of the hybridized Co eg states near -4.5 eV below EF. 

On the contrary, the spin-up component of the Co eg-O 𝑝𝜎 antibonding 

band is nearly empty, which can be attributed to the ligand hole formed  
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Figure 4.1 Band structures of (a) spin-up (majority-spin) and (b) 

spin-down (minority-spin) channels, and (c) the total and projected 

density-of-states (DOS) of perovskite SrCoO3. In each DOS panel of 

(c), the positive (negative) scale in the vertical axis represents the 

DOS of spin-up (spin-down) components, respectively. 
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by the strong Co 3d and O 2p hybridization, as suggested by the earlier 

atomic multiplet calculation. [24] Thus, although it seems not easy to 

assign a single spin-configuration to the ground state of P-SCO, its spin-

configuration can be matched approximately to an intermediate spin (IS) 

state close to a mixture of 𝑡2g
3↑1↓𝑒g

1↑ and 𝑡2g
3↑1↓𝑒𝑔

2↑L. 

 The significance of the mixed-states of Co d electrons and O p 

holes in P-SCO has been emphasized by the atomic multiplet 

calculations [24] as well as other Hartree-Fock calculations. [25,58] 

The competition between the crystal field strength and Hund’s coupling 

was found to be a key parameter for the Co spin state and showed that 

the change of crystal field strength drives the P-SCO system from the 

IS state to the LS state, still emphasizing that the IS state of Co 𝑡2g
4 𝑒g

1 

is the most probable candidate for P-SCO. [25] It is interesting to note 

that the itinerant holes residing in the O p ligands, arising from the 

strong pd-hybridization, are coupled to neighboring Co ions 

antiferromagnetically, mediating the ferromagnetic ordering of Co local 

moments. [24] This mechanism shares a common feature with the 

Zener’s mechanism [59] where an effective exchange interaction is 

generated by the sd-hybridization instead of the pd-hybridization. 

Basically, it is essential to have the energy gain produced by the 

negative polarization of the p state, which is considered as a relaxation 

of the non-magnetic elements and eventually stabilizes the 

ferromagnetic ordering of Co spins. [60] 
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4.3 U-dependency of SrCoO3 

The FM state of P-SCO, as shown in Fig. 4.2(a), is found to be the 

ground state up to the value of Ueff < 2.5 eV, which is consistent with 

the results of previous calculations. [49] For the values of Ueff > 2.5 eV, 

all the AFM ordered states becomes stable relative to the FM state. 

Among the AFM states, however, the most stable configuration is the 

A-AFM structure, where the Co spins order ferromagnetically within 

the ab-plane but antiferromagnetically along the c-axis, i.e., layer-by-

layer. The lowering of crystal symmetry and the presence of JT 

distortions in this A-AFM phase are well compared to the large-U 

calculations by Rivero and Cazorla, [55] demonstrating that the on-site 

Coulomb interactions play a crucial role in determining the electronic 

and magnetic structures of P-SCO. 

 Near the transition point of Ueff = 2.5 eV, the total energies for 

all the different spin configurations are merging, and the FM ground 

state of P-SCO comes to close proximity to other AFM states. This 

behavior seems to be consistent with the observation that the P-SCO 

can undergo electronic and magnetic phase transitions with an extra 

epitaxial strain for the small U values [49] and the proposed tetragonal 

phase of P-SCO with possible Jahn-Teller (JT) distortions for the larger 

value of U. [55] 

 For the range of Ueff > 2.5 eV, the lowest energy turns out to be 

the A-AFM state. From the U-dependent total energies for various spin 

configurations in Fig. 4.2, it is obvious that the increase of U boosts the  
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Figure 4.2 U-dependent (a) total energies and (b) effective lattice 

constants for the spin configurations of stoichiometric SrCoO3 with 

ferromagnetic (cross), A-type (square), C-type (triangle), and G-type 

(circle) antiferromagnetic orderings. The energy of each spin 

configuration in (a) is provided relative to that of FM configuration. 

Solid symbols in (b) represent the Co-Co bond lengths with 

antiferromagnetic spin orderings, while open symbols for the Co-Co 

bond lengths with ferromagnetic spin orderings. 
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stability of AFM spin ordering. However, on the other hand, the G-AFM 

ordering is less favorable to the A-AFM ordering for all the range of U 

considered. The band structure features of the G-AFM configuration of 

P-SCO are quite similar to that of BM-SCO, i.e., the G-AFM band 

structure of SrCoO2.5, which is discussed in detail in the next Chapter. 

A notable characteristic is the strong suppression of the 𝑑𝑝𝜎 -

hybridization between Co eg and O 𝑝𝜎  orbitals. As results, the 

partially-filled 𝑑𝑝𝜎  anti-bonding bands in Fig. 4.1(a), which is 

essential to the stability of the FM state, are no longer present near the 

Fermi level and, further, contribute to the increase of the Co localized 

moment. Consequently, when all the neighboring spins are 

antiferromagnetically ordered, a finite bandgap opens up only for the 

G-AFM configuration of P-SCO for Ueff > 2.5 eV. 

 By the way, in Fig. 4.2(b), one can observe interesting 

crossovers happening between AFM- and FM-bond lengths at U = 2.5 

eV for A-AFM and U = 4.5 eV for C-AFM, respectively. At a glance, it 

appears to be contradicting to the general trend of the Co-Co distance 

and the neighboring spin order, namely, the longer bond for AFM and 

the shorter bond for FM. But, after examining the electronic structures 

across the transition from cA−AFM  > aA−AFM  to cA−AFM  < aA−AFM , 

we find that this crossover behavior is triggered by the JT distortion 

within the t2g manifold in the minority spin channel. 

 For the range of cA−AFM > aA−AFM, the Co dyz,zx orbital states 

are degenerate and lower in energy than that of Co dxy so that they 
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contribute to the partially occupied t2g band at EF, similarly to the Co t2g 

panel of P-SCO in Fig. 4.1(c). It means that these Co dyz,zx orbitals form 

a conducting channel in the FM layers of the A-AFM configuration. 

Therefore, the shorter Co-Co distance within the ab-plane favors the 

FM ordering energetically. In the case of cA−AFM < aA−AFM, however, 

the JT distortion triggers the local distortion of CoO6 octahedron for 

cA−AFM < aA−AFM reverses the crystal field splitting, brings down the 

single Co dxy level below EF and generates an energy gap between the 

fully occupied dxy and empty dyz,zx bands. 
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4.4 Volume dependency of SrCoO3 with oxygen 

vacancy 

From the previous researchers, it is well known that the volume of 

transition metal oxides increases when oxygen vacancies are 

introduced. [26,61,62] The SrCoO3-x also exhibits a volume increase, 

which corresponds to an increase of the average Co-Co distance by 

about 2% from P-SCO to BM-SCO. This difference is indeed larger 

than the difference of effective lattice constants between FM and G-

AFM of P-SCO found in Fig. 4.2(b). 

 To gain an insight into the relation among lattice constants, 

oxygen vacancy, and magnetic ordering, we introduce one oxygen 

vacancy within the √2 × √2 × 2 supercell of the SrCoO3 formula unit 

and label the structure ‘SCO-V0’. Note that this SCO-V0 structure does 

not have an oxygen-vacancy ordering similar to that of BM-SCO. 

 Figure 4.3 demonstrates that all the structures with AFM-

ordering have larger lattice volumes, i.e., the effective Co-Co distance, 

than those of the FM-ordered structures in both P-SCO and SCO-V0, 

respectively. In fact, the Co-Co distances increase as the number of 

AFM neighbors grows from FM to A-AFM to C-AFM to G-AFM for 

both P-SCO and SCO-V0 cases. The spread of the equilibrium distances 

for different spin configurations shrinks for SCO-V0, which may be 

associated with the local lattice distortions induced by oxygen 

vacancies. Nonetheless, these behaviors are consistent with the general  
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Figure 4.3 Total energy vs. effective Co-Co distance for different 

magnetic configurations of (a) SrCoO3 (P-SCO) and (b) non-

stoichiometric SrCoO2.75 (SCO-V0). 
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trend of the Co-Co distance and the neighboring spin order discussed in 

Fig. 4.2, namely, the long bond length for the AFM Co-Co neighbors 

and the shorter for FM. This leads to an interesting conjecture that the 

increase of lattice volume, i.e., the effective Co-Co distance, determines 

the magnetic ground state by means of controlling the effective 𝑑𝑝𝜎 

hybridization between Co eg and O 𝑝𝜎 orbitals. 

 

4.5 Conclusion 

We analyze the electronic structure of P-SCO to understand how the 

ferromagnetism arises rather than antiferromagnetism. Due to the 

appearance of the ligand hole state, the spin state of Co ion becomes the 

mixture of intermediate spin state and high spin state. The ligand hole 

formed by strong 𝑑𝑝𝜎 hybridization interacts with the neighboring Co 

ions antiferromagnetically, thus induces the ferromagnetic ordering 

among Co ions. It also enhances the conductivity of P-SCO as a hole 

carrier. 

While the on-site U increases higher than Ueff =2.5 eV, the AFM 

ordering becomes energetically dominant, comparing with the FM state. 

The lowering of crystal symmetry accompanies JT distortion leading 

the system to be A-AFM rather than G-AFM. The electronic band 

structure depends on the ordering of neighboring Co spins, which is 

strongly affected by the Co-O bond length. The antiferromagnetic 

ordering between neighboring Co spins is crucial to the bandgap 

formation, but the energy gain by the AFM order is not strong enough 
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to destroy the stability of FM configurations sustained by the presence 

of strong 𝑑𝑝𝜎  hybridization between Co eg and O 𝑝𝜎  orbitals as 

evidenced in Fig. 4.2(a). 

 It is also shown that the elongation of effective Co-Co distance 

caused by the oxygen vacancy can affect the magnetic ground state in 

Fig. 4.3. Especially, the lattice constant cA−AFM is longer than aA−AFM 

in the calculated volume range, so this shows the correlation between 

the bond length and the magnetic interaction again. 

 However, there is a remaining problem. Although the effective 

Co-Co distance introduced in Fig. 4.3(b) is calculated with the lattice 

volume, the real Co-Co bond length distributes in a wide range. For 

example, the Co-Co length becomes longer due to the existence of an 

oxygen vacancy between them while the other Co-Co bonds have 

shorter length. Thus, we have to treat all the bonds carefully and study 

the relation among the distribution of the Co-Co distance, the orbital 

occupation and the spin state of Co ion. 
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Chapter 5. 
 

Investigation of pd-hybridization in SrMO3-x and 

relation with magnetic interaction 

In this chapter, we study the electronic structures of BM-SMO 

comparing them with those of P-SMO to investigate what happens at 

another endpoint of the topotactic transition. We establish a structural 

model with formula SrCoO2.75, which is different from SCO-V0 model 

and contains only octahedral and tetrahedra like brownmillerite 

structure. We also construct a Heisenberg model to justify the magnetic 

ground state of our SrCoO2.75, after applying it to P-SCO and BM-SCO. 

By studying this intermediate structure, we can understand what 

happens to Co ions along the topotactic transition. 

5.1 Introduction 

In the previous Chap 4., it is shown that pd-hybridization is controlled 

by the Co-Co distances and oxygen vacancy, by establishing a simple 

model, SCO-V0. As a result, the antiferromagnetic interaction is 

induced by the suppression of pd-hybridization. In this chapter, the 

same analysis is applied to BM-SCO to confirm our conclusion in the 

previous chapter. In result, we can observe the strong suppression of 

𝑑𝑝𝜎 hybridization in BM-SCO. The suppression is also observed in 

BM-SFO, which has very similar property with BM-SCO. 

 To understand the multivalent nature of Co ions in SrCoO3-x 

(0 ≤ 𝑥 ≤ 0.5 ), along the line of the topotactic transition between P-

SCO and BM-SCO, we carried out DFT calculations for the structural, 
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electronic, and magnetic properties of SrCoO2.75. We have already 

presented the structural and magnetic properties of SrCoO2.75 with the 

SCO-V0 structure in Chap 4. However, the SCO-V0 structure has 

simply one oxygen vacancy introduced in the supercell so that it does 

not have any feature connected to the brownmillerite structures. 

 Based on a structural model for SrCoO2.75 suggested by 

experimental observation, [63] we constructed a structure containing 

only octahedra and tetrahedra. Adding two oxygen atoms to the BM-

SCO unit cell and carrying out full-lattice relaxations, we obtained 

several stable structures for SrCoO2.75. Here we choose one of the 

typical structures for the detailed analysis of electronic and magnetic 

properties of SrCoO2.75, as shown in Fig. 5.4(a). This structure is 

derived from the I2mb unit cell of BM-SCO, and the vacancies in one 

of the tetrahedral layer were filled by additional oxygen atoms. From 

now on, we call this structure SCO-V1 to distinguish it from SCO-V0. 

The electronic and magnetic properties of SrCoO2.75 is presented in 

chapter 5.4. 

 To find an evidence of ferromagnetic interaction, we calculate 

the effective exchange parameters using the Heisenberg Hamiltonian. 

We also adopt the Heisenberg model to P-SCO and BM-SCO to make 

sure our results. Finally, by calculating projected density-of-states, we 

can observe SrCoO2.75 SCO-V1 structure has intermediate level of pd-

hybridization compared to P-SCO and BM-SCO. 
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5.2 Electronic structures 

Figure 5.1 shows the calculated band structure and density-of-states for 

the G-AFM ground state of brownmillerite SrCoO2.5 (BM-SCO). The 

calculated G-AFM magnetic ordering in BM-SCO is consistent with 

experiments. [41] The total energy of G-AFM also remains robust 

against other magnetic configurations even for the large values of Ueff 

up to 3.5 eV. The bandgap is about 0.5 eV, which is also consistent with 

the experimental direct band gap of 0.35 ~ 0.45 eV. [14] 

 The features of the BM-SCO band structure are in general 

consistent with previous calculations. [14,16,42,64] In comparison with 

the band structure of P-SCO in Fig. 4.1, one of the most prominent 

changes is the strong suppression of the 𝑑𝑝𝜎-hybridization between Co 

eg and O 𝑝𝜎 orbitals for both Co(1) and Co(2). The 𝑑𝑝𝜎 anti-bonding 

bands of P-SCO in Fig. 4.1(a) are pushed up at ~ 2 eV above EF for 

BM-SCO, as shown in Fig. 5.1(a), and their band-width is significantly 

reduced to ~ 1 eV, which is much smaller than that (~ 3 eV) of P-SCO. 

This change of the 𝑑𝑝𝜎-hybridization explains the stability of the AFM 

ordering even for the octahedrally coordinated Co(1) atoms regardless 

of the strength of on-site Coulomb interactions. 

 The detailed features of Co d-O p hybridizations at the 

octahedral site of Co(1) and the tetrahedral site of Co(2) are illustrated 

in the pDOS plots of Fig. 5.1(b). It is noted that the pDOS panels of Fig. 

5.1(b) display only either spin-up or spin-down atom among the same  

type of Co(1) or Co(2) atoms, respectively. The suppression of the  
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Figure 5.1 (a) Spin-polarized band structure and (b) projected 

density-of states (DOS) for the G-AFM ground state of SrCoO2.5 with 

Ueff=1.5 eV. The spin-up and spin down bands in (a) are nearly 

degenerate. The non-degenerate states near the Fermi level are related 

to the ferroelectric ordering breaking the inversion symmetry. In each 

DOS panel of (b), the positive (negative) scale in the vertical axis 

represents the DOS of spin-up (spin-down) components, respectively. 
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𝑑𝑝𝜎-hybridization for Co(1) is well represented in the panel showing 

the pDOS of Co(1) eg-O 2p. In contrast to the strong mixture of Co d 

electrons and O p holes in P-SCO, all the spin-up eg electrons are fully 

occupied, leaving almost no O p hole except a minimal trace of orbital 

overlaps. Combining the pDOS results for the Co(1) eg and t2g 

components, we can identify that Co(1) has a valence state of Co3+ d6 

in the high-spin (HS) state of S = 2 with the configuration of 𝑒g
2↑𝑡2𝑔

3↑1↓. 

In case of Co(2), the 𝑑𝑝𝜎-hybridization is even more suppressed. Since 

the order of eg and t2g levels is reversed in the tetrahedral coordination, 

as shown in the Co(1) d-O 2p panels of Fig. 5.1(b), the valence state of 

Co(2) corresponds to Co3+ d6 in the high-spin (HS) state with 𝑒g
2↑1↓𝑡2𝑔

3↑ . 

Another unusual characteristic in the band structure of BM-

SCO is the appearance of a localized Co(2) eg state pinned just below 

EF. This localized state arises due to the absence of 𝑑𝑝𝜎-hybridization 

in the tetrahedral environment of Co(2). Since this flat band forms a 

bandgap with the unoccupied states of Co(1) t2g and Co(2) eg states at a 

higher energy level, the interband transition across the bandgap can be 

significant. In fact, a similar feature has been observed and assigned to 

the local electronic structure of Co(2) by Choi et al. [14] 

Because SrFeO3-x have similar structures and physical 

properties with SrCoO3-x, we wondered whether the suppression occurs 

in BM-SFO or not. However, perovskite SrFeO3 is known to have 

helical antiferromagnetic-metallic ground state due to the competition 

of ferromagnetic and antiferromagnetic interactions. [65] Thus we do 
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not exactly considered the ground state of P-SFO because it requires 

some fancy noncollinear magnetic calculations. Instead, the collinear 

ferromagnetic and G-type antiferromagnetic configurations are adopted 

to P-SFO. In Fig 5.2, the pDOS of (a) FM and (b) G-AFM are partially 

presented to show the 𝑑𝑝𝜎 -hybridization between Fe eg and O p 

orbitals. Although these are not exact ground states, we can conjecture 

there is also strong hybridization between Fe eg and O p orbitals. The 

spin state of Fe ion in P-SFO is supposed to be high spin state, because 

the spin-down electron occupation is very small. 

 In Fig. 5.2 (c), the pDOS of Fe(1) site in BM-SFO with G-type 

antiferromagnetic ground state is presented. In contrast to Fig.5.2 (a) 

and (b), the spin-up electrons are fully occupied. This electron 

occupation corresponds to the high spin state with 𝑡2g
3↑𝑒g

2↑, similar to 

what happens in BM-SCO. However, we cannot actually make sure the 

spin state transition occurs from P-SFO to BM-SFO because the 

electronic structure is not exact. The spin state of Fe ion is close to the 

high spin state in both P-SFO and BM-SFO, thus the spin state 

transition is not expected between them. For exact analysis, we need 

perturbative density functional theory calculation. 
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Figure 5.2 Projected density-of-states (DOS) of eg states of 

octahedral Fe sites and 2p states of neighboring oxygens for (a) the 

FM, (b) the G-AFM ground state of perovskite structure SrFeO3 with 

Ueff=3 eV and (c) the G-AFM ground state of brownmillerite structure 

SrFeO2.5. In each DOS panel, the positive (negative) scale in the 

vertical axis represents the DOS of spin-up (spin-down) components, 

respectively. 
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5.3 Magnetic interaction between nearest neighbor 

ions in SrCoO3 and SrCoO2.5 

Before constructing the ground state of intermediate state of SrCoO3-x, 

we have to establish a method to confirm the magnetic ground state. 

Experimentally, it is known that the mixed structure of P-SCO and BM-

SCO has smaller nonzero magnetization and smaller conductivity. 

However, the detailed spin configuration cannot be obtained from such 

experimental results. We expect the magnetic state of the mixed 

structure is also mixed configuration of ferromagnetic and 

antiferromagnetic state, but we need to make a model configuration to 

calculate it. We expect that we can find an evidence from the analysis 

using Heisenberg Hamiltonian. 

 A theoretical outline of Heisenberg model for the nearest-

neighbor interactions between Co spins is already given in Chapter 2. 

For cubic perovskite SrCoO3, we can assume only one parameter J0 for 

the exchange interactions in P-SCO. From the calculated total energies 

of different spin configurations with Ueff = 1.5 eV, as shown in Fig. 4.2, 

we can determine the AFM-FM energy difference for the single bond 

of Co-Co spins to be 73 meV. From the classical energy expression for 

the Heisenberg model, Δ𝐸𝐴𝐹𝑀−𝐹𝑀= 2J0S2 for Co S = 3/2, the effective 

exchange interaction J0 for P-SCO becomes 16 meV, which is quite 

consistent with the previous DFT work. [26] The consistency with the 

experiment is discussed in the conclusion. 
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𝑈eff(eV) 
Exchange parameter (meV) 

𝐽1 𝐽2 𝐽3 

1.5 -9.12 -6.05 -12.9 

3.5 -11.6 -6.05 -10.4 

Table 5.1 Calculated parameters for the exchange interactions in BM-

SCO. The bond configuration for each exchange interaction 

parameter Ji is drawn in Figure 5.3. 

 

 The magnetic exchange interactions in BM-SCO is rather 

complicated. Previously, Mitra et al. [42] tried to calculate the magnetic 

interaction parameters of SrCoO2.5. We basically follow the method 

they used, but modify some parts of the calculation. According to the 

crystal symmetry, as shown in Fig. 5.3, there are three inequivalent Jij 

parameters: J1 is for the interaction between octahedral Co atoms, i.e., 

Co(1) and Co(1’), J2 for the interaction among Co atoms, i.e., Co(2) and 

Co(2’), within the tetrahedral layers and J3 for the interaction between 

Co(1) and Co(2). We use the calculated total energies for five different 

spin configurations shown in Fig. 5.3 and estimate the parameters for 

effective exchange interactions among Co spins with S = 2 in its HS 

state. The calculated Ji’s are given in Table 5.1 and all of them are 

negative in favor of the antiferromagnetic exchange interaction between 

nearest neighbor Co spins, leading to the G-AFM ground state. We 

carried out the same analysis for the larger value of Ueff = 3.5 eV for 

comparison, but the results remain the same. Our calculation result is  
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Figure 5.3 Magnetic configurations considered for total energy 

calculations; (a) FM, (b) AFM(I), (c) AFM(II), (d) AFM(III), (e) 

AFM(IV). AFM(I) corresponds to A-AFM and AFM(IV) with the G-

AFM ordering is the lowest energy configuration. The dark and light 

sphere symbols represents for Co(1) and Co(2) atoms, respectively. 
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consistent with the experimental ground state, [16] and the study of 

Mitra et al. [42], although the parameters they obtained are 2~5 times 

higher than our values. 
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5.4 Study of non-stoichiometric SrCoO2.75 and its 

magnetic configuration 

As mentioned in the previous Chapter 5.1, we construct a model of 

SrCoO2.75 structure called SCO-V1 to observe the physical properties 

of the intermediate structure. The SCO-V1 structure of Fig. 5.4 (a) has 

mixed characteristics of both P-SCO and BM-SCO. The block of Co(1)-

Co(2)-Co(1) layers resemble the BM-SCO structure, while the block of 

Co(3) surrounded by Co(1) layers is close to that of perovskite P-SCO. 

The calculated effective Co-Co distance for SCO-V1 is larger than P-

SCO but smaller than BM-SCO. The effective Co-Co distances of SCO-

V0 and SCO-V1 are 3.874 Å and 3.932 Å, respectively, which lie in 

order between 3.843 Å of P-SCO and 3.954 Å of BM-SCO. 

Considering the relation between Co-Co distance and magnetic 

ordering discussed in Fig. 4.3, the effective Co-Co distance of SCO-V1 

is somewhat close to that of BM-SCO. 

𝑈eff(eV) 
Exchange parameters (meV) 

𝐽1 𝐽2 𝐽3 𝐽4 𝐽5 

1.5 -9.57 -16.6 -11.1 7.88 9.39 

3.5 -6.21 -16.3 -13.2 8.56 7.42 

Table 5.2 The calculated exchange parameters of SCO-V1 structure. 

The bond configuration for each exchange interaction parameter Ji is 

depicted in Figure 5.4. Note that the positive values of J4 and J5 

support the ferromagnetic ordering within the Co(3) layers. 
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Figure 5.4 (a) Unit-cell structure of the intermediate oxygen content 

(SCO-V1) for SrCoO2.75 and (b) the ground state spin configuration 

with the exchange interaction parameters of Ji’s. 
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 The magnetic configurations of SCO-V1 are rather complicated 

but may be viewed regarding the combination of P-SCO and BM-SCO  

magnetic structures. As illustrated in Fig. 5.4(b), the ground state spin-

configuration of the ground state of SCO-V1 SrCoO2.75 is assumed to 

be a mixture of G-AFM around Co(1) and the FM within the Co(3) layer. 

We can assign a similar set of exchange parameters J1, J2 and J3 between 

Co(1) and Co(2) spins as defined in the BM-SCO. As for the spins 

surrounding Co(3), which resembles the P-SCO environment, 

additional parameters of J4 and J5 are introduced. J4 represents for the 

intra-layer interaction within the Co(3) layer, similar to J1, while J5 

represents for the inter-layer interaction between Co(1) and Co(3). 

Establishing the Heisenberg model discussed in the Chapter 5.3, we 

determine the Ji’s from the total energies for several spin configurations. 

The parameters of effective exchange interactions in SCO-V1 are listed 

in Table 5.2. This result indicates that a strong ferromagnetic interaction 

develops within the Co(3) layer, which may be the reflection of the A-

AFM ordering in the SCO-V0 structure, while the antiferromagnetic 

interaction dominates in other regions where the oxygen vacancy 

ordering of BM-SCO dominates. 

 The projected density-of-states is calculated with the magnetic 

configuration shown in Fig 5.4. As shown in Figure 5.5, the overall 

electronic structure of SCO-V1 is dominated by the strongly suppressed 

𝑑𝑝𝜎-hybridization regardless of their local environments of P-SCO or 

BM-SCO. This suppression of 𝑑𝑝𝜎-hybridization is quite similar to the  
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Figure 5.5 Projected density-of-states for SCO-V1 structure of 

SrCoO2.75. Each panel shows the spin-up and spin-down density-of-

states of Co d and O p components, respectively. 
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case of BM-SCO in Fig. 5.1 except that the bandgap is almost closed at 

the Co(3) site. These features are entirely consistent with our conjecture 

that the effective Co-Co distance determines the magnetic ground state 

by means of controlling the effective 𝑑𝑝𝜎 hybridization between Co 

eg and O 𝑝𝜎 orbitals. 

The gap closing is related to the in-plane FM ordering within 

the Co(3) layers, which has a similar environment as P-SCO. In fact, it 

is noted that the A-AFM ground state is favored in the SCO-V0 

structure. From the pDOS plots of SCO-V1 of Fig. 5.5, we can identify 

that the P-SCO block of Co(1)-Co(3)-Co(1) layers become almost 

metallic with the diminishing gap while the BM-SCO block of Co(1)-

Co(2)-Co(1) remains insulating with a finite gap. 
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5.5 Conclusion  

In this chapter, we investigate the electronic, and magnetic properties 

of SrCoO3-x (x = 0.25, 0.5) by calculating density-of-states and magnetic 

exchange parameters. The strong suppression of the 𝑑𝑝𝜎-hybridization 

is observed in the pDOS of BM-SCO, in contrast to P-SCO. The spin 

state also changes from IS to HS during the transition between P-SCO 

and BM-SCO because the spin-up eg electrons become fully occupied. 

We can observe the reduced pd-hybridization in BM-SFO and the high 

spin state of Fe ion. Although the evidence for the spin state transition 

in SrFeO3-x is not clear, the mechanism behind the antiferromagnetism 

of BM-SFO is similar to the case of BM-SCO. 

The magnetic exchange parameters obtained by Heisenberg 

model are reasonable and consistent with the previous theoretical 

papers. However, the critical temperature estimated by mean field 

theory is about 800K for P-SCO and this is too high compared to the 

experimental values of about 280K. [20,21,66,67] Hoffmann et al. 

discussed that the oxygen deficiency of the SrCoO3-x samples might 

affect the Curie temperatures in the experiment. [26] Because the Co-

Co distance increases with the presence of the oxygen vacancy, the 

ferromagnetic ordering in P-SCO becomes instable. This also indicates 

that the ground state of P-SCO is affected by strong electron 

correlations. 

The Heisenberg model for the magnetic interaction between the 

nearest-neighbor atoms works well in the P-SCO and BM-SCO, thus  
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Figure 5.6 Schematic phase diagram of SrCoO3-x along the line of 

topotactic transition between FM perovskite SrCoO3 and G-AFM 

brownmillerite SrCoO2.5. The increase of lattice constant, i.e., the 

effective Co-Co distance, dCo-Co, with the increase of oxygen vacancy, 

i.e., x, reduces the 𝑉𝑑𝑝σ -hybridization and drives the IS-to-HS spin 

transition as well as the metal-to-insulator transition from P-SCO to 

BM-SCO. 
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we apply it to our model of SrCoO2.75 named SCO-V1. The presence of 

the ferromagnetic layer is predicted by the magnetic exchange 

parameters and the pDOS result shows the mixed electronic properties 

of P-SCO and BM-SCO. 

The results can be summarized as illustrated in Fig. 5.6. The 

increased volumes of BM-SCO and SCO-V1 obtained in our 

calculations lead to the reduction of the effective pd-hybridization. This 

supports the idea that the real mechanism behind the transition of 

magnetic states is the suppression of the Co d-O p hybridization 

triggered by the oxygen vacancy. As shown in Fig. 5.6, the strength of 

𝑑𝑝𝜎-hybridization is weakened while the oxygen content and the lattice 

volume increase. Therefore, we conclude that the SrCoO3-x becomes 

closer to antiferromagnetic system as the ratio of oxygen vacancy 

increasing until x=0.5. 
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Chapter 6. 
 

Summary and Perspectives 

In this work, we have investigated the structural, electronic and 

magnetic properties of SrCoO3-x (x = 0, 0.25, 0.5) by carrying out first-

principles calculations by using density functional theory within the 

GGA+U method and some parts include the cases of SrFeO3-x (x = 0, 

0.5). 

 To understand the oxygen ordering in brownmillerite SrMO2.5, 

we construct the unit cells according to the symmetries of Pnma, Pcmb, 

and I2mb space groups. We optimize each structure and get the result 

that I2mb structure is the most stable. The tetrahedral chain is twisted 

into either right or left side in the BM-SMO, as a result, the local electric 

polarization occurs. By checking the stacking of the tetrahedral chains, 

we find only I2mb structure can have ferroelectric polarization. The 

activation barrier of the transition from Pnma to I2mb structure is about 

1 eV and it is high enough to prevent the I2mb structure from 

spontaneous change into Pnma. 

 The second part of the research is on the subject of the topotactic 

reaction between P-SCO and BM-SCO. We examine the Ueff-dependent 

magnetic structures and address the issues of the proximity of the FM-

metallic P-SCO to other AFM states. The change of the Co spin state is 

driven by the change of pd-hybridization and the effective Co-Co 

distance. We also analyze the effect of oxygen vacancy on the lattice 

volume and the effective Co-Co distances. The increase of the lattice 
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volume obtained in our calculations is consistent with the previous 

theoretical work, which supports the formation of oxygen vacancy 

mediated by the strain control. The increase of effective Co-Co 

distances leads to the reduction of pd-hybridization. Since the pd-

hybridization between Co and O atoms affects the crystal field strength, 

the Co spin state is strongly influenced by the change of Co-Co 

distances. 

 The spin-state transition accompanying the topotactic reaction 

is driven by the change of oxygen content in SrCoO3-x, but the hidden 

mechanism is the suppression of the Co d-O p hybridization. We 

confirm our opinion by calculating the electronic structures of SrCoO3-

x, with x = 0.25. Our model of SrCoO2.75 leads to the conclusion about 

the pd-hybridization. 

 SrFeO3-x is considered to have similar pd-hybridization issues 

from the results of the calculations, though there is no evidence for the 

spin state transition. Because we have not treated the noncolinear 

antiferromagnetic ground state of P-SFO, the more studies on the 

electronic structure of P-SFO are needed to find the similarity to the 

SrCoO3-x. 

 In addition, there are some remaining issues on the structures of 

SrCoO3-x. At first, the formation energies should be studied to 

understand the chemical-mechanical process of topotactic transition, 

especially about the strain effect. Although there are some experimental 

papers on how the strain affects the topotactic reaction, [9,47] the 
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theoretical explanations are very restricted. [48] To understand the 

topotactic reaction clearly, the formation energies for both oxygen 

energy and oxygen interstitial under the lattice strain should be 

considered. 

The next thing is to check the strain effect to the stability of BM-

SCO structure with the space group Pnma, Pcmb, and I2mb. When there 

is no strain, the I2mb structure becomes the ground state, however, 

Young et al. [68] showed the space group of BM-SFO can be changed 

by epitaxial strain. There is possibility that BM-SCO also have similar 

property. This can be helpful to understand how much the I2mb 

structure which exhibits ferroelectric polarization is hard to be obtained 

experimentally, because the epitaxial strain always exists in 

experimental environment. 
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국문초록 

 
브라운밀러라이트 산화물은 번갈아 가며 나타나는 BO6 팔면체와 

BO4 사면체 층으로 이루어진, 페로브스카이트에서 유래한 구조 중 

하나이다. 브라운밀러라이트 SrMO2.5 (M=Co, Fe)는 특유의 구조와 

SrMO3-x (0<x<0.5)로의 가역적 위상 변화, 즉 위상반응에 의해 많은 

이론가와 실험가들에 의해 연구되어 왔다. 그러나 사면체의 회전

으로 인해 공간 반전 대칭이 깨지는 것은 본 연구에서 주목하기 

전까지는 관심 받은 적이 없었다. 과거 SrMO3의 강유전성은 이온 

변위의 관점에서 연구되었다. 첫번째 주요 주제는 SrMO2.5(M=Co, 

Fe) 브라운밀러라이트 구조에서 산소 배열에 의해 강유전성 분극

이 유도되는 것과 연관되어 있다. 제1원리 방법을 사용해서 

SrMO2.5의 바닥 상태와 물리적 성질들을 계산했다. 비틀어진 MO4 

사면체 사슬의 쌓기 방식을 연구한 결과 강유전성 분극이 I2mb 공

간군 대칭을 가진 SrMO2.5 격자에서 나타난다는 것을 발견했다. 또

한 SrMO2.5가 I2mb 공간군 대칭 구조일 때 에너지적으로 가장 안

정되고 분극이 극성 구조와 중성 구조 사이의 큰 활성화 장벽에 

의해 안정화 됨을 알 수 있었다. 

 두번째 주요 주제는 페로브스카이트와 브라운밀러라이트 

사이의 위상반응을 따라 일어나는 SrCoO3-x의 자기 상전이의 메커

니즘을 분석하는 것이다. 기존에 U의 영향이 잘 연구되지 않은 것

과는 달리 격자 변형과 산소 결핍이 자기 바닥 상태에 영향을 끼

친다는 것은 알려져 있다. 화학양론적인 SrCoO3의 바닥 상태가 쿨
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롱 상호작용 U에 의존함으로부터 금속 강자성인 바닥 상태가 다

른 반강자성 상태와 근접함을 보였다. SrCoO3−x의 부피와 산소 함

유량 의존적인 구조적, 자기적 성질은 Co-Co 거리와 자기 연결에 

대한 흥미로운 통찰을 제공하는데, 바로 Co의 스핀 상태 변환을 

Co-Co 거리에 따른 pd-오비탈 혼성 변화로 이해할 수 있다는 것

이다. 브라운밀러라이트 SrCoO2.5의 Co d와 O p 오비탈 간의 dpσ 혼

성이 강하게 억제됨에 따라 Co 이온은 Co3+ d6 높은 스핀 상태를 

갖게 되고 반강자성 절연체 바닥상태라는 결과를 유도한다. 이러

한 억제는 SrFeO2.5에서도 마찬가지로 나타나며 Fe3+ d5 높은 스핀 

상태와 반강자성 절연체 성질에 영향을 끼친다. 산소 결핍에 

의해 SrCoO3−x에서의 유효 Co-Co 거리가 증가하는 것은 Co d와 O 

p 오비탈 간의 유효 pd-오비탈 혼성 감소를 가져온다. 따라서 이

웃한 Co 스핀들의 배열이 SrCoO3−x의 위상반응에서 전자구조를 결

정하는 데에 결정적인 역할을 한다는 것을 알 수 있다. 

 

주요어 : 코발트 산화물, 강유전성 분극, 위상반응, 오비탈 혼성, 

자기 상 변환 
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